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ABSTRACT

The use ofnicrochanned for heat transfer enhancement has been studigtidtast few
decadesTo take full advantage of a microchannel, variepproachesuch as twe
phase flav, enhanced heat transfeurface, and flow boilingcrosspin fins entrenched
inside amicrochannel have beetudied Among themmicro pin fins heat exchangers,
similar to theirconventionalcounterpartdhave been seriously considered due to their
superior heat removal performance throughout the extendedeanf@aln addition, an
early transition to turbulent flow via micro pin fins is believed to improve heat transfer at
the micro scaleTherefore, the ainof this study is to extend fundamental knowledge
flow around a micro pin firwith and withoutactive flow.

The flow field around a microilar was measured using micrgarticle image
velocimetry (1P1V), andthe turbulent kinetic energy KE) of the flow was measudeto
guantify flow mixing around the micro pillait was found thatin early transitiorio an
unsteady flow was noachievedthrough the micro pillar duéo the inherently small
heightto-diameter ratio of the pillaand the correspondingkE around the micro pillar
was not significant in a quasteady flow regime.

Active flow controlvia a steady jet was employed through the slit on the micro
pillar surface where the circumferential location of the slit was varigte velocityfield
as well as th8KE of the contrdled flow was measured tteterminethe effect ofactive
flow control atthe micro scaleParametric studies were performed and comparison of
the various momentum coefficient,of regime, andthe azimuthal location of the
control jet were conducted Suction was introduced as alternative control scheme, and
compared to a steaggt. It was found that mixing wasignificantly enhanced through

thesteady jet whereas suction was not successful with same momentum coefficients
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1. INTRODUCTION AND BACKGROUND

Betterthermalmanagement has beancritical issue in the engineering commurfidy
the last few decadegspecially at the small scabes integrated circuit (IC) density
continuously grownAs the numbeof transistorson IC has been doubled every two to
three yearscorresponding heat generatibas surgediramatically In the meantime,
attainable heat removal capacity wanventionalforced air convection and/or heat
dissipation has reached its limits.

Recently, microfluidics and heat and mass transfer at micro domains have received
considerable attention with tlseibstantiabvolution ofmicro-electremechanical system
(MEMS) such as micro pumps [1], micro turbines,[2b on a chip [34], and
microchannels[5, 6]. It is well krown that the diminishing volure-surface ratio at the
micro scale increases heat and mass transfer coefficiboigever, micro domainare
not yetcommonly used for thermal management applicabecause the flow is mainly
laminar,andas a result, robust mixing is restrictéd:cordingly, vortex generators such
as micro pin fingi.e., array of micro pillarsvith vortex sheddinghave been studiesk a
passive flow control (PFC) methdd promotemixing, andin turn, the heat and mass
transfer coefficients [B].

Pillars have been employed in diverse applications, and thagumdyamic
characteristics arourah infinite and finite aspect raticAR) pillars are well established.
Nonethelessknowiedge at the conventional scale is not fully extended to the micro scale,
thus studies about the heat and fluid flow across a micro pillar is incomplete. Also, the
mixing mechanism around a micro pillar is not well understood due to the lack of
informationat the micro scalélherefore, study on fluid characteristics around aAdv
micro pillar is necessary.

Furthermore active flow control (AFC) such as a continuous blowing and suction
can potentially enhanarixing. The flow field around a micro pillaran besignificantly
altered in a controllable manner through ARE.addition, AFC can be combined with

PFC tofurtheraugmenmixing at the micro scale.



1.1 Microchannel Flow

Microchannel flowwas first introduced in the early 1980s, and different hydro
thermalynamic behaviors such as flow regime, transition, heat and mass transfer
characteristics, and correlations for friction factor and Nusselt number lhese
reported Tuckerman and PeaseQ[11]] studiedsinglephase flow ina microchannel
whose widh and heightvere 50 im and 300 um, respectivelWu and Little 2] found
that a friction factor of a trapezoidal microchannel waSs 8mes larger than that
obtained from conventional smooth pipe prediction, and also reported that flow
transition occurreé at 400 <Re < 900, which is abnormally lowethan that ofa
conventionalchannel (i.e., 2,300 Re < 4,000). Choi et al.13] studied nitrogen gas
flow in microtubes and suggested correlations for friction factor and Nusselt number in
laminar Re < 2,000 and turbulent regime (2,500 Re < 20,000) where transition
Reynolds number wasomparable to the value froohassicakheory,

Wang and Penglfl] showed that fully developed turbulent flow regime occurs at
1,000 <Re< 1,500 bystudyingwater and methan flow in arectangular microchannel.
In their study, transition wasleterminedby a dramatic increase @ heat tranter
coefficient. Peng et allp] observedhe flow transition at 200 Re< 700, anda fully
turbulent regime at 400 Re< 1,500 forthe singlephase water flow in a rectangular
microchannel. In addition, new empirical correlations for heat transfer coeffigwents
proposed formicrochannel thw regimes. Peng and Petersalf][ experimentally
observed that # transition from laminato fully developedturbulent flow pattern
occurred at 300 <Re < 1,000. It was suggested th#ie flow regime and the
corresponding heat transfer characteristics at the micro scale difegeent from
conventional scal8ows. In their study, early transitn was also gorted which was in
good ageement with previous studie&Z 14, 15]. Yu et al. fL7] proposed empirical
correlations for friction facto and Nusselt number fodiverse microchannel flow
regimes, where the transition from laminar to turbulbsw occurred at 2,000 Re<
6,000. Peng and Petersoh8] also investigated binary mixture flow of water and
methanol in rectangular microchannels, and reported laminar and fully developed
turbulent heat transfer at 70Re< 400 and 200 Re< 700, respectively, depending on

the characteristic length ofdéhmicrochannel. Harms et al.91observedinception of



turbulent flow atRe ~ 1,500 in rectangular microchanneith de-ionized water Mala
and Li [20] measured pressure drop and flow rate in midresuto study flow
characteristics athe micro scale. As the size die microtube reduced, the results
deviated from the conventionBbiseuille flow predictionEarly flow transition at 500 <
Re< 1,500was also reportedyhere the transition wadeterminedby monitoring the
coeffident of the pressure gradientvolume flow rate correlation. It was suggied that
the relatively high surface roughness of the microtulzhie tothe microfabrication
techniquesmight havepromoted thesarly transition Later, their stdy was extended by
Qu et al. 1] who obtained similar results for a trapezoidal microchannel that showed
higher pressure gradient and frictitactor in microchanned than those predicted from
thelaminar flow theory at the macro scale.

Recently, Sharp and Adriar2]] suggested that there was agtraordinaryearly
transition for liquid flow in microtubes by measuritige flow resistance and fluctuation
of thevelocity viapPIV experiments. In their stydthe onset of transition frotaminar
to turbulent flow occurred at 1,800Re < 2,000, which was compadabto the value
obtained frommacro scale Poiseuille flow prediction. These results were suppdoyted
many other recent studie3F27]. Liu and Garimella 23] reporteda laminar fow
transition and fully turbulent flow in microchannels at 1,50(R&< 4,000 andRe ~
5,000, respectively by observing a departure of the friction factor tharaminar
theory and also bydlw visualization. Lee et al2f]] observed a transition fronaminar
flow beyondRe= 1,500~ 2,000, and proposed thebnventional correlatiois possibly
applicable in laminar flow regime with careful attention to entrance and bgunda
conditions. Celata et al2p] found that a transition occurred at 2,00Re< 3,000 for
adiabatic flow in circular microchannels wisldiameterangingfrom 70 um to 326 um.
Li and Olsen[26] investigated déonized water flow in square microchannels iV
experiments in whiclhe flow transition occurred at 1,718 Re< 1,885 dgending on
themicrochannés size In addition,thefully turbulent flow was observed at 2,600Re
< 2,900. Natajan and Christense@7] showed that the onset t#minar flow transition
andtransition to turbulent flow im microchannel wsinitiated atRe~ 1,900 and 3,400,
respectively. In their studythe transition was indicated by a departureté PIV-

measured mean velocity profile from the parabolic laminar flow as well as the



differences between predicted and measured pressure whogh increased with
increasing Reynolds number.

The discrepancy between uvlts from various studiesre mostlyattributed to
entrance lengtleffect measurement errors, uncent&s in experiments, anrimarily
surface roughness, whicire supported ¥ recent studies2B-30]. Guo and Li R§|
proposed thabbservedincrease ofthe friction factor and the Nusselt number @n
microchannel may be due to the relatively high surface rowghoemicrochanned.
Morini [29] suggested that early transitions rfroprevious studies were not unique
phenomena at the micro scale, which were most likely due thigheroughneson a
crosssection of the microchanndllatrajan and ChristenseB(] observed that an early
flow transition was triggered by increasing th@crochannelsuface roughnessin
addition, the velocity fluctuation (i.e., turbulent intensity) was found to increase with

increasing surface roughness while there was only subtle change to the flow structure.

1.2 Passive Flow Control

Won et al. B1] studiedthe effect of dimples othe flow structure of a channel whose
hydraulic diameter was 90.4 mm. 29 rows of dimples were locatéoeistreamwise
direction onone wall of a channeklith three different ratiogald = 0.1, 0.2, and 0,3
where a-is a dimple cepth and d is a dimple print diametgr With increasingatd,
enhanced mixing associated with higher local turbulence motion was observed because
the primary vortex pairs shed from deeper dimples exhibited larger velocity gradient.
Secondary cylinder [32)as introduced into the cylindrical wake to suppress vortex
street.When a small control cylinder was placed tine vicinity of the main cylinder,
critical Reynolds number was increasagngicantly depending on the ratio of the
diameter of the control dnder to the diameter of the main cylindé/D) and/or
location &/D andy/D; x andy are ordinate of streamwise and cresigamwise direction,
respectively) of the control cylinder. Also, region under the influence of the control
cylinder significantlyenlarged asl/D increasedSimilarly, vortex street was suppressed
more with decreasing/D and/ory/D abovethe critical Reynoldsnumber.The presence
of control cylinder weakened the shear layer around the main cylinder through a

vorticity diffusion, which in turn hinderednteractions between shear layers. As a result,



the onset of vortex shedding was delayElde vortex was not completely suppressed
when a control cylindewas placedfar downstreamfrom the wake, which can be
attributed to the large distance from the vicinity to disolute instability peakk(D <

3.5, closely related to wake formation length), #émelflow stability downstreanfrom

this region This also suggests that vortsyppressiorcorresponds to the deg of
temporal mode of hydrodynamic instability since absolute instability initiated at the rear
stagnation point.

Kandlikar et al. B3] studied the effect of minichannel wall roughness on the
transition from laminar to fullydevelopedturbulent flow. Theearly transition was
triggered by increasing the relative roughne#b £ whereD= D;- 2¢ D, Dt, andeis
the constricted flow diametethe tube diameter, and the average roughness teigh
respectively). Théransition numbers werfeund to beat Re;= 350 and 800 witt&@D ¢
= 0.060.14 for water andir, respectivelyRes (modified Reynolds number based on the

constricted flow diameter) was defined as follows:
1A

YQ
“ 'O ‘

(1.1)

whered is the mass flow ratand u is the dynamiaviscosity. It was further discussed
that wall roughness contributed to the early flow transition by increasing flow area
constrction and/or wall shear stresllatrajan andChristensen30] investigated the
effect of surface roughness on flow characteristics in a rectangular microchRowiel.
meansquare roughness heights of 0.00R&nd 0.02B;, (D, = 600 um, which is a
hydrodynamic diameter) were created by sputtering silica particleherexposed
surfacesUsing uPIV the velocity field was measured, whiclevealed that the critical
transition Reynolds number was reduced fi@e@21,800 (smooth wall case) to 1,500
and 1,300 for roughened wall§hese results imply that the flow transitian
microchannel is dependent on the surface roughness, which could be thought of a good
candidate for a passive flow control. In addition, meoetical structures and velocity
fluctuation near the wall were observed with increasing surface roughness.

Icoz and Jaluria34] performeda design optimizatiorstudy of vortex generator in
channel flav. Various sizes and shapes the vortex generator (circular, square, and

hexagonal) wer introduced teenhanceamixing and heat transfer while minimizing the



additional pressure drop. The pressure drop increased significantly as the size of vortex
promoters igreased regardless of the shapeé also with increasing Reynolds number.
Among all three shapes, circular promoters exhibited the least pressureldcbpmere

26% less thamhe hexagonal one while the thermal performancéhefpromoters were
mostlyindependent of the shape unddargerange of flow conditionsFurthermore, the

shape dependency of vortex promoter characteristics was a strong funictiba o
Reynolds number, which addressed the limitation and/or shortcoming of vortex promoter
as a mean for passiflow control. Meis et al. §] investigated three ddrent vortex
promoters, namejycircular/elliptical, rectangular, and triangularvarias aspect ratios

in amicrochannel to obtain the design criteria for a micro cooling system. In their study,
vortex promoters were tested at various blockage ratios, Reynolds numbers, relative
positions, and orientations in termsasthermal efficiency ath mechanical penalty (i.e.,

the additional pressure drop or pumping poweoy). all configurations, heat transfer was
enhanced as the blockage ratio increased. Among all three shapes, the triangular
promoter showed the best thermal performance under moditions ReO 6 00, wher ¢
the hydraulic diameter of the Reynolds numhas twice the channel heighthut
exhibited larger pressure drop than the other shapes and requérecbmplex
manufacturing process. AtRe®i § h adedsRhgtheno !l d s
Reynolds number was not beneficial since it significantly increased the pressure drop.
These results were supportedtbg numerical studyf Chandratilleke et al.3p], which

showed thathermal enhancement slightlsnproved while the pressure drop steeply

increased with increasing channel flow velocity.

1.3 Micro Pin Fins

Micro pin fins with single phase flow [@39], adiabatic gagiquid flow [40, 41], and
two phase flow boiling [8, 4 43] have been extensively studiever tle last decaddt
is well known that heat and mass transfer characterigtesignificantly enhanceid
micro pin fin devices. However, very limited studies were performed on hydrodynamic
characeristics around micro pin fins.
Recently, Krishnamurthy and Peles [8] compared plain and micro pin fins

entrenched microchannels to elucidate the effect of pin fins on micro scale heat transfer



characteristics.With increasing mass flow rate, total thermal resistance (mostly
attributed to convective thermal resiste) of both microchannels decreased, where the
microchannel with pin fins exhibited lower convective thermal resistancethieguiain

one. Also, heat transfezoefficient was increased from 1.3 to 3.8ue toincreased
surface areafin = 1.25% Ayjain) and increased interactions between pin fin wakkey

also reported that the rate of decrease of the convective thermal resistance as a function
of local mass quality was moderate for pin finned microchannel due to the rdduced
efficiency. Nonetheles, it was postulated thabnvective mixing and bubble interaction

with pin fins may enhance heat transfer for higher heat flux regions.

1.4 Active Flow Control

Amitay et al. [44 useda synthetic jet actuator to modify the flow field ofi2cylinder at
relatvely low (Rey = 4000) and highRe, = 75,500) Reynolds numberbsing the
synthetic jet [45] quasisteadyrecirculation regionsvere generatedAs a result, the
wake profiles and separated shear layers as well as pressure distributibessorface
were altered dependingn the azimuthal position of the slag € 0, 60, 150, and 180

was used) and momentum coefficier®,; (6 ¢ ” JY Xor” JY 20, where

ri and r, are the densities of the jet and the free stream fluids, respectivédythe
diameter of the cylindet is the orifice heightl, andU; are thevelocitiesof the free
stream and averaged crestseam jet, respectively)t was shown that the additional
momentumimpartedby the synthetic jet increased the mixing in the boundygr,
which delayedseparabn, and ultimately reducedtag.

Synthetic jet was experimentally investigated for electrooaling by Pavlova and
Amitay [46]. PIV-measured results revealed that synthetic jet impinging on a heated
surface showed theetimes more effective thaoontinuots jet. Chandratilleke et al3%]
numerically studied pulsating creflew jet (synthetic jet) ina microchannel. The
synthetic jet induced periodic interruption to the flow, which generated thermal and
hydrodynamic boundarlayer breakup. As a result, velocity and temperature gradients
became steeper, which is coupled to improved heat transfer characteristics with no net

increase of pressure drop in the microchannel



Fujisawa and Takeda [##¢onductedexperimentgo demonstrate the efficacy of the
acoustic excitation as an active flow contdsvice Perturbationswere introduced
through the slit on the cylinder at various angles and frequerreEssure distributions
over the cylinder along with the corresporglitow field (measuredisingPI1V) showed
30% drag reduction accompanied by decreased velocity fluctuations in the wake when
the acoustic excitation was employedgat 90 relative to the front stagnation point
with forcing frequencythat was4 times higher than the natural sheddireguencyfor

Reynolds number of 9000.

1.5 Steady Blowing and Suction

Park & al. [48 showed in their computational study that primary vortex sheddiRgat

60 was completely suppressed via feedback control of ecamtgblowing and suction
through aslit located at- 110 . Meanwhile, secondary mode instability was sustained
along with suppressed primary vortexadtigher Reynolds numbeRg= 80). Lin et al.

[49] experimentally studied the effect of steadgwing, and unsteady blowing/suction
through helix holes along the cylinderA velocity field and vorticity distribution
obtainedfrom particleimage velocimetry measurements showleaimatic effect othe
control onthe near wake of thecylinder. At high nomentum coefficierst vortex
formation was inhibitedwhile at low momentum coefficient was sustained in near
wake with altered shape.iMandChoi [50 exploited systematic flow control scheme
for a circular cylinder wake with both sensors and actsatarthe cylinder surface. At
supercritical Reynolds numbeRé¢= 100 and 160), the vortex shedding was successfully
suppressed via a suboptimal feedback control proceddmeh incorporatedblowing

and suctionIn addition to the vortex suppressidghe drag was significantly reduced.
The mechanisms of wake stabilizatiorvia blowing and suctign were further
investigaed by Delaunay andKaiktsis [5] through simulationand global stability
analysis.The g/linder wake was stabilized with low magnitudebafse blowing while
high value of suction was needed to create similar effects at supercritical Reynolds
number Re> R = 47).Blowing weakened the backflow insitlee near wakeandin

turn, reduced the near wake absolute instabiy.the other hand, suction decreased the

streamwise extent dhe absolute instability as a result of reduced recirculation ;zone



thus, increasng the local instability in the near wakAt subcritical Reynolds number
(Re< Reyit = 47), the wake became weadywhensuctionwashigh Csyc~ 1.5, Csuc =
QsudQrer, Qret = UsD). Increased backflow via suction contributeal the onset of
absolute instability in the near wake with corresponding unsteady flow at subcritical
Reynoldsnumber Fransson et al52] studied the effect afteadyblowing and suction

on the flow field over a porousylinder. For Reynolds number dhe order of 1t
suction delayed the flow separation toward the rear stagnation region while blowing
induced the opposite effect. Dependimg the blowingratio, Cy,, (C, = (V/Us) % 100,
whereV is the velocity through the porous material, &hdis the oncoming mean flow
velocity), the vortex formation length was increased by 150%§of 5 (blowing), and
decreased by 75% fdC, ~ -5 (suction), which resulted in the decrease of turbulent

intensity in the downstream domain along the centerline.

1.6 Flow over a Circular Pillar

Pin fins have been used for many years in heat transfer applicadiotidnowledge

about the flow field in the region adjacent to infinite and finite aspect ratio cylinders

have shown to enabl&e development of pin fin heat sinks. It is well known that the

flow characteristics near the wake region of a cylinder and the atezborartex

shedding strongly depends ¢me Reynolds numbef53, 54]. The effect ofthe aspect

ratio,L/D (LandDar e the cylindero6s | enontthe floavnd di ¢
morphdogy at relatively low Reynolds numbers has not been given muchtiaitte

despite of their significance in applications such as microchannel pin fins and micro heat
sinks.

1.6.1 Large aspect ratio pillar

Previous studies on flow past an infinftarge aspect ratia)ylinder[55-57] have shown
that transition from quasiteady ¢ unsteady wake occurs at a diamdétased Reynolds
numberof Rey ~ 45. Experimental study by Roshieb] and later numerical study by
Hendersor{56] showed thaflow morphology transitions from laminar vortex shedding
to unsteady wake at a criticRleynolds number of 46 + 1. This was also supported by

linear instability analysis of Yang et @7]. In Figure 1.1flow regimes arond a semi



infinite cylinder are shown [58. The recirculation zonewhich has countemtating
vorticeswith a backflow abng the centerlinggrows behind the cylinder with increasing
Reynolds number (Fig. 2.1c).tAigher Reynolds numbers (Fig. 2.1dhe vortex
shedding occurs at the rear stagnation point until the shedding site moves toward the
cylinder surface a0 ~ 100< R, < 200(Fig. 2.1e). A transition téully turbulent flow
occursat 200< Re, <400, where the vortices are unstable.

Fornberg [59] studied numerically unconfined cylinder walke low Reynolds
numbers. He showed that recirculation in the near wag®n of the cylinder grows
linearly with Reynolds number up to a certain value and then gradually shortens and
becomes wider at high Reynolds numbérs,(> 260). Green et a[60] quantified the
vortex formation and the shedding mechanism in the neke wéaa cylinder at low
Reynolds numbersRg = 73 and 226) using flow visualization. It wakown that
transition from a steady flow, where the shear stress plays a critical role, to an unsteady
flow occurs with increasing Reynolds number. By comparirgr thesults with the
results obtained from twdimensional NavieStokes equations in similar Reynolds
number range, they stated that these mechanisms adérheasional.
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Figure 1.1 Flow regimes around a seminfinite cylinder (a) Res = 0, symmetrical (b)
0<Re& <4 (c) 4< Rey < 40, attached vortices (dY0 < Rey < 60~ 100, von Karman
vortex street (e) 60~ 100 < Rey < 200, alternative shedding (f) 200< Rey < 400,
vortices unstable to spanwise bendingfrom [58].

1.6.2 Small aspect ratio pillar

Norberg[61] studied aspect ratio effect on the flow field by placing-plade at various

distances from a cylinder. The critical Reynolds numBey;;, was increased fromReyit

~47.4 atL/D O 4 Re,it~®1.5 atL/D = 20. Also, three dimensionalitieg the flow

were suppressed due to the presence okthed pl at e. Norbergds re
agreement wi t h 62l whichareveated Ghat mespan ¢hedding
frequency, which is different from that of ersghan, merged into a single frequency at

low aspect ratiol(yD = 28). Schouveiler et a]63] experimentally studied unconfined
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cylinders at low aspect ratios with a hemispherical tip and reported increased critical
Reynolds number with decreasing aspect ratio.

In the range DL/D 010, it was found that drag coefficient of circular cylinder with
two free endqL/D = 10) was reduced by 31% compared to an infinite cylinder and
further decreased until/D = 1 (with hemispherical edge) while the rate of change was
small for shorter cylinders with a sharp edge (LA < 6). Zdravkovich et al. [§
argued that the diminishing reduction of drag coefficient was caused by restricted inflow
from the sharp cylindettip as the aspect ratio decreased. It camferedthat highly
three dimensional flow past a low aspect ratio cylindéd (> 6) is inhibited due to the
lack of inflow from the cylinder tips as the aspect ratio further decrebdes<(6). The
effects & end conditionon flow characteristicsvere elucidated by studyingée flow
field over a circular cylindeplacedbetween two parallel plates. When the cylinder was
placed betweethe walls, the formation length in the near wake region decreased as the
distance between the eithates decreasedrhe plates also induced a delay in the
transition from two to three dimensional flow, oraoirregularflow regime, depending
on the aspect ratio and Reynolds num[&&]. Moreover, vortex shedding from the
cylinder tip was significantly suppressed by the interaction between wall shear and shear
layers around the cylinder when the cylinder was immersed in wall boundary[B6lers

Recently, InoueandSakurag[67] numerically studied the floomorphologyover an
unbounded cylinder and reported wake patterns thetr@ been reported before at low
aspect ratios. ARe, = 150 andL/D = 1, horseshoe vaceswere broken intoa pair of
counter rotating streamwise vorticesn each corner Meanwhile, highly tree
dimensional corner flow due to horse shoe tip vortex on the flat side of a cylinder was
completely inhibited when the cylinderas mounted on a flat plate§J6 An increase in
the critical Reynolds number due to thyinderés low aspect ratiavas al® reported in

[67], which concurred with previous works by othgg$, 63].

1.6.3 Laminar junction flow

Junction flows are induced when a boundary laggginges ona bluff body mounted on
the same planeDepending on the approaching boundary layer thicknessidRisy

number Rey~ 1000), the junction floware categorized as lamirarturbulent [@®]. For

12



a streamlined bodyuch as a circular cylinder mounted on the plate, pregsadiens

near the intersection play amportantrole onthe inception of the horseshwertex. A
streamwise pressure gradiedcelerate the flowadjacentto the cylinder untidverse
pressure gradient caus®w separation, whereas cresseamwise gadients stretch the
flows around the cylinder. As Reyrds number increases, the interactions between the
vorticity in the incoming boundary layer with the flow separation destabilizes the flow
upsteamfrom the body, as a resulhorseshoe vortex is generatetD[71]. Detailed
description $ depicted in Fige 1.2 A primary vortex is formed upstreafrom the
body whenthe incoming flow approacheke body.Satellite vorticesdevelopupstream
from the primary vortex, by which th@tational disturbancis created in the outer layer.
Then satellitevortices areeithermergedwith the primary horseshosortex or rolls up
over the primary vortewith aleapfrog motion.Finally, strengthenetdiorseshoe vortex
are stretched, and shed from the botlge ontrol parameters of junction flows are
Reynolds mmbers Re, and Re; ), the aspect ratio of the body, the boundary layer
thickness, the surface roughness, anduhaulencekinetic energy of incoming flow, etc.

A steady laminar horseshoe vortex for a circular cylinder was observed @R¥90
01000 [72-74], whereasa single primary vortex was proliferated into tviRe{ = 1500)
and three Rg, = 2600) steady vortices with increasing Reynolds numbédi. [As the
Reynolds number further increakehighly unstable horsesha®rtexeswere initiated,
which sgnificantly increaseé flow unsteadiness, turbulent kinetic energy, surface
pressure fluctuation, drag, and hemansfer rate. Lewis et al %y showed the
enhancement of heat traasfupstreanirom the junction ofstreamlined wings. A large
scale horseshoeortex that was generated near the legqdidge of the wing increased
turbulent shear stresandas a result, heat flux was increasedaddition, cooler fluid
away from the boundary layer was delivered to the junction region as the horseshoe
vortex shel.

Over the last decke, flow fields over a circular cylinder confined between two
parallel platesvere studiedo elucidate the effects of plates and aspect ratio on flow
characteristic$65, 66, 76, 77]. When the cylinder was bounded by walls, the formation
length in the near wake region decreased as the distance between {platend

decreased due to wall suppression. The plates also induced a delay in the transition from

13



two to three dimensional flovar to irregular regime, depending on the aspect ratio and

Reynolds number.
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Figure 1.2 lllustration of the progress of horseshoe vortex generation in the
upstream ofa bluff body junction, from [69].
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1.7 Micro Particle Image Velocimetry

Particle imagevelocimetryis a noninvasive flow measurement techniquehich was
first developed inthe 1980s [B, 79]. It has been considerably studied and developed
overthelast two decades because it holds sevadahntages ovehe more traditional
measurement tools such as Pitot tubetwire anemometry, andaser doppler
velocimetry (LDV). PIV extracts the vector field by creserrelating two successive
images whereas laotwire anemometryand LDV measureghe velocity atthe probed
location. In addition, the PIV is an optical method by whitte target flow is not
perturbed unlike a Pitot tube andhatwire anemometryThis is crucial at the micro
scale where the flow field can be drastically affected byipdathe probe in the
measurement domaiRor this reason, the o particleimagevelocimetryis beneficial
and favorable in microfluidics.

Prior to thepPIV, parameters to characterize the flow at the micro domain were
limited to flow rates, pressure drops, void fractions fhadtiphaseflow), etc. Such bulk
motion parameters suffered from the coarse spatial resolltistead, the resolution of
the uPIV could be refined to sumicron range depending on the flow conditions, the
particle size and magnification of the lens. TelV for MEMS aided microfluidic
devices has unique features compared to the conventional PIV, which the volume
illumination is used de to the small physical domain and limited optical axass
MEMS fabricated devices{)]. Nonethelessthe resolution ofiPIV prevails, and can be
significantly improved by adopting a high magnification lens and adequate size particles
(order of one toone tenth micron), which provides smaller PIV measurement depth.
More details aboytPI1V setup in this sidy will be discussed iSection 2.2.

1.8 Research Objectives and Research Plans
1.8.1 Research objectives

The literature reviewdetailed in previous section sggsts a lack of fundamental
knowledge on active flow control at the micro scale. Therefore, the main objectives of
this study are to:

1) Reveal the flow mechanisnin a micropillar wake embedded in a

microchannel
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2)

3)

Extend fundamental knowledge tife application ofactive flow control at

the micro scaleand

Perform a parametric study of various control schemes to reveal the
hydrodynamic characteristics around a pillar inside a microchannel with

active flow control.

1.8.2 Researchsteps

In order to acamplish the goals, theesearclefforts outlined below werearried out

1)

2)

3)

4)

5)

Fabricaton of a circular pillar entrenched inside a microchannel using
MEMS techniquesSlits were integrated around the pillar to introduce a
control jet

Construcion of an experimetal loop to measure flow rates and
corresponding momentum coefficienEow loop wasincorporated withtthe
MPIV system to obtaithe experimental data.

Study of flow around a pillar embedded in a microchannel by quantifying
flow characteristics such as velocity field, vorticity, and turbulence
guantities.

A parametric study of active flow contralia a steady jetoy varying
Reynolds numberscontrol jetmomentumcoeffidents, and circumferential
postions of cotrol jet.

Study of continuous suction as aactive flow controltechnique and

comparisorto continuous blowing (a steady jet).
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2. EXPERIMENTAL APPARATUS AND PROCEDURE

2.1 Experimental Setup

The experimental setuponsists of three sefystems (Fig2.1) 8 main flow, active
flow control, anduPIV. The particle solution was prepared by mixingioieized water
with 0.7 pm fluorescent trace particles and degassingthe water prior to
experimentationThe particlesolution was introduced through pressurized water tank to
the microchannelA 7 um filter was placed ireach flow lineto removeimpurities and
preventclogging. The desired Reynolds numbemas achieved by settindié water
volumetric flow rateghrougha rotameter flow meter (F112 from Omega Engineering)

Active flow control was enabled via a 25m slit (Fig. 2.2b) at the desired
circumferentialposition along the micro pillarContinuous blowing was accomplished
by a steady jet whose averagelocity wascontrolled by adjusting the pressure in the
water reserveiwhile the jet volumetric flow ratewas monitored via rotameter flow
meter (FL:111 from Omega EngineeringA syringe pump(NE-1000 from New Era
Pump Systemyvas employed tenablecontinuous sction.

The flow with the tracer particles were imaged injifV systemunderaninverted
microscope (Observer Z1m from ZeisBJuorescenimageswere deliveredo a CCD
camera with a maximum frame rate of 15 frames per seéondurther imaging
analysis To minimize vibrations, the experiments were conducted on an active vibration

isolating optical table (Performach@pticaI Table from Melles Griot).
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Figure 2.2 (a) A CAD design of the microchannel with a single pillar (b) An SEM
image of thepillar with a flow control slit at 180° (facing downstream)
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2.2 Microfabrication

The micrdluidic device (Fig.2.2) wasmicrofabricatedon a 450 um thick doublesided
polished rtype <100> single crystailicon wafer andthen sealed from the top wighl
mm thick Pyre® wafer coverto allow pPIV measurement3¥he device incorporated
27,500um long, 1,500um wide, and 22%m deep microchannel. A 150m diameter
and 225 pum long micro pilar was located17,000 um downstreamfrom the
microchanned s i n | pentslit aloAg ttie ®ntire length of thdlpr was formedat the
designated azimuthal positio@°’, £30°, £80°, and 180, where O slit is at the front
stagnation point of the pillaFg. 2.3 to allow the controflow to interact withthe main
flow.

A 1.5 pm thick highquality oxide (SiQ) film was grown onboth sides of the
silicon wafer to shield the bare wafer surface during processirggmitrochannel and
the micro pilar wereformed onthe topside of the wafer by silicateep etch process.
The waferunderwenta photolithography step and a reactive aching RIE) oxide
removal process to maslertainareas on the wafer, which weretno be etched during
the deep reactive iortahing ORIE) process. The wafer was consequently etched in a
DRIE processand silicon was removed to form the microchanmegro pilar, andslit.

The DRIE process formed deep vertical trbes on the silicon wafer with peakto-
peak sidewall roughness of~0.3 um. A profilometer and a scanning electron
microscope $EM) were employed to measure and recordovs dimensionf the
device.

The wafer was then flippegihndan inletandan outletwerecreated orthe backside
using the same silicon deep etches procedunghotdithography step followed bthe
RIE oxide removal process was carried out to create a pattern maskun thick
plasmaenhancedhemicalvapordeposition PECVD) oxide was deposited on the frent
side to create arotectivelayer for the followingDRIE process. The wafer was then
etchedthrough fromthe backside in aDRIE process. Auffer oxide etcherBOE) oxide
removal process was performed to eliminate remaining oxide on both sides of the wafer.
Finally, the processed wafer was anodically bonded to a 1 mm thick polishe®Pyrex

glass wafer teseal the micrchannel frortne top. After successful completion of the
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bondingof the silicon wafer to the Pyr@wafer, the processed stack was-dewved to

separate the devices from the parent wafer.

Flow

0=0° 0=+30° 0=+80° 0=180°

Facing incoming Upstreamthe Near separation Facing
flow separationangle angle recirculation
zone

Figure 2.3 SEM image of micropillars with control slits at a designated position

2.3 Micro Particle Image Velocimetry

The micro particle image velocimetry systemnsisted of a inverted microscope
(Observer Z1m from Zeissyith 1 and 40 magnification a 120 mJ Nd:YaG laser
(Solo 120XT from New Wave) with wavelength of 532 nm, CCD canwith a
maximum frame rate of 15 frames per sec@imdagePro X2Mfrom Lavision) and a
computer (Fig. 2.1). Trace particles (700 nnagueous fluorescentred polymer
microspheregR700) from Duke Scientific) were added to theialdized water with a
0.3% volume concentratianThe particles had excitation maxima at 542 nm and
emission maxima at 612 nm and were illuminatedh®double pulsed laser; then, the
optical signals were ltered using a high pass filter with a cutoff value of 570 nm, and
the captured images were saved for further analyéis depth of correlatiorg.q, of
MPIV was estimated to be 40 um with 10° magnificationand ~ 10 um with 403
magnificationaccordingto [79 (Fig. 2.4).
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whereUis theimage intensitycutoff, d, is the particle sizen is refractive indexNA is
thenumerical aperturay is the magnification, ané-s thewavelength of light.

To charaterize the flow over amicro pillar in a microchannel, 500 image pairs
were captured witltifferent time intervals (1~1Qs) depending on the ingong flow
speed. Initially, thetime averagedvelocity of the incomingflow seveal diameters
upstreamfrom the pilar in mid-planewas measuredrhen, pPIV-measuredselocities
were compared to the average veltestmeasured by the rotameter flow meter (i.e.,
volumetric flow rate divided by the channel cr@esxtional area). At all Reynolds
numbers (100 O Rg, O 700, correspondingto Reynolds number based on the
microchannehydraulic diameteof 240 O Re O 1690) the uPIV-measured velocityn
mid-plane (3D to 11D upstreamfrom the pillar) was approximately 1.5 times greater
than the average velocity. Since the ratio of the maximum velocity and the average
velocity of fully developed laminar flow between two parallel plates is 1.5, the results
provided confidence in subsequent measuremefts.shown in Fig 2.5 pPIV
measurements confirmed that the flow just upstréam the pillar was fully developed
according to 81, 83 for all Reynolds numbers studied

The flow aroundthe pillar was then carefully examined to study and quantify the
flow charactestics such as velogit vorticity, and turbulen kinetic energy Captured
images were analyzed using the LaVision software, where, for each data set, the
averaged image was subtracted from all images to reduce experimental noise. Processed
imageswere crosscorrelatedFig. 2.9 with 643 64 to 328 32and323 32t0 163 16
interrogation windows with 50 %overlap[79, 83. The spatiakesolutionof the vector
field was~ 9 um using16 3 16 interrogation windows with 50 % overlapurbulent
kinetic energy was cal cul at ed i n LaVisi ol

custommade code
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Figure 2.5 Streamwise velocity distribution of fully developed flow profle just
upstreamfrom the pillar. Note that the pillar is located betweerx/D =1 1 to Q.
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Figure 2.6 Cross-correlation of PIV images [from LaVision website]

2.4 Mechanism of a Steady Jet and Continuous Suction

The averagedvelocity of a steady jetvas controlled by adjusting the pressure in the
water reservoir, which was masned at a constant value elighout the experiment.
Figure2.7 presentschematiadiagramsof an ideal uniform velocity and the actunan-
uniform velocity distributionsof the steadyjet (Fig. 2.7a andb, respectively Here, zL
= 0 corresponds to the lower walf the microchannelTo quantifylocal momentum
coefficients the velocityof the control jet emanated from I8€lit (facing downstream)
into a quiescent flowwas measured using th1V systemat various channel height
Thejet velocity at each heighivas averaged over a square interrogation domain of size
1D 3 1D that was locatedl downstreanfrom the pillar (D is adiameterof the pillar)
as marked by the dashed line in .F&§8 Unless otherwise specified, the averaged
velocity measured by the rotameter flow meter (i.e., volumetric flow rate divided by the
crosssectional areaf the sli) was used to compute the momentum coefficient.

In order to apply continuous suction througie slit, a syringe pump was
accommodatedvith the device package ahown in Figure 2.1. A desd suction
momentum coefficient was achieved by settinguwbkime flow rde in the withdrawal

direction.
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Figure 2.7 (a) Ideal distribution of the control jet (b) Measured velocity distribution
(Rget = 28, uncertainty of the velocity wast4%).
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Figure 2.8 Velocity field of the control jet (into a quiescence flow), including the size
and location of the interrogation window for the calculation of the control jet
average velocity

2.5 Data Reduction

Following the velocity measurements, several dimensional arithedsionless
parameters were used to clarify and elaborate on the physical p®©gEsserning the
flow aroundthe micro pillar. These include the spanwise vortidhg, turbulence kinetic

energy the momentum coefficienReynolds numbers, and normalizeake width



The normalized spanwise vorticity,x,, is calculated from the velocity field as

follows

2.2)

whereu, v, Uayg X, Y, andD are the streamwise velocity, crestseamwise velocity,
averagevelocity of an incoming flow streamwise directiorgrossstreamwise direction,
and a diameter of the micro pillagspectively.

From thepPIV data, the turbulence intensitieerecalculated according to
4 N p I i
oMo = Y Y (2.3

ONj ® O 2.4)

o)

where the normalized turbulent kinetic enewgps calculated as

we o o ONj ONj
Yu O .,Y— (2-5)

In addition to the calculation ofKE at a specific spatial location, the integralTa{E

with respect to the crosgream(CS)directions vascalcubhtedaccording to:
10
Yoo, —b o 090g 26)
Y U0 You'a

The crossstreamextents of the integral domains are frgfld = 41toy/D = 4. The

micro pillar was located at0.5 Oy/D O0.5 andi 1 Ox/D OO0 with a front stagnation
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point atx/D = 1 1. For reference, the turbulent kinetic enemgfythe incoming flow
upstreanfrom the pillaratx = 2D andy = 0 was measured and found to be 0.2 % and
0.4 % atRe, = 100 and 700respectively.

The strength of the control jet is quantified by its relative momentum (with respect
to the momentum of the incoming flow upstrefmom the pillar), which is represented

by the momentum coefficient, defined as

LW 0
5 @ — (2.7)
(0]

0 r (2.8)

W
w 0
-5
whered is theaveragemomentum coefficient)  is thelocal momentum coefficient,
Viocal IS the velocity otheincoming flow at specific height dhe microchannelVet jocal
andVijet avg are the control jet velocity atspecificmicrochanneheightand the averaged
jet velocity, respectivelyAetis the crossectional area ahe control jetslit, andAs is

the crosssectional area dhemicro pgllar.

Reynolds number was defined as:
YQ —— (2.9

whereD is the diameter of the pillar, arads the kinematic viscosity of the flow.

Jet Reynolds number was defined as:
YQ — (2.10

where Ujet_avg IS the average jet velocity, ant is the characteristidength defined as
4A/P (A and P are the projected area and perimeter of the slit, respectivihg.
momentum coefficient was fixed to enable a fair comparison between afgiesvas

achieved by adjumg the volume flow rate for each configuration. As a result, the jet
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Reynolds number was factored by square root of 2 for a single slit as given irRTable
Suction momentum coefficient was fixed in a marsigtilarto the jet.

Normalized wake width dD) was defined as the length of the cross streamwise
wake profile wherets normalized velocity deficit veagreater than 5% of thrmalized
velocity of neighboring flow atidentical streamwise locatiomhe value of 5% was

chosen taccommodatexperimeatal uncertainties.

2.6 Uncertainty Analysis

Uncertainties of derived experimental parameters were estimated according tartdine
McClintock [84] whereasthe measured values were obtained from the naaouf ur er s 0
specification sheetd he uncertainty of the dependent variable= U(vy, Vo, é € , V)

was computed as:

. Ty, Ty, T
W — () — ()

29
TO TO T0 29)

[Th
[Th
e

wherev; is the independent variable aMi is the uncertainty in each independent
variable.Uncertainties ofvelocity, Reynolds numbey x/D, y/D, momentum coefficient,
turbulent kinetic energyandnormalized wake widthvere estimatednd listed in Table
2.2.
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Table 2.1 The jet Reynolds number Rege) at a given flow control condition. Jet

Reynolds numbers for symmetric slit (30 and 8C) are givenin parenthesis

6 =0.001 6 =0.01 6 =0.1
Re, = 100 2(1.5) 6.3(4.7 20(15)
Re, = 400 8(6) 25.2(18.8 N/A
Re, = 700 14(10.5 N/A N/A

Table 2.2 Uncertainties of measured and derived parameters

Parameter Uncertainty
Velocity, u andv +4%
Reynolds numberfle, andReet +2%
Normalized axial distance/D andy/D +1%
Momentum coefficientd +4%
Turbulent kinetic energyf KE +4%
Normalized wake widthgD +5%
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3. RESULTS AND DISCUSSION

The flow field around a micro pillat.(D = 1.5) confined in a microchannel was studied
experimentally through thgPIV system. Arange of Reynolds numbebsmsed on the
pillar diameter(100 O Rg, O 700) was investigated in order to elucidate thifeet of
flow control at different flow regimes (i.e., quasdieady, transition, anghsteady flows).
The PI\V-measured velocity field, the spanwise vorticityd d@ine turbulent kinetic energy
were obtaineda quantify flow characteristicsith and withoutactive flow contral The
flow field at two distirct heights of the microchannelgar the wallZ/L = 0.1) and mid
plane ¢/L = 0.5))was presented taccommodad the nonuniform characteristics of the
jet andthe parabolicvelocity profile of the microchannel flow.

In Section 3.1 flow around the micro pillawithout active flow controlg presented
to examine the flow field and regimeBhen, the resultsra discussed and used as the
baseline forfurther comparisorwith active flow control casesn the following section
(Section3.2), forced flow with a continuous blowing (a stegdt) around the micro
pillar is presentedn subsection 3.2.1, the effecf a steady jet issued from 18§lit is
presented To appreciatethe nonuniform jet, both averaged dnlocal momentum
coefficients # presentedin the following subsection (3.2.2)paranetric study of
control angle s performed and discussddere, the flow field near the wallsi mostly
presented with averaged momentum coefficients unless otherwise spekcifisdb
section 3.2.3, the effects of the momentum coefficient and the Reynolds number on th
forced flow characteristicg@a elucidatedFinally, forced flow with acontinuous suction
is compared to continuous blowinm Section 3.3 Note that the flow direction

throughout this study is from top to bottom in the figurekess otherwise specified

3.1 Unforced Flow around a Micro Pillar Embedded in a
Microchannel

3.1.1 Flow regime behind a micro pillar in a microchannel

Time averaged streamlingormalized time averaged and instantaneous velocity fields
of the micro pillar neathewake at 100DRg, O700in mid-planeare depicted in Figuse
3.1 3.2, and3.3, respectivelyin comparison t@ semiinfinite cylinder wakediscussed

in Section 1.6 the micro pillar wake showed similar flow regimes, ansitions
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occurredat highercorresponding Reynolds numbeRgecirculation zone was observed
behind the piar (Fig. 3.1a), and the extent of recirculation zone was increased with
increasing Reynoldaumber(Fig. 31b) until it reaches the criticaReynoldsnumber
(Reyii = 400 for the micro pillar withL/D = 1.5 in a microchanngl (The critical
Reynoldsnumber corresponds tdhe transition from quasiteady to unsteady wake.)
The extentof the recirculation zone was shrunk above thécatiReynolds number due

to vortex sheddingFig. 31c and3.1d). The onset of vorteshedding is associated with
hydrodynamic instability of the wak€onvective instability develops in the shear layer
around the pillar at low Reynolds numbers; but, is not paeatighto initiate vortex
shedding (or absolute instéity) as shown in Figure 3.3a arRi3bh. As a resul the
instantaneous velocity field was similarttee time averaged field (Fig. 3.2a aBd®).

The near wake became absolutely unstable at higher Reynolds numbers as the instability
was initiated from the rear stagnation pqiRig. 3.3c and3.3d). Theseresults were in
good agreement with resultsr a semiinfinite cylinder [58]. The flow field near the
wall exhibited similar flow structure, and will be discussed in the following section.

The near wake profilat x/D = 1 (across the recirculation zone) axtD = 4
(downstreamfrom the recirculation zonewas examined to further investigate the
laminar transition of the micro pillar wak€rossstreamwise distributions of the time
averaged velocity were compared toetarandom snapshot velocity profilesRe =
100 (Fig. 3.4a), 300 (Fig. 3.44n), 500 (Fig. 3.41), and 700 (Fig. 3.4Rp). At Re, =
100, time averaged wake profiles of both streamwise and -stosamwise velocity
component were analogous ittstantaneous wake profiles. As the Reynolds number
increased to @0, the weak jitter of wake profiles was observed, suggesting the presence
of convective instability in the shear lay&or higher Reynolds numbers (Fig. 3p)i
the difference between teraveraged and prompt wake profiles wexplicit, and it was
more significant ak/D = 4 since the vortex shedding was initiated at the trailing edge of
the recirculation zoneAlso, the fluctuationof the velocity profile became more
pronouncedat higherReynolds number. The jitter of the wake profdex/D = 4 for
higher Reynolds numbers (Fig. 3.4l aBdp) showed the directional change of cross

streamwise velocity component, indicating the presence of alternative shedding.
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Time averaged and instantaneous spanwise vortdigiribution is depicted in
Figure 3.5 and 3.6, respectively fRe, = 100, 300, 500, and 700. A countetating
clockwise (negative) and countelockwise (positive) vorticity concentration was
observed along the shear layér.pair of weak vorticity concentration wasrined
downstream of both side of the pillar with a negligible vorticity inside the recirculation
zone atRg, = 100 (Fig. 3.5a). The increased velociyadientacross the recirculation
zone with increasing Reynolds number augmentedrtemsity of the vorticity. As a
result, the recirculation zone became wider and elongBe&gnd the critical Reynolds

number, the extent of the recirculation zone decreased because of the inception of the



vortex sheddingwhich tore the trailing edge of # recrculation zone (Fig. 3.6¢ and
3.6d, also schematically depicted in FR&.7). In addition to primary laminar separation
(g ~ 80°), the secondary flow separation was observed near the stagnation point due to
the vortex shedding as depicted in FiguBe/. The weak secondary vorticity
concentrations were observadjacentto outer boundary of the primary shear layers
(downstreanfrom the rear stagnation point) due to the presence of the walls as well as
the low aspect ratio of the pillaGimilar to the velaity field, instantaneous vorticity
distributions resembletime averagedorticity distributions with small amount gitter
inside the shear layer due to developaogvectiveinstability. For Reynolds numbers
higher than the critical value, the vortetteglding from the rear stagnation point was
explicitly perceptible, indicating a transition to an unsteady flow regime. However,
vortices were broken intonultiple satellite vortices due to the wall suppression as
discussed abov@&his hindered the growthf éhe turbulent kinetic energy, which will be
discussed in the following sectioBédction3.1.2).

Flow regime transition fronquaststealy to unsteady state is closelglated to the
alteration ofthe wake struatire and the recirculation zonkEigs. 3.1and 3.5). In Figure
3.8 the streamwise location of the rear stagnation poortalized by aliameterof the
pillar, is presented. It wasieasured from 500 instantaneous velocity figtd$000Re,
0700, and the length efieasuremertiars in the figureepresented the fluctuation of the
location. The rear stagnation point was positioned closed to the pillar at low Reynolds
number, then moved downstream with increasing Reynolds nuraberjn turn,
elongatedthe recirculation zonelt moved farthest fronthe pillar (3. D) at Reynolds
number just belovthe critical Reynolds numbeRg&,i: = 400) Along with a transition to
unsteady flow, the streamwise breadth of the recirculation zone was reducedtiteie to
collapsed trailing edge of the recirculation eomduced bythe vortex sheddings
illustratedin Figure 3.7.The increase in the measuremantertaintybarsis linked to
the unstable characteristics of the flavReynolds numberpast critical conditionThe
critical Reynolds number was higher thfan a semiinfinite cylinder due to the pillés
low aspect ratiol/D = 1.5) andaddedthe viscous suppression from the walls, which
stabilized the flow.These results were in good agreementhwboth numerical

simulation [5961] and eperimental studie63, 65, 66 at the conventional scale.
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Figure 3.8 Streamwise position of the rear stagnation point with Reynolds numbers

3.1.2 Turbulent kinetic energy of the micro pillar wake

To appreciate the mixing enhanceméhég streamwise variation abrmalizedturbulent
kinetic energyalong thecentrelineg(y/D = 0) is presented in Figure 3& the Reynolds
number rangstudied.At low Reynolds numbersRg O300), the TKE wascomparable

to the value of the fully developed incoming flowd.2%) throughout the measurement
domain. At the transition Reynolds numbd&Re, = 400), the TKE was increased
downstreanirom the rear stagnation point, which suggested the absakttbility (i.e.,

vortex shedding from the rear stagnation point) was a dominant factor determining the
TKE of the wakeThe TKE exponentially grew for higher Reynolds numbe@0(®Re,

O700) until it reached the maximum value and then reduced slowly farthersti@am
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as the vortex dissipated tkaetic energyinto the neighbouring flow during the mixing
process.

The maximumTKE is typically positioned at the rear stagnation pditdwever, the
discordance of these locations possibly occurs when the \girégiding is irregulafg.
1.1d). Armellini et al. [8pstudiedlow aspect ratioAR = 1.09) macrescale cylinder at
800 ORe&, 02800, and showedhat the transition frotaminar irregular vortex shedding
to an alternate vortex shedding occur&kaj = 800. Due to the irregular shedding, the
vortex formation lengthl¢, which is the location of the rear stagnation point in the
present study) was disharmonious with the wake closure lelngtivifich is the location
of maximumTKE in the present studyAs the flow transition to a more stable alternate
shedding regime (Fig. 1.1e) with increasing Reynolds number, it was observed that the
ration ofL¢/L. reduced, which is in good agreement with current resufis; (= 1.49 at
Re, = 500 was reduced tdi/L. = 1.18 at Rg, = 700). Furthermore maximum TKE
moved toward the pillaat higher Reynolds numbersyggesting a transition from

irregular shedding to an alternate shedding, which adsees with previous studies [58,

85).
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TKE [%]

Figure 3.9 The streamwise variation of the normalized tubulent kinetic energy
(TKE) along the centerlineat various Reynoldsnumbers.

3.2 Forced Flow around a Micro Pillar with a Steady jet

As discussed in previous sectioBettion3.1), flow around a micro pillar strongly
depends on the Reynolds numbglso, the extent of the recirculation zone is closely
linked to the hydrodynamic instabilitpndas a result, mixing enhancement in terms of
the TKE. However, an ady flow transition expected frona passive flow control (i.e., a
residential micro pillar in a microchannel) was highly restricted due to theagpeact
ratio of the pillar and microchannel wallippressioywhich resulted in increasexiitical
Reynolds number fronRey; = 46 (for a seminfinite cylinder) to 400.Accordingly,

mixing enhancement usimgassive flow controlvashinderedat low Reynolds numbers

42



3.2.1 Forced flow field with a steady jet = 18C) near the wall /L =0.1) and in
mid-plane
Table 3.1 presents bothe average and local momentum coefficient of an active flow
cortrol at various main flow andet flow conditions Three different momentum
coefficients wereexamined for each Reynolds numbeiThe average momentum
coefficient was shown in the first columand followed by corresponding laic
momentum coefficients in the followinigvo gray shadowed columnkn this section,
relatively strong jet (line pressure of the jet was leev 20 and 100sp and the
corresponding jet Reyndd number was in the range 2fO Rge; O 42) was used to
examine the merits of the jet am active flow contromethodas well as the effects on
theflow structure and theurbulent kinetic energground the micro pillar

Table 3.1 The average momentum coefficient and the corresponding local
momentum coefficient of a steady jet

Line Rey= Re= Rg= Re) = Re = Re) = Re = Reg = Reg =
pressure 100 100 at 100at 400 400 at 400 at 700 700 at 700 at
[PSI] z/L= z/L= z/L= z/L= z/L= z/IL=
0.1 0.5 0.1 0.5 0.1 0.5

100 0.349  2.83 0.0867 0.021 |0.1023 0.0078 0.0067 0.0372 0.0025
80 0.32 2.398 0.057 0.0192 | 0.0867 0.00518 0.0062 0.0315 0.0017
60 0.24 1.466 0.0189 0.0144 0.053 0.0017 0.0046 0.0193 0.0006
40 0.07 0.429 0.0007 0.0042 0.0155 0.00006 0.0013 0.0056 0.00002
20 0.023 0.178 0.0003 0.0014 | 0.0064 0.00003 0.0004 0.0023 0.00001

Time averaged velocitfields atRe, = 100 (Fig. 3.10), 400 (Fig. 3.11), and 700 (Fig.
3.12) were investigated to examine the effect of active flow control via a steady jet with
diverse momentum coefficients. For all Reynolds number studied, both the velocity field
near the lower wallz/lL = 0.1) and in miegplane ¢/L = 0.5) were presented. Velocity
fields near the upper wall were excluded since the jet produced no effect near the upper
wall due to the nowniform characteristi@as describeth Figure 2.7 The unforced flow
fields around thesolid micro pillar, which were discussed in previous sect®ec(ion

3.1), were provided foreference Flow fields around the micro pillar with a control slit

is analogous tounforced flow fields when the jet isot activated.In this section,
unforced velocity fields near the lower wallra alsopresentedin which a slightly
different flow patterrfrom mid-planewas observed in the upstream location of the pillar
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(x/D OT 1 andi 2 Oy/D 02). As shown in Figure3.10a, 3.14, and 3.12a, the incoming
flow just upstreanirom the pillar was more stretched around the pillar than in the mid
plane,which exhibitedjunction flow characteristic6p-71].

A pronounced alteration of the pillar wake was observed at both microchannel
heights when the control jet wagroduced.The effect of the control jet was dissimilar
for each measurement domain since the jet was not unifarexddition, the incoming
flow exhibited parabolic velocity profile, which promoted three dimensional (dws
will be further discussed in the following section 3.2.2). For this reason, the recirculation
zone near the wall was completely removed whereas it was reduced -plameéd &
relatively low momentum coefficient (Fig. 34@nd3.1(). The small solil colokfilled
dot represented the location of rear stagnation point in each image whereas the micro
pillar was depicted as a large circlg 4tOx/D OO0 andi 0.50y/D 00.5.When thdocal
momentum coefficient of the jet became doetwo order of magrude larger (Fig.
3.10c, d, gandh), the entire measurement domain wagificantly influenced by the
control jet regardless of the heigfitie recirculation was completely eliminated and the
flow was fully attached to the pillaiThe control jet emanatl from 180 at low
Reynolds number with high momentum coefficients modified the pillar wake, which can
be divided into three distinct regions: (1) flow acceleratipstreamand around the
pillar (x/D O 0), (2) flow accelerated and vectored toward the centerline as the jet
increased entrainment @x/D O1), and (3) flow acceleration induced by the yeich
supplemented extra momenturmd in turn, the crosstreamwise wake profile was
extended.

At higher Reynoldsiaumbers (Fig. 3.11 and3.12), momentum coefficients were
significantly diminished bywo to four orders of magnitude since the velocity of the jet
wasmaintained constaniréble 3.). In addition, the backflow in the recirculation zone
increased, which nderated the strggth of the jet emanatetbwnstreamAccordingly,
the effect of the jet was attenuatasl shown irthe time averaged flow fields &e, =
400 (Fig. 3.11) and 700 (Fig. 3Q1Zhe streamwise extent of the spanwise vorticity as
well as the recirculation zone was decreased at low local momentum coefficients (mostly

in mid-plane). As a result, locations tie TKE peak traveled toward the pill§Fig.
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3.13cf), suggesting that éjet alteredhelocal distribution of flow instabilitynsteadof
the global effect as for low Reynolds numbieef = 100) [51, 53.

Tr=0.023(0.178) Tr=0.24(1.466) Tr =0.349(2.83)
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Figure 3.10 Superimposed velocity vectors and spanwise vorticity @&e, = 100 for
the baseline (a, e), andctuated casegb-d, f-h). The vdues in parenthesis are the
local momentum coefficient,C,, .. Note that color contours are not visible de tothe

low magnitude of vorticity.
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Figure 3.11 Superimposed velocity vects and spanwise vorticity atRey = 400 for
the basdine (a, e), and actuated case(b-d, f-h).
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Figure 3.12 Superimposed velocity vectors ad spanwise vorticity at Rey = 700 for
the baseline (a, e), and actuated casesdbf-h).
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To elucidate the mixing enhancement via a steady jet, turbulent kineticyewasy
computed and presentéat the unforced flowNote that the scale diie y-axis inFigure
3.13a was six times larger th#re others in Figure3.13 toaccommodat¢he dominant
effect of thget with large local momentum coefficienss shown in Figure 3.13, the jet
was dominant in a quasteady flow regime, mostly dominant in the realation zone
(x/D 02.5), where the local maximumKE exceeded 250% near the watfl(= 0.1).
When the local momentum coefficient was large especially near the wall (Fig. 3.13a),
the emanating jet entrained theighboringflow just downstreanirom the pillar (0 O
x/D O 1), whichsubduediow instability, as a resulthe augmentation of theKE was
restrictedin this region.Then,the supplemental momentutinrough thejet accelerated
the flow, which magnified the kinetic energy of the flgtvOx/D O 2.5). As the jet
traveled farther downstreamx(D O 2.5), the TKE was dampened since the surplus
momentum was consumed during fhrecessA similar flow structure was observed in
mid-plane with elongated flow entrainment regio#i) O 3) for the highest monmtum
coefficient (Fig. 3.13b)At higher Reynolds numbers (Fig. 3.13cthe effect of the
control jet was considerably weakened because of lower momentum coeffidieiRes.

= 700, the maximumTKE was similar~ 10% to 15% regardless of the jet momentum
coefficient, excepin the location othe maximumTKE. These values wereomparable
to that ofunforcedflow in an unsteady regimg@ig. 3.9),indicatingTKE was mainly due
to the naturally unstable vortex sheddifidne altered position of the rear stagnation
point well agreed with the location tie TKE peak. Thisshowedthat the jet modified
the near wake structure and the recirculation zone behind the pillar. Consedaeatly,
instability, instead of global inflence at low Reynolds numbgrgas influenced by the
jet. This isalsoclearly shown in Figure 3.14, whef&E wasintegrated across the span
of the microchannelNote that the scale dhe y-axis for Rgy = 100 was thre¢imes
larger than others Figure 3.14 to accommodatesignificant effect of a jet in a quasi
steady flow regimeAt higher Reynolds numbers, integrafEidE curves were mostly
negligible andoverlappedwith the baseline data, suggesting that the effect of a jet was
highly limited and localeed as discussed aboves shown in Figure 3.10and ¢ the
flow field was considerably manipulatadien the momentum coefficient was increhse

by one order of magnitude (from 0.023 to 0.2#)ereas it was moderately rearradg
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when it was further increageo 0.349 (Fig3.10d). However, the integratelKE was
significantly augmented when the momentum coefficient was increased to 0.349 (Fig.
3.14a) conpared to th®.24 casebecausehe velocity,andin turn, the momentum of the

jet became equivalent that of the main flow.

The spanwise distribution of tHeKE was also examinet elucidate the influence
of thejet when it was issued at 180’'he effect of the jet was most dominant in a quasi
steady flow regime as discussed abd\Vete that the scale dhe y-axis forRg, = 100
was six times larger than otherssccommodatéhe dominant effect of a jet in a quasi
steady flow regimeSpanwiseTKE distribution atRe, = 100 (Fig.3.15a) showed three
distinct peaks irthe near downstreamregionof the pilla (0 Ox/D O1): at the centerline
(y/D = 0), and at each side of the wake aroyfd = £1.6, which coincide with the
inflection point in the wake profile (Fig. 3.10d). MD = 0.5, maximum peak was at the
centerline as the streamwise componentKE at this location contributed (Fi§.16a).
As the flow entrained by the jet atD = 1, the maximum peaks oaced near each
inflection pointwhere the crosstreamwise component ®KE, which leaded the shift of
TKE peaks was comparable tthe streamwig component (Fig3.16b). The magnitude
of the TKE attenuated with increasing streamwise distance, and the sharpvpaaks
smoothed as the momentumfdgfed during flow mixingAt higherReynoldsnumbers,
the TKE was considerably reduced and the affectezh was confined ©2 Oy/D O2.
Similar hydrodynamic behavior was observed in +pidne with significantly less edtt
of the jet

The streamwise and crostreamwise componertontours of the TKE for the
highest momentum coeffiak in each flow regimdi.e., quasisteady, transition, and
unsteady) e presented in Figure 3.18ote that thescale ofthe color barfor R, = 100
is thregtimes larger thathe othersto accommodatsignificant effect of a jet in a quasi
steady flow regime.Single high concentration was observed for the streamwise
componenin the near wake (0.6x/D O3.5 andi 1 Oy/D O1, Fig. 3.16a) whereas two
concentrations were present for cksseamwise componeril O x/D O2 andy/D ~
+1.5 Fig. 3.160, which were omparable to the streamwise componé&ot.this reason,

the mixing includecthe entire domain with a strong momentum jet in a gsi@sidy
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flow regime. The affected area was considerably regulatethéoregion adjacent to

shear layers at higher Reynolismbers due to attenuated momentum coefficients.
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Figure 3.14 Streamwise variation of the normalizedintegrated turbulent kinetic
energy abng the centerline atz/L=0.1 (a, c, €) and 0.5 (b, d, f), and &e&, = 100 (a,
b), 400 (c, d), and 700 (e, f)
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Figure 3.16 Contour plots of the streamwise (a, c, €) and crostreamwise (b, d, f)
component of TKE at Re = 100( /y= 0.349) (ab), 400 ( /4= 0.021) (ed), and 700
(fy=0.0067) (&f) at z/L=0.1
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3.2.2 Parametric study of forced flow field with a steady jet at various
circumferential positions (g= 0°, 3¢, 8(°, and 18(")

In this section, the flow characteristisith andwithout localizedforcing (at specified
angles)around a micro pillar are elucidatedaminar flow at lowReynolds numbers
(Rey = 100, 400, and 700 at which flow is quaseady, transition, and unsteady;
corresponding to Reynolds numbers based on the microchannel hydliauohieter of
240, 960, and 1690, respectively) with sevenaimentum coefficiest © = 0.1, 0.01,
and 0.001) areinvestigated Normalized ime averaged velocity fields, vorticity
distribution,andcross streamwise wake profilaszpresented to study thedfect of flow
control at various anglgg = 0, 30, 80, and 180. In addition, normalized wake width
and turbulent kinetic energy are presented to elucidate mixing enhancement via a steady
jet at different angles and flow regimesl the results preséed in this study are near
the lower wall of the microchannet/[ = 0.1, where the effect of jet is dominant) unless
otherwise specified.

Normalizedtime averaged velocity fields R, = 100 withd = 0.1 are presented in
Figure 3.17. An unforced cased = 0) is provided for reference in FiguBl7a. The
flow field around the pillar was not affected by the presence of slit unless activated. Note
that the pillar was located afl Ox/D O0 andi 0.50y/D O0.5and a front stagnation
point was formed at/D =1 1. Flow around a pillar embedded in a microchannellma
considereda junction flow around a pillar mounted on a plate, excdpt tthe
approaching flow ignternal flow (fully developed irthis study). As shown in Figures
3.17a and3.18a, thejunction flow near the lower walk(L = 0.1) did not exhibita large
scale horseshoeortex. This also can be seen from Figut®, which shows that the
turbulent kinetic energy of the unforced cagéD(=11.1) was less than 3% at all
Reynolds numbers studieds discussed by Simps¢69], a laminar steady horseshoe
vortex is formed aRe, 01000 (is the boundary layer thickness, @Rey; O525 in this
study) whenapproachingooundary layer impinges on the pill@he horseshoe vortex
intensifies the unsteadiness of the flow as well as the turbulent stress near the wall,
which in turn increases the drag and heat transfer f@t. However, the steady
horseshoe vortex is significantBuppresseavith increasingdD (d /D is 0.75 in this

study, which is one or two orders of magnitlaeye compared to external flows) since
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viscous forces dissipate the energy of the primary vortex and inhibit the aggregation with
neighboring vorticity to grow the horseshoe vorfég, 69]. The current results concur
with these previous findings.

The steady jet ad = 0.1 emanated from the sIRé. = 21 for 180, and 15 for 30

and 80) was most dominant at low Reynolds nunsb&he flow field around the pillar
was dramaticallyltered by the control jet in a manner that was dependent on an angle of
the slit. For the 30slit, flow upstreanfrom the pillar was spread by the interaction of
the incoming flow with the jet. Theelocity field (Fig. 3.17) suggestshat localized
forcing at 30 (upstreamfrom the laminar separation angle -°B0destabilized the
upstream flow, which promotdtbrseshoe vortex shedding at a relatively low Reynolds
number70, 71]. As a result, turbulent kinetic energy just upstréem the pillar &/D =
11.1) was increased to 30% compared to 3% in the unforced case3(Eg). In
addition, thex-y planar flow wasforced toward the mighlane from the lower wallas a
result, flow became three dimensional. As illustrated in Fi§u28 the vorticity of the
incoming flow interacted with the vorticity of the jet, which contributed to the
establishment of three dimensional flow characteristics by forcing the flow upstream
from the pillar. The flow past the pillar was significantly accelexd when sufficient
momentum was directly supplied near the separation angle3(Eig). Also, the extent

of a recirculation zone was broadened and elongated as shown in Figuned Sc a
When the jet issued frorihe downstream location (180Figs. 3.17d and 3.18), the
recirculaion zone was completely eliminated and s&reamwise jet took place
downstreanfrom the pillar.Also, the vortex induced by the jet was shed from the pillar
while the vortex shedding was initiated from the rear stagnation gbthe pillar wake

for the unforced flow.n Figure3.18 a normalized vorticity idtribution around the
pillar is presentedCountefrotating vorticeswere presented in the shear layers along
each side of the pillar for all cases studiéd the localizd forcing was activated,
additional vorticity concentrations were observed togethith the main shear layers.
The magnitude of secondary vortices via a steady jet issued “a{Fs§. 3.18&) was
stronger than the others (3@nd 180) since the jet was easiiptroduced near the
separation angle unlike for the other angles which haml/éocome the incoming flow
(30°, Fig. 3.1&) or the backflow in the recirculation zone (18€ig. 3.18). These
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phenomea are related to th@ressure distribution around thelioger where the

minimum pressure coefficient is at the laminar separation §gjeVelocity fields and

0.1 (Figs.

100 with a fixed momentum coefficient of=

vorticity distributions aRe,

3.17and 3.18 suggestedhat aforementioned pressudéstributiors were similar at the

micro scale.
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(©)

Figure 3.20 The illustration of the inception of three dimensional flow by

perturbing the upstream flow. (a) The vorticity of incoming flow created the
junction flow upstream from the pillar (b) The vorticity of incoming flow interacts

with the vorticity of a jet (c) The horseshoe vortexvasgenerated bythe process (b)
left the site moving towardthe mid-plane.
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To appreciate the effects of Reynolds numbers on the flow, the velocity field and
vorticity distribution of the 80case with fixed momentum coefficients € 0.001) are
presented in Figureés21and3.22 respeately. With increasingReynolds numbers, the
strength of the jet was magnified to hold the momentum coefficient at the same level. As
a result,correspondinget Reynolds numbers were increased fieg; = 1.5 atRe, =
100 (Figs.3.21a and3.22a) toRge; = 10.5at Rey = 700 (Figs. 3.21c and 3.2R When
the jetwas activated aRe, = 100, the flow adjacent to the pillar wascelerated and
moved towad the centerliney/D = 0) in the davnstream location of the pillaas a
result, the extent of the rieculation zone decreasedt higherReynoldsnumbers Rey
= 400 and 700), the effect of the jet on the velocity field was domiAdriRe, = 700
(Figs. 3.21c and3.2Z), additional momentum injected by the giceleratedhe flow
below the separation pi(x/D OT 0.8) while it spread the flow near the front stagnation
point ( 1.4 Ox/D OT 0.8). These results are in good agreement with previous studies on
the effect of a steady blowing on cylinder wd&&, 53. In addition, a similar flow field
of 3¢° forced caseRe = 100 withd = 0.1, Fig.3.17) was observed &, = 700 with
a smaller momentum coefficient for 8@ = 0.001, Fig.3.21c) since the jet was strong
and behaved as a bluff body for the incoming fléwso, secondary spanwise vorticity
concentrationsvere observed due to thew aspect ratio of the pillar as well as the
presence of the sidsalls. However, the presence of weak secondary vorticity
concentrations adjacent to the pillal (Ox/D O0) atRe, = 700 (Fig.3.2X) suggests
thatthey were also induced by the pet were those dhe low Reynolds number (Fig.
3.1&-d). Note that the jet Reynolds numb&e(,) for this caseRe, = 700 with0 =
0.001, Fig.3.2Z) was 10.5which is comparable to 15 for the low Reynolds number
(Rep = 100 with6 = 0.1, Fig.3.1&), while it was 6 and 1.5 fdRe, = 400 and 100 with

0 =0.001, respectively.
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Figure 3.22 Vorticity distribution of +80 with /= 0001 Rey = (a) 100, (b) 400,
and (c) 700

The effect of the jet on the pillar wake was studied through the streamwise and
crossstreamwise wake profiles of 8atRe, = 100 and various downstream locations of
the pillar (Fig.3.23. Note that the streamwise extent tbe recirculation zone for
unforced flow was 1B atRg, = 100.The wake profile of the unforced flow showed the
velocity deficit behind the p#ir with a single trough (Fig. 3.a3 As the momentum
coefficient increased to 0.1, a pair of symmetric srestd secondary troughwas
observed near y/D £1.2 and+2, respectively, along with elongated main trough at the
centerline. Also, the sign of the velocity indicatethat the recirculation zone was
elongated downstream for higher momenturaftaents as shown in Figures 3.17c¢ and
3.23, while the recirculation zone wabghtly shrunk for6 = 0.001 (Fig. 3.24). The
magnitude of the velocity deficit decayed as the flow traveled further downstream while
the wake was broadened in each cisissamwise direction (Fig. 3.23n other words,
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the momentum of the flow was dissipated as it interacted with the neighbarimg fl
This is supported by Figurg.29h which provide normalized wake width at various
streamwise location3.he crossstreamwise extent dhe wakencreased with increasing
momentum coefficients, and @iso gew with increasing distance frometpillar. In the
case of 30, the value of an asymptote line for controlled flows was 25~30 % smaller
than the unforced case A#At. = 0.1 (Fig. 3.24&-c) while it was 25~30 % largerdhthe
unforced case amid-plane ¢/L = 0.5, Fig.3.24d-f). This suggest that destabilized
incoming flow by localizedperturbationat 30 significantly promoted the onset of
horseboe vortex as shown in Figures 3.19a and .3T2#refae, part of the incoming
flow nearthe lower wall (atz/L = 0.1) tended to be a@&d upward with the horseshoe
vortex, which generated highly complex three dimensional flow. The inception or

growth of the horseshoe vortex wasppressedy forcing at 80 with 6 = 0.001

whereas 30forcing slightly promoted itasindicated bythe incease and decrease of
TKE (Fig. 3.1%). The small amount of locally added momentum &tedininated the
adverse pressure gradient, and as a result, stabilized the flow upsteetme pillar. A
higher Reynolds numbei(Fig. 3.19c and 3.1, both 3¢ and 80° forcing enhanced
mixing upstreamfrom the pillar. Detailedinformation about threedimensional flow

could not be obtained in the curr@riRlV system because of its volume illumination.
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Figure 3.23 Streamwise(a-c) and crossstreamwise (df) wake profile of 80 of Rey
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Figure 3.24 Streamwisewake profile of 30 of Rey =100 atz/L=0.1 (ac) and 0.5 (df)

atx/D=(a, d) 2, (b, e) 4, and (c, f).6
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Crossstreamwise variatian of turbulent kinetic energyat various streamwise
locations argoresented in Figres3.25(Re, = 100, quassteady flow regime)3.26 (Rey
= 400, transition flow regimexand3.27 (R, = 700, unsteady flow regimeAt Re, =
100, all forced flows exhibited increased turbulent kinetic energy (i.e., mixing
enhancement), which was dominant near the pillar and attenuated with increasing travel
distance.These results corresponded to the increase of the wake width as the flow
traveled downstream and dissipated momenthg/D = 2, a pair of sharp peaks were
observed neay/D = +0.6 for 80 and 180 (Fig. 3.2%a) while 80 exhibiteda pair of
secondary peakaroundy/D = £2 further downstream (Fi.2% and3.2%c) due to the
weak secondary vorticity as discussed above (see3Hif). The single pair oTKE
peals for 30° forcing was smooth and distributed over a range fyddn=12to 0, and O
to 2. As shown in Figur&.18, locally forced flow at 30generated additional voticity
concentratios upstreanirom the pillar, but it decayed as it moved downstrear® O
1.8). As a resulta pair of secondary peakof the turbulent kinetic energy was not
observed in Fure 3.25 For higher Reynolds numbers (Figs26 and 3.27), 0° flow
control was also presentedls the flow transition from the quasieady to the unsteady
state, TKE of most controlled flows except 18Wasincreased and showed symmetric
peals at x/D =2, whose magnitude depended on the location opénirbation For the
80° case in the transition regime, the mixing enhancement upsfreanthe pillar was
comparable to the downstream mixing by vortex shedding from the rear stagnation point,
but the nixing performance of other circumferential angles attenuated with increasing
streamwisalistance The TKE of 8(° forced flow was more prolonged théor the other
slitGs anglesince the jet emanating near the laminar separation angle accelerated swiftly
without an excessive momentum lo$te saved momentum was utilized to promote
convective instability and enhance the mixing throughout the domain. However, the
secondary peaks were not observed with flattened peaks near the cerntéringl O
1) similar to theTKE profile of 30 at Re, = 100 (Fig.3.25). This was also observed
when comparing the velocity field of 8@t higher Reynolds numbers (Fig21b and
3.21c) to that of 30 at Rey = 100 (Fig.3.17), where the similar horseshoe vorteas
exhibited.Meanwhile, the flow was stabilized by localized forcing at®18§ which the

backflow in the recirculation zone was reduced (Bg@8. As a result, the absolute
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instability in the near wake was undermined, which was suggested by Delahay
Kaiktsis [51]. As the Reynolds numbemcreased with a fixed momentum coefficient
(Rey = 700 andd = 0.001, Fig.3.27), the jet at 18D completely eliminated the
recirculation zone similar to Figures 5d and 6d (velocity fields at higteamdds
numbersare omitted for brevity) andestabilizel the near wak¢52]. The TKE of the
forced flow wassmaller tharthat ofthe unforced flow downstream/D = 4 and 6, Figs.
3.2 and c, respectively) at higher Reynolds numbers except for the base blowit)g (180
while the flow upstreanfrom the pillar was significantly perturbed by strong localized
forcing, regardless of the control angiue to increased momentum of the jet as shown
in Figure3.1% and3.19. It caused local instability upstrednom the pillar, and in turn,
generated three dimensional flow, which decelerated the flow near theivall{.1) as
discussed above (Fig.24).
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Figure 3.25 TKE profile at Re; =100with Ry = 0.1, x/D =2 (a), 4 (b), and 6 (c).
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Figure 3.26 TKE profile at Re, =400with Ry =0.001, x/D = 2 (a) 4 (b), and 6(c).
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