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SUMMARY

Forced convection heat transfer in compactcaoled heaexchangers with high
density, high aspect ratio fin channels is typically limited by the volume flow rate of the
cooling airand consequently by tHew channel Reynolds numbem addition, theheat
transferin the developing inlet flows of the fin channédsconstrainedoy thin thermal
boundary layers over the fin surfaces and by limited mixing of the heatadaaithe fin
surfaceswith the coolerflow within the center of the channelThese limitations i@
commonly overcome by increasing the air volume flow rate, the fin planform dimensions
and density, or byeliberatepassive generiain of smaliscalemotions (e.g.usingvortex
generators and dimplesgsulting insignificant increases in flow lossesThe present
dissertation builds onaglier researchat Georgia Techvhich revealedhat heat transfer
within thesehigh aspect ratio rectangular channeds be significantlyenhancedvith
minimal penalty in flow losses by using cantilevered fiim aero-elasticallyfluttering
reedsto induce the formation ofsmallscale vortical motions within the channel§he
present investigations demonstrated tbatrflutter occurs when the flow speed exceeds a
critical level thatdepend only onand can be adpted byt he r eed dandthatss r a
t h e rosibatiod Bequency as measured byStsouhal numbedepends on itsmass
ratio and its reduced critical speed It was shown thathe reed interactionwith the
c h a n n e |flows engenmdér e thierarchy of smaltale motions of decreasing scales
whi ch r esullti keno fcthuarrbaud teenrtibasefloncislamméraend t he c
accelerate the onset of turbulengben thebaseflow is transitionalat higher Reynolds

numkers It was also shown thahé reedinduced smaikcale motions enhance local and

XXXV



global heat transfer in the channel through modulation of the thermal wall boundary layers
and crossstream mixing between the wdlbunded and centrélows. Even when th
Reynolds number of the inlet base flow is sufficiently high so thatdieis nearly fully-

turbulent near the chani@ekxit, the reedignificantly enhanceshe overallheat transfer

in the channel. For a given flow power, the read enhancéhe global Nusselt numbers

by up to 1.8fold relative to the base flow and by up to :é#l relative to conventional

heat augmentation techniqueAn important finding of the present investigations is that
becaus¢he channdl kssedn the presence of theedas measured kipefriction factor,
scale only with t hthelosses chi Ise significamtly lowerded withu mb e r
minimal degradation in the enhanced heat transfer. Theref@ehannel losses in the
presence of the reed can be decreagpetd 3fold by reducingher e ed 6 s St r ouhal
while maintaining a nearlnvariant Nusselt numbert was also shown thahé thermal
performance of the reeds in isolated chanreds be used to predict the thermal
performance of geometricalsimilar fin arraychannelsat low Reynolds and Strouhal
numbers. Finally, based on the present findings esismated that for given heat
dissipationin air-cooled condenssrof industrid power plants, the fan power can be

reduced byp to 64%by usingoscillatingreeds it h e ¢ o nfid éhansetsr s 6
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CHAPTER |

A. OVERVIEW OF INLET FLOW IN RECTANGULAR CHANNELS

The thesis focuses on mechanisms of heat transfer enhancement within high aspect
ratio channels that model the fin channels of air cooled heat exchangers by using aero
elastically oscillating reeds. The characteristic of the flow evolution and heatetransf
within these channels including previous approaches for heat transfer enhancement are
reviewed in 81.1 1.4, and the dynamics of airiven free and walbounded flexible and

heat transfer enhancement by such reeds are reviewed in 81.5 and 1.Gyvedgpect
1.1 Flow Evolution within the Inlet Region of Rectangular Channels

While air cooled heat exchangers range in scale from a few centimeters (electronic
hardware heat sinks) to several hundred meters (power plant condensers) their air cooled fin
channels have nearly the same dimensions (Bay-Cohen et al., 20Q2for electronic
hardware heat sinks, arBlustamante et al., 2016or the air cooled condensers). To
maximize the heat transfer within these channels, the channel aspect ratioq(ibfeheitht
to width H/W) is kept high KI/W O5) and to reduce parasitic flow losses, the channel length
(L) is kept low (/W O50) such that the flow within these rectangular channels is effectively
an inlet flow. As described bghah and London (1978hese inlet flows are typically
uniform at the channel entrance and are followed by a streamwise developing flow regime
of baundary layers on the channel walls due to viscous effects that is characterized by
streamwise thickening of the boundary layers and streamwise acceleration of flow at the

channel 6s center. Fart her downst rsafaces, t he



and its corners merge and the flow becomes fully developed and ultimately streamwise
invariant. The streamwise length where the streamwise velocity at the channel center is 99%
of its maximum value is defined as the hydrodynamic entrance lemgthhich as noted in

the numerical work oHan (1960)for laminar flows depends on the hydraulic diameter

Dn = 2WA4/(W+H), Reynolds numbeRe= UMDy (t is the kinematic viscosity of air) and

the channel aspect ratio. The normalized entrance ldngtk, Lr, / (DnR€) decreases from

0.07 to 0.0064 as the aspect ratio increases from 1 (square duct) to infinity (parallel plates).
In inlet flow where the lbw along most of the channel length is developing and the
streamwise pressure gradient balances viscous shear and flow acceleration, the overall
streamwise pressure decred3de)(is significantly higher than in a fully developed flow in a
channel of theaame length where the pressure gradient balances only the viscous shear. The

channel pressure drop can be normalized to

f = DP/(0.58,AU?A/Dy)

whererais the air density and is average flow speed. While for a given aspect ratio, in a
fully developed flowfi s onl y a f un c Rgiroaminletflowftdependscoh a n n e |

bothL/WandRe

Transition from | aminar to turbulent fl o
fully-developed flow. Transition to turbulence in conduits of varying cross sections has been
studied extensively over the yeaWygnanski and Champagne (1988udied the transition
to turbulence in a fully developed circular pipe using\Wwioe anemometry in the absence
and presence of inlet disturbances (by an upstream cylinder). They found that in a smooth

pipe with undisturbed flow, transition occurredaatritical Reynolds numbdte = 45,000



and between 2,000Re < 17,500 in the presence of inlet disturbané&s decreased as the

diameter of the upstream cylinder increased). These authors also reported that transition to

turbulence was accompanieg b t he f or mati on of turbul ent

layers by amplification of inlet disturbances and merging of these spots formed turbulent

Aslugso within the pipe cross section.
(H/W=12) was stud using hetire anemometry byanoun et al. (20Q9who found out
that as the disturbance levels in the inlet flow were increasedufsdh* 0.0035 to 0.2,. the
critical Reynolds numbeRe decreased from 10,006 2,000 and the flow became fully
developed at. = 80D, at Re = 2,000 while atRe. =10,000 the development length was
L = 130D, Direct numerical simulations 8&&ndham et al., 19¢Re=5,000,H/W = 3) and
Takeishi et al., 201%650< Re< 1,500 and k H/W < 9) showed that, similar to circular

pipes Wygnarski and Champagne,m 197&ansition to turbulence in rectangular channels

occurs through the evolution of localized turbulent spots whose streamwise and spanwise

extent depends on the aspect ratio of the channel. These turbulent spots multiplygoy giv

rise to new spots as they advect along the channel due to flow nonlinearities, but can also

disappear due to viscous effects. When transitions to turbulence occurs above a critical

Reynolds numbeRe the formation rate of the spots exceeds theinghsion rate. It was
also shown that belo®e, inlet disturbances eventually decay and the channel flow remains
laminar. Hartnet et al. (1962khowed that abovRe, the streamwise location of transition
and the entrance | ength required f d&Re a
whether its entrance is smooth or abrupt, the magnitude of flow fluctuatdhat theinlet,
the aspect rati o, and the roughness of

investigations, it is noted that in the present rectangular chamwls 1, 5 and 10 and inlet

f

t

ul



flow fluctuationsu /& < 1%, based on the work éfartnett et al. (196Zhe respective the

Re are expected to be 4,300, 7,000 and 4,000. It should be noted that the authors escribed
the wusually high critical Reynolds number fel/W=5 channel to the relatively well
polished entrance configuration. In addition, at each of these critical Reynolds numbers
respective flow transitions occurldDy = 60, 40 and 30 and the flows became fulijptilent

atL/Dn =245, 100 and 85.

1.2 Heat Transfer Characteristics within the Inlet Flow Domain of Rectangular

Channels

As the flow evolves through the entrance of a heated rectangular channel, the flow
temperature which is uniform across the entrance plane is altered by the development of a
thermal boundary layers along the channel walls. The relation between the sgeamwi
development of the momentum and thermal boundary layers is governed by the Prandtl
numberPr of the fluid which as shown bdyncropera et al. (20023 Pr =0.7. As discussed
by Ligrani et al. (2003) heat transfer from the heated channel walls is affected by the
thickness of the thermal boundary layers and the mixing between the warmer fluid within
the thermal boundary layer and the cooler fluid outside these boundary layers within the
center domain of the channel or its core flow. Near the channel entrantbertmal
boundary layers are thin which leads to significantly high levels of local heat transfer
coefficients h(x) and local Nusselt numberslu(x) = h(x)-Dn/ka (ka is the thermal
conductivity of air). The local heat transfer coefficient decreases with streamwise distance
and becomes streamwise invariant when the flow is fully developed due to merging of the
thermal boundary layers. The numerical investigatiorKaka- et al. (1987)in inlet

laminar flow of channels for which4d H/W < 6 and for either a constant wall temperature



or a constant heat flux boundary condition, showed that the globaklNussnber
Nu=_ 0 6w Q- in the developing flow was higher than that of the fully developed

flow and the global Nusselt number depends
number. Hartnett et al. (19623howed that mixing between the wall bounded and core

flows is affected by the energy of the velocity fluctuations in the channel which increase
sharply as the @mnnel flow undergoes transition to turbulence. A comparison between the
turbulent and laminar channel flows in the simulationskeka et al. (1987)and
measurements éfromvonge et al. (2008hows that the rate of increase in Nusselt number

with the Reynolds number increases as the channel flow transitions from laminar to
turbulent flow. In reference to the present investigations, it is noted that these
measurements indicate that for a chamngn H/W =5 andL/W = 50 the respective global

Nusselt numbers variations for laminar and turbulent flowdNardRe&32 andNu~R&-8.
1.3 Passive Approaches to Heat Transfer Enhancement in Inlet Flows

As shown byBar-Cohen et al. (2002 heat sinks used in electronics cooling channel
heat transfer is typically limited by the available air volume flow rate because of the
limitations imposed by the available fan power to drive the air flow and therefore the channel
Reynolds number is immently low Re< 3,000). Heat transfer limitations at these low
Reynolds number are manifested in two closmlypled stages of heat transport. The first
stage is the heat transport from the channel walls to the wall boundasidigw h(X)ADTy
is limited by the local heat transfer coefficidr{k) and the temperature difference between

the air stream and the wally, (A is the surface area). The second stage is the overall heat

transport by the channel flow which for a given mass flow rates 1 goba= M-0p:DTa



depends on the temperature rise of the coolinB&i(0, is the specific heat) and is limited
by the mixing between the wall bounded and core flo®esth the local and global heat
transport rates can be enhanced by increasing the air flow ra&e) (@nd/or the fin area
and fin density albeit with significant penalty in increased flow power due to losses (e.g.,
Incropera et al., 2002 Alternatively, for a given fin area arRRle,the heat transfer can be
enhanced by passive modifications of the channel surface such as rib turbulators, dimples,
and vortex generators but at the expense of higher flowdodsor example). C. Han et

al. (1988) reported an increase of up to-f@d in the Nusselt number at
10,000< Re< 60,000 in rectangular channels of aspect ratiegsHIW <4 using rib
turbulators of heigh¢/D = 0.08 and angles of attac&nging from 30to 9¢°. However,
this increase inNu was accompanied by up to a-fild increase in friction factor.
Spherical, hemispherical, and tearddimples of varying depths and diameters were used
by a number of researchéesg., Mahmood et al., 2008yred et al., 20QJandChen et al.,
2001). Mahmood et al., 2002 used spherical dimples of diameters between H and 5
0.2H deep in a rectangular channelléfW=5:1 atRe= 5,000 and reported a 2{sld
increase iMNuwith increases of up to 5fld in the friction factor.Vortex generator have
also been investigated extensively (elgggelbeck et al., 1998Biswas et al., 1994nd
Tanaka et al., 2003 Tiggelbeck et al. (1994studied wing vortex generators (delta,
rectanglar, and winglet configurations) in rectangular channéldN=5:1 at
2,000<Re< 8,000 and reported increases Mu and f of up to 2.2 and 4.2fold,
respectively. As reported hyigrani et al. (2003)these passive surface modifications
induce unsteady secondary vortical flows and concomitant scTalk motions that

increase the turbulence level and mixing within the channel and can lead to significant local



increase in the heat transfer coefficieRbr example, vortex generators can incrdgsg

by up to 3fold hat are followed at their downstream end, which is followed by streamwise
attenuation within a few (8) channel widthsTiggelbeck et al., 1994)The heat transfer
enhancements through passive surface modifications are also accafripamerements

in flow losses due to local flow separation and the ensuing mixing and induced small scale
motions which are manifested by increased flow power that limits their utility. Moreover,
the application of some of these surface modificationdedimited because of fabrication

difficulties.

1.4 Active Approaches to Heat Transfer Enhancement

A new approach for effecting smatale flow motions and mixing by direct
actuation of dissipative scales in free and vealinded shear flows at waveldingjthat are
typically an order of magnitude smaller than the relevant local or global length scale of the
base flow was demonstratdtliltse and Glezer (1998n the shear layers of an air jet
emanating from a square conduit using piezoelectric reeds. The formation and advection
of such small scale, unsthavortical motions engendered by a synthetic jet actuator was
used byGillespie et al. (2006jo enhance thermal transport from heated surfaces of
convected heafat constant heat flux) and mixing with the core flow at low Reynolds
numbers Re=3,000). The effectiveness of shapproach especially at low Reynolds
numbers that are characteristic of-@moling applications, was later demonstrated using
synthetic jet actuators integrated with heat sinks by a number of researchers (e.g.,
Mahalingam and Glezer., 200&erty et al., 200@ndKota et al., 200 Mahalingam and
Glezer (200f%showed that synthetic jets can be used to increase the heat transfer coefficient

within high aspect ratio heat sink channegfgerating at 1,008 Re< 3,600 and constant
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heat flux by up to 280ld compared to conventional jetdAcikalin et al. (2009)used
oscillating jetlike flows produced by piezoelectric fans to create si@dle motions for
external cooling of lowpower electronic packages and demonstrated ugdti2ncrease

in heat transfer coefficient but with up to Idd increase in power consumption over
conventional fans. Enhanced cooling by induced sewle motions was further
advanced byserty (2008)and later on byHidalgoetal. (201Q who implemented active
enhancement of heat transfer within high aspect ratio rectangular channels to model the
flow within heat sink channels using cantilevered planar piezoelectridalign
oscillating reeds mount eehatadsanangdidalgoeetat ha nn e |
(2010 showed that the presence of the active reeds led to a significarasenrehe fin

to-air heat transfer resistance (relative to the base flow) such that the reduction in the flow
powerw pp for the same heat dissipatidgi as in the base flow leads to a-20id increase

in the coefficient of performand@0P = U 4/ pp Over the base flow.



B. ENHANCED HEAT TRANSFER USING FLUTTERING REEDS

Channel heat transfer can also be augmented by exploiting the coupling between the
flow and a rigid or flexible autonomous fldige reed cantilevered at its streamwise leading
edge to effect cross stream flow oscillatiorernandez and Poulter (19&i8ed oscillating
thin copper plates for heat transfer enhancement in a fully turbulent flow in a water tube
(at constant wall temperature) where the plates wei2 lbrtg and 066D high. Although
the rigidity of these plates limited their oscillations to 20,80®e< 50,000 the authors
demonstrated up to 1f6ld increase in global Nusselt numbers relative to the base flow
with an increase of up to :fdld in friction factor. These authors also demonstrated that
these flagike inserts yielded higher heat transfer enhancement at lower friction factor
increments compared to nascillating helical and tape inserts. In a similar approach,
Oyakawa et al. (1996)sed miniature brass plates spanning the width of an air channel
between two parallel plates as flexible vortex generators at 9,8@ 40,000 oscillating
between 1650 Hz and reported between 1.3 to-fbll higher dobal Nusselt number with
marginal flow losses such that the thermal enhancement factor wak?2. It is evident
that the rigidity of the metal plates used in these investigations limited their use to relatively
high flow speeds and set a low boundtba useful range of Reynolds number. More
recently, Hidalgo et al. (2015demonstrated the utility of flexible, thin film reeds for
enhancing heat transfer within @ooled fin channels by aeroelastic oscillations at low
Reyndds numbers. As with the actively driven reeds, 4iim self-oscillating reeds can
induce the formation of small scale flow motions that would normally be present in

transitional and turbulent flows and can lead to significant enhancement in heartransf



These thirfilm reeds are attractive for agside integration in heat sinks because of their
low form factor, low operatineand high durability and are can be easily fabricated using

microfabrication techniques such as laser cutting.

1.5 Flow Physcs of Fluttering Flags

In order to optimize the channel heat transfer enhancement by using reeds, it is
important to understand their oscillation mechanism and the effects of the oscillations on
the channel flow. The aesmlastic oscillations of flexiblélag-like plates in a free flow
have been studied both numerically (eé<grnecki et al., 1976Argentina et al., 20Q%&loy
et al., 2007andAlben et al., 201¥and experimentallyTianeda et al., 196&ndZhang et
al., 2000. Kornecki et al. (197pandArgentina et al. (2005howed the similarity between
the motion of a flag and that of a thin flexibleD2airfoil pitching about its leading edge
(or root) in an incompressible potential flow using fully unsteady aerodyrnhency on
the first two dominant -D oscillation modes. In a later investigati&ipy et al. (2007)
considered D oscillation modes due to finite reed span and demonstrated the dependence
of the flags motion on its aspect raticZhangetal. (2000) sudied a 2D silk thread
cantilevered at its root and suspended in a thin flowing soap Ren1(*) and observed
that the thread motion had three distinct dynamical states depending on the flow speed
namely, stretched straight in which the thread does mdlate, coherent flutter which is
characterized by sinuous motion of the flag and travelling waves which amplify from the
flagds | eading edge towards its trailing
characterized by chaotic cresseam motia of the flag and absence of a nominal time
period or amplitude. During the stretched straghte, the thread is aligned (root to tip)

with the flow with a narrow and wetlefined wake comprising of counter rotating vortices
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shed fr om tnilartoraemmkKhainan Streepp The iflag exhibits the stretched

straight or SS state until a critical speBdiicas above which it transitions to the coherent
flutter state where the flagbs wake compr i
resembling Kelvin Helmholtz instability of
which change sign per haltroke of the flag.

Shelley et al. (2005)sed a 2D potential flow analysis to show that the reduced

critical speedUciitica™ =Y g " 00 j'Q (whereky,=EA is the flexural rigidity

andEandl = H¢s%/12ar e Youngods modul us and ardsa mome |
ts andLs are the height, thickness and the length of the thg)pends on t he f |
ratio, M*=rstd(rals) (rsis the air density). As shown in the numerical study caflag
by Argentina et al. (2005)the oscillation frequencyfsc of the flag in free flow as
characterized by its Strouhal numb8t, = fosdLs/Up based on the flag lengthy and free
stream speetl. depends on t he r at iM amfhe depeadencee e d 6 s
scales asSt ~ (M*) %% In a 2D potential flow based numerical investigation of flags,
Alben et al(2014) showed that a fundamental characteristic of flag flutter is tsealbility
between the SS and coherent flutter states i.e. there exists a range of defined flow speeds
in which the flag exhibits hysteresis such that at the same flow speed, the flagvean h
either a stretched straight or fluttering states depending on whether the flow speed is
increasing or decreasing with time.

Shelley et al. (2005showed that the flag mode shapes at and beyond the critical
speed depend u-qatoandtbéndingfstiffresg The infloemce sf a finite 3
D span of the flag in free air was studied numerically gy et al. (2007)and

experimentally bywatanabe et al. (2002yho independently showed that the finite span
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stabilizes the flag and increases the critical speed as the spanwise average pressure
differential across theldg is smaller than the-R approximation. Doaré et al. (2011)
expaimentally studied the effect of flag confinement along flag span/height on reed flutter
showing a decrease in critical speed as the clearance between the confinement plate and
the spanwise flag edges approach the boundary layer thickness and an asgimptotic
decrease to-D critical speeds with further decrease in clearance. This reduction in critical
speed was attributed to flow acceleration
layer development. The motion of flags with spanwise and-atessmwise confinement

in a channel has been studied numericallyShyele and Mittal (20159nd Tetlow and

Lucey (2009) Shoele and Mittal (2015howed that in a confined channel, the flag motion

is governed by a balance between the damping effect of added mass, Coriolis and viscous
forces and the excitation of the flag due to centrifugal forces created by its curvature. The
presence of confinemenabs b een shown by these authors

critical speed and frequency.

1.6 Heat Transfer Enhancement using Fluttering Flags

Earlier studies of heat transfer enhancement in rectangular channels using flexible,
thin film fluttering flags are discussed in the review articlé&’afet al. (2019) The authors

reviewed the heat transfer enhancement in a rectangular channel with focus on three flag

configurations: a flag clamped at atitss tr ai

|l eading edge or Astraighto flag and fl ags

cylinder mounted upstream of the flag. Heat transfer enhancement in a rectangular channel

usi ng a 0 ssvagstudiegl mumeéricallyl bghpele and Mittal. (2034which is

referred to as a 0 Ripseetta. (2030) t hA&n aifuit hwe st eac
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configuration was studied numerically Byark et al.( 2016and experimentally by'u et
al. (2018)

As shown numerically byshoele and Mittal (2014)the production of vortical
structues by the reed disrupts the thermal boundary layer on the channel walls which leads
to enhancement of local heat fluxes and heat transfer coeffici€hespresence of reeds
also leads to additional viscoaad form drag which increases the flow power required to
drive the flow. In this study, the thermal enhancement factrthe reeedenhanced heat
transfer as measured by the ratio of global Nusselt numbers in the presence of the reed and
in the base flar at a fixed flow powers up to 1.2. As noted biyhoele and Mittal (2014)
this enhancement factor can be achieved using reeds whose lengths is comparable to the
width of the chanel. While these numerical studies provide useful insight into the physics
of reed flutter and the associated vortical structures in the channel flow, they are limited by
the range of Reynolds numbers investigated which was typically below 600. Furtaermor
the planform dimensions of the reeds were too small to capture changes in the flow
structures due to interactions between the reed and the channel walls.

While Zhang et al. (20003howed that the oscillations of a straight flag are caused
by instabilities of the flag bound fl ow whi
Yu et al. (2018khowed that the oscillations of an inverted flag are induced by isigeafd
leading and trailing edge vortices. While the flow field downstream of a straight flag
comprises of trains of vortices alternating their sign per-s$tadike of flag, the flow
downstream of the inverted flag includes a combination of pairs of bpEense vortices
and single sign vortices. In a water channel of aspect ratio 2:1 and at constant heat flux,

Yu et al. (2018)showed that for 12,000 Re< 23,000, while an inverted fla/Ww =4
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spanning the channel height and operatin8iat 0.14 leads to an increase in the global

Nusselt numbers of up to f8ld relative to the base flow, this flag also results in up to a

3-fold increase in the friction factor such thfats smaller than 0.8Yu et al., 2018) Some

numerical studies have also consideced a mpi ng t he inverted f 1l ac
wall (e.g.,Park et al., 2026 this configuration is limited by the relatively high penalty in

flow losses and the practical difficulty of implementing such flags in a heat exchanger.

1.7 The Goals of the Present Research

The present investigationsedus on the key fluid flow and heat transfer mechanisms
that are induced by flexible, thiiim reeds cantilevered at their leading edge in rectangular
channels operating at low to transitional Reynolds numbers (%¥,8@6: 15,000).

The primarygoals of the current research are:

I Characterize the kinematics of the onset of reed flutter in a channel flow and
the effect of reedbs geometrical and
oscillation frequencies, and mode shapes.

ii. Explore themechanisms of the formation and evolution of srsadle
vortical motions by the reed oscillations and their effects on the- time
averaged flow field and its fluctuating characteristics within the channel.

iii. Identify the mechanisms by which smadlale motios in the presence of
reeds enhance channel heat transfer.

iv. Identify optimal reed and flow parameters for heat transfer enhancement with
minimal losses.

V. Verify the scaling of reedriven heat transfer enhancement in fin arrays used

in heat exchangers.

14



Vi. Use he results of the fin array analysis to estimate 4a@thnced system

level performance in heat exchangers ofcaoled condensers.

Following an overview of the relevant literature in Chapter |, Chapter Il describes the
experimental setup that includednstruction and testing of low and high aspatio
rectangular channels along with the experimental techniques for flow and heat transfer
measurements. The reed dynamics including the onset of flutter, oscillation frequency and
mode shapes and frequeranyd its effects on the channel flow in a low aspect ratio channel
are discussed and compared to a high aspect ratio channel in Chapter Ill. The effects of the
reed on the flow in a high aspect ratio channel are discussed in detail in Chapter IV and the
roles of the key flow and reed parameters which affect the flow are explored. Chapter V
discusses the effects of the presence of the reed on heat transfer enhancement in the high
aspect ratio heated channel including optimal flow and reed parameterscaliing af the
reed driven heat transfer enhancement between the isolated channels and a model fin array
of a heat exchanger and the potential effect of the reed on sigstelthermal performance
in an aircooled condenser are described in Chapter Vé tiiésis includes three appendices:
Appendix A includes the assumptions and equations and used to evaluate the mean and
fluctuating flow fields in Chapter IV; Appendix B includes additional analysis of flow field
and heat transfer when the streamwisetposand aspect ratio of the reed are varied; and,
Appendi x C outlines the effects of varying
the presence of multiple reeds on heat transfer in the channel. Finally, Chapter VII
summarizes the main new resufsand describes the key insights enabled by the present

investigations.
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CHAPTER I

EXPERIMENTAL SETUP
2.1 Isolated Channel Configurations

The interactions of the reeds with the channel flow and the ensuing heat transfer
enhancement were investigated iwth low and high aspect ratio interchangeable
rectangular channels in which the flow was regulated using a miniature wind tunnel
facility. Air flow in the facility is driven using the building air supply through a calibrated
thermal mass flow meter/contler over the range 1.6¢10 % < < 8.35x 10 °m¥s. An
adapter section leads to an interngdbrtitioned diffuser (expansion ratio 1:25, Figure
2.1a, b) followed by a primary contraction (contraction ratio 25:1 Figures 2.1c) to ensure
thatt ow streamwi se turbulent intensity at the
(ubU < 0.5%, measured using particle image velocimetry, PIV). For the purpose of PIV
measurements in the channel test section part of the flow upstream of trserdiffas
diverted to an atomizer filled with Rosco Fog fluid to create seeding particles for PIV and

and thereafter was injected back into the main stream.
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Figure 21CAD dr awi digfsf wdent hwei t hout (a) and
il sometric view of the contraction (c).
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2.1.1 The Low Aspect Ratio Channel

A channel section with square test section (Aspect rdily,= 1) measuring 25 x
25 mm, and 254 mm long was connected tgtimaary contraction as shown in Figuize2
using a flange at its upstream end. Alignment between the inner surfaces of the contraction
and the test section was ensured using dowel pins on the surfaces of the flange. The test
section walls were fabricaddrom acrylic sheets (12.5 mm thick) and the inner dimension
(25 x 25 mm) was within £0.0254 mm. Thin film reeds were cantilevered vertically in
between two removable stainless steel support plates (0.125mm total thickness) spanning
the height of the téssection and 5 mm wide. The support plate was clamped near its
spanwise edges to the top and bottom outer surfaces of the test section using external
fixtures as shown in Figure 2.2. The development of reeds and their mounting procedure

is described imetail in §2.3.

Figure 22CAD dr awi ngsamfchéaeh@&® fr om nlcelfL
t hdei ffuser, contraction, tamed < poannvwtihsh
reeschownedmd its mounting fixture.
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2.1.2 The High Aspect Ratio Channels

The present setup enabled testing of high aspect ratio chamhel2 mm,
L = 250mm) by connecting them to the primary contraction by a secondary contraction.
Two channel configurations were used for separate measurements in the absence and
presence of the reeds of the heat transfer and of the cross stream velocity fields-{in the
planes using PIV. For heat transfer measurements, the high aspect ratio cross section was
formed by inserting sliding side walls into machined groove in the top and bottom walls of
the primary (25 x 25 mm) channel. The side walls were fabricated dub ehm thick

aluminum sheet and were instrumented with filim adhesive heaters and arrays of

Figure 23. Topi ewtshe fhi gh aspe(cahannelo dihn
scadewn stream of tha)iipeimaaty tTtoansfh
t hhreodul ar secon@atdhsei cdoen twagal cla nfdnnsbe)P t ¥
with integrated secondary <contracti
bet ween the side wal/l Il nserts and tF
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thermocouple sensors on their back sides §2f2) and were mated to a secondarpjl

25 mm tall contraction fabricated using stereolithography that weshett to the primary
contraction (Figure 2.3a). The air cavity between each of the outer walls and the inner wall
inserts was sealed using to create a closethsutated gap. The majority of the heat
transfer measurements were performed iH/#%/=5 (W=5mm) channel and limited
measurements were also conductediida = 10 (W = 2.5 mm) channel. The heat transfer
setup is described in detail in §2.2.

For the PIV measurements (c§2.2) the side walls of thel/W =5 channel were
fabricated with an igrated secondary contraction at the upstream end (Figure 2.3b), and
the top and bottom walls were replaced with smooth flat acrylic walls to enable passage of
the laser sheet that was used for illumination of the flow in multiple cross stregm (
planes

The flow in the heat transfer and PN/W =5 channels was compared over the full

range of flow ates using the variation witReof the channel friction factor (Figure 2.4)

0.1 +f
]
0o { @
0.02 . —
1000 10000
Re
Figure 24. Variation of channel fricty)am

Pl Y0) HHW=5c hann®dlsi d bl aclr emre sreendt Itih
turbul ent c hoaKnarkealc feltowaldatlad 87 and H
for a 5 omm sehamnhal aspect ratio.
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f = DP/(0.5% AJ?AL/Dy) whereDP is the static pressure drop along the channgk the

air density (STP)Pnh = 4AJP:[Ac = WA andPc = 2AW+H)] andRe= UMDy (* is the air
kinematic viscosity at STP). The procedure for measuring the channel pressure drop is
described in 82.2. The present measurements in Figure 2.4 are also compared with the
numerical and experimental data for lamindaKa et al., 1987)and turbulent Klartnett

et al., 1962channel flows, respectivelyThese data indicate that the variation$ with

Rein the two channels are similar indicating overall similar evolution of the base flows

althoughf in the PIV channel is somewhat smaller (up to 7%).
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2.2 Flowand Heat Transfer Diagnostic Techniques

2.2.1 Pressure and Mass Flow Measurements

The static gauge pressuypéx) was measured at five streamwise locations in the
high aspect ratio channeld/{V=5 and 10) ato= x/W= 3.2, 17.2, 27.2, 36.2 and 46.2 using
pressure ports mounted on the bottom channel wall (the channel pressure drop using the
gauge pressure at= 3.2). Each static pressure port was connected to a scanivalve pressure
scanner and a pressure transducengerature compensated, resolution of 0.3 Pa). The
transducerdés output voltage was sampled at
maximum fractional uncertainty of the tira@eraged pressure was 0.03). The average air
speed in the channBlwas conputed from measurements of the mass flow rate was using
a thermal flow controller with maximum fractional uncertainty 0d#075. The
corresponding maximum fractional uncertainties of the channel Reynolds number and

friction factor were 0.0087 ar@l0335 (e.g.,Wells, 1992)

2.2.2 Spectral Measurements using Hot Wire Sensors

Flow fluctuations in the channel were analyzed using a miniaturein@tsensr
(2 mm long, 51m diameter wire) aligned along tlyeaxis (aty =z = 0 andw= x/W = 20,
30 and 40) and a standard CTA anemometer sampled at 20 KHz. Tsevgéraged sensor
output was scaled relative to the thaeeraged streamwise velocity measurgdPb/ (cf.
§ 2.4.1) in the absence of the reeds and the scaling coefficients were used to compute the
power spectral density?SD) of streamwise velocity fluctuation®= u-6 with frequency

resolution of 1 Hz
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2.2.3 Particlelmage Velocimetry

The timeaveraged cross stream and streamwise velocity and velocity fluctuations
in the base flow and in the and presence of reeds were measured using a standard low
speed, 2D PIV in several cross streaxyy planes using a LaVision siem Kearney, 2013
and Lambert, 2016) The dual head pulsed Nd:Yag laser (532nm, maximum pulse
frequency 15 Hz, pulse width-8 ns) was driven using aggrammable timing unit at
81 10 Hz (aliasing with reed motion was avoidedpabetween 1.5 to 16s depending
on the flow speeds. The seeded flow was imaged using a CCD camera (1,200 x 1,600
pixels) whose optical axis was normal to the laser sheserlsheets were generated using
round and cylindrical lenses (focal length 120 and 50 mm, respectively) mounted on a
traverse along with mirrors to vary the streamwigeafd spanwisez) positions of the
laser sheet along the channel, and the nomina&tshekness was 1 mm. The flow was
seeded using-% m»m fog particles produced by an atomizer which was connected to the

facility upstream of the channel test section.

The streamwise and spanwise locations of the PIV fields of views are noted in
Chapterll and IV. In theH/W =1 mm channel each field of view w#éx 0.73VNin the
cross stream and streamwise directions, and data were acquired in streamwise increments
of 1.4W with 16% overlap between streamwise widows frdm 1.6W to 9. AV over and
and downstream of the reed as shown schematically in Figure 2.5. The meglyddol
stitching the data in the overlapping fields was discusse#idnyohan (2003) In the

H/W =5 channel PIV data was obtained only downstream of the reed at discrete streamwise

23



windows whose centers abX = 6W apart betweeiX=18W and 42N in nonoverlapping

windows.

These PIV data were processed wusing VLa\\
double frame, FFT crossorrelation (e.g.Raffel, Willert and Kompenhans, 1998nd
using the followon processing procedure as dessditby Lambert (2016) The time
averaged cross stream velocity componéntdto andU[aito were used to compute the
time-averaged spanwise vorticity concentratiomsusing the velocity components of 8

neighboring points based on the flow circulation(eBgzozowski (2011)

The present PIV measurements were acquired in two modes. First, conventional
time-averaged in which there is no phase relationship between the acquired data and the
reed motion. For these tinmeraged measuremems= 3000 realizations were acquired
andensembleaveraged at each streamwise window. For PIV grid locatiofpswhere
there are a small number of instantaneous vectors missing due to tHerlsity particle
seeding and/or rejected vectors, the averaging uses a sample size smaller ¢néinethe
sample sizeNij<N). The second, more intricate data acquisition mode was ieissd
to the motion of the reed (cf., 82.4.2). This was accomplished using the motion of a

reference point on the reed as determined by a stationaryblased rang finder (shown

Figure25. Schematic of overl appi=rig chlavn
is fromtl)eft Tthoe rtirgghce of reed cente
shown in gray. A reference point n
range ffoirndeert er mi ning the neesltant ane
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schematically in Figure 2.5) and creating ensembles of image pairs for a predetermined
number of reed positions or cross stream location of the reference point between the
channel walls that were ensemitdeobtain a sequence of phaseerayed flow fields In

these measurements, the spatial resolution within each viewhti\tie 1 and 5 channels

were 0.25 mm and 0.04 mm respectively.

As discussed byBrzozowski (2009)the errors in velocity measurements from PIV
due to the precision of the PIV setup (calibration, particle position/pixel displacement and
cameratiming) and errors arising from calculasiohthe velocity vectors have afwrmal
distribution with zero mean and finite variance. These errors coupled with velocity
fluctuations in the test section are reflected in variations of the measured velocity. An
estimate of the RMS error in the veity (su,1) and vorticity Gw,1) using the PIV system

were obtained based on the analysig\dfian (1991)andWesterweel (2000)ho showed

Table 2.1 Error estimates of the measured velocity and vorticity distributions in
H/W=1 and 5 channels.

Case Vector AT Multi pass . # gf G/l 0,0l o, 1/ @, o
Resolution processing | realizations, N o
_ 2 passes of
HIW=1 64X 64 pixels
Phase- 0.25 mm 2pus 2 passes of 170 0.007 NA 0.023 NA
averaged PIV 32 X 32 pixels
2 passes of
H/V.V.:S 64X 64 pixels
Position- 0.04 mm | 1.5-10 us 2 passes of 60-100 0.002 NA 0.01 NA
averaged PIV 24 X 24 pixels
2 passes of
. HIW=1 64X 64 pixels
Time-averaged | 0.25mm 2 us 2 passes of 3000 0.007 0.008 0.023 0.026
PIV 32 X 32 pixels
_ 2 passes of
 Hw=s 64X 64 pixels
Time-averaged | 0.04mm | 1.5-10 ps 2 passes of 3000 0.002 0.005 0.01 0.025
PIV 24 X 24 pixels
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that the predominant source of PIV errors is the resolution epsah displacements of

the particles. The RMS errors in the velocisy {) and vorticity Gw,1) in the present
measurements were computed based on the interrogation window size, number of gray
levels in the camera, number of particles within interrogation window, the standard
gaussian image noise and number of sampled instantaneous vector fieldmdothe
procedure ofBrzozowski (2009) Table 2.1 summarizes the PIV cases investigated in the
present study in column 1, the description of the cases (PIV resolution, laser timing, DT,
vector processing parameters and number of realizatirig, columns 2 through 5 and
esimates of the fractional RMS error in the velocis (/0) and vorticity Gw,1{ ) in the

PIV cases in column 6 and 8n addition, an upper bound(2, sw,>) to the PIV error is
estimated using the RMS velocity fluctuations from the PIV thltan at a low Reynolds
number Re=2,000) at the entrance of the low and high aspect ratio channel where the
natural flow fluctuations are small. Upper bounds of the fractional RMS errors in velocity,
Su26 and vorticity, sy are the estimated andhulated for the various PIV cases in
columns 7 and 9 of Table 2.1. It should be noted that in the absence of a clear phase
reference in the base flow, the upper bounds of velocity and vorticity essa/® and

swaill  respectively, could not be obtathdor phaseaveraged PIV flowfield and are

marked as NA in Table 2.1.

2.2.4 Range Finder Measurements of the Reed Motion

As shown in Figure 2.5, the motion of a reference point along the reed mid span 5
mm upstream of its tip (when the reed is at rest) was measured using a laser based range

finder to detect the onset of reed motion and obtain a time series of thetceassmotion
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of the reference point. This time series was used for gdbaked PIV measurements (cf.,
§2.5). The present range finder has a resolution afrB@&nd is sampled at 20 KHz to
obtain a timeseries of the reed motion. These data are used tordeésthe primary reed
frequencyfoscwhi ch is then used to calSghdlad e
based on the reed length and the average flow speé&dwith a maximum fractional

uncertainty of 0.023.
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2.2.5 Heat Transfer Measurements

The top and front views of the heat transfer channel test section are shown in
Figures 2.6a and b (cf., A2.1.2). The bac
walls is instrumented (at midpan) with seven equalpaced Ttype thermocouple
sensorqcf. Figure 2.6a) to measure the streamwise distribution of wall temperaiure,

These thermocouple sensors are potted into grooves along the length of the wall surfaces.
Each surface is thetovered with an adhesive thin film heater (25.4 x 254 x thh)

having maximum heat flux heated = 15.5 KW/m?. In addition, six equally spaced
thermocouple sensors are mounted along the spar the right wall (0= y/W=-0.5) at

the channel exit to measure spanwise variatiolwofThe back of each heated side wall is

a

Figure 2.6. a )Topview of theheat transfer channel configuratiomcluding a2-D
contraction, flandthin-film heater mounted oraluminum surfaces
instrumented with arrays ¢dhermocouple sensoend insulated on the sides usian
gap and styrofoam plugs[an elementary panelmarked between two adjacen
thermocouplesensor was usddr measurements of the local heat trangtér 82.6 and
5.1)]; b) Front view of the channel.
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insulated using an air gap to the inner walls of the primary chadA&(1) and théneaters

and the gap are sealed at its downstream end using a Styrofoam plug (cf. Figure 2.6a). The
thin film heaters were powered using a DC power source and the voltage and current across
the heater were monitored to calculate the heater power, with a fractional
uncertainty of 0.008 When steady state heating was achieved- 20 minutes), the
temperature data from the thermocouple sensors was sampled at 10 Hz for 10 sec and
averaged to yieldw. The resolution of the data acquisition module was®Q.Q&ith a
maximum error of 0.%C and the fype thermocouple sensors hamminal errors of 0%

so that the maximum error in temperature measurements wéS brf2actional uncertainty

of 0.012 . Figure 2.7a and b illustrate the streamwise variations Havienagel,, measured

at Re= 1,500 in the presence of a reed (planform dimensions 22 x 50 mm and thickness,

ts=12.7m) for O neaer= 17 Watts on the leftu§= 0.5) and right (>= -0.5) aluminum side

T (x,2=0) T (x=0.25m,z)
e O
62 - : g 62{g © ©® o ®
57 57
52 A 59 -
47 I I 47 |
3
x(m) z(m) x 10
42 T T T 1 42 T T T T T T T

0 0.05 0.1 0.15 0.2 025 -12510-75 -5-25 0 25 5 7.5 10125

Figure 2.7. a ) treanBwvise variation of wallemperature J(x) at Re= 1,500 in the
presence of a reed (planform 22 x 50 mm and thickngsg,2.7 nm) measured ove
thel e(t05 y)and rw=gltbty) wal l s as shownan:
b) spanwise variations ofsimeasured at the bottom wall near the channel exit 25
m). The reed tip location is shown using a vertical dashed line
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walls and along the span of the bottom wall at the channtel €kiese data show that the
differences in streamwise variations of temperatures on the side walls is marginal (the left
wall is cooler by 0.%8C ostensibly due to the slight asymmetry in reed motion). The variations

of Tw along the channel span do not exceef@at the channel exit (cf. Figure 2.6b) and are
significantly smaller than the streamwise variations of the wall temperatures. In the heat
transfer studies in chapter V, an average of the left and right wall tetum@s was used to
represent the streamwise variations of the wall temperature in the channel and the spanwise
variations of wall temperatures were neglected in calculations of the Nusselt number. The
local Nusselt numbers in the absence and presemneeds are calculated based on an energy
balance across an elementary panel between adjacent thermocouple sensors (cf. Figure 2.6a)

which is discussed further in § 5.1.
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b
Figure 2.8. a Front view of theneat transfer test sectishowing theair cavities formed
by thewalls, theheaterand Styrofoam plugsandthe locationof the thermocouplsensos

in the cavityfor measuringhe heat flux losses through the cavity and wallsg b) Top
view of the channel showing streamwise statafitie thermocoupleensos.

In order tocalculate the heat transfer to the air in the channel, the insulation heat flux
losses were calculated and subtracted from the heater power. The heat flux losses from the
H/W=5 channel through the insulated air cavity/gap were measured using an ary of

thermocouple sensors mounted on the side, top and bottom walls of the insulation as shown
in Figures 2.8a and b. The local heat flux losBesy, = Kacnyic. O ftswwere calculated using

the temperature differend® across the wall thicknegs,, of side walls acrylic the channel,

as measured at the center of three streamwise panels of lepgthl3 for each of the side,

top and bottom walls of the insulatioriThe variation of channel average heat flux loss

9601Qins (W/m?)
800 | .
540 o
480 o

320 ] .

160
0 o B

0 10 20 30 40 50 60

ITD4,,(C)

Figure2.9. Var i afi @thal theat fflruoxiid/ sVsSe € h a
average channel wall temperature IZpw h o s e yiddstlmeipsalationheat transfer
coefficient.
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0 BO { 0 FcUO (where A= Lenannd3Hp, Ao andHp= H are the panel area and
height respectively) based on the total heater surface andai(theH/W =5 channel with

ITDavg= Tw,avg Ta,i, (WhereTw,avygis the average channel wall temperatiseshown in Figure

2.9. The slope of this nearly linear variation yields the insulation heat transfer coefficient
hins = 11 Watts/mMK. This analysis was checked with good agreement by sealing the channel
at its downstream end and comparing the insuldtsses in the absence of flow with the
power supplied to the heater at steady state. The total heat dissipation rate to air, flowing
inside the channal  was calculated by subtracting the total heat losses to the insulation
(integrated across alhé¢ panels) from the heater power and on avetage= 0.8)

The maximum fractional errors in the measured heater power and the heat dissipated to air

are 0.008 and 0.0125 respectively.

The heat transfer coefficients WWW=5 and 10 channels are calculated using two
methods. In the first method thecal heat transfer coefficierdi(x) and Nusselt number,
Nu(x) = h(X)Dnka, (ka is the thermal conductivity of the aijere obtained from an energy
balance on an elementary panel formed between adjacent thermocouple sensors (shown in
Figure 2.6a). These local heat transfer coefficients were then averaged over the channel length
to yield the global heat transfer coefficid and global Nusselt numbBiu. The details of
these calculations are discussed in 85.1. The maximum fractional error in local and global
Nusselt numbers (accounting for error in the heat dissipated to air and the differences in wall
and air temperatas) is 0.05. The second method is based on a technique that is widely used
in studies of heat sinks and relies on assessment of the logarithmic mean temperature

differences between the fin and the air at the inlet and exit of the fins which is redeased t
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LMTD and used in the fin array studies in Chapter VI. The LMTD yields the global Nusselt

number Nu_vto with a maximum fractional error of 0.063.
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2.3 The SelOscillating Reeds

2.3.1 Reed Development

In the preseninvestigations, reeds of varying thickness (I7< ts< 200 nm),
length (12mm < Ls < 150mm), and span thm < Hs <22 mm (Hs was22 mm in most of
the investigations) were fabricated from polyester and mylar thin film materials having
nominal Young modulug =5 GPa and densify = 1,370 kg/m. The thin film sheets were
laser cut to the required dimensions using a variable p@&@e Laser cutter. Although
the laser was set at its minimum power of 20 Watts, the thermal stresses resulted in slightly
asymmetric reed motion as discussed in §2.4.2.

During measurements in thd/W=1 channel (Chapter IlJ)the reeds were
cantilevered vertically within the center plane=(0) of the channel using a mounting
fixture that clamps it along its height along a 5 mm strip atufgsgream edge between two
stainless steel plates 0.1 and 0.025 mm thick to minimize blockage losses. The assembly
is shown in streamwise and top views in Figures 2.10a. and b respectively and a side view
of the assembled fixture with the reed in the clehmg shown in Figure 2.10c (the reed

was glued in place using cyanoacrylate glue). The cantilever fixture was mounted within
a b c d

I

Figure 210 Fr o(nstt r eamwi o(gy i eojfsanhde reed <cl a
side view (c) of the assemihed spaadv
| edltaimp s(paaggns t he hei gbt mohi mh eSei ocnighl @
reed mounting fixtuarey |l daidreg arml ath ¢
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the test section through two access holes within the opposite (top and bottom) walls (cf.
Figure 2.1). The tension of the caatier assembly was adjusted using a torque wrench to
ensure mounting repeatability. During the investigations in the high aspect ratio channels
two alternative asymmetric mounting fixtures were considered using a single stainless
0.025 mm thick and 5 mm de stainless steel plate and a 0.25 mm diameter stainless steel
cylinder shown in top views in Figure 2.9d) to which the reed was affixed along it upstream
edge using cyanoacrylate glue. Although the asymmetric mounting resulted in slight flow
asymmetry dwnstream of the reed, the differences in reed oscillation frequency, channel
pressure drop and heat transfer were negligible between the three reed mounts while the
critical speeds for the asymmetric mounts were between 3 and 5% lower than for the
clampirg plate. Therefore, the cylinder mount was selected for the investigations in the
isolatedH/W =5 and 10 channels in Chapters IV and V. Due to practical considerations
of bulk manufacturing and mounting location the plate mount was used in the fin array
experiments of Chapter VI and in the corresponding isolated channels for comparison with

the fin array.

The reedb6s critical speed at which it
computercontrolled increase of an initial channel speed at wttielreed was stationary
at increments of 0.3 m/s while monitoring the laser range finder output (cf. §2.2) until the
oscillation threshold was crossed. Thereafter the speed was decreased at the same rate to
the initial speed while observing the termioatiof the oscillations. The channel spa¢d
each increment was maintained for 10 seconds and time series of the range finder and flow
controller signals were sampled at 20 KHz. The critical speed was determined by the onset

of oscillations in the rangnder signal (cf. Figure 3.5 in 83.2).
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2.3.2 PositionLocked Reed Motion Analysis

In theH/W = 1 and 5 channels the reed motion was characterized by imaging a trace
along its midspan between its upstream and downstream edges (cf., Figure 2.5) that was
il luminated using a pulsed Nd: Yag yi=8ser sh
The scattered light from the intersection of the laser sheet and the reed was imaged using
a CCD camera (1,600 x 1,200 pixels) that w
section such that its optical =@yandparalleds al o
to the reedbés | eading edge (the field of v
range finder output was used as a phase reference for triggering the laser and CCD camera
when the intersection of the range finder laser ancetg was located at 39 equadiyaced
cross stream positions along the width of the channel (i.e., along the y coordinate) using a
comparator. At each of the 39 positions, 170 traces of the reed surface were obtained and
digitized with a resolution of 3@m/ pi x el . Since the reedds mc

0.5 1 y/W

0.3 1

0.1
-0.173

-0.31

'0.5 ! T T T 1
0 0.2 0.4 0.6 0.8 1
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Figure 2.11. Conditionallyaveraged and normalized oscillation cyde-dlof a
reference point at the spanwise center of the reed and 5 mm upstream of its tip (.

based the range finder measuremdftyand the digitized centerline imageb)
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somewhat from cycle to cycle as moved across the channel, these digitized traces were
conditionally averaged by first extracting theogation of the digitized reed tip and then
selectingthedigitzed traces where the tipdbs y | ocat
of the average tip location. These selected digitized traces were then averaged to yield the
most probablecyc oor di nates of the reedbs ceedterl ir
reference positions. The average time stamp of the cross stream positions of the reed
reference were obtained by organizing the tinaees of the range finder data into
successive cycles and ensemble averaging the instantaneous time stamps cargetspond

each cross stream elevation. The conditionally averaged cross stream locations of the
reference point on the reed (cf. Figure 2.5) were compared based on the range finder and
the digitized reed trace data and are shown in Figure 2.11. Whilectiteolts based on

two measurement sources (range finder and digitized reed traces) appear to be in reasonable
agreement close to the channel cernyer @), some differences are evident close to the
channel walls (up to 0.27 mm or 0.06aty/L = -0.3 andt/T=0.9). It is conjectured that

the reed undergoes some spanwise bending a
edge on the image plane leads to a projection of the reed centerline trace to the camera that
marginally differs from the true trace &iet reference location as measured by the range

finder. Thex-y data corresponding to the reed centerline traces are used to characterize the

evolution of the reedds kinetic energy as
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2.4 Processingf PIV Data

24.1 TimeAveragedvelocity Measurements

Each timeaveraged velocity and vorticity fields in thkBW =1 and 5 channels was
computed using particle image velocimetry data consisting of 3,000 image pairs (cf., 82.2)
acquired at frame rategtween 810 Hz in the base flow and in the presence of the reeds
(in the presence of reeds the acquisition frame rate frequency was adjusted to prevent
aliasing with the reed motion). Although it was demonstrated that theatreraged data
did not changdeyond about 800 instantaneous fields, a significantly larger sample size
was used to reduce random PIV error ingheond moment of velocity fluctuatioe.g.,

Trip et al., 2012) The instantaneous velocity fields were obtained using the standard PIV

(DaVis 8.2) software.

The timeaveraged streamwise and cross stream velocity compodeatsl L[

respectively and the corresponding second moments of the velocity fluctuations

dada0add | dazasvere computed as follows:

ok : =%]

vage

Oaze
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While these second order moments are clearly similar to the Reynolds Stresses in
turbulent flows, it is refrained fio referring to them using this terminology since the
present channel inlet flows range from laminar to transitional and may not become fully
turbulent at the highest Reynolds numbers investigatédrthermore, although some of
the present data were acquired posiioro c k ed t o t he reedds moti o
frequency and phase of the reedds motion v.
the cross flow and the shedding of vortiatbncentrations, triple decomposition analysis

(e.g., Hussain et al., 19Y#%vas not attempted.

SHo
Sho

Figure 2.12 Crossstream distributions of theormalizedtime-averaged streamwisi
velocity6 (at z= 0, -0.5<ux0) for the basdlow in theH/W=5 channel atw= 18 (0),

36(0)and 48(0)forRe=2, 000 (a), 5,000 (b), 7,0
are a comparison with the data of S¢g
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Crossstream distributions of the normalized tiraeeraged streamwise velocity
0(w)=06(y)/U in the base flowof the H/W=5 channelwere extracted at thstreamwise
center of the PIV fields apanwise center of the channet(0) centered ato= x/W = 18,

36 and 48 aRe= 2,000 (Figures 2.12). Thedata are compared with corresponding data

in a similar channelH/W=5) by Sparrow et al. (measured using pitot tube, 197)
1,000< Re< 5,000 (atRe= 2,000 thebase flow is laminar). ARe= 2,000, the present
experimental data shows excellent agreement with the data of Sparrow et al. (1967) where
the differences id(w) do not exceed 2% at all streamwise locations. Although the data of
Sparrow et al. (1967yas limited toRe 05,000, they showed that the laminar creggam
velocity distributions depend otf = x/(ReDy) and therefore their data were extrapolated

for comparison with the present dateRat= 7,000 and 12,000 (cf. Figures 2.11b, c and d
respectively). These comparisons show significant differences at lRglees the base

flow transitions to turbulence.

2.4.2 Velocity Measurements Positibocked 6 the Reed Motion

Using the procedure describedS§a.3.2 for obtaining traces along the midspan of
the reed that are locked to the reed motion, velocity (and vorticity) fields along and
downstream of the reed were measured inHiW = 1 channel §3.3) by using the range
finder output to trigger the PIV camera to acquire 170 image pairs at each of 3pacgd
crossstream positions of the reed reference (the trace of the reed centerline was acquired
simultaneously). The reed traces were therditmmally selected (using the procedure
described in82.4.2) and the corresponding PIV image pairs for the selected reed traces
were extracted, processed and averaged to obtain the conditiavethged velocity

distributions at a given crostream posion of the reed (cf., Chapter III).
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Figure 2.13 a) Superimpose@000instantaneous cycles of the reed positimferred
from the range finder measurements and tihes-averagedcycle and b) the cross
streamcenter( 00f each data bin based on a sine function that is fitted tdirthe
averaged cycle

The position based averaging procedure proved to be too long for the higher aspect
ratio channel leading to degradation of the image quality owing to accumulation of fog
particles on the channel walls. Therefore, a revised version of the locked data was devised
based on biaveraging technique in which a continuous stream of the PIV image pairs are
sorted into bins that are characterized by a fixed phase relative reethenotiorduring
post processing The crosstream positions of the reed across the channel width are
identified by the range finder data during the continuous acquisition of 3,000 PIV image
pairs (the position of t hemamgiaallygengthe malier 6 s
during the oscillation cycle). The tister aces of the reedbds cr
Wet(t) = yrei(t)/Wwere identified by successive zermssinggMendonca et al., 2014and
each cycle normalized by itsvn periodTinst 08t/ Tinst, (Figure 2.13a). A timeaveraged
cycle is calculated from the mean of the instantaneous cycles. These data showed that the

standard deviation of the periods of the instantaneous cycles is about 2% of the period of
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the timeaveraged averaged cycle. The timeraged cycle shows that the reed motion
between the channel centeb£ 0) and the top and bottom wath€ +0.5) are slightly

di fferent due to the asymmetry in the atta
§ 2.3). A sine function witlamplitude and frequency that match the average cycle was
discretized into 38 bins whose centers are equally spaced irdider{g the average reed

cycle (cf., Figure 2.13b). The tiMmsed phases at the {menters were
apin=2pH R1 p/883dgnd the reed-srefeearme necleebvsatd roms si n
corresponding to the taimsingf @ELlth2, b3 n €ed
While the phase based width of each bin Was, =2 /38, the crossstream width of the

individual bins varies during the oscillation cycle@s="/38&ko0s(Ddtand has minima

near the top and bottom walt8%0.25 and 0.75 respectively) and maxima near the channel
center @80 and 0.5). The PIVimagesat are captured along wit

time-trace were then sorted into the individual bins based on the phase of the reed reference

0 0.4 08 O 0.4 0.8
X X
Wz
.
-15 15

Figure 2.14 Example of sorted PIV data acquiréat a reed (YW= 10, H/H = 0.9)
oscillating at 65Hz at Re=2,00@t w= 18, ok 0: Cross stream distributions ¢
instantaneouspanwise vorticity, ; corresponding to sorted PIV imagae) (and bir
average(b)
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during the PIV acquisitonThe f |l ow f i el ds obt aiensedwiftrhoimm -
each bin were aveavaegreadg etdo folbotva ifni etlhdes .bi nWh i
of PI'V image pairs within the bins was 78,
bins with a maxi mepi 20 fa nld Omii nmanguensa =gpfo3r8 O | ma
An example of the sorteden ®3p/tA8 iasn d htohwen R INV |
a reeldWwlia he#d0. 9 oscill ati ngp=h8uib®S5 HEI gumpda
2.14b and c asiecowsamsoirnetdanstpla;FrwWlE wsondtt bet
bi-nver aged vwoespecttiyvdliye.l d A key drawback ¢
t hough good resbasedomvaoifatihenphase be obt

wal |l s, -Hehee ¢ hwaasrei ati ons degrade near the wa
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CHAPTER 1 I
DYNAMICS OF REED FLUTTER

IN A RECTANGULAR CHANNEL FLOW

Overview

This chapter focuses on the characterization of reed flutter in rectangular channels
including the reed dynamics at the onset of fluttied the interactions between the reed
and the flow that lead to the formation and advection of a hierafchyallscale vortical
structures. The reéddynamicsare captured by imaging a streamwise trace through its
mid-span and analyzed by using propghogonal decomposition (POD) and assessment
of its mechanical energy. The vortical motions induced by the reed motion are investigated

using particle image velocimetry (PIV) and hot wire anemometry.

3.1 Review of Mechanisms of Reed Flutter

As noted inChapter I, the flutter mechanismadntileveredhin flags (or flexible
reeds) in uniform cross flows and within flow ducts baen studied extensivel\shelley
and Zhang (2011noted the existence of a critical cross flow spé&gica, below which
the reed is stable and above which surface perturbations can amplify into coherent
fluttering. The motion oftte surface of a rectangular reed having planform length and span
dimensiond_s, andHs, respectivelyand thicknesdsin a uniform cross flow with velocity
U > Ucriical IS Characterized along its centerline y(x, t), as shown schematically in Figure
3.1. The dynamics of reed motion in the perturbed state in Figure 3.1 is obtained using

EulerBernoulli theory for bending beanfShelley et al., 2005hrough a force balance
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between the structural and fluid mymic forces on a reed element while neglecting the

viscous shear stresses on the reed.

N A Pl w2
V' Ty v

(3.1)

wherey* =y (X, t)/Ls, X*=X/Ls, t*=tAJ/Ls. The reed inertia ratiM* (or the ratio of
the reedbés mass (per uni t area) anid the
M* = rstd(ralls) in which rs and ra are the reed and air densities, respectiveljne T

reduced flow speed of thereekdi s t he ratio of the flow ki

elastic potential energy is given bif ="Yg " "O0 | Q wherek,=EA is the flexural

rigidity andEandl = H¢¥12ar e Youngdés modul us and area m

a
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Figure 31.a)The <centerline of tyixet)z—0ethd= e
me as ugxiHpxgsanals ci | | at i ncgr dshswviat b nUs & rem)ldh
projecti onxazapfl atnree reed i n
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respectively.Finally, the normalized pressure difference across the reed at some position

x* due to perturbations from its stable statefis = ap(x*) / (raJ?).

The righthand side of this equation includes two competing forces which govern
the moton of a reed elemené stabilizing elastic force (Wk2apty*ux*4) corresponding
to the bending stiffness of the reed and a destabilizing pressure doduee (to the flow
over the perturbed state of the reed). Figure 3.2 depicts the instantaneous flow along and
downstream of a reed suspended in a soap film during its motion dow(xiramet al.,
2000) in which the instantaneous streamlines around the reed are visualized using
interference fringes created by reflection from a monochromatic light source. This image
shows the formation of a train of clockwise (CW) vortices downstreatineofeed. The
streamlines in flow below the bottom surface of the reed are closer to each other near the
trailing edge compared to the leading edge, indicating a streamwise increase in velocity
and lower pressure along the bottom surface. On the t@rewfthe reed, the streamlines
diverge away from the reed as the flow expands leading to a streamwise adverse pressure

gradient. Therefore, the reed curvature during its motion is accompanied by a pressure

Figure 3.2. Soap film flow visualization (the flow is from left taght) around an
undulatingsilk reed by Zhang et. al. (R0). The interference fringewere produced
using monochromatic ligho represent instantaneous streamlines.
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difference between the two surfaces. The tampate of change of the lift force on the

reed can be evaluated by calculating the vorticity flux at the tip of the reed based on a
vorticity balance equation as describedSiyh et al.(1994). When the flowdriven lift

force can overcome t heittransittodsdosan asdillat@ytmoton r e s t ¢
with a frequency which depends upon the balance between the two opposing forces

(Argentina et al., 2005)

Shelley et al(2005 performed a stability analysis of al® cantilevered reeth
free flowusing equatior8.1 and a potential flow model to derivestability boundanM*-
U* above which the reed oscillates and below which the reed is in a stable stationary state,
as reproduced in Figure 3.3. These data show that along this boundary the reduced critical
speed of the reetll* decreases with increasiid* and that the reduceceiocity, Ucritica*
is nearly invariant for heavier reedd*t-1), indicating that at fixed flow density and reed

mechanical propertie€(andrs) for such reeddJeriical increases afldLy)'>. While this

SO-U*
40 -
30 -
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0
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Figure 3.3. The stability boundary & reed cantilevered at the root in a uniform cro
flow derived from the potential flow model of Shelley et @082 For reed of given
mass ratioM*, the domaies below and above the curve correspond to flow spekd:s
for which the reed is stable or unstable to flutter, respectively.

47



analysis provides the parameters influencing the onset of reed mitioand U*), it
doesndt ascaulasses on thereed,and when the reed is immersed in a channel,
the analysis doesnodt account for the proxi

element of the present investigations.
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3.2 ReedFluttering in Channel Flow

The present investigatiorfecus on fluttering reeds in low and high aspect ratio
rectangular channels. The motion of a cantilevered reed was first investigated in a channel
having a square (25 x 25 mm) cross section and 250 mm long (cf. Chapter II), and a
schematic rendition of threed mounting in a rectangular channel is shown in Figure 3.4a.
In the present investigationthe reed was cantilevered across the splrof the channel
and was fabricated using a thin film including polyesfer 6GPa,rs = 1,390kg/m°), and
mylar E = 4.5GPays=1,370kg/n?) reeds The reed planform dimensions were varied
over a broad range (Xf8m<Ls<150mm, 4mm< Hs<22mm) as was thehickness
(12.7mm<ts<200mm). The motion of the reed is monitored on its centerline

(intersection with the plane= 0), nominally 5 mm upstream of its tip using a lasased

range finder as shown schematically in Figure 3.4b

H ‘Ly.x — IW

< >

Y

Figure 34. a) Schematic of a sectiona€thannel showing the placement of a tfiim
reed cantilevered on tin (5 mm)stainlesssteel plate mounted between the top ¢
bottom wall of thechannel at downstream of the charthantrance; and b) A cros:
section of the reed in theyxplane z= 0. The motion of the reed is monitored along
centerline using a laseangefinder

49



The critical speed of the reed motion and the onset obsgtsllations were

determined by gradually increasing the average air speed in the channel while monitoring

reed motion. An example of the characterization of the critical speed in the present channel

is discussed below using a polyester reed measurizkg225mm and 38.1im thick. The
flow speed was increased at a low rate from some reference speedUhgtaw(16

cm/sec/sec) using a flow controller in the air supply (cf., Chapter II)

Thetemporal variation of the reed motion (5 mm upstream of its tip) is shown in

Figure 3.5a in terms of thescillation amplitudeAip/W = (Yip-0  )/W, wherew is the
tmeeaveraged position of the reedbs tip
crossstream center of the channgt 0, in the present examplihe tip of the reed is the
offset relative to crosstream center by about OW)] asthe average air speed in the
channel is varied between 4.721(at0) and 4.88 m/sed € 1 sec). When the flow speed
is just below the onset of oscillations (500 msdce< 600 msec), the reed exhibits a mild
flutter with a nominal amplitudAsp < 0.09V. The oscillation amplitude increases with air

speed to 0.28/ for t >500 msec, and the critical spe@tkfined when the oscillation

a b
60 7 fosc (HZ)
0.3 T ‘ ‘
| T
: 48 -
L 1
! 36 1
Aip/ W Q0 } |
) 24 -
|
H R 12 -
1 T I
-03 " U
0 400 600 800 1000 0 - :
U=472m/s t (msec) U=488m/s 4 4.4 4.8 52 56 6

Figure 35. a)The variation with time of r
l ncreases bet weef(ptede e/tRfashen@ f4r. 8B atndresnk
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amplitude exceeds 0.9 is Ucriica = 4.8 m/sec (the oscillation frequencyesc is
approximately 47 Hz or the swhal numberSt =foscAJU =0.42). The oscillation
amplitude reaches a quateady magnitudef 0.26/ within 6 oscillation cycles, and the
oscillation frequency increases to 48 Hz when the air speed raach@$88 m/sec. Figure

3.5b shows the variation of oscillation frequency of the reed as the speed of the air flow in
the channel is increased frommd/s to 5.7 m/s and then decreased back to 4 m/s at
increments/decrements of 8s. Each speed is maintained for 10 seconds and the time
series of the rangefinder signal is sampled at 20 KHz for computing a power spectrum.
Within the range of the preseinvestigations, it was found that following the onset of the
critical speed the reed frequency increasld!> It can also be observed that the when
the channel speed is decreased, the reed continues to oscillate until a lower critical speed
(4.5ml/9), thereby displaying hysteresis (as describetMayanabe et al., 20Gar reeds in
uniform flow). For the current ark, unless otherwise noted, critical speed is defined as
the flow speed above which the reed starts oscillating when the flow speed is gradually

increased in the channel.

Using the procedure described in connection with Figure 3.5, the critical speed was
characterized for two reed lengths=30 and 45 mm and a range of reed thicknesses
ts=13, 25, and 38, and %fin. Figure 3.6 shows the variation of the reduced critical speed,
Ucriica®™ With the reed inertia ratidl*. In theseexperiments, independent measurements
of the critical speed were repeated (four times) for each reed configuration and the
variances are marked by the error bars. The stability boundary of & r@eediform flow
shownin Figure 3.3 is also included fogference. These data show tbatica™ decreases

with increasing inertia ratio (as the reed becomes heavier compared to air) and asymptotes
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speed are shown by a bar for each re

to U* & 12 for M* > 1.5 indicating that for a givereed length thédimensional) critical
speedJcrical Of the heavier reeds increases witltkness ag!. It is noteworthy that for

M* > 0.8, the measurements agree well with the uniform flow model indicating that the
proximity of the channel walls, viscous effects, aAd Bodes of the reed motion become
less important as the mass of tked is increased. The increasing deviation between the
model and the measured critical speed whignis lower indicates that these effects are
more important, and it might be argued tteedwall interactions over a longer reed length
for the thinner reeds due to their low bending rigidifyhe variations of critical speeds,
Ucritica™ With M* were al® measured in higher aspect ratio channels Wt =5 and 10

for the same reeds as kYW =1 channel andsince these variations collapse Btf-

Ucriica™ curve of theH/W = 1 channelthey are not discussed further.
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The motion of the reed is also chaterized in terms of its oscillation frequency
that was assessed from time traces of reed motion near its tip (cf. Figure 3.5). Figure 3.7
shows the variation of the reed oscillation frequency (represented by the Strouhal
number,St) with the reduced spedd*. It is noted that for these data sets, the channel
Reynolds numberRe= UMD/ « (Dn is the hydraulic diameter) varies within the range
1,000< Re< 18,000 and the reed thickness is increased incrementaHy25, 38, and
50 mm for reeds of length,s=50 mm. For thicker reeds € 38.1 and 50m), St is nearly
invariant with the reduced spedd (St ° 0.45 and 0.4 respectivelput for a thin reed
(ts=25nm), St decreases from 0.68 to 0.57 for4¥* <31. These variations indicate
Amo-dwi tchingo for the thinAbea@d)threughbeas al s

inviscid flow model for reeds (or flags) in channels.

The interactions of the reed with the channel flow alsodéadorm drag due to
channel blockage created by the reed and viscous drag on the reed and channel surfaces.

These reeaghannel interactions are manifested in the form of increased pressure drop
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within the channel measured using Darcy friction fadter DP/(0.54 AJ4_/Dn, whereDP

is thestaticpressure drop across the channel (cf. Chapter Il). Figure 3.8 shows the variation
with Reof friction factor in the absence and presence of the leg8@ mm ands= 25,

38 and 50mm). In the absencef the reeds, the friction factor decreases vii
(f~400Re'Y). The high levels of in the basdlow compared to fullydeveloped flow

(f = 64Re?) show that because the channel is shdB{= 10), the channel entrance effects

are significant and the channel pressure drop has to balance both the wall shear stresses
and increase in flow momentum. In the presence of reeds, there is an incfedsdl Re

and for each thickness. Since th#ical Reabove which the reed oscillates increases as
the reed thickness increases (as described in connection with Figure 3.6), the curves of
f vs. Reshift towards the right as the thickness increases. There is an incréasabout

1158&bRe=6,200 (,=25mm) 13 2 & Re=8,000 (=3 8mm) and 157%
Re=10,000 {,=5 Gm) It should be noted that for an invaridRé the increase it

54

a)



decreases with increase in reed thickrjess, atRe= 10,000, the increments frare 283,

216 and 157% for,=2 5 3 8 , nma m & s P (e The decreabeyihcan be attributed

to the decrease in the reed oscillation frequexsits thickness increases. For example, at
Re=10,000, St decreases from 0.7 to 0.4 &sincreases from 50 to 26Bm. The

dependence of the friction factor on the oscillation frequency is discussed further in § 4.5.
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3.3 Flow Dynamics in the Presencef ®eed in Low Aspect Ratio Channels

The effects of the reed on the flow within a laspect ratio channetainvestigated
in a channel having a cross section of 25 x 25 mm (cf. Chapter Il) where the channel walls
are farther apart and effect mild interactions with the reed mofitve. motion of a reed
(22x 45, 38mm thick, critical speed 4.8 m/s) in this cimeel is captured by imaging the
centerline of the reed using a video camer@0Q x 1,200 pixels) that is triggered by the
motion of a reference point (as obtained from the range finder at thgpaidof the reed
and 0.1supstream of its tip when the reed is at rest, cf. Figure 3.4b). Digitized images of
t he reedds c e ndreambplanezeO, ¢f.iFiguret3lda are camiused for 39
equallyspaced crosstream positions of the reference poy, acrosstie channel width
and the conditionalhaveraged centerlines (cf. chapter Il) are shown in Figures 3.9. As
shown in Chapter Il, the difference between the positions of the reference point based on
the centerline position and the range finder does not X@.€8_s. The data in figure 3.9

shows that the reed comes in contact with a n he# (ws @5, y/Ls=0.27) andright

0.27

(x-x0)/Ls

-0.27

0 1

Figure39.Over | ai d teeat o | @mh e e e @2xA2@ &nutrhi)r
i n23® mm cahae@m@ed!| |y spacdedfl posiytchoansi
(cf. Fi gub=e4.3B. 4nff jJseefcaent erl ines are
ensembl eascdliarsechbpphRhed t o tthhee rredteirem
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(w=-0.5,y/Ls=- 0.27) walls only near its tip. That the critical speed of the reed is close

to the speed of a similar reedaruniform flow (c.f., figure 3.6) shows that the effects of

its interactions with the walls on its critical speed are insignificant. The data in Figure 3.9

al so show slight asymmetry bleftandrighbwatshe r ee
during theoscillation cycle. The asymmetry stems from-pessing during the laser

fabrication process.

The kinetic energy of the reed is calculated using the motion of its (conditionally
averaged) centerline across the channel width (neglecting spanwise variations). In these
calculationsthe reed length was divided into elements of lergth Ls/100 or 0.45 mm
(15 times the imaging resolution, cf. chapter Il) andxfyecoordinates at the center of
each elemens, are computed for each of the 39 centerlines during the oscillation cycle.
The times corresponding to each position of the refengoice, yrer, are extracted from the
average reed oscillation cycle (cf. chapter II) to yield the ‘staenp of each centerline,

tref (i) . The streamwise/) and crosstreamwise\(y) reed velocities were obtained at 38

0

S(KE) x 10°J
—

t-tw-1/T. cycle

0.5

0 s/Ls 1

Figure 310. Col or r astwear ipdtoito nk fonfe htehceh lkreeeel:
channel tal cegptceuriimge the nomigyale. ®@L
(=45 mm38m) . wiatdottmar ked byt dettedd.l
the chenerla gfdt) ,wabpectively
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instants 7 =[ter (i) + ter (1+1)]/2 along the average cycle and are defined as
Vi(S.£) = (EX(S) I rer) andVy(s,f) = (DY(s) | Drer) Where Drefers to differences between
trer (i+1) andter (i). The reed velocity magnitude¥(s,t) = (Vx*+V,9)°%° were used to

calculate the elemental kinetic energy of the re&KE) (s,/) =™®” w 0w Qi, and

the total kinetic energy of the reedOt 1 0 O iht. The presentinvestigations

demonstrated t hadendrgyk&E & ® @0:°d) & s/pically four drderds of n e t i

magnitude higher than its elastic potential enérg® _ PIgTIM — Qu

(Williams, 2009) The variation of the reedods ki nei
along its length during the oscillation cyclé(KE) (S/Ls, #/Tcycle,), Where the nominal

oscillation periodlcyceis 0.02 sec is shown using color raster plot in Figure 3.10. It should

be noted that the cycle begins when the reed is detheall (tw-1 =0, w=0.5) moving

towards theight wall (tw-2 = 0.5iTcycle, 0= -0.5) and ends back at thedt wall. These data

show the presence of multiple travelling waves of celerityd{piU = 0.5, from the root

to the tip of the reed per oscillation cycle that intensify along the reed length. These
travelling waves led to periodic peaking and release of the kinetic energy near the tip
(0.84<dLs<1). These peaks occur when the tip is at the etveam center of the

channel {/Tcycle = 0.25 and 0.75) and indicate the acceleration and deceleration of the reed

towards the channel walls (the arrival times at the walls are marked by the dotted lines).
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The flow structures induced by the interactions between the reed and the channel
flow are assessed from PIV measurements that are acquired locked to the cross stream
position of the reed (as in Figure 3.9, cf.apte Il). These data are acquired within the
cross streanxfy) planez=0 over the reedds surface and d
As described in connection with Figure 3.9, these data are taken at 39-sgaakyl cross
stream positions of a reference point on the rgegsuch that 170 images are included
and aeraged at each position to yield the posHawmeraged flow field. The fieldf view
at each of tibemprisslefdodrpartially sverlappiogn(16%) streamwise
fields each spanning the wid, of the channel anbBx = 0.75V long (the entie field of
view is 1.6< w<4.2). A separate CCD camera is triggered to simultaneously acquire
i mages of the reedbdés centerline synchroni z

consider the flux of spanwise vorticituis) across thevidth of the channel at 0.05

Illlllnnn" ﬁ

MHHHHHHEHEEEEHHHHHHHH“"“

0 tIT u-e- (m/s%)

-45000 O 45000

Figure 3.11. Color raster strips of the spanwise vorticity flusymacross the width of
the channel during the reed oscillation cycle. Each strip is plotted at sequentia
steps as a reference point near the ripgasses through 39 positions across the wi
of the channelthe crossstream position of the reetip is indicated by whitdine
segments
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downstream of the reed tip. The cross stream variation of the flux is plotted using color
raster plots (Figure 3.11) in unit strips
left (0= 0.5) andright (w= -0.5) walls] at each of the 39 cross stream positions of the reed
during the oscillation cycle. A white line segment marks the elevation of theipead

each flux strip as the reed moves fromrilgét to theleft wall and back. At the beginning

of the cyclgw=-0.45), the reetlp is neatherightwall (0= -0.5) and as it moves towards

the left wall (0=0.5), a flux of CW vort ildgtisurfgce wheh s h e d
movesleftwar ds wi t h the reed. Concurrenleftl y, th
wall associated with the walloundary layer (just downstream of the reed) diffuses
towards the channel center until the rédpdtouches thdeft wall. At this instant, the
interactions between the CW and CCW vortical structures on the reed and -thellleft
modulate the leftvall boundary layer. As the reegh moves towards theght wall, a

CCW vorticity flux sheds from thdaght surface of the reed and interactions bemhis

CCW vorticity and CW vorticity on theight wall modulates the boundary layer on the

right wall near the end of the reed cycle. The modulation alongghewall appears to

occur at the reed oscillation frequency: it is suppressed duringshkedlf of the reed cycle

(/T <0.5), increases during the second hdlf ¢ 0.5) , and is suppressed again when the
reedtip touches theight wall. As shown in Figure 3.16a, the shedding of CW and CCW
vorticity from theleft andright reed surfaces each cycle lead to the dominant peaks at twice
theree r equency in velocity spectra acquired
periodic modilation of the wallboundary layer leads to a dominant peak at the reed

oscillation frequency in spectra acquired near the channel wall (Figure 3.16b).
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Figure 3.12 shows 18 color raster plots of posiawrraged spanwise vorticity
concentrationsy; supeposed with velocity vectors over and downstream of the reed (cf.
Figure 3.9 and Figure 3.11) Re= 7,200 (the reed centerline is colored in reld)should
be noted that a portion of the flow fiebah the rightot he r eed was i n the
wherethe velocitydatacould not be obtained and has been shown in gray in Figure 3.12.
Even though the reedqs rhigure3®nthe ivasticitg luxeg ht | y
shed f r o mightdneleft suefazats are antisymmetrias evident in Figure 3.11)
indicating that the flowon the right ofthe reed (in the shadowed region) evolves nearly
identicalto the flowon its left Each image is characterized by the cistssam distance
(-0.5<wp<05)ofthereed i p t o t he o©hG nThededuencecaarsae r (
full cycle of the reed motion in the channel; the cycle begins when the tip is near the
¢ h a n nightwdl ¢é=-0.5), Figures 3.12.1 (ip = - 0.42) to c.2 (aip = 0.45) show the
reed motion from theight wall towards theleft wall (w=0.5)and Figures 3.1@.2
(caip = 0.37) to .3 (ip = -0.45) show the reed motion fromeft towards theright wall.

The reed shape and motion clearly affect the flow asttbof its sides. In Figure 3.12

a. 1, the concave reed shape producdél an ac
surface leading to formation of CW surface vorticity which merges with CW vorticity on

t he c hrightwak dadsisg the shedding €W vortex near theight wall as the reed
movedeftwards (Figure 3.1:b.1). As the reetip reaches the channel center (Figure 3.12

e.l,wip =-0.05), the reed shape changes such that the vorticity concentrations accumulate

at the tip (while diminisimg near the root) and are shed downstream. As thetigeed
approaches theft-wall (Figure 3.12b.2,wip = 0.35), the reed constricts the flow between

its left surface and théeft wall suppressing the vorticity along both surfaces (due to
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favorable pressure gradients). The constriction causesliggjdtow near the reedip

leading to full detachment (from the reed) and downstream advection (past the streamwise

o (s")

9000

-9000 O

Figure 3.12. Color raster plots showing distributions @ositionaveragedspanwise
vorticity concentrations superposed with cr@sseam velocity vectors in tleeossstream
x-y plane z 0 left ofthe surface of the reed in Figure 3ad in its near wake. The ta
of the reedobs cent e(thdvelatity field ander theoreed whiclois no
illuminated by the PIV laser sheet is markedgmay). These images are locked 39
equallyspacedpositions of the reed reference poird fcf. Figure 3.9) near the reed tip
( wip marked at the bottom of each imagehe spanwise vorticity flux iRigure 3.11is
extracted at AB and shown for reference.
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edee of the image) of the CW vorticity concentrations that nearly span the channel width.
When the reed ig contact withleft wall (Figure3.12c.2, w= 0.45), the flow between the
reeldtaur f ace an deftivdl is blackedandhtleelre@dssieCCW vorticity
concentrations from itsght surface. As a result of the blocked flow aboveldfiesurface
of the reed, the reed bends towardsight surface upstream of its tip and begins to move
towards theight wall of the channel (Figure 3.422,w=0.37). As the reed continues its
sweeping motion towards thight wall, the layer of CCW vorticity begins to roll up and
interact with the CCW \JeftwdliThis intgractiomsevens on t
the wall vorticity layer(e.g., Figure 3.1:2.2,w= 0.3) resulting in shedding of a CCW
vortex (similar toCW vortex observed in Figure 3-121). As the reed detaches from the
left wall (Figure 3.12e.2), the reed sheds concentrations of CCW and CW vorticity near
its tip from itsright andleft surfaces respectively. However, while 1b# reed surface
expeaiences favorable pressure gradient (whose magnitude increases as the reed curvature
increases along the reed length), tignt surface experiences adverse pressure gradient
leading to strengthening of CCW vorticity on thght surface and suppression GW
vorticity on theleft surface. Figures 3.1@.2 to e.3 show the accumulation and shedding
along theright reed surface of this CCW vorticity concentration during the motion of the
reed bet we e teftantrightwalsdefanedtlis@dvectedodnstream past the
edge of the image (Figure 3:-13) (Similar to the evolution of the CW vorticity
concentrations between Figures 34l2 to c.2.

The dynamics and influence of the vortical structures shed from the reed surfaces
on the channel flow arstudied through 39 positieaveraged (cf. Figure 3.9) flofields

downstream of the ree@ (. <kw< 9 ., d ~p3) at the crosstream x-y) planez=0. These
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data were acquired using five, partially overlapping fields of (@@wnstream of reed)

across the width of the channel, eachALl&dng with streamwise overlap of 16%. Selected

color raster plots of positieaveraged spanwise vorticity along with thedeenterlines

are shown which illustrate the advection and diffusion of vorticity concentrations
downstream of the r eed righdo theleft walovhendstipis om t h
at wip =- 0.45,- 0.25,-0.05. 0.3, and 0.45 (Figuresl3ae, respectively). It should be

noted that the streamwise locations of thetiand tip of a straight reecb€ 1.2 and 3) are

?ﬁp =-0.45

. 1.2 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

-6000 0 6000

Figure 313.Co |l or r aosttheeo s palvioebrsage d s p amiwm sie
y pl a0 @Gaowram of@.<duix® J)Eseed he reed

moves from t héey i griieheedt oc elaatfetr il v al elfs jgp
shown for reference. Vel ocity wvecto

64



shown for reference and the scale of the colof@arcompared to Figure 3.12) has been

reduced to elucidate the vortical structures downstream of the reed. The channel flow

downstream of the reed shows the tiewdlution of vortical structures shed from the reed

tip. When the reed is at thight wall (Figures 3.13a, cf. Figure 3.43), a CCW vorticity

concentration (spanning the channel width) can be observed&fard4.7 which was shed

from theright reed surface during its motion from the left to tight wall (cf. Figures

3.12d.2 to f.3). This vorticity concentration creates a velocity profile nearritdet wall

(4.3< w < 4.4) which resembles a wall jet and increases the momentum near the wall.

Further downstream, 8%6w< 9.7, the jet created during the prior reed oscillation cfatle

similar tip-position) can be observed near tight wall albeit the increase in momentum

near the wall is smaller ostensibly due to diffusion. As the reed moves framghheo

theleft wall, (Figure 3.13ke), a CW vorticity concentrationisshed® m t h éft-r e ed 6 s

surfaceandawaj)l et can be obser vweadl (Figegeaxl3e). he channe
The effect of the advected vortical structures on the flow downstream of the reed is

also characterized using the kinetic energy of the velocityuadins. Following the

methodology adopted byHussain et al. (1972, two approaches to calculating the

fluctuating kinetic energy are considered: a) posiiveraged:i(X, Y, tref) Wheretres is the

timing (during the cycle) corresponding to each position of the-refedenceyr.r and b)

time-averaged(x, y) where
0 oo pfb O 6 6 0 0 1.1

0 adw pFH O 6 0o VI 1.2
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a total ofNci ensembles of the streamwise and cross stream velocity componentgcfields
andvci (locked to each of the 39 reed positions) are averaged to yield the pasii@ayed
fields {uc}(X, Y, tref) @and {/}(X, Y, trer) and thetime-averaged field® andol®

Figure 3.14 showshe distributions of fractional positieawveraged fluctuation
kinetic energy,Qi=k./B "Q downstream of the reed (in cross stream plen®) for
the tip positions and the streamwise domain of Figure B13'Q is the sum of the

positionaveraged fluctuation kinetic energieg).comparison between these data and the

y“p =-0.45

- 1.2 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

Figure 314.Col or r aster pdwdrsagdd tfhrea cptoiso i
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reed (cf. FigurecBathhB8§g | todenedsl(gg.tr oTmheed
cent sand-heicatigorres shown for referenc:i
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corresponding positih locked vorticity fields (cf. Figure 3.13) shows that in the proximity
of the reedip, the velocity fluctuations are associated with the shed vortical structures but
farther downstream@> 5.5) these fluctuations expand their domain of influence as the
vortical concentrations spread.

The timeaverage energy of the velocity fluctuations in the absence and presence
of the reed are characterized using the distributions of (normalized) fluctuating kinetic
energy of the flowQ(x,y) = k/U? (cf. Equation 1.2 is the average channel speed) as
shown in Figure 38aand b. Even though the flow in the absence of the reed is transitional
(Re=7,200), the fluctuation kinetic energy (cf. Figure 3.14a) is low throughout the center

domain of thechannel IQ (o, = 0) < 0.008J?] and is slightly elevated near the walls at
the channel exit™Q (®=9.7,00=%0.4)° 0.02J%. In the presence of the reed, the

fluctuating kinetic energy levels near the tip are up to 20 times higher than in the base flow.

30 40 5.0 6.0 7.0 8.0 9.0 10.0
05
Y0
05
30 40 50 6.0 7.0 8.0 9.0 10.0
' i
0 0.12

Figure 315.Co |l or r aostthéet upt atas i ngQ(kReie 20O h
W opanEe3<a<9. 750)z i n t he apbrseesnecnec e( ao)f
Figure 3.12).
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However, it is remarkable that these levels decrease monotonically with streamwise
distance and are nearly the same adtlev el s of the base flow at
also noteworthy that the streamwise rate of decrédses hi gher near t he
walls than at the center domain of the channel ostensibly owing to viscous effects. As
shown byWiltse et al.(1998 the smalscale dissipation increases signifidgnh a shear

layer that is forced at high frequencies. It appears that similar mechanisms may also cause
the observed reduction i downstream of the reed which is oscillating at 50 Hz

(St =0.42). The streamwise evolution of the kinetic energy aatl with the reed

induced flow fluctuations is discussed in more detail in connection with the reed

oscillations in high aspect ratio channels in § 4.3 and 4.4.
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The characteristic frequencies of the velocity fluctuations induced by the reed
(Re=7,200) are assessed from velocity power spectra obtained by Dr. P. Hidalgo (private
communi@tion). The spectra were measured usinguacalibrated hot wire sensor
sampled at 20 KHz downstream of the reechat3.08, 5.08 and 7.08 (0.08 2.08V, and
4.08N relative to the tip of the reed), and Figures 3.16a and b show measurements along

the channel 6s Wdeftwamls framitse righa wall or Oat ©=80.42,
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Figure 316. Power spectra of the strtelhenwecl
cent grad)m@h.e08W | eft wards fartohset t @amwii g
w=3.,68,08andlthepectwora. aBd. aBe sdhoivibnf ed r
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respectively In these plots, the spectra measuredvat5.08 and 7.08 are displaced
vertically downward by four and eight decades, respectively and the spectrum near the reed
atw=3.08 is repeated for reference (in gray).

The specumon t he c¢channed=8BD8 (Eiguret3d6a) axhmbds at
spect a | peaks @sdilatianhrequencyg €8 &z and its higher harmonics
suggesting the presence of multiple oscillation modes. The dominant spectral peak occurs
at twice the reed oscillation frequency due to alternate shedding of CW and CCW vortica
structures from it¢eft andright surfaces during the motion towards each of the channel
walls as shown in Figure 3.12. In contrast, the corresponding spectral measurem@hts 0.08
leftf rom t he channel 6s rshogsatdonsnant doteakcpeak atthe Fi gur
reedbés oscillation frequency corresponding
due to the interaction between the reed and the wall (cf. Figure 3Ti®).centerline
spectral distributions ab=3.08 and 7.08 (Figure 3.16d¢monstrate that as the vortical
concentrations are advected downstream, the spectral peaks at the reed harmonics diminish
but there is a broadband increase in spectral content of the embedding channel flow for all
other frequencies below 5,004z In fad, atw=7.08 there is an increase of nearly a
decade in the magnitude of the spectral content of théreyuency end of the flow (below
50 Hz) but the spectral peaks decrease by up to three decades with no discernible peaks
beyond the fourth harmonif the reedrequency. Tese observations suggest that the
interaction of the reed with the flow leads to energy transfer to lower frequencies/ior
the energy cascadeThe spectrum ab= 7.08 exhibits a brief inertial subranfgepicted
by a line segment with &/3 slope)indicating the presence of energy cascade to small

scale motions in turbulent shear flo@@ope, 2000b) However, as noted in connection
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with the streamwise decrease in fluctuating kinetic energy near the wall in Figure 3.15, the
spectra near the channel walt&at 3.08 and 7.08 (Figure 3.16b) demonstrate a streamwise
decreae inspectral content by up to three decades at the reed harmonics and by one decade
at the low end of the spectrum.

These data indicate that the thperiodic alternate shedding of vortical
concentrations from the reed increases the energy of a lapnged of smaikcales in the
channel s center cross st r e arangawhiohdeadstoand e
increased mixing. In addition, these vortical structures disrupt the vorticity layers along
the channel walls and thereby can help redbeghickness of the thermal boundary layer.

As shown in Chapter V, the combined effects of thinner thermal boundary layer and
increased smabcale mixing of the channel can lead to significant enhancement in heat

transfer in the presence of the reed.
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3.4 Some Aspects of Reeds Flow Dynamics in High Aspect Ratio Channels

As discussed in Chapter I, the flow interactions of reeds with channel flows owe
much of their importance to their application for heat transfer enhancement in higher aspect
ratio channels that are characteristic of the fin channels in a broad rangee{dieagers
(e.g., BarCohen et al., 2002) Therefore, following the investigations of the interactions
between th reed and the flow withialow aspect ratio channel where the wall effects are
muted, the focus of the present investigation is shifted tofteednteractions in higher
aspect ratio channels as a prelude to their effects on heat transfer enhanddmadmnitlk
of these investigations focus on a channel of aspectHatic= 5 (W =5 mm) as described
in Chapter II. This section provides a comparison of the reed dynamics and the ensuing
smallscale vortical motions between high and low aspect rationgtafV= 25 and 5

mm,H =25 mm,L = 250 mm).

> (X-X0)/Ls

0

Figure317. Over | ai d tr asc @€mtoli ir e le d s(@) b h3 2rEbn
hi ghaninelwhich the respective reed |
iI's set atr e s pke.addesedd data are scaled with the correspond
channel width and reed length. The streamwise location of the reed r@ot is x
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The dynamics of reed motion in the 25 and 5 mm channels are compared using two
reeds having the same thickness (38m), respective lengths @b and 50 mm, inertia
ratiosM* = 0.9 and 0.95Ucriica = 4.8 and 5 m/s, and oscillation frequenciesoef= 50
and 65 Hz. It should be noted that even though the reed lengths are nearly identical,
L/W=1.8 and 10 in the lowand highaspect ratio channel W =1 and 5, respeiely.
The critical speeds and oscillation frequencies indicate that the proximity of the channel
side walls has only a marginal ef fect on
conditionally averaged reed centerlines (described in connection with Figure 3.9) were
obtained for each of the reeds as shxown i n
andy coordinates are scaled with the corresponding reed lebgdmsl chanal widthsWw,
respectivel y. As expected, these data sho
the channel width and, more importantly, that their interactions with the channel side walls
occur only at the tip in the 25 mm channel and along tlenity of the tip
[0.9< (X-X0)/Ls< 1, X0 is the streamwise location of the root of the reed] in the 5 mm
channel. A comparison between the traces of the reed centerlines in the two channels show
that the reed motion in the 5 mm channel develops higfiger modes compared to the 25
mm channel. The reeds modes appear to marafgstr avel | i ng waves al c
length with shorter wavelength in the 5 mm channel. The motion of these waves can be
further inferred fromx-t diagrams of distributionsdf he r eedsd® ki neti c e

3.19.

The reed motion in the 5 and 25 mm channels are decomposed using POD analysis
of its centerline traces (cf. Figure 3.17) similar to the technique uskldibyet al. (2003)

into 38 orthogonal bending modes. The firs
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approximately 95% of the total modal energy in ealchnnel The reed centerline traces

are then reconstructed based on the first and second modes only and these reconstructed
traces are shown for the 5 (Figures 3al8 and a.2) and 25 mm channels (Figures-3.18

a.2 and b.2).The reed envelopes were alsanstructed by a combination of modes | and

Il and these reconstructed envelopes nearly covered the full excursions of the reed motion
as expectedIt should be noted that while the reed motion based on Mode 1 and Mode 2
in the 25 mm channel is nearly symatric abouty = 0, the reed traces based on Mode 1 in

the 5 mm channel are asymmetric about the channel cgntd))(and tilted towards the

top wall. It is conjectured that this asymmetry (which is also evident in actual reed traces
in Figure 3.17b) cald be because the reed root is slightly offset fsom0 (cf. Chapter

II). When the channels waldse farther apart (Figure 3-:881), the Mode 1 exhibits simple
bending with singlesign slope and no inflection point during the entire oscillation cycle

However, Model in the 5 mm channel is significantly different and exhibits reduced cross
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stream motions up to the nodexdts = 0.5, and some flattening near the channel wall for

x/Ls > 0.88 (although the full traces in Figure 3.17 do not show this). These data indicate
that the effective oscillating segment of the reed is shorter in the 5 mm channel compared
to the 25 mm channel and that tdi@5easdci | | at
ostensibly related to the marginally higher oscillation frequency. This observation is
consistent with the frequency measurements in 84.5 which show that the reed frequency
increases with decreasing reed length. It is remarkable thatatueefe of Mode 2 of the

reed that captures less than 20% of the modal energy are similar in the two channels
(Figures 3.1&.2 and b.2), indicating the proximity of the walls does not significantly
change the dynamics of the reed motion and may be thotightprimarily shortening its

oscillating segment.

0.5
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Figure 3.18. Reconstructions of reed traces based on first and seecdd mo d
the reedodsotcieonnttefad,iZdend HJoImichanphef s
3.17)
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The distribution of the kinetic energy along the reg(KE)(s,t) during the
oscillation cycles calculated through the motion of its centerline (cf. figure 3.17). These
distributions are scaled with the increment of fluid pumping energy required in the presence
of the reed during its oscillation period above the base flRk¢ce= (DPs & /7a)Teycle
whereDPsis the increment in pressure drop across the channel due to the réedsahd
mass flow rate through the channBE{yce = 12-10* and 2-1¢ Joule in the 25 mm and 5
mm channels). The normalized kinetic energy distributions,
d(KE)*(s, t) = d(KE)(s, t)/DEcycle for the reeds in 25 and 5 mm channels (cf. Figure 3.17)
are shown in Figure 3.19a and Bhe times when the tip of the reed firstithes thdeft
andright walls during its excursions are marked by dashed lifd®ses-t distributions
demonstrate the temporal propagation of travelling waves along the reed length during the
cycle (as shown by the diagonal bands in Figures 3.19a and b). The wave propagation

speeds or celerity = dg/dt are estimated from the slope of thenbds and are 2.4 and 2.3

b )
5 (KE)*10?
3
i 0

0 /s 10 s/ls 1

(t-tw-1)/TcycIe

Figure 319. Col or raster pl ots O6&fi nteh @ aV ®imnti
l engtchuring the nomicpd b h2efsa)n d(l bBMi o ha
(cffi.gur eT hBe 1lt§)ae gctor respond to the t
first toucbkeegflt) ra gdht)a nwaelll s .
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m/sec for the 25 and 5 mm channels, respectively.rdde:kinetic energy intensifies as it
propagates along each reed and reachesaxsmum at the tip when the tip is at the center

of the channelt(- tw-1=0.25Tcycl). As the tip approaches thight wall, it decelerates

and loses iKE and the cycle resumes upstream of the tip until the tip reaches the center
again (-tw-1=0.75Tcyee). In the 5 mm channethe KE propagates along a shorter
domain along the reed with a similar speed 2.3 m/s) to the 25 mm chanfetonsistent

with the Ahingeo effect that is shown in t}
energy of the reed (integrated along its centerlinely o .7 00*ihoQi,

was also calculated and its variation along the oscillation cyskewn for the 25 mm and

5 mm channel in Figure 3.20These data are plotted so that the cycle begins at the time
that the tip touches tHeft wall (tw-1) and it begins to move towards thght wall (tw-2)

similar to the discussions of Figures 3.19a and b. Even though the tip of the reed is at rest
on the walls, the (total) normalized kinetic energy is nonzero since the bulk of the reed is

03 1 KEs
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Figure 320. Var i att iheor mmdl i zed kinetic ener
cycle ofi nt héd e@)Bebdanfd) antma n nfehles .cycl e s
the time at whicéaudhes rt#medaltd)d nanred t |
touchrisghttivewaild mar ked .by a dashed |
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stllmoving Furt her more, the fr eqgalgy vadayionidtwideh e
its oscillation frequency as the retd crosses the channel center twice per cycle when its
KE peaks. Itis remarkable that these normalized distributions for the two channels nearly
collapse on top of each other which means tha integrated kinetic energy of the reed
scales with the incremental pumping enef¥cycie Of the channel flow. These data show
that the reed kinetic energy at any instant in the cycle is up to six times smaller in the 5 mm
channel which is not suriging since the reed amplitude is five times smaller and reed

frequency only increases by 20%.

78

r

e



The influence of the reed on the small scale motions downstream of it tip which
have been characterized for the high aspect ratio channel in § 4.3 and 4.4 indicate that its
streamwise evolution can be characterized using a-stosam integral measure:eth

(normalized) bulk mean fluctuation kinetic energy,

'rQ & pT'rY i 8

3 OF 02 02Qw , where 6 and Uz are the variances of

streamwise and crosstreamwise velocity fluctuations measured using PIV. The
streamwise variation 68 downstream of the tip is compared for the reeds in the 25 and
5 mm channels in Figure 3.21. These data indicateGhatt the tip of the reeds is six

times smaller in the 5 mm channel (commensurate with the lower reed kinetic energy, cf.
Figure 3.20) ad decreases in the streamwise direction albeit at significantly higher rates
in the 25 mm channel such thét is identical in the two channels near the channel exit
(which is atx-xip = 7Wand 3@V in the 25 and 5 mm channel). It is conjectured thuatesi

the turbulence production in the base flow is low (as evident by low levels of fluctuation

015 7 k,,

0.05
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0 10 20 30 40

Figure 321 Streamwise variation of theormalized bulk meafiuctuation kinetic
energy’ G, measuredn the xy plane = 0 downstream of the redip xipin the 25(3)
and 5(0) mm channe for the reeds discussed in connection with Figure 3.20.
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kinetic energy, cf. Figure 3.15b), the energy of the small scales (as measuted by
decreases downstreamsipallscaledissipation. The work diiltse et al. (1998pn high
frequency forcing of a square jet sihdayer showed that the maximusmallscale
dissipation occurs at the actuation frequency. It is therefore conjectured that the decrease
in 'Q downstream of the reed is associated with similar increased dissipation at the reed
oscillation harmonics. Re scale ofthis dissipation is estimated aBv = "% Ly
(Sreenivasan, 1984)+ = W is the length scale of the largest eddies) and it is up to three
times higher in the 25 mm channel leading to precipitous decrease in fluctuation kinetic
energy in the 2%nm channel. While it might be argued that lower levelfumftuation

kinetic energy in the 5 mm channel may lead to low heat transfer enhancement, it should
be noted thaReis also lower in the 5 mm channel sirides nearly identicalRe= 7,200

and 2000 in the 25 and 5 mm channelsspectively. As will be shown in chapter V, the

reed induced heat transfer enhancement can be increased in the 5 mm channel by increasing

Re
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CHAPTER IV
CHARACTERISTICS OF REED DRIVEN SMALL -SCALE

MOTIONS IN HIGH ASPECT RATIO CHANNELS

Overview

This chapter focuses on characterization of reed driven -scellt motions in high
aspect ratio channels by analyzing the streamwise and spanwise changes in the global flow
field, and the distributions of the kineticexgy associated with the flow fluctuations in the
presence and absence of reeds. The effect of reed paratmetkrding its thickness,
length and spgrand channel parametgnscluding flow Reynolds number and the location
of the reed in the channein the smaklscale motions are studied through timeeraged

andphaseaveraged PIV and hotwire amH/W =5 orW =5 mm wide channel.

4.1 Introduction

Chapter Il demonstrates the salient characteristics of the interactions betseden a
oscillating reed and the channel flow in a low aspect ratio chadA& ] 1, L/W=0O(1);
H andW are the channel span and width &sd the reed length] and highlights the effects
of the increase i n the c¢hanisesitebwalls oshee ct
oscillating reed. The present chapter builds on the findings presented in GHapiber
expands the investigations of the effects of the interactions between the reed and the flow
within channels whose widths are significantly $borthan the length of the reed
[L4W=0(2)]. These investigations owe part of their importance to practical applications
in the fin channels of aitooled heat exchangers that are designed to yield high heat
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transfer surface argg.g., BarCohen et al., 2002) In these channels, the heat transfer
characteristics are measured by Nusselt nunibey dnd their eficiency depends on the
channel 6s ff)r Eachtofithese parametersodepends on multiple dimensionless
ratios as listed in Equation 4.1 and &ecluding theroughnessgH andPrandtl number,

Pr).

f = P1(L/W, H/W, Re LJW, HJW, St xo/W) 4.1

Nu= P2 (L/W, H/W, Re St, LW, HJW, xo/W) 4.2

In the current investigations, the effects of the reed on the channel flow were explored
over a range of Reynold numbers and reed planform shbg@és Ks/W) and thicknesses
that varied their operatingedquencies measured by the Strouhal num®gy, @nd for a

few reed locationsx¢/W).

Similar tothe analysis described in Chapter Ill, the flow structure induced by the
reed oscillations washaracterizedy acquiring PIV data measured locked to the motion
of the reed, and the re@aduced changes in the global flow fields weharacterized using
time-averaged flow fieldswhi | e t he fl owbés spectral char e
hotwire anemometry. The effect of the reed on the channel flow is assessed from
streamwise and spanwise changes in the velocity fields and ¢@ta®rs of the spanwise

vorticity and of the fluctuation kinetic energy.
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4.2 Phasd.ocked Measurements of the Reedéhduced Flow Field

Theflow field downstream of the reed is investigated using PIV snapshots that are
capturedn conjunction with measurements of tbi®ss stream position of the reed. The
reedbés position is characterized bhlsert he i n
beam of a range finder left(a®.5 andrighh(@F-0n5 | t o t
wall s (cf. Chapter 1 1) andsupstieare of gsdrailing t he
edge when the reed is at rest in the absence of cross flow (the position of the range finder
beam relative to the tip varies somewhat during the oscillation cycle). The PIV images are
acquired at 8.52 Hz during the cross streantionoof the reedand the acquisition
frequencyis selected to prevent aliasing with the motion (which is nominally at 65 Hz).

The corresponding cross stream position of
the PIV images are acquired and tinegiess of the reed motion and of the PIV images are

sampled simultaneously by the data acqui si

0.5 ]

0.251 0.251

-0.25] -0.257
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t t
Figure 4.1 a) Superimposed000instantaneous cycles of the reed positiorferred
from the range finder measurements along withethgembleaveragedcycle and b)

the cross strearoenter( 0of each data bin based on a sine function that is fitted tc
ensembleaveraged cycle
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motion is organized in successive cycles that are enseamblaged (shown in Figure

4.1a), and the ensemkdweraged ycle is fitted to a sine function 0%n(2pdruwhere

IV 1t/Teyele, Teyele is the period of the timaveraged cycle The PIV images are grouped in

38 fbinsodo that isachrenousPpddt /a8 erizedemgnt s dur
motion across the channel width whose cross stream centers and timing within the cycle
(cvinanddsH) are marked in Figure 4.1b. The width of the individual bins varies during the
oscillation cycle adw="/38&ko0s(pdland has minima near thep and bottom walls

(840.25 and 0.75 respectively) and maxima near the channel cd#térand 0.5). The

PI'V i mages that are captured along with th
(cf. Chapterdl). Note that owing to crosstream asymmetry in the attachment of reed to

its upstream post, the r eedonadpandisleftandbet we e

right walls (@=0.5 and-0.5 respectively) are slightly differentyj| =0.37 and B2,

respectively, wherém =« QHis the timeaveraged tigelevation between the channel

center to the walls). The fl ow fi el ds of the sorted PI
averaged t o obt aavne rtahgee dp hfal soew dfoiresl bda nwhti hl aet

posidiomwithin the channel. I n what foll ow
p h a s2e 2pdflof its center crosstream location dhin) Whemevari s equal

increme/Bsws t W8 @202pp/38The average number of i
bins (centered about each discretized phascs

varied from a arepkEmum af mil GBpia3t8 .of 60 at
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The pahveesreh e dt Re=R,0Odownstr eamf oorf wahirceie

LJW=10,HyH = 0.9, andS{=0.5 fosc= 65Hz) and whose tip is located @i, =16a r e
first an arbsygstreard distrisutionsgpf phaseeraged (normalized) streamwise

flux of spanwise vorticity A, W/U?) extractedat thec h a n n e {spgars ¢=0)iad
w=17.7. These distributions are obtainfed each of the 38 isochronous bin phases
(Da = 2p/38) through the average reed cy@¢38 Oa O2p-p/38) and are shown as color
raster strips in Figure 4.2. Since théssributions are obtained M7downstreanof the

reedtip, there is a phase delay between the cross stream position of the reed tip and the
distributions of the vorticity flux. The phase delay is estimated from the convection time
1.7W/ U of the vorticty between the tip of the reed and the measurement station and the

b|#n
1 5 33 37

ol

Figure 4.2. Color raster strips of the spanse vorticity flux across the width of th
channel during the reed oscillation cycle. The strips are plotted at sequential,

phase steps as the reed tip passes through the 38 increments across the widt
channel(the crossstream positioaof the reedtip offset for the convection time dele
are indicated by whitéine segments across each sjriothe bin numbers are marke
for reference along the tapf the figure.

(u/3m)vvlu2

15 15
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positionof thereed tipoffsetby the phase delay amdrresponding to each bin in Figure

4.1b is marked using a white line segment in Figure 4.2. The cycle bdgnghe (offset)

reedtip ison the right ot h e ¢ h a n noapk= ®.25) and maviedeftwards towards

t he c hletwallddb=®.8) (bins 1 to 14), followed by motion from theft to right

walls (w=-0.5) (bins 15 to 33) and then from thight wall towards the channel center

(bins 34 to 38). These data indicate that thedvieraging may not be as effective when

the reed tip is in the vicinity of thieft andright channel walls fordhip| >0.3 where the
phasebased variations in the flow appear to be washed out ostensibly owing to insufficient
time resolution. When the reedip is on the right othe channel centectx, =-0.25, bin

1), the boundary layers near the channel walls exhibit redwantidity fluxes, ostensibly

due to interactions between réed u n d and the flovo an gach of its sides upstream

of its tip. A thin band of flux of CW (blue) vorticitio the left oft h e de# sudades

marks this surface boundary layer while trorticity flux on itsright surface appears to be
diminished ostensibly as a result of changes in the pressure gradient along the reed that are
coupled with its undulatig curvature (as also evident for the low aspect ratio 25 mm
channel in Figures 3.12i0 f). As the reed moves towards tle& wall (bins 3 to 7), a

CCW (red) vorticity band appeats the left oft h e srC¥Vevdriicity band. It is
conjectured that this band i tftsarfceaithithet ed w
left wall upstream of the tip and local separation of the wall (CCW) vorticity layer.
Simultaneously, a CCW band is observed onitite surface of the reed in bins 3 which

i's indicative of the evol ut irighihsurfack due tbe bou
changes in reed curvature during its motion tow&fisvall. As the reed approaches the

left wall (bins 8 to 14), the vorticity flux on tHeft wall increases owing to the contraction
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of the channel flow by the reed and the increased flow momentunthedeft wall. It is

also apparent that as the reed moves towarddefihevall there is an intermittent
concentration of CW vorticity near thigght wall as a result of earlier interaction with the
reedébés tip. Thi s cperiodcemodulatert thab can ¢omirtbutec at e s
significantly to crosstream mixing and enhancement of heat transfer. As the reed
approachetheleft wall, the appearance of bands of CCW and CW vorticity fluzebe

right of its right surface (bins 19 to 25) are aymmetric tothe appearance of the
corresponding bands the left ofits left surface during itéeftwards motion (bins 1 to 7).
Owing to the interactions between the reed surface and the flow at and upstream of its tip,
the wallbound vorticity flux is modulated atvice the frequency of the reedrhis is
remarkable since in the 25 mm channel, the watlicity is modulated at the frequency of

the reed (cf. Figure 3.11) due to interactions of ie@aind and waibound vorticity fluxes

at its tip and there are no reeall interactions upstream of the tip. The interactions of
reed surfaces and flow upsam of tip in the 5 mm channel evidently lead to the formation

of additional bands of fluxes of CW and CCW vorticity close to the tip. Such interactions
are clearly absent in the lower aspect ratio channel in wihidh'= 1.8 compared to

LW =10 in the high aspect ratio channel.
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Figure 4.3 Color raster plots of distributions of biaveraged spanwise vorticity,
(superposed with the velocity vectors) downstream of the reeddtips 16) for
17.6<w<184at t he c hspan & 6.]Sélactedritrogstream locations of the
tip - 0.3< wjp < 0.3 are shown when the tip is moving towacdd annel 0 ¢
(0= 0.5) from bins 1 to 8 (al to b#/38< a < 150/38, cf. Figure 4.2) and toward
right wall (w= -0.5) frombins 19 to 26 (c.1 to d.8,7p/38< a < 51p/38). The location
of the reed tip (corrected for the convection delay of kbw)fis shown upstream c
each image. The dashed line segment AB is the location where the vorticityrflt
Figure 4.2 are extracted.
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The fnahaeasaeagedo vorticity fields during

atRe= 2,000 are calculated across the channel width within the field of-Gi&a& w< 0.5
and17.6<w<184a't t he ¢ hspamnn=a0l(sixssuchmstrdamwise fields were
measured downstream of the reed such that their streamwise cantmeseqally spaced
betweenw =18 and 48). Crossstream biraveraged concentrations of the spanwise
vorticity distributions are shown in Figure 4.3 hese data were selected to elucidate the
interactions of the reed with the flow about the center of the nehawithin the
range - 0.3< wip < 0.3 where the bhaveraging is more robust. These data are organized
in two groups ofleft and right column pairs (Figures 4.8.1throughb.4 and 4.22
c.1lthroughd.4) that each shows a sequence of thereed meftesna r ds ( f r om
right to left wall) andrightwards, respectively (binsi18 and 19 26 in Figure 4.2). As
discussed in connection with Figure24he corresponding positions of the reed tip
accounting for theonvectiondelay are shownpstreanof each image. Clearly, the reed
partitions the flow within the channel into two streamest @ndright of the reed) and the
interactions of the flow within these
reflected in tle phaseaveraged fields downstream of the tip. When the-tigeid moving
leftwards and away from thgght wall (caip = -0.25, Figure 4.4.1) the flow speed within
theright channepatrtition is low due to reed blockage and there is a concentratioWof

(blue) vorticity in midstream that probably peeled off tigit wall (w=-0.5), the flow in

t

c ha

par

theleftparti ti on expands along the reedds conc

a CW vorticity layer on the e eldftGswface and shows some velocity deficit in its near
wake (Figures 4:&.2througha.4,-0.2< ip <-0.1). The CW vorticity layes from the

right wall and the reedl $eft surface are advected across the streamwise extent of the
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window. At the same time, the CCW (red) vorticity layer onrtgbt surface of the reed
intensifies as the flow speeds up and is inserted between tl@Wwworticity layers. As

the reed tip continues to moleftwards the CW vorticity layer from theght wall moves

t owar ds t he c hannel d4throoghm3), eandl sSimmlag intérdal gur e
separation that occurs within theft partition leadsd the formation of a layer of CCW

vorticity layerto the leftot he CW v or t leftsurface that is adveeteddnéo she

left stream. Meanwhile, the CCW vorticity on thedt surface exhibits clear upstream
modulation while the CW vorticity alantheright layer intensifies and recovers from the

earlier separation.

The evolution and advection of the vorticity concentrations duringitieward
motion of the reed (columns c and d in Figure 4.3) are similar to and antisymmetric with
respect to the corresponding opposite concentrations duririgftivard motion. As an
example, acomparison between Figures 443 and c.1 shosvthe antisymmey in

vorticity concentrations about the channel
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To assess theariations in the flow that originate at different positions along the

r e e d 6 phasegveraged vorticity fields (similar to Figure 4.2) are computed for five

equally spaced Pl V st atspao@t)abdeopwalkk(@2.5t h e

00, 0.5, 1, 1.5 and 2 (Figures 441, a.2, a.3, b.1 and b.2 respectivelydat 18 (as
shown in 84.3, the timaverage flow fields are symmetric about midspa#,0). The
vorticity flux distributions in the plane@0 and 0.5 (Figurd.4-a.1 and a.2) are similar
although the CW and CCW vorticity bantis the left ofthe reed surfaces a = p/38

migrate slightly towards theght wall at¢H0.5 ostensibly due to spanwise bending of the
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Figure 44. Similar to Figure 4.2, spanwise variations of craseam, phasaveraged
distributions of phasaveraged vorticity flux during the reed oscillation cy¢tee
crossstream jpsition of the reedip offset for the advection time delesyindicated by
white line segmen)s at the spanwise location
ob0(a.1),0.5(a.2,1(a.3),1.5(b.1), 2 (b.2) (as shown schematically belawi-b.2).
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reed. These bands of vorticity flux deflect evarther towards theight wall at 1.5

and appear to be fr agtopewalt €hdse dataondicate thatthe he ¢
vortical structures associated with these bands are modulated intermittently during the reed
motion due to interactionsithh the top wall. At &2, the CW and CCW vorticity
concentrations across the chanwalth (not locked to reed motion) are ostensibly due to

interactions between the reed and the corner flows (bound Isftheght andtop walls).

Thevariations in the crosstream distributions of vorticity fluxes are also computed
farther downstream of the reed at the <ch
corresponding tim@averaged data in the presence and absence of the reed to assess the
effectof reed on the timaveraged flow in the channel. Measurements similar to Figure
4.2 taken atv=23.7, 35.7 and 47.7 are shown in Figutésa.1, b.1 and c.1 respectively.

The phase variations of vorticity flux distribution in Figuse§-a.l, b.1 anat.1 exhibit
time-periodic modulations of the vorticity layers along ki andright walls in which the

degree of modulation diminishes with streamwise distance and is abseyt 4at.7.
Remarkably, the bulk flow near the center of the channel sltiesphasedependent
variations. The absence of phase dependent variations indicates that effects of the reed are
either no longer locked to its cresseam motion, or that these effects decayby35.7.

It is noted that thénotwire velocity spect near the channel exi&4.4 exhibit a wide

range of spectral components at the reed frequency and its higher harmonics indicating that
the effects of the reed are sustained far beyond the phase coherence relative to its motion
( t he stremrawisé dmain of influence is also discussed in some detail in 8418
corresponding tim@average distributions of vorticity flux in the absence and presence of

the reed in columns 2 and 3 respectively of Figure 4.5 show clear concentrations of
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spanwise vortidy in the wall layers that intensify with streamwise distance while the
corresponding timaveraged data in the absence of the reed show that the vorticity flux is
distributed and more diffused across the channel without clear streamwise intensification.
These data indicate that in the presence of the reed the momentum flux resdewaa!s
increases and the peak vorticity fluxesdat £0.45) are about 35% higher in the presence

of the reed.The higher momentum and vorticity flux near the wall in the presence of the
reed are discussed further in connection with the kinetic energy budget of the time averaged

flow in § 4.3.
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Figure 45. Streamwise variations (Re2,000) of phasaveragd crossstream
distributions of vorticity flux as in Figure 4.2 (column 1) and the correspontlimg
averagel vorticity flux in the presencolumn2) and absencécolumn3) of thereed
at w= 23.7(a), 35.7(b), and47.7(c) shown schematicallgbove Figure 4.5a
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4.3 The TimeAveraged ReedFlow Interactions (Re= 2,000)

Following the analysis of the oscillatidacked interactions between the reed and the
flow in the highaspect ratio channel, attention is shifted to characterization of the time
averaged effects of the reed on the flow. For a given mass flow rate, the reed motion and
the associated channel losses are driven by an increase in pressure (over the base flow)
throughout the channel length. The streamwise varsbrihe staticgaugepressure
coefficient along the chann€h(c) = p(¢)/(0.5r -U?) [p(c) is the gauge static pressure] in
the absence and presence of redlest 2,000 are shown in Figure 4 @i is the position
of the tip of the reed at rest). In the absence of the reed, the channel pressure gradient
downstream of the reedCddw® -0.025 is nearly constant in the domain 19 @< 46.2
indicating a nearly fullydevelopedlow. It is noted that while the current measurements
do not include the pressure variations associated with the channel eigranc8parrow
et al.,, 1967) in the domain that wdd be covered by the reed (X2v<17.2)

dCy/Qv=-0.043. In the presence of redlte pressure levels along the channel are higher

Figure 4.6 Streamwise variation of the channel static gauge pressure coefficient
Co(®) in the absencé/) and presence of the reéd) at Re= 2,000.
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than in the baslow and the streamwise pressure gradient is significantly higher along the
reed (ICy/dw=- 0.1 for 3.2< w< 17.2) than downstream of the reedi0y/dow= - 0.035 for
17.2<w<46.2. While the higher pressure drop along the reed is associated with the
energy required to sustain the the reed motion, the marginally higher pressure drop
downstream of the reed compared to the base fl@sssciated with the advection of the

vortical structures which are produced neariggdf. § 4.2).
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Figure 4.7 Instantaneous cross stream diilstitions (= 36, &b 0) of streamwise anc
cross streanvelocity component® in a.1 and b.1landv in a.2 and b.2, respectively
in the absence and presence of the reed (columns a and b, respectively) 2/086
in the 5 mm channel. The scalebds enlarged (the black dotted linelis= 0).
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The timeaveraged streamwise evolution of the flow is assessed from PIV
measurements in the cross streamy() planez =0 (the field of view of each measuring

0.8W X W) at six equallyspaced streamwise locations between the reedtip£ 16) and

the channel exit®y= 50). The data at each streamwise position comprises an ensemble of
3,000 images acquired at 8.52 Hz. In the current analysis, cross stream profiles are
extracted at the streamwise center of each of these winddvesdifferences between the
flows in the absence and presence of the reed are demonstrated by considering
instantaneous cross stream distributions of the streamwisa/{J) and cross stream

(U =v/U) velocity components as shown in Figure 4.7 (20 cross stream profiles) acquired
atw= 36. While in the absence of the reed the instantaneous velocity profiles are nearly
invariant (with time), significant fluctuations are visible throughout the chamiaih in

the presence of the reesl’en though the measurements are acquiredvetd@vnstream

of its tip. These fluctuations are caused by the advection of the induced vortical structures
and are directly related to changes in the taweragd flow field in the presence of the
reed. Asymmetry between the cross stream
(w=0.5) andightwall (0= 0.5) that is evident in Figure 4k¥.2 is ostensibly due the slight
asymmetry in the reed motion (cf. Figyrd, 84.2). As shown in Figures 4.8 and 4.9, these

effects are small and can only be detected in the cross stream distributions of average cross

stream velocity componenfandoazee

The instantaneous realizations are tiaveraged to obtain the meamdafluctuating
flow fields for the PIV windows downstream of the reed. The evolution of the time
averaged flow fields are explored using cross stream distributions of streamwise and cross

stream velocity components, spanwise vorticity, and energy budfete mean and
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fluctuating kinetic energies that are computed at the streamwise center of eaichtfield
absence and presence of the reed. Figures 4.8 show the cross stream distributions of the
time-averaged streamwise aabss stream velocityomporents(o in Figures 4.8.1 and

b.1, andblin Figures 4.8.2 and b2) and of the magnitude of the spanwise vorticity; (|

1 z=1 WU in Figures 4.8a.3 and b.3) and thdifferences between the distributions in

the absence and presence ofrdedd DO, DU[ D] .|) are shown in Figures 4@1 through

c.3. In the absence of the reed, the cross stream distributiorerefnearly identical for

18< w< 48 and|o] > 0.25 and exhibit some marginal streamwise increase by spreading
towards the channel centd&(< 0.25) as the flow becomes more fully developed (as also
evident in the pressure distributions of Figure 4.6). The velocity distribution downstream
of the reed in the presence of the raed (8) is remarkably nearly pabolic and is larger

than the corresponding velocity in the base channel even though the two flows have the
same volume flow rate. This indicates that the spanwise effects of the reed lead to
increased blockage near the top and bottom Wi¢gire 4.8b.1) which is also evident in
correspondingcross stream distributions &b (Figure 4.8 c.1) in vicinity of reed tip

Farther downstream of the reed &< 30, Figure 4.&.1) the streamwise velocity
flattens near the center of the channel andemses near the wallgd = 0.4) where it is

significantly higher than in the badlew (D6°0.5). Forw> 30, 0 in the presence of the
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reed decreases somewhat |o] >0.25 or D6 ~ 0.3 near the walls at thehannel exit

(w=48). The crosstream distributions affin the absence and presence of réegures

4.8a.2 and b.2) show that it is significantly smaller than the corresponding streamwise
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Figure 48 Cross streandistributions (at z 0) ofthe timeaveragedstreamwiseand
cross streamwise velocity compongdtsn row 1 andulin row 2, respectivelyand of
the magnitude okpanwisevorticity ( in row 3) in the absence and presence of re
(columns a and b, respectivegjo=1 82 42 (3 44 2 §orRe=2, 000 Coll
shows the differences between the pr
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velocity. The timeaveraged cross stream velocitiesdutinge r eed6és mot i on

away from each of the walls should be ant.i

present data shows that the motion is nearly symmetric and that the symmetry reverses
between the streamwise statials 24 and 48. Agliscussed in connection to Figure
4.7-b.2, the instantaneous realizationsbaghow slight asymmetry about the centerline
which is also evident in Figure 4i&.2 The distributions of the mean spanwise vorticity

1 2 (Figure 4.8a.3 and b.Bshow hat in the absence of the reed,||is streamwise
invariant (as expected from the velocity profiles in Figureadi8and a.2). However, in
the presence of the reeBlidure 4.8b.3), there is a significant increase in the vorticity
magnitude near the Wan accord with the higher streamwise velocity. Figure-él3B
shows thafor w=18,D] .| = 3.3 at the wall@®=+0.5) and increases to 10.50at 24. It
should be noted that fo]k0.3, the vorticity magnitude decreases in the presence of the
reed as the velocity profiles become flat about the centerline (cf. Figute4.8 Even
though the channel exit is B4downstream of the reed there are still significant increments
in wall bound vorticity in the presence of the reed indicating its potential influence on

thermal transport from the walls.
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The effects of the reed oscillations on the flow fluctuations within the channel are
assessed through tlkey components o§econd moments atreamwise and cross stream
velocity fluctuationspd= u-6 andvé= v-vlat the PIV stations discussed in conm@ativith

Figure 4.8. Cross stream distributicmisthe streamwise center of these windawthe
absence and presence of the reed are analyzéafpvaraandoa=e In the absence of the

reed oa@s0araandoazaare vanishingly small throughout the chan(iebsebazsandoasscare

smaller than 2.0%) and therefore are not discussed furthigures 4.9a through ¢ show
the cross stream distributions @bsevazeandoaexespectively in the presence of the reed.
To begin withpaséFigure 4.9a) is an order of magnitude larger thaaanddazd(Figures
4.9b and c) and therefore they are plotted on different schiabe presence of the reed
andnear its tiplw= 18, Figure 4.9gthecross stream variations é#ssymmetric about the
channel center and show altobed profie with local maxima ato= 0, £0.35 and minima
atw=10.2 A comparison with the vorticity flux at this station (cf. Figure 4.2, 84.2) shows

that while the lobes ab=+0.35 are associated with the periodic disruptions of-wall

a b c
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Figure 4.9 Cross streandlistributions at z= 0 of 6aaga), Laaagb) and 6azaéc) in the presence
of the reed ato= 18, 24, =0, 34, 42, 48for Re= 2,000.

101



boundary layer due to regip blockage, the lobe at the channel center is assacvaith

the passage of triple bands of vorticity which arise due to reed interactions with the channel

flow upstream of its tip. Ato= 24, the trilobed fluctuations vanish, ani®a20.04 for
| < 0.3. This decrease is associated with elevateddesfesmaltscale dissipation of the

fluctuations which are discussed in connection with the energy budget of the fluctuations

in Figure 4.12. Fow> 24, while6adaglecreases in the channel cdrd € 0.3), it actually
increases fof.3< |« < 0.45 for 24< w< 30 followed by a decrease far> 30 (which is

smaller than the corresponding decrease in the channel core). As a result, near the channel
exit, 6@a@s higher near the walls than at the channel cent@e 0.045 ato=+0.4 and

Oaax 0.008 at the channel centetv£0)). Figure 4.9b shows the cross stream
distributions ofvazaavhich are an order of magnitude smaller thand#eevith modified

scale of thex axis to resolve the lower levels. The cross stream distrisitbvazeare
symmetric about the channel center (similaddmpeandexhibit a maxima at the channel
center,bazes 0.01 atw= 30 and forw> 30, with a decrease throughout the channel width

such that at the channel centaraz 0.0025 ato=48. It is conjectured that since the reed
velocities are five times smaller than the average channel speed, the cross stream

fluctuations are smaller than the streamwise fluctuations (as also evident in the
instantaneous realizations in Figure-#.T and b.2). The cross stream variation®&ke
(Figure 4.2) show that their magnitudes are of the same ordasaslthoughvazez 0 for

w> 0 andoazex 0 for < 0. As the reed approaches each of the walls, while the increase
in u (due to contraction of flow stream between the reed and channel, cf. Figure 4.3) is

nearly symmetric, the increasevns antisymmetric about the channel centerlipe Q)
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which leals to anti symmetry ibasee At w= 18, éasadlistributions show a local minima

(6azaz - 0.009 at w=-0.37and maxima dazez 0.0065 at w=0.32 with the different
magnitudes ostensibly being due to the asymmetry in reed motion betwetep Hrel
bottomwall (as discussed in § 4.2Jurther downstreartne magnitude obasglecreases

as the effect of reed dampeasd for w> 30 the cross stream distributions are nearly
identical €f. Figure 4.9b3). These data show that Hezond momenbf velocity
fluctuationsnear the reed tip are dominated by the streamwise compdrdgenear the

tip which decrease at larger rates near the channel center and sustain to significantly higher

values near the channel walls.
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The evolutionofchanné 6 s fl ow field is further i nve

of the timeaveraged and fluctuating componentstekinetic energy in the absence and
presence of the reed. EquatioB ghows the traditional budget of the mean kinetic energy
(perunitmassg=0.5(6 o[ 0 )(Pope, 2000a)n terms of its substantial deritnae

or material rate of change of the mean kinetic energy

0o 1 no (4.3)
00

o v 0¥ Ommg@  J Eie Ommed

whereur=u, 2=V, andus=w, §j is the symmetric part of the mean strain rate, and
changes in gravitational potential energy are neglected (cf. Appendix A). As noted in
Appendix A, it is assumed that= 0 andw/pz = 0 atz= 0 (due to spanwise symmetry),

and the streamwise pressure gradighiix = constant (based on the pressure distributions
in Figure 46), andpp/py << pp/ux (changes in cross stream momentum and viscous stresses
are smaller than the streamwise components<s 0 in the region downstream of the

reed tip, cf. Figure 4.8) and heng#uy is neglected.

The material rate of change of the mean kinetic enévby —)is affected by the
transport of mean kinetic energy due to the mean @ pressure
Tp=— — —— (using continuity, — =0), mean Vviscous stresses
Tv=— @ 0OgY¥ gandsecond moments ofelocity fluctuationsTr=—  O0@Bdg@d Nthe

dissipation of the mean kinetic energy (by the mean viscous stred3es) i “¥ ¥.@and

the shear production of fluctuation kinetic enekgy 0.502 U= U a9 by thesecond
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moments oelocity fluctuationsgsP  60@@= (which increases the fluctuating kinetic

energy in the channel).

Each term in the mean kinetic energy budget (Equati®nigtnormalized byJ¥/W
[the notation A0 is usegdg,tYo "dEHw.tThe eac h

normalized mean kinetic energy budget in the absence and presence of the reed at
Re= 2,000 atw= 18, ok 0 is illustrated in Figure 4.18.1 and b.1. For dliy, the line

plots of the transport terni¥, “Y, and™% are marked in red, while the dissipationand

shear production of fluctuation kinetic enetggre marked in blue and green, respectively.

In the absence of the reed (Figures 4alDand b.1), turbulent transport and production
(3= and ||) are negligible as can be expected considering thédeelks ofsecond moments

of velocity fluctuationsn the base flow and the material rate of chaofythe energy is
therefore influenced primarily by the balance between the mean viscous and pressure
transport term8Y, and”¥, and the mean viscous dissipation While0 and™y vanish at
channel walls sincé(y) =0, “Y and O, are clearly norzero and balance each other
("Y=0.03). Away from the wall€), decreases and it nearly vanishesdd=[0.25 as the
viscous shear stresses diminish (as is also evident in near zero levels of vorticity in Figure
4.8-a.3),”Y changes sign gtj = 0.4 such thaty OO0 for | < 0.4 and"} increases as the
speed of the mean flow increases. The balance betfgé¥ and™Y, results in nearero

0 for|a] > 0.25, and fofu] < 0.25,0 increaseslue to streamwise acegation of flow (cf.

Figure 4.8a.1) caused byy.
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Figure 4.10 Line plots of cross streadtistributionsof the terms in the dimensionle:
mean kinetic energy budget (Equation 4.3) terms including the material derivhtiv
transport ofmean kinetic energy by mean pressﬂl,se(é), mean viscous stre§|s ),
and second moment of velocityctuations J||R (Dz mean viscous dissipatipf}, and
shear production of fluctuation kinetic energly, The measurements are acquired
w=18orRe=2, 0i0ON0 t he absence (a. 1&..an dCop
shows the sum of the terms on the ri
1" in the absence (b.1) and presence (f.the reed).
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All the terms of the energy budgehange in the presence of the reed (Figure
4.10- a.2). The most significant changes occur in the tran¥jgahd shear productiah
due to the elevated levels of tekecond moments of velocity fluctuationSimilar to the
base flow, near the wally is balanced b¥D,, which is significantly higher in the presence
of the reed (0.06 vs. 0.03). The higher level®©pét the wall are due to increased levels
of viscous shear stresses in the presence of reed as is evident in the increased vorticity
levels in Figures 4:&.3 and b.3. Away from the wall®, decreases towards the channel
center due to reduction in viscous shear stre€3e% Q atw=+0.3) and"Y, increases in
the presence of the reed albeit at higher cross stream rates than the base flow due to larger
o(y) (cf. Figure 4.8b.1). Itisto be noted that in the presence of the reeds, shear production
(0) is evident between the channel walls andcéveter (a negative value signifies positive
transfer of energy from the mean flow field to the fluctuations) and has local extrema at
w==0.4. Thesecond moments of velocity fluctuatioae also associated with transport
of the mean kinetic energirough™% whose magnitudes are significantly higher tidan
and a balance betwe&¥ and”Y, leads to cross stream changes ifarther away from the
wall (|0 <0.25. While at the channel centé <0 leading to a reduction in , at
w=10.15,"% >0, leading to an increase in. In proximity to the wall == 0.4), both
"¥ and"% lead to an increase in. In summary, these data show that the elevated levels
of pressure gradients near the reed tip increase the mean kinetic energy in the channel that
is transported from the channel center towards the wall by elesatzzhd moment of
velocity fluctuationsn the presence of the regaslative tothe base flolw While a small

fraction of this energy is lost to the production of fluctuating kinetic energy in close
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proximity to the wall, the balance (which is significantly higher than in the base flow) is

transported and dissipated at the wall by mean viscous stresses.

The validity of the assumptions that were used in the present adaptation of the energy
budget equation (8) are assessed by comparing the sum of the computed terms on its right
hand side withthe calculation of the material derivative tigon its left handsidein the
absence and presence of the reed as shown in Figurels.2.40d b.2 respectively. The
reasonable agreement in the cross stream profiles of the sum of the right handrsde ter

with the corresponding material derivative lends credence to these assumptions.

Following the data in Figure 4.10, the streamwise evolution of the energy budget of
the mean kinetic energfat z=0) is considered using measurements at two additional
streamwise stations farther downstreaox@6 and 48) and the corr e
to Figuar.els adn.dlO0a. 2 ar e s hownl 8Fiagruer er edp.rlold u(c
ref er énnheabsece of the reed (Figures 4-H11 through a.3), the streamwise
variations of"¥, "Y, "%, Oy, and0 are small and therefofe exhibits a small streamwise
decrease about the centerline (from 0.018vat18 to 0.014 atw=48 w=0). By
comparison, in the presence of the reed (FigureskiILihrough b.3) the most significant
changes betweeb= 18 and 48 are itk within |] < 0.25 and iri'Y and'O, near the wall
while"™sandbd ecr ease monotonically (hodBaltisladsot he ¢
noted that théY (which balance®, near the wall) increases in the streamwisedtion
and is significantly higher than in the base flow due to the higher level of viscous shear
stress at the wall in the presence of the reed. It is conjectured that the higher streamwise

momentum and vorticity near the wall farther downstream ofekd (cf. Figure 4:8.2
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and b.3) lead to sustained levelsetond moment of velocity fluctuatioasd mean strain

rates which support the elevated levelS¥hear the wall Remarkably, while compared

to the base flowhe cross stream distribution @f is obviously significantly different near

the reed, it asymptotes to the levels of the base flow near the center of the channel at the
channel 6s e xi t-a.3pad &.8).e Hoyvaver,dhe effects 4f.tHe teed are still
apparent and pronounced near the walls with important consequences for increased heat

transfer.
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While Equation 43 describes the budget of the mean kinetic energy of the flow, the

changes in fluctuating kinetic energif0.5(62 ULz 0ag)] are described in
Equation 4.4

$Q 1 ohoe . oo s 00 (44
6 fe . 9° ° 9

00°7Y

wheree;j is the symmetric part of the fluctuating strain rate (cf. Appendix A). In addition
to the assumptions made in connection with EquatiBniédis assumed that6° v and

that e1o = ex3=e31 based on statistically isotropic cross stream and spanwiseityelo
fluctuations(Delafosse et al., 2011)Equation 4 shows that the material rate of change

of the fluctuating kinetic energy is affected by the $gort of fluctuating kinetic enerdy

by the pressure fluctuatiop® g i viga—b y— , fluctuatingviscous stresses
Tvi=— @ 0 QG h and by second moment of velocity fluctuationslrs= T®

— 0@ |, the dissipation of the fluctuating kinetic energy by the fluctuating viscous

stresses isDvi = ¢ ‘Q@,@and the shear production of fluctuation kinetic energy by the

second moment of velocity fluctuatiomsrking against the mean flow B o0@a:2 .

The dissipation of the fluctuating kinetic enerBy: represents the loss of fluctuating
kinetic energy to heat by smaltale dissipation whil®, (Equation 4.1) represents large
scale dissipation due mean strain rates. It is notedPtisahesame as in Equation 4.1 but
with opposite signdenoting the transfer of energy from mean flow to the fluctuations. In

addition, the pressure transport teifg,was calculated from the balance of Equatich 4.
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asTpf= M- (Tus + Tre + Dt + P).  As with the mean kinetic energy budget, each term in

the fluctuating kinetic energy budget (Equatios)4s normalized byJ3/W.

Similar to the discussion of the mearesgy budget in Figures 4.10 and 4.11, the
fluctuating kinetic energy budgét is analyzed in the absence and presence of the reed
using data ato= 18, 36 and 48 and shown in Figure 4.12. As in Figure 4.11, in Figure
4.12 the line plots of the transport terii “Yr, and "% are marked in red, and the
dissipatioriO,f and shear production of fluctuation kinetic engbggre marked in blue and
green, respectivelySince in the absence of the reed (Figures-4.12hrough a.3) the
flow is laminar, the magnitudes of the velocity fluctuations along the channel are small (cf.
Figure 4.9a.1 through a.3) and result in negligible changes in therialatkerivative ;.

In the presence of reeds (Figures 4b1P through b.3), thematerial rate of change of the
fluctuating energyd + immediately downstream of the reed is smaller in magnitude
compared tad (~50% on the centerline, cf. Figure 462 and 4.1%b.1) and nearly
vanishes farther downstreamoat 36 and 48. It is noteworthy that the contribution of the
viscous dissipatiorOy is large and therefor® 1 must be balanced by the pressure
fluctuation s which is not computed directly from the measurements, but is estimated
from the overall balance. The data in Figure 4b1Rshows that near the reea«18) the
transport ofkkb y Rey n ol d¥sdas a tocalensasneusn ,ab=0 and tvo local
minima atw=+0.1 with vanishingly small levels focj|>0.1. That0 ¢+ =-0.01 at the
channel center indicates thlat decreases due to the streamwise decrease in velocity
fluctuations and the speed of the mean flow downstream of the tiye oééd (cf. Figure

4.8 and 4.9). The magnitude of the viscous dissip&igns larger than 0.06 throughout

the channel width (cf. Figure 4.421) and peaks at the
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Figure 412 Line plots ofcross streandlistributions of the terms in thdimensionless
fluctuating kinetic energy budget (Equatiod).terms includingmaterial derivative,
1'¢ transportof fluctuating kinetic energy by pressure fluctuati#as(é), fluctuating

viscous stresself (Y) andsecond moment of velocity fluctuatigps (D smalkscale
viscous dissipationyv and shear production of fluctuation kinetic energy, The
measurements are acquiretl Re= 2,000in the absence and presence of the r¢
(columns a and b, respeatly) foro=18 (row 1), 36 (row
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channel center which can be associated with the high levels of shear in the vortical
structures that are advected across the center of the channel as the reed is oscillating (cf.
Figure4.2). As the strength and phase coherence of the vortical structures appears to
dissipate and diminish farther downstream from the reed36 and 48)O. decreases
somewhat compared to its levelsuat 18 (Figures 4.1:b.2 and b.3) but it is remarkable
thatthe levelsobOfar e still quite high near the chan
of shear at the wall with the stronger gradient of the streamwise velocity compared to the
base flow ass also evident from the distributions of the spanwise vorticity in Figure 4.8

b.3. As discussed above, the fluctuating energy budget along the channel which is
primarily is affected byOvs is balanced by the by pressure fluctuation transpétt These

data indicate that although the vortical structures that are induced by the oscillations of the
reed severely diminish in magnitude, the mean flow remains significantly different from
the base flowlespecially near the wa)l®wing to sustained leveld transport bysecond
moment of velocity fluctuationand elevated levels of viscous transpdrhe fluctuating

kinetic energy budget also shows that these stresses are sustained by pressure transport
which indicate that the flow along the channel is satgd to pressure pulsations that are

associated with the oscillations of the rdsumilar to pulsating flow(Trip et al., 2012)
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The spanwise variations in the mean and fluctuating flow fields were also assessed
using PIV measurements (as in Figude8 and 4.9) in several equafipaced spanwise
cross sections of the channel withih< au2 (the channel top and bottom walls are at
okb+2.5)a t= 1 i8 the absence and presence of reed. The (small) spanwise variations in
the absence of reed adiscussed iPAppendix B.1 The flow symmetry (mean and
fluctuating) about the spanwise center of the chari&lQ) in the presence of reed is

demonstrated in Figure 4.13@b+1 and +2 using cross stream variations of streamwise

velocity, 0 (Figure 4.13b) and of the fluctuating kinetic enei@yFigure 4.13c). These
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Figure 413 a) Schematic rendition of thezyplane of the channel showing ti
locations of the PIV planesty £1, +2), and cross streamar i at i ons o
vel odd¢ibt)y and of the fI'Qat)uathiatg akien e
streamwi se center of the PIV pDaagé,
respectivel y.
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data indicate that while there are significant spanwise variatiohsird ‘Q the presence
of the reedthese variations are nearly symmetric ab@t0. It is noted that there is
marginal crosstream asymmetry i@ at al5+2, whereQ (w>0) < 'Q (¢0< 0) which is a
result of some asymmetry in the reed motion that is associatetheittitachmetrof reed

to its upstream pogas discussed in § 4.2)

Considering the spanwise symmetry of the flow about the reed centerline, the
spanwise variations in cross stream distributions afd Qalong the channeti(= 18, 36
and 48) are addressed for the segndead and shown in Figure 4.14. At=18 and in
the channel centeryf|< 0.25) the streamwise velocity (Figure 4.14a.1) decreases in
the spanwise direction for9dau1 and for okb1 becomes nearly spanwis®/ariant in
the channel 6s center whil eaelltbtsi scdeaswvas | sl
indicate that the effects of the reed are clearly not spanwise uniform and that the induced
spanwise vorticity concentrations are significantly bent near the wall and potentially lead
to the formation of streamwise vorticesadfernating sense as the reed oscillates towards
and away from thsidewall surfaces. While the present Plylanesdo not capture these
structuresbecause of theix-y orientation the presence of streamwise tip vortices
downstream of the reed is eviden the3-D numerical studyo n si mi | Rr pseetds
al . )(.Zn@ 2rBss streardistributions of Q at (=18 (Figure 4.14.1) intensify
significantly near theop wall (GF2) owing to the interaction with the reed but diminish
rapidly atwo=36 and 48 and are primarily confined

spanwisevariation (Figures 4.1:4.2 and b.3).
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The spanwise variations of smattale dissipatio®.s , a dominant term in the energy
budget of Q@ (cf. Figure 4.12) which is clearly connected with the decreas& in
downstream of the reed is compared in Figuré Betweerttb 0, 1 and 2 abb= 18. These
data show tha® increases in magnitude betwe@t0 and 1 across the entire channel
widthbut there I s a stronger increadopwaiear t h
indicating again the effects of the interactions between the spanwise edge of the reed and
thetopwall. This increasei®fnear the channel s center s
levels ofsecond moment of velocity fluctuatign@s evident from higher levels @ at

the center in Figure 4.b41) downstream of the reed.
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Figure 4.15 Cross stream variations of smaitale dissipatiorOys of the fluctuating
kinetic energy, i{Equation 4.4) in the presence of reeduat 18 atatb 0, 1 and 2.
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4.4 The Role of the Reynolds Number

The discussion of the reed effects on the flow within high aspect ratio channels in
Section 4.3 focused on a laminar base flow. This section addresses the effect of the channel
Reynolds number on the interactions with the reed as the base flow undeagoas n
transition to turbulence at elevated flow speeds and the impact of the transition on the
evolutions of reednduced perturbations &e= 2,000, 7,000 and 12,00fr which the
reedds Str owbh=a0l5 LAW-nb, eldH=0.9. The respeiwve average
channel flow speedd, reed frequenciefssg and thicknessdsareU =5, 17.5 and 30 m/s
andfosc= 65, 220 and 380 Hz ard=38.1, 76.2 and 12iim. As in8 4.3, the flow is
characterized using tirreveraged PIV obtained at six equidistant streamwise locations in

thechannel 6s spamnmnwdse center plane (

The mean flow fields in the absence and presence of reeds are analyzed using cross
stream digibutions of mean streamwise velociby(each normalized by the respective
average channel speed). discussedn 84.3, the timeaveraged crosstream velocity in
the channel is significantly smaller than the streamwise velocity, and therefore its
disaussion is omitted here. Figure 4.16 illustrates the streamwise variations in cross stream
distributions of6 at w= 18, 30, and 42 in the absence and presence of reeds (columns a
and b) atRe= 2,000 (Figures 4.16a.1 and b.1), 7,000 (Figures 4-1&2 and b.2) and

12,000(Figures 4.16 a.3 and b.3). As already discussed in connection with
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Figure 4.8 (repeated here for referenceRet 2,000, near the reed(w) is higher than in

the base flowthroughout the width as a result of blockage near the spanwise edges of the
reed (cf. the discussion in connection with Figure 4.14), famther downstreanu{= 30

and 42)6 decreases near the channel cenfer () and increases near theannel side

walls (= +0.45) due to transport of mean kinetic energysbgond moment of velocity
fluctuations Although the blockage induced by theganwise edgesf the reed is smaller

at Re=7,00Q 6 near the side walls in the presence of the iedtdill higher than in the

base flow with a marginal decrease at the channel center (Figurea.2.46d b.2)e.g.,
atw=18,D6 = 0.2 and-0.08 atw=+0.45 and 0. Similarly, &e= 12,000 (Figures 4.16

a.3 and b.3), the differences betwedn) in the base flow and near the tip of the reed
(w=18) are characterized by highemear the side walldDp = 0.26 atw= +0.45), but
farther downstreanu{= 42),6(w is identical in the absence and presence of reed. In fact,
at Re= 7,000 and 12,000(w) at w=30 and 42 in the presence of reed is also nearly
identical. These data indicate that the interactions between the perturbations induced by
the reed andatural instabilities of the transitional base floRe& 7,000) accelerate the
transition to turbulence and that everRat= 7,000 the mean flow in the presence of the
reed is similar to the base flowRé= 12,00Q where the base flow is nearly fullyrhulent

(this is discussed further in connection with Figure 4.17).
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The differences the timaveraged fluctuating flow field are also analyzed in the
absence and presence of readmg the corresponding cresseam distributions of the
kinetic energy,Q at w= 18, 30 and 42 as shown in Figure 4,17 Ra= 2,000 (Figures
4.17-a.1 and b.1), 7,000 (Figures 4-42 and b.2) and 12,000 (Figures 4dl3 and b.3).
The distributions of@ at Re= 2,000 are discussed in § 4.3 (Figure 4.14) and are repeated
here for reference. Compared to the presence of the r&esd-a,000 (Figure 4.1-b.1),
the velocity fluctuations in the base flow are negligible. The reed leads tdoaed
distribution of "Q near its tip, that decreases farther downstream due to-scadd
dissipation. ARe= 7,000 and 12,0Q@he base flow exhibits some streamwise increase in
"Qdue to transition to turbulence whithhigher forRe= 12,000 (Figures 4.14.3) ands
manifested primarily by larger streamwise increases near the side walls of the channel, and
a local minimum at its center. The nearly fdold increase inQ at Re= 7,000 (Figure
4.17-a.2) betweey= 30 and 42 near the side walls£ +0.45) indicates that the transition
begins close to the wall near the channel exit whikReat 12,000 transition occurs farther
upstream. Near the walié®= 18, "Qis an order of magnitude higherRé= 12,000 than
at Re=7,000 and continues to increase streamwise near the wall {@til
(w=+0.45)° 0.018 throughw= 42 albeit at a lower rate. In the presence of (Ee&glres
4.17-b.2 and b.3)Q(y) is significantly higher than in the base flow near the dig (L8)
throughout the channel height. There is a local peak at the channel cd®er @000
that flattens out aRe= 12,000 with peaks near the side walls (recall that each distribution
of ki (&) is normalized by its own averaged channel speed)weier, the dimensional
levels of the peakks (w= 0, w=18), show a nearly 1fold increase betweeRe= 2,000

and 7,000 (from 1.37 to 14.39 2%, respectively) showing that the reeuiuced
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fluctuations amplify wittRein the transitional base flowT he distributions olQin Figure
4.17-b.2 and b.3 also show that the fluctuations induced by the reed encounter increased
dissipation (as discussed in connection with Figure 4.19) that is manifested by a significant
streamwise decrease. For exanple, the decreases™(w= 0) atRe=7,000 are 87%

and 41% betweemw= 18 & 30 and 30 & 42espectivelyand atRe=12,000 are 66% and

54% betweernw=18 & 30 and 30 & 42 (compared to 58% and 60%Ret 2,00Q
respectively. It may be concluded that since the base flow near the tip of the reed is already
transitional aRe= 12,000 smalkcale dissipation is higher comparedRie= 7,000 which

leads to lowerQ at w= 18 (2H downstream of tip). An important observatisnthat at
bothRe= 7,000 and 12,00@he levels ofQ(y) across the channel width in the presence of
reed near the exit plane of the channet@2) become nearly identical to the levels in the
base flowat Re= 12,000 indicating, as expected, that firesence of the reed accelerates

the transition process (similar to pulsating channel flows, Erip. et al., 2012)
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The details of the streamwise evolution of the sreadlle motions in the flow are
captured using crosstream integral of Equation4and considering the dominant terms
which are0 ¢, O and "¥r at the streamwise centers of PIV planes (similar to §4.3).

Neglecting the smaller terms,hd crossstream integrated Equation 44.is:

<0 > =<Os>+<"Yr>, where <Os> represents a loss @uto smalscale dissipation

(<Oy> < 0). Followingthe assumptions associated with Equatidin<) > =—, where

G is the (normalized) bulk mean fluctuation kinetic enefgy 88 AR ORAYONAR
The streamwise variations &b > in the absence and presence of reedRier 2,000,
7,000 and 12,000 are shown in Figure 4.18. In the absence of the beed; & for
Re= 7,000 and 12,000 indicating th& increases in the streamwise directiontasbase
flow transitions to turbulence and the peaks=(30 and20 at Re= 7,000 and 12,000)
indicate the streamwise location where the transition occurs. That <0 near the
channel exit @=48) shows that the flow has fully developed &6l is streamwise
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invariant. In the presence of reeds$, 2 < 0 for all Rewhich simply indicates that,
decreases in the streamwise direction and based on thestems averaged budgetQf
thismeans that the (crostream) averaged smatale dissipatiogO+> is higher than the
transport ofQ by pressure fluctuations . It should be noted that in Figure 4.18, the
magnitude of € > near the reed tip is significantly higher than thfahe base flow. In
addition, forcw> 40, <0 > ~ - 10 %indicating that in the presence of reé@sis nearly
streamwisednvariant at alRenear the channel exifAt Re= 2,00Q while <0 > ~ -10° for
@< 30 indicating a nearly constant rate decreas@oft diminishes to near zero level at
the channel exit. ARe= 7,000 and 12,000, while the magnitudes<dfi> near the tip
(w=18) are 2 and 4fold higher than aRe= 2,000, they also diminish $&er and reach
<0 > ~10*for w030 indicating thaO.> is nearly balanced by ¥%>. These data show

that near the channel exiv® 40), G, reaches the same asymptotic |eatadll the Reynolds

numbers considered here.

The evolution ofasymptotic levelsof "G, that are comparablapstream of the
channel 6s exit in the presence ofthabdse r eed
flow by considering the streamwise variations@fand<O.,> as shown in Figures 1
in the absencand presence of reedRe= 2,000 (Figures 4.18.1 and b.1), 7,000 (Figures
4.19a.2 and b.2) and 12,000 (Figures 4419 and b.3). Each of the figures includes a
dashed line that marks for reference the corresponding streamsyiswtotic levels ot
and <O,> at Re=12,000 (0.008 and 0.02, respectively). The present data show that
|<U >| < 0.029KOw>| or 0.BK"Y¥>| and sincd<Ou>| © |<"¥r>| only <O> is discussed

here. AtRe=2,000,"G, and<Oy> (Figures 4.19.1 and b.1) are negligible in the base
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flow, but in the presence of reé@, decreases downstream of the reed from at@s= 18
to 0.0125 at the channel exib€ 47). Evidently, the smalicale dissipation<O>
(Figures 4.1%.1) which drives the decrease W, also exhibits a streamwise decrease
from 0.09 atw=18 to 0.03 atw=47 indicating that within the current channel both

guantities are stilsignificantly larger than in the base flow and would remain well above

a ; b
0.04 1 £ Ry 0159 <p > |
0.03 010
1 0.02
0.05
0.01

0 10 20 30 40 50
0.04 - 0.15 -
0.03 -
0.10 -
2 0.02 -
0.05 -
0.01 1

0 ——IFI=-I/.‘H , 0.00
0.04 - 0.15 -

0.03 -

0.10 -
3 0.02 4
0.05 -
0.01
0 T T T T 1 0.00 T : T T L] 1
0 10 20 30 40 50 0 10 | 20 30 40 50
b : x

Figure 419 St reamwi ss@ fv duil &t imemn f | uGtawmah
crestsreamda@®efcad manna nrde sbp e)citni vtehl ey(Yaars:
pres@noctehreeed £2,r 0(RE), 7(/D0O0L2, 0QO).

position of s ewmaritpi acsald e ds hidumee sasy mp
™=0. 008 ~AN.dA R RE2=-8060 sutsdlwog i zontal d

127



the base flow levels in a longer channel. R&= 7,000, while an increase i, for the
base flow (Figure 4.18.2) is evident ab= 30 due to transition, fabO36, G, asymptoés

to ~0.003 which is still well below the corresponding leveRat= 12,000 (in Figure 4.19
a.3). In the presence of reed (Figure 4a1®), G is higher than the base flow throughout
the channel and the rate of its streamwise decrease is highat Remn2,000. However,

for 036, G,=0.0082 which is just slightly above the level of the asymptote at
Re=12,000 (0.008). The corresponding snsaile dissipatiorsO> (Figure 4.1%.2)

in base flow increases monotonically urtis+> ~ 0.02 and in the presence of re€\s>
decreases rapidly from 0.15 near the tig=(18) to <O,> ~ 0.02 forO30 and nearly
matches the corresponding level in the base flowthadcasymptote aRe= 12,000 near

the channel exit§= 47). Itis noted that in the presence of r€&> near the tipdy= 18)
atRe= 7,000 is 66% higher than the correspondiii@s> atRe= 2,000 which leads to a
higher streamwise decrease@ near the tip aRe=7,000. The smaller levels &>
farther downstreamu{O30) at Re= 7,000 are associated with lower streamwise decrease
of Q.. The streamwise trends @ and<O.,> in the absence and presence of reed are
similar atRe= 7,000 (Figures 4.28.2 and b.2) and 12,000 (Figures 44dl9 and b.3). It

is noteworthy that both in the absence and presence of r&gdt2,000Q, asymptotes

to ', ~ 0.008 forcoO40 whichis also its asymptotic level Re= 7,000 in the presence of
reed while<O,> atRe= 7,000 and 12,000 asymptotesio.> ~ 0.02 foraO40. These
datafurtherlend credence to the observation that the-ieddced perturbations accelerate
the trandion to turbulence in the predominantly developing inlet channel flow at
Re=7,000. This acceleration of the transition to turbulence of the (laminar) inlet flow is
further hastened at higher Reynolds numbers, and is accompanied by accentuated
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dissipaton of the reednduced flow fluctuations and the decay@fto the levels that are
associated with the natural transition to fullgveloped turbulent channel flow at the
prevailing Reynoldnumber. That the reed induced fluctuations upstream of timerchal 6 s
exit are still higher than in the base flow, can lead to enhanced heat transfer within the

channel (as discussed in Chapter V).
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As alluded to by Figures 4.16 and 4.17, the evolution of-medwalced perturbations
is affected bynteractions with tB smaliscale motions in the transitioning base flow. The
streamwise evolution of the spectral content of the flow is shown in Figure 4.20 using
power spectral density?SD of the streamwise velocity fluctuationg) at the spanwise
center ¢=0) of the channel. These measurements are obtained using a hot wire sensor
which having a crosstream width of 2 mmdj < 0.2,centered abowt=0). The spectral
measurements are obtained at three equally spaced streamwise positions downstream of
thereed (o= 20, 30 and 40) foRe= 2,000, 7,000 and 12,000 in the absence (Figures 4.20
a.1 through a.3) and presence of reeds (Figuresk2through b.3). In the absence of
the reeds aRe= 2,000 (Figure 4.2@.1), the spectra exhibit IoRSD(PSD< 10°) at alll
streamwise positions. The presencéhefreed (Figuret.20-b.1) leads to a remarkable 2
decade increase i n P3De10*forof wb a0 Hzpwithcspectiall e n e |
peaks at the reedds f un dagheemtmanicandspectgau e ncy
decay forf >1,000 Hz (all spectral components are higher than the flmagespectral
components). Farther downstreag=(30,40), the spectral peaks at the reed harmonics
diminish by 12 orders of magnitude and tR&Dat the large scaleg & 50Hz) increases
by up to an order in magnitude. Itis remarkable that the reed oscillations lead to a spectrum
that is reminiscent of turbulent spectra at considerably higher Reynold numbers with a brief

-5/3 slope.

As the Reyold number is increased to 7,0@0e spectral content of the base flow
(Figure 4.20a.2) increases significantly at all streamwise stations with a peak &z380
and several of its harmonics that are probably associated with transitional instabilities of

the flow, and a pronounced spectral decay (higher-Bi@phpast 1000 Hz. Similar spectral
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trends are observed farther downstream with an increase in the energy of trecddege

motions betweei= 20 and 30. That thEeSDbecome nearly invariant f@0< o <40
indicates that the flow becomes nearly fully developed. In the presence of theore2d,(

Figure 4.26b.2) the levels of the spectral content of 8D at Re= 7,000 increase
significantly compared to the base flow by up to 2 decatlabout 1,000 Hz, and up to 3
decades forf > 1,000 Hz with a welblefined inertial subrange. Farther downstream

(0= 30 and 40), the spectral levels decrease due to-scw# dissipation (as discussed in
connection with Figure 4.21) albeit the spadit the reed harmonics show higher decrease

(the spectral peak at the third reed harmonics decreases by two decades, whereas the spectra

for f <100 Hz andf > 1000Hz decreases by less than a decade betwe&® and 40).
A comparison between the reggectra ato= 40 betweerRe= 2,000 and 7,000 (shown in

green in Figures 4.20.1 and b.2) shows the presence of a eoves frequency,

fc° 1000Hz (marked by a vertical dashed line in column b), below which the spectral
levels are higher &e= 2,000 by up to 6 times and above which the spectral levels are
higher forRe= 7,000 by up to 2 decades. This indicates that even for the sarmédbtro
number the interactions between reed induced scales and the transitionRetow,000)

lead to formation of smaller scales which, as shown in Chapter V, lead to higher heat
transfer enhancement. When the Reynolds number is increased to, 2080 plitude

of spectral components in the base flow (Figure -4.3) atw= 20 atf > 2 KHz increasg
significantly compared to the base flowrs= 7,000 (including the dissipation range). As

the transition process continues farther downstreaaB0 and 40), the upward offset of

the spectra with increasing streamwise distance diminishes until the flow becomes nearly

fully developed (ato=40). Itis noted that while the spectral peaks that are associated with
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the transitional flow are no longergsent, the spectra exhibit a lower, wider peak around
260 Hz. The spectral changes that are brought about by the presence of the reed (Figure
4.20b.3) atw= 20 include spectral peaks at the reeseillation frequency (380 Hz) and

its harmonics. Similar to the spectraR&= 7,000, the spectral components at the reed
harmonics are offset downward by a factor of 1 and 2 decades2@ and 40 respectively.

In accordance with the acceleratadsgpation in the presence of the reed, the spectral
components ab= 30 and 40 within the range< 300 Hz are actually marginallgpwerin

the presence of the reed than the corresponding spectra of the base flow. In addition,
compared to the reed spec atw=40 for Re= 7,000 (cf. Figure 4.20.2), while the
spectral levels below the cresser frequencyfc are nearly invariant (forf < 7,
PSD-10%), the spectra abov& increase aRe= 12,000 by up to 3 times indicating that
theinteractions with the fully turbulent base flow further increases the energy of smaller

scales.
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Considering the streamwise changes in the base flow, especially during transition, it
is instructive to examine the effects of the streamwise positioreafettd relative to the
base flow. These effects are compai@dan invariant reed length.{W=10) in Figure
4.21 between tip streamwise placementsagt=16 and 26 aRe= 12,000 using the
streamwise variation o0&, (at z=0). The variation ofQ, for Gyp = 16 was discussed in
connection with Figure 4.18.3 LJ/W =10, ts= 127 mm, fosc= 380 Hz and5t = 0.5),and
is repeated here for reference. These data show similar increase in intensity-stafeall
even when the tip of the reed is placed where the turbulence level in the base flow is already
relatively high. In fact}Qh pase= 0.0023 and 0.0041 aip, = 16 and 26, respectively (the
asymptotic level i3, = 0.008), and the level of the regdluced G, at o= 29 forc, = 26
is only about 18% lower than at the same distance from the tig,forl6 w=19) despite

the significant increase ithhe background turbulence level in the channel. Furthermore,
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Figure 421 Streamwise ariation of G, (at z= 0) in the absenc(e)f ) and presence o
thereed(LJyW= 10,ts= 127 mm) at Re= 12,000 when the tip of the reed is placed
locations aap = 16 ((3) and 26 (DZ The streamwise locations of the reed tips .

marked using vertical dashed lines and the asymptotic levéh af the downstrean
end of the channg€lQ, = 0.008 is marked by a horizontal dashed line. The data p

closest to the reed tip ai= 19is offset byw= 10 and marked using for comparison
with the corresponding data fos, = 26.
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downstream of the tifa, = 26, the exponential rate of streamwise decd®ds 1.4 times

higherthan foray, = 16 and itasymptotes to nearly the same levelaf= 0.008 as in the

base flow near the channel 6s exit. These
turbulence intensity in the base flow, the reed is still able to effect significantly higher
levels of G, (5 times the base level) although its rate of decay is higher than when the reed

is placed farther upstream where the inlet base flow is still transitidited. present data

indicate that when the tip of the reed is placed at streamwise position whéxasthéow

is already asymptotically turbulent for this Reynold number, the streamwise decay of the
reedinduced oscillations would be higher and therefore its streamwise domain of
influence would be shorter with significant ramifications for enhancemdmaiftransfer

over the base flow downstream of the tip of the reed.
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4.5 The Role of the Reed Oscillation Strouhal Number

Ther ol e of the reedbds oscillation frequen:
is captured by varying its Strouhal numlagra given intermediate transitional Reynolds
number(Re=5, 000) of the channel f | ow-averagede e v ol
base flow is described in Appendix B). This Reynolds number is selected because the flow
response is somewhat more mute@roa range of reed frequencies tharRat 7,000
(characterized in 84.4), but the channel speed is above the critical speed of a range of reeds
covering nearly thentirechannel spafs/H = 0.9 that are designed with several lengths

andthicknesses to achieve Strouhal numbers between 0.3 and 1.6.

The effect of reed Strouhal numbersthe mean and fluctuating flow fields are first
assessed using reedd W = 10 andts = 25.4, 38.1 and 50.8m for whichSt = 0.9, 0.7
and 0.5 fosc=180 Hz, 140 and 95 Hz), respectively. Similar to 84.4, the mean and
fluctuating flow fields are assessed using cisissam distributions of the streamwise
velocity 6 and fluctuating kinetic energQatz = 0 atcw= 18 (Figures 4.2-a.1 and b.1),3
(Figures 4.2-a.2 and b.2) and 42 (Figures 4248 and b.3). As noted in connection with
Figure 416, compared to the base flow, the oscillations lead to increases in the streamwise
velocity near the wallgind its flattening near the center of the channel downstream of the
reed. Furthermore, as shown in Figure42, a.2, and a.3, these changesaggly the
same at all Strouhal numbergarly streamwise invariardnd resemble theistributions
of a(y) in the base flow at higher Reynolds numb&se= 12,000, Figure 4.16). Figure

4.22-b.1 shows that while the effects of the reed Strouhal nuora®fy) are marginal near
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its tip and nearly indistinguishable farther downstream, the cross stream distributions of
Q(y) near t he (acessthéchannel widthvithrSt ane aessignificantly
higher than in the base flo®(y). These distributions are clearly associated with the
changes in the kinetic energy of the reed motion which incresst®e square of the
oscillation frequency (cf. §3.4). For example, at thermel centery(= 0), Qfor St = 0.5,

0.7 and 0.9 are 0.045. 0.062 and 0.072, respectively compared to 0.0004 in the base flow.
However, similar to the corresponding data in Figure 4.17, the induced increases in
Q diminish rapidly farther downstrea become nearly streamwisevariant, and the
variations between oscillations at the different Strouhal numbers become indistinguishable
ato= 30 and 42 (Figures £2.2 and b.3). That the differences@udue to the ree8i

in Figure 4.2-b.1 nealy vanish downstream, indicates that higher induced velocity

fluctuations are also accompanied by increased dissipation.
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The changes in streamwise evolution of the sis@dle motions downstream of the
reed due to the variation 8i are captured using the bulk mean fluctuating kinetic energy
G (similarto the analysis in §4.4). The rangeSafin Figure 4.2 was expanded in Figure
4.23. In addition toSt (foss Hz) = 0.9 (180), 0.7 (140), and 0.5 (96%ing LW =10
(Figure 423a), a broader range of Strouhal numbers was achieved using reeds that are
ts=25.4 nmm thick and variable lengthssyW = 2.4, 10,20 yielding St (fos, Hz) = 0.3
(250), 0.9 (180), and 1.6 (160) (Figure23h). As shown in Figures 433 and b, the
streamwise variations d in the absence of reeds are much smaligr<(0.001) than in
its presence. As expected based on Figup2-4.1, for reeds of length,.JW=10
(St = 0.5, 0.7 and 0.9Figure 4.3a), downstream of the tipoE 17.5)Qh increases with
St (@ =0.042, 0.05 and 0.065 foB{ =0.5, 0.7 and 0.9 respectively).Farther

downstream™Q, decreases exponentially but near the tip its streamwise diminution rate
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increases witlst whereD'Qy/Dware-0.007,-0.008 and- 0.012 forS{ = 0.5, 0.7 and 0.9.
As a result of the enhanced dissipation at hi@terfarther downstream the decay saté
Gy equalize and become independent Sif (at =24 Q, ~0.014, and forc> 24
&=0.008) . As notedivaibSiver ithereasiagi o@aedf
4 3%2) also yields some Bheegmivi saet poshei eff
(marked by vertical dashed | ines) in the d
while as expected,i n c r with $he Strouhal numbegr f r om 0. 045 to 0.0
L/W=2.4 and D@kreasSdiss si nghe¢ & ye d sLW=2tOh)er (t
exhibiting some saturatioemrad et emsislllpy tdivwa et
i Figurde. 4. Bimhéamwmbservations i n 3apnnéet i C
streamwi se ratenoffi ¢decier as &8s sasymptoteshto

0.008 near the channel exit).

The streamwise variatisiof dissipation of small scale®,s> are assessed in Figures

4.24a and b in the absence and presence of resgsctively As expected based on Figure
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4.23, smallscale dissipation which in the base flow is lower than with the reeds
(<Ov>pase< 6-103), increases significantly witst near the tip, and ultimately decays

farther downstream and is nearly identical forSlinear the channel exit Gs> = 0.02

which is the level of the base float Re= 12,000 near the channel exit, cf. Figure 4.19).

As discussed in Chapter V, enhanced local heat transfer at l8ghdecreases farther
downstream of the tip and therefdd c an be tuned for optimizi

performance.
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The preseninvestigations have demonstrated that increasing the reed Strouhal
number results in increased global flow losses within the channel. These losses arise
because the power for the motion of the reed is extracted from the embedding channel flow
(cf. 83.1),and the formation and dissipation of the réedliced vortical motions (cf.
Figures 3.12 and 4.3) contribute to additional losses in the mean and fluctuating kinetic
energy budgets (c.f. Equation 4.3 and 4.4) that must be compensated for by the air supply
(cf. Figure 4.6). That the intensity of the réaduced smailkcale vortical motions and
their dissipationincreasewith St (cf. Figures 4.3 and 4.2) indicates that channel

pressure losses also increase @th

The fl ow | osses i n t he channel ar e ass.
f = DP/(0.54AU%A /D, (e.g.,¢engel et al., 2006)v er a range of Stroul

severalreeds(p 84H=0. 9) asFisqhwmédhd n3t roulwelr envmbeersd

0.2 2 St

0.3

3

0.03 -

Figure425.Var i awi t orf Sethhaen n el f rfi c M0iGoRe< If Oa, c& fol
reeds adW=l1dga)gt @)@ nI@DAand t hitec=RN7e25.4,8851, 50.-
and 76.2mm.
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over a range of chBWxk&RE<1IROY nabdeagnmmber pl e
di ffer endW=I1& 20g30Jk=s5 Q(, 100 and 150 tewi2.7,and tt
25.4, 38.1, 50.4 and 76n2n). These data show that the channel friction fadtancreases
with St by over a factor of 3 aSt increases from 0.46 t03.22. Using a lesgiares fit,

the variations of with St are shown in Equation 4.5
Q THE Yo B 45

Figure 4.5 shows that the friction factors induced at all Strouhal numbers by all the
tested reeds (different lengths and thicknesses) collapssiogl@curveregardless of the
channel 6 s Re yhsdihdohgindicatemthat, at.least within the rangeha

present measurements, the flow losses in the presence of the reeds primarily scale with St

Since the flow | osses within the channsce
number, it i s desirable to under stthaen dr eheodw
parameters can be selected to yield a desi
on oscillatingArgedt dgya,Ehioysale(te .abth@2 2O 0t

al . ,),2015 reed moti on wios dg aneenrsn eoihtl persismenrutnik
r at M*e rds/ (rals) and reduclWdYeVvediocQ,twhi ch ar e

determined by the reedbg, macthahli euratrdpig
geometri c LekiHxen sdmddsaverage fl olhandeedl| and
the present investiSgatMr oalfd itsheledepen cerdc al
for all/l the reeds discuSgldWw=1i0n 2dn naencdt i

ts=12. 7, 25. 4,781@82)1 ,as5 0s.hdo wannéd na nFeiggeudBas 4. 2
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shows thatS{ nominally decreases withl* but for a givenM* some scatter irBt is

evident as the flow speed and hettechange. Similarly, Figure 46 shows thaSt

nominally increases witly* but with significant scatter. However, M* and U* are

combined to form the ratidM*/U*, it is shown in Figure 4& that the entire set of data

collapses on a single curve for all the tested reeds and flow sped&. (@nce M*/U*
variesasU(tJLy)*%i t i s more sensitive to variati ons

thickness) than to the flow speedsing a leassquares fit,

YO TR O U_Z ° 4.6
%

The data in Figure 462 show thaSt decreases rapidly with increasiitf/U* for
M*/U* < 0.05, and foM*/U* > 0.05,St is nearly invariant (decreases from 0.52 to 0.46
asM*/U* changes from 0.05 to 0.15). This means that for a given reed length and thickness
the frequency increases with flow speedlds® and for a given flow speethe frequency
decreases with reed thickness and lengthi @S andL %% By comparson, the natural
frequency of the reed in vacuum and away from walls variearedl? (G. A. Tetlow and
A. D. Lucey, 2009xshowing that the reed rtion in proximity to the walls of the channel
is significantly different. The variations oSt with M*/U* were also computed for the
low aspect ratio channel with/W = 1 and the higher aspect ratio channel witidV = 10.
While the variations ot with M*/U* in H/W =5 and 10 channels collapse on top of each
other, reed Strouhal number is marginally smaller in the low aspect ratio channel (for a

givenM*/ U*) such that St =0.24 (M*/ U*) %®whichis consistent with the observations in

connection with reed centerlines in 8§ 3.4.
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An i mportant finding of the present inve

with the reedbés mot i oencraeraes ediprreecctilpyi troeul saltye

numbStas derived from the reedds oscillatio
frequency decreases with increase in reedbo
and increases with increase in flow speed

thi ckness) such t hatSitpirhiemarreieldyMsdtr daleesnsall wintuhmb
scale and the channel loss analysis suggest that by reducing tls# tbedchannel losses

can be significantly decreasaslhile the intensity of smalscale motions as measured by

G, sustain downstream of the reed. The reed driven smaliks persist near the channel

side walls and the reed makes a laminar Hilase look it ur bul e astséen whi c h
chapter Vleads to significant heat transfer enhancement. Even at fully turliRdethtere

exist a finite channel length where the reed enhances-so@dl motions as compared to

the base leading to heat transfer enhamcgm
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CHAPTER V
HEAT TRANSFER ENHANCEMENT USING

SELF-OSCILLATING REEDS

Overview

This chapter focuses on characterization of heat transfer enhancement effected by
smallscale motions that are induced by the oscillations of re#d€hapters 11l and V)
mounted across the span of a high aspect ratio, heated cidinvet 5 or 5mm wide
channel) The effects of dominant parameters including the reed Strouhal number and the
flow Reynolds number on the heat transfer enhancement are discussed in conjunction with
t he kinetic enersgpe maidns. tLimiged ihvestigat®msondsiated in |
another higher aspect ratio chan(ié/W = 10) illustrate the scaling of reed driven heat

transfer enhancement.

5.1 Heat Transfer Analysis in the High Aspect Ratio Channel

To begin with, a descripti enl)whithisusedt er na
to assess the heat transfer characteristics in the high aspect ratio chaginels ighis
methodology utilizes the wall temperature measurements and the heat flux to the air from
the heater to calculate the local and gldtbagselt numbers.

The present heat transfer measurements were conducted in treespegtt ratiddT

channel that is described in detail in Chapter Il (and is used in Chapters Il and V). In this
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channel the widettgp andbottom) walls were constructed of aluminum plates covered (on
the outside) with thiffilm heaters and instrumented with a streamvasgy of Ftype
thermocouple sensors along their mid spams() as shown schematically in Figure 5.1a

In the present investigations, the power to the heaters is adjusted so thadvireir
0 is varied to achieve a desired difference betweennthll temperaturdy (x) and
the air temperatur€s i measured OW upstream of the channel inlet

0Yo Yo Y

In the present experiment$Dmax= 60°C in both the base flow and in the flow with reed.

The thermal enhancement is characterized using the local and global variations in

heat transfer coefficient amslcompared with the corresponding floveses.The variation

a

— |

Ya i IW

b

Qheater”

— 4 — —
o)) N k1)

T (%) 4' Ousr” L Tn(x +Lp)

—

Q.ﬁentg‘rr

Figure 5.1 a )Topview of the flow path within thieigh aspect ratio 5 mrahannel,
which includes 2-D contraction the flandthin-film heateradhered
to aluminum plateseach instrumented witha streamwisearray of thermocouple
sensorgcf. Chapterll); b) Energy balance across atementarngegment of the channe
as marked by dashed lines in.(a)
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of the local heat transfer coefficient along the channel is assessed by discretizing each of the
aluminum plates into seven elementary pane&h L, =L/7 long (between adjacent
thermocouple sensord, Figure 5.1) and spanning the charmaight The discretized local

heat transfer coefficienh(x), is computed at the streamwise and spanwise center of each

panel. The effective heat flux rate supplsgcthe heater to thieth panel is

0 0 QY Y
wherel is the heat flux supplied by the heat®ss is the heat transfer coefficient of the
insulation(which is computed by assessing the insuldteses as discussed in Chaptgr Il
Ti is the average pant#mperature computed &s-0.5-[Tw(X)+Tw(x+Lp)] (cf. Figure 5.1b),
andTa,0is the ambient air temperaturd he streamwise conduction within the aluminum
plates is also accounted for and modifies the heat flux to the air within the channel

. - ay .., QY

0
Q +— — V) —(JL)
VL Qw Qw

C
=xj
C

wherekg is the thermal conductivity of the aluminum plates farid the plate thickness. An
energy balance is carried out across a control volume spanning the elementary panel (as shown
by dashed lines in Figure 5.1b) which relates the heat flux supplied o thehe increase

in thermal energy of the incoming flow as follaws

0 f o) & -0pTmi= 0.58 -Op- [ Tr(X+Lp)+Tm(X)].
whered is the mass flow rate in the chann@l,is the specific heat of the aifm(x) is the
local bulk mean flow temperature definedTa$x) = 77 OFY Y 'Q dfincropera et al.,

2002) and Tm,i = 0.5:[Tm(x+Lp)+Tm(X)] is the average bulk mean flow temperature at the
center of a control volume spanning the elementary pdimgl.local heat transfer coefficient

at the streamwi se and spanwise center of
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It is noted that some heat is lost at the channel inlet through conduction at the interface
between the channel walls and the facility upstream which ultimately heats up the channel air
upstream of its inlet and cannot be neglectBae air temprature at the channel inl@hois
therefore calculated by an energy balance on a control volume between the=plaoe/
(whereTa,iis measured) and= 0 which is the channel inlet
Tmo= Tai + Kartw-W-(dTw/dX)x =0/ (& Op).
In addition, the boundary condition for wall temperature at the channel exit is assumed as
QY] Qw T, which is used in implementing the energy balance on the last elementary
panel upstream of the channel exhe discretized local heat transfer cadint at the center
of each panek, is normalized usinthe hydraulic diameter of the chanrii, and the thermal
conductivity of the airk,, to obtain the local Nusselt number for each panel
Nw(X) = h(x)-Dnka

TheglobalNusselt numbeNuis defined as

Nu=_ 0 6wQ-
The integral is discretized to obtain an estimated of the global Nusselt number which is:

Nu=pf0 B 060

whereNW, is the local Nusselt numbBiu(x = xp) at the center of eagianel.
5.2 Characteristics of ReeeDriven Heat Transfer enhancement aRe= 2,000

The effects of the reeds on heat transfer in the heated channel was first measured at

arelatively low Reynolds numbeRg= 2,000) that is characteristic of higierformane
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heat exchangers (the flow at this Reynolds number is discussed in 84.2 and 4.3) using a
reed for whichHs =22 mm,Ls = 50 mm,ts = 38.1nm andwhich isoperating aGt{ = 0.5
(fosc=65 Hz). The streamwise variation of wall temperatufeD (x), and of the local
Nusselt numberNu(x), calculated as outlined in 85.1 are shown in Figures 5.2a and b.
These data show that at a given heater power the reed oscillations lead to a reduction in
wall temperatures and hence the heater power, is increased from 28vattsin the

base flow ® 29 Wattsin the presence of the reed to maintain the same maximum wall
temperaturdTDmax= 60°C. In the absence of the reddD (X) increases monotonically

and reacheblDmaxat wa 40. As evident in Figure 5.2a, although the walinperatures

are nearly the same in the absence and presence of reed near the=0tB) @nd exit of

the channeld= 49.5), the wall temperatures when the reed is installed are lower within

t he ¢ hanmo8PR,e@Bwh8nGhe heatppweris increased to maintain the same
ITDmax. Figure 5.2b demonstrates thas expectedin the base flonNu(x) decreases

monotonically (as @°? through the channel [fromNu(®=4.49=12.3 to

a b ¢
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Figure 52. St r e a mwti Be n v o(X), ab(x), BN Cy@))i n btahsee

(Manwi t h t@@)e nreerce 5 mnf owidleBECh @2l |
The data of Kakac et. al . (19tB&) posi
the tipiaefartuesa nrgeerded dashed | ines.
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Nu(w=44.4) = 7.8 ] due to the development of thermal boundary layer along the channel
side walls. This streamwise variationN(x) closely m&ches the corresponding variation

in developing laminar flows irectangular channels of similar aspect ratioRe(e.g., the

data ofKaka et al., 1987%or H/W = 4 is shown using black solid line in Figure 5.2b). It

is noted that the heat dissipated to theGir (0 0 ) inthe presence of the

reed increases from Mattsin the base flow to 2Watts The combination of a higher

heat dissipation and Weer wall temperatures effected by the reed leads to streamwise
increments in the local Nusselt numbéu(x) relative to the base flow throughout the
measurement domain. The Nusselt number increases monotonically along the reed length
from Nu(w=4.4) = 14.2 toNu(w= 20.4 = 15.8 and thereafter decreases downstream of the
reed toNu(w=44.4 = 12. The percentage increaseNn(x) in the presence of the reed
varies from 15% to 80% between the upstream and downstream edges of the reed and
thereafte decreases to 53% near the channel exit (the global percentage increase in Nusselt
number in the presence of the reed is 58%).

As discussed in 84.3, the oscillations of the reed result in an increase in flow losses
along its length and downstream of iig.t These losses are manifested by streamwise
changes in the statigaugepressure along the channel that are captured by the local
pressure coefficienty(¢) = p(w)/0.5rU? in the base flow and in the presence of reed as
shown in Figure 5.2c. These data show that in the presence of the reed the pressure drop
along the channel (8 w< 46) increases by 70%. Furthermore, the local increase in
pressure due to the reed, i.BCp(0) = CpreetCp base decreases monotonically along the
channel lengthC, = 1, 0.22 and 0 atv=3.2, 17.2 and 46.2 respectively). It is

noteworthy that while the pressure drop across the ree¢ (3217.2, or 1.4s) increases
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The streamwise locatiomd these data (atz 0) are marked on the-axis on top.

by 120% above the same channel length in the base flow, the pressure drop downstream of
the reed (17.2 w<46.2, or 2.9 increases by 20% only and the corresponding
increments in the Nusselt number along and downstream of the reed are 50% and 65%,
respectively.

The increment ilNu(x) along the reed is cleartgoupled to the pressure losses and
result from the oscillatory undulations of the reed and its interactions wittophend
bottomwalls that lead to modulation of the momentum and thermal boundary layers (as
evident from the vortical concentrations néiar tip, cf. 84.2 and Figure 4.2). These
modulations coupled with cross stream mixing enhance the local heat transfer from the
wall surfaces along the reed. As discussed in 84.3, downstream of the reed, the convected
flow perturbations induced by the teancrease the levels of fluctuating kinetic energy in
the flow. The reednduced increments relative to the base flow of the Nusselt number
DNu, and of the bulk mean fluctuation kinetic engrgie., are shown in Figure 5.3 which

also shows the streamwise location of these measurements. These data sBbdu that

increases witlD'Q, but that the rate of change DRu decreases d&8G, increases. In fact,
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close the tip of the reed (< 24) whereQ, levels are highDNWD'GQ, ~ 106, but near
the channel exit (3Gb< 48), DNWDQ, ~348. Although downstream of the reBdlu

decreases witlD'Q, becausdhe small scale motions induced by the reed at this low
Reynolds number dissipate (cf. Figure 4@ Nusselt number in the presence of the reed

is higher than in the base flow even near the channel exif @8vnstream of the tip).
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5.3 The Role of the Reynolds Number in the Reeinhanced Heat Transfer

The effects of the transition to turbulence in base flow on reednhanced heat

transfer are considered by varying t

he

c ha

investigations irg4.4, heat transfer measurements are carried out in the base flow and in

the presence of the reeds measuligig/ = 10andHy/H = 0.9 and operating &t = 0.5 at

Re=2,000, 7,000 and 12,000, wiliDmax=60°C. Figure 5.4 shows the streamwise

variation of Nu(x) in the absence and the presence of reeds (tip location shown through

dashed line) where the data fee= 2,000 (cf. Figure 5.2b) is repeated for reference. At

Re= 2,000, Nu(x) in the base flow {{ =23 Watt9 undergoes a mild streamwise

decrease with the development of thermal boundary layers. However, in the presence of

the reed § = 29 Watt9 there is an increase Mu(x) for 4.4< w< 20.4 up to a local
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maximum near the tip ab=20.4 whichis about 1.8fold larger than in the base flow
foll owed by monotonic decrease through t
streamwise variation oNu(x) downstream of the reed tip is associated with a similar
variation of G, which (atRe=2,000) decreases monotonically from 0.03¢at 18 to
0.012 at t he ¢ han mNaXwitkQ éssliscissed furthes in @oanectiont i o n
with Figure 5.5). The streamwise variation\af(x) atRe= 7,000 { =40 Watt9 in

the basdlow reaches a local minimum at= 30 and then begins to increase through the

end of the channel with the transition to turbulence (note that the le\l§)ffor w> 20

are similar tahe levels in the presence of the ree®at 2,000). In the presence of the

reed aRe= 7,000 { = 55Wattg, Nu(x) has a local maximum ai= 20.4 near its tip

which is 2.45fold higher than in the base flow before it monotonically diminisied
appears to reach a plateatat 44.4 through the end of the channel. SimildRés= 7,000,

when the Reynolds number is increased further to 12800 ( = 82Wattg, Nu(x) in

the base flow has a local minimum @t 12.4 beyond which it increases to a plateau
(Nu(x) = 39) near the channel exit€ 44.4) as the base flow becomes asymptotically
turbulent. In the presence of the reéd (= 87 Watt9, Nu(x) reaches a maximurnrear

its tip which is 1.4fold higher thann the base flow before it decreases monotonically to a
plateau Nu(x) =39.1) near the channel exi§ 44.4). It is noteworthy that at this
Reynolds number, the plateauing leveldNefx) near the exit of the channel in the base

flow and in thepresence of the reed are similar indicating that for these operating
conditions higher heat transfer can be achieved when using a reed in a shorter channel (and

lower pressure losses).
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As discussed in chapter I, the local Nusselt number is primarily affected by the
thickness of thermal boundary layers near the channel walls and thestte@sa mixing
within the channel. As evident in § 4.2, (cf. Figure 4.2), the reed induced small scal
vortical motions modulate the wall boundary layer and increase velocity fluctuations
throughout the channel height which could lead to higher @tbsam mixing. The
variations inNu(x) with the intensity of small scale motions as measureghy therefore
assessed and compared between the base flow and in the presence oReedsGi0,
7,000 and 12,000 (Figure 5.5a). It should be noted that in Figurechiiaeases from
left to right for the base flow data and from right to left in thespnce of the reedi the
base flow aRe=2,000,Q, ~ 0 and the decrease Nu(x) is primarily due to streamwise
thickening of a laminar thermal boundary layer (cf. Figure 5.2b). As the Reynolds number
of the base flow is increased to 7,000 &B8@0Q Nu(x) increases due to the thinner thermal
boundary layers even f& < 0.001. As is evident in Figure 5.9¢u(X) in the base flow

increases witfQ, with transition to turbulence at these Reynolds numbers. In the presence
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of the reed Qx is significantly higher than in the base flowRé= 2,000 throughout the
channel which leads to a corresponding increabkiir) by the induced fluctuations within

the wall boundary layers and mixing with the flow near the center of the channel. A similar
trend is also seen Be= 7,000 and 12,000 albeit with rates which increase Réke.g.,

at "G, =0.01, dNu)/d(Q;) = 283, 530 and 1263 &e=2,000,7,000 and 12,000) due to
interactions between the reed induced velocity fluctuations and the nstuall scale

motions in the transitioning flow

The relation between the incrementNn(x) over the base flow due to actuation by
the reedDNu, and the corresponding incremeni® DG, is shown in Figure 5.5b. While
these curves nearly collapseRat= 7,000 and 12,00@Nufor a givenD'G, is significantly
lower atRe= 2,000 in the absence of transition in the base flow (e.d)t= 0.01 and
0.02DNu = 3 and 6atRe= 2,000 compeed toDNu ~ 12 and 20 aRe= 7,000 and 12,000).
This difference indicates that the smaller scales in the flow that are connected with the
interactions between the reed and the transitional base fl&Re&7,000 and 12,000, see
also the corresponding discussion of the velocity spectra in Figure 4.20) play a significant
role in heat transfer enhancement. The collapse of the cur@$ufibQ,] indicates that
the effect of the perturbations induced by thed on transition is nearly the same at each
Reynolds number (7,000 and 12,000) and, as a result, the heat transfer enhancement by the

ensuing smalkcale motions is also similar even though the Reynolds numbers and the
(absolute) levels ot are diffeent. The effect of transition is further manifested by the
observation that while &e= 2,000 and 7,00@NuandDG, > 0 throughout the channel,

at Re=12,000 near the channel extNu and DGy nearly vanish. However, even at

158



Re= 12,000 the reed areasesNu(x) over the base flow over a significant length of the
channel @< 36, cf. Figure 5.4) where the inlet base flow is undergoing transition (cf.

Figure 4.19) and hence increases the global Nusselt number

Foll owing the investigation of the effec
the reed on small sio#l4é&orRerd?200@for svhich the badee ¢ h a
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near |l y sitrvearmwadsienrf atrhtcdveearv er, i n t hM@Kpr esen
near t he arip2e6d itsi pnefaorrl y i dentNipd at hao 1 Beetb
f aorisl 6. As noted in Figure 4.22, even thou
fl owasechbet ween the streamwi s a 5lds iatnido n2s6 ,o
t he | &yienldsucoefd at the same reed Strouhal nt
resul ting@).n s$immil laar Gti 0 tFh e utrree Md L 2f, ot he
of deN@y fofom the peak i@i8bgOthecaerpbpehant
rate is 1.28 dhiyhég .hi ddsaevrs \htohwann iant Fithgeur es E
i ncr ene@@t oivret olvass® 6f i s | oweyl 6t h @ @mldavwer t o
| eveDNawiotf h OQoweirl e t he r aDewi O diehcer seea stew oo f

streamwi se | ocations are nearly identical

The reeedriven heat transfer enhancemeist coupled with its mechanical
oscillations and the induced smatiale motions downstream of its.tiprhis coupling
clearly resuk in an increase in pressure drop within the channel or in the friction factor
which must be taken into account when assessing thaeeffy of the heat transfer
enhancement. To this end, it is instructive to compareati® of global Nusselt numbers
in the presence and absence of redd8\u, (as a representative of the heat transfer
enhancement) with the ratio of the friction factiéf, which can be considered as the cost
of achieving the heat transfer enhancemdfuar the reeds discussed in connection with
Figure 5.5 which oscillate & = 0.5andRe= 2,000, 7,000 and 12,000, these ratios are:
NWNuw = 1.58, 1.85, and 1.28 aril, = 1.7, 3.1 and 2.8, respectivelyt should be noted
that in these discussiotise friction factor with the reed is nearly invariant since it only
dependso t he r eedds f=S0t1AS0)Ucfag 4.5)bul thebbase flo friction
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factor first decreases frorfy = 0.048 atRe=2,000 tof, =0.026 atRe=7,000 before
increasing td, = 0.029 atRe= 12,000 where the base flow is naturally transitioning to

turbulence, thereby resulting in the evident trend#fin

Il n addition, in connection with Figure

(LiW=10) beatipleenanNMiNB&ecr eases by 6% ffrl. 28 t

decreases by 1% (from 2.8 to 2.77). Ther e
yields an overal/l better heat transfer enh
invari ant . For this reason, t heASe #4f emats o

investigated upstream.

't is noted that the effect of streamwis
a diffelbdVrl OHYH=0d. SO[ifosscHZ0Q . 9 ( 1 RE5], 0H0 when t |
base flow is transrnd¢swlntag tamdwlyatel ide ds 5o wn
measurements have been described along wit

reedi48) in Appendi x B.

While in the present measurements the St
fi mgdi nof A4.5 the channel | osses associate
reduced by reducing its Strouhal nSutonbb e r .

heat transfer enhancement is explored in A
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5.4 The Role of the Reed Strouhal Number in the Balance Between Heat Transfer

Enhancement and Flow Losses

Following the discussions in 85.3 which showed that heat transfer enhancement by
the reed is accompanied by increased channel losses, the present seases fmt
identifying means for reducing the channel losses while maintaining the heat transfer
enhancement. The approach is based on the earlier findings that the flow losses in the
presence of reed can be significantly reduced by reducing its oscilfagiggency or
Strouhal number (cf. §4.5).

The effects of the reed Strouhal on the
measured bthe Nusselt numbemd the bulk mean fluctuating kinetic energy, are first
assessed for a transitional Reynoldsnbar Re=5,000 where, as discussed in 84.5
0.3< St < 1.6 is achieved using reeds wilyH = 0.9 and varying their thicknesses and
lengths:LsyW =10 withts = 25.4, 38.1, 50rm, andLJ/W = 2.4, 10, 20 withs = 25.4mm,
where ITDmax iIs kept unchanged by increasing heater power relative to the base flow
(32Wattg. Similar to the discussions of Figures 5.2a and b, Figures 5.7a and ¢ and 5.7b
and d show the streamwise variation of wall temperatliif&x) andNu(x), respectively
for the different reed oscillation frequencies. In Figures 5.7a and/W,=10 and
St = 0.5, 0.7, and 0.9, (the heater power is increased$itto 45.7, 46.2 and 47 W). In
Figures 5.7c and,tk = 25.4nm andSi = 0.3, 0.9, and 1.6 (the heater powersincreased
with St to 46, 47 and 48 Wattg. The streamwise variations bfD (Figures 5.7a and c)
show that even at the safi®maxand increased heater power w&h, ITD(x) decreases
throughout the channel relative to the base flow exce@iat 1.6 for LJW=20. As

illustrated by
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Carruthersetal. (2006)ong reeds (sablby dt finfreecaaeeabibie r s )
diminished cross stream motion alds@o of their lengtldownstream from their support,

and it is conjectured that the diminished reed motion leads to reduction in heat transfer at
the wall and elevated temperaturesd@< w< 10 as evident in Figure 5.7c. The magnitude

of the decrement iTD(x) relative to the base flow increases along the reed and reaches a
maximum at its tip and then gradually diminishes and vanishes at the channel exit (cf.
Figures 5.7a and c). As evident in Figure 5.7a for reeds of lertyth= 10, while the
decrement il TD along the reed and a small region (W)ownstream of the reed tip
increases witlst, farther downstreanfTD becomes nearly invariaB§. For examplefor

St =0.5, 0.7 and 0.9 the decrementdTd are 5.7, 7.5 and 8, respectively near the
reed tip (o= 16.4) andabout 5C for all S{ atw= 24.4respectively.

Thecombined effect of higher heater power and loweriWa#d s due t o t he |
also evident in higher local Nusselt numbexsy(x), in the presence of reeds. The
streamwisevariations in ofNu(x) (cf. 85.1) are shown in Figures 5.7b and d respectively.
While for the base flow aRe=5,000,Nu(x) decreases streamwise due to thickening of
thermal boundary layer (similar to Figure 5.2bRa=2,000), in the presence of reeds
Nu(x) at all St increases up to the tip and then decreases exponentially downstream. The
Nusselt number at albi is higher than in the base flow throughout the measurement
domain except folLyW =20 (cf. Figure 5.7d just upstream of the reed ai=4.4.
Although the increment iNu(x) over the base floWpNuU(X) = Nueed NUbaseincreases with
St along the reed, the rate of exponential decrealSe(@j downstream of the tip increases
with St such that the increment Mu(x) becomes nearly identical just\Wdrom the tip.

For example, as shown in Figure 5.7b lfghV = 10 near the tippNu(cw= 20.4)= 20, 26
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and 30 forSt = 0.5, 0.7 and 0.9, respectively and farther downstigofcw= 28.4)~ 16.

The streamwise variations of the increments (relative to the base@Mdwyvith DG, as
discussed in connection with Figures 4.25a and b (cf. §4.5) are shown in Figuig®,7e (
has similar trends t®Nu). That the data for all reed Strouhal rners atRe=5,000
collapse on nearly a single curve indicates that at a fixed Reynolds number the increment
Nu(x) depends primarily on the increase in the fluctuation kinetic enekdsing the
corresponding data fdRe= 7,000 and 12,000 (represented by a least squareBidjtire

5.7e shows thdbr DG, > 0.01, the data fobNu andD'Q, at Re= 5,000 7,000 and 12,000
collapse on a single curve on whiEiNu~ (D)8 This collapse indicates that for
Re05,000 the small scales induced by the reed oscillation become similar as the reed
accelerates transition to turbulence.

Following the characterization of the effect 8 on heat transfer enhancement,
attention is stited to its effect on flow losses in the channel as measured by the streamwise
pressure drop coefficiefy(o) along and downstream of the reed. The chang€s(i
of the base flow and in presence of a rigid reed (stahskess,Ls/W = 10, ts=76.2nm)
that are induced by increasing re®d (cf. Figures 5.7a and c) is shown in Figure 5.8a.
These data show that the pressure drop along the reeddB32.7.2) DCp, e dRcreases
with St (DCpr e &40.8, 1.3, 2.1 foiSi= 0.5, 0.7, and 0.9, respectively) since the power
required to sustain the flow losses associated with the reed motion also increa&is with
The corresponding pressure drop along the rest of the channel (downstream of the reed,

17.2< 0< 46.2) DCy, e dsi nearly invariant withSt. and lower tharDCy, « far all St
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(DCpyr e é BCp, ¢71.33, 2.16and 3.5 foiSi= 0.5, 0.7, and 0.9, respectively). This clearly
indicates that most of the losses (at highey occur along the reed and the effects of the
reedinduced flow fluctuations on the pressure drop (relative to the base flow) are virtually
independent ofSt. It is instructive to compare the pressure drop associated with the
oscillating reed with the corresponding pressure drop when amigiebscillating)reed is

placed in the channel (Figure 5.8a). These data showDDate dd the absence of
oscillaions is significantly loweand appear to be associated with the viscous losses along
the reed. The pressure drop downstream of the rigid reed is nearly the same as in the base
flow. The variation of pressure drop along the rd&d, e sdth St is shown in figure

5.8b and is used to assess the pressure drop due to oscillations of the reed by subtracting
the contributions due to the base flow and the nominal viscous losses due to the rigid reed

(DCpr e &d0.25 and 0.35, respectively as markedblyd lines in Figure 5.8b). These data
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show that the pressure drop due to the oscillations of the reed can be reduced by up to 84%
by reducingSt by only 45% from 0.9 to 0.3. These data show that the main contribution

to the reduction in overall chaelosses witl5t comes from the reductions in the losses
along the reedThis finding indicates that by externally mounting the reed upstream of the
channel inlet these losses can be further reduced (external reed mounting is investigated in
Chapter 6).

Similar to the discussion in 85.8he changes in global heat transfer and channel
losses with Strouhal number are captured using the ratios (relative to the base flow) of the
global Nusselt numbersuwNuw, and of the friction factord/fy, at a constat Reynolds
number. In addition, thefficiencyof reedsn enharing channel heat transfer is measured
by calculating the thermal enhancement facthy which is used to compare heat
augmentation techniques (elggrani et al., 2003Promvonge et al., 2008u et al., 2019
andRipset al., 2020 Based oriPromvonge et al. (2008he thermal enhancement factor
for the reed is defined as the ratio of the refdcted Nusselt number relative to the base
flow at a constant flow power.

Wpp=DP3A /ra
h= 0060 6 s 8
As shown byPromvonge et al. (2008the flow power can be normalized as
YO a

T i‘) ”
®Ogy o

&)

(AN©)

The variations witlS{ in f/fo andNWNuw and atRe= 5,000 are shown in Figures &9l
and b.1 for the reeds in Figure 5.7, and in addition, reeds that oscillate=42.25, 0.4

and 2.3 are also included. In accord with the trends in 84.5, while reduc8omyjnnearly

167



an order of magnitde (from 2.3 to 0.25) decreaskf by 65% (Figure 5..1) the
corresponding reduction iINWNW is only 16% (Figure 5:®.1) indicating a marginal

reduction with Strouhal number. Théficiencyof the reeds in enhancing heat transfer

assessed by first comparing the variations in global Nusselt numberowithn the

Figue¥abiatioamab)i NOAMI Shf or reeds ¢

ts=2 5 md(0) 38 nm(0) 50 . A (O) Var i atg loonb aolif o a i 2
t hbease (Y)fl ddrw5<0R0e<1 3, (RO i ncreases ) f raomd
presenlree ealft he correspondi ng=Nu00 O itcs

b.¥)iation of ther mafl temwiatne &thhe B¢ fO:
i's noted near each data point.
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