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SUMMARY

Air-coupled heat exchangers are widely employed in a variety of engineering
applications, including power generation, electronics cooling,-caiditioning,
refrigeration, and the automotive and chemical process industries. Air has poor transport
properties, resulting in low aside heat transfer coefficients and large heat exchanger
surface areas. The air side typically presents that governing thermalnesjgherefore,
there is a significant need to develop strategies to enhansaaiheat transfer while
minimizing parasitic power requirements.ig ktudy investigates the enhancement of air

side heat transfer using atftattering reeds between the @ide fins.

A review of the literature on the enhancement ofcaipled crossflow heat
exchangerainder differentflow conditionsis conducted. Aeroelastically fluttering thin
reeds installed inside the fin channels of crossflovcaimpled heat exchangers passively
oscillate as the air flows through the heat exchanger, generating vortical structures that
disrupt the thermal boundatstyer and improve mixing. Heat transfer enhancement and
pressure drop penalties due to the use of suchflatiiering reedsare investigated in
representative heat exchanger geometiaperimentsare conducted in demperature
and humidity controlled wind tunnel facilityo measure the aside Nusselt number and
friction factorwith and without ree@nhancement over a wide range of channel Reynolds
numbers under uniform and maldistributed air flow conditibtesat transfers enhanced
by a factor ofup to1.6 with a maximum friction factor penalty of3under uniform flow
conditions Air flow maldistribution marginallyincreasd barechannel heat transféut

did not significantly affect reedenhanced heat transfer compared to unifdiow

XXi



conditions The effect of reed thickness is studied to gain insightthereffect ofreed
flutter dynamicson the Nusselt numbeandfriction factor. Based on these experimental
results modelsaredeveloped t@redictheat transfer and pressure drop for reatlanced
heat exchangers under different air flow conditiofRkittering reed heat transfer and
pressure drop characteristiege comparedwith those of other commonpassive
enhancment techniques atthe componentand system level. Insights from these
experiments and analyses will guide the future development of more compamiizd

heat exchangers usifigttering reeds

XXii



CHAPTER 1. INTRODUCTION

Air-coupled heat exchangers are widely employed in a variety of engineering
applications, including power generation, electronics cooling,-caiditioning,
refrigeration, and the automotive and chemical process industries. Due to the poor transport
propeties of air, large heat exchanger surface areas are required, resulting in increased
system footprint and higher initial capital costs compared to lqgoigpled heat
exchangergMukherjee, 200). However, air is often the only available heat sink, and air
coupling offers several benefits. For example, installation is simpler because liquid piping
and pumping systems are not required. Since ambient air is freely available, only a fan is
required toforce the air over the external finned tube surfaces, allowingpaipled heat
exchangers to operate in locations independent of an available water source. In addition,
compared to waterooled heat exchangers that require chemical pretreatment to enitigat
corrosion and scafermation air-cooled heat exchangers typically have a lower operation
and maintenance cost since-sitle fouling is a much less significant conc@aewitt et

al., 1994 Kroger, 2004aSerth and Lestina, 2014b

The main disadvantage of using air for heat rejection is the lesid@rheat transfer
coefficient. In aircoupled heat exchangers, the air side usually presents the governing
thermal resistanceAir-side heat transfer coefficients are less than7ti + at
economically feasible velocitiesp 1 O (Hewitt et al., 199%while the typical single
phase liquid and twphase heat transfer coefficients can be over two and three orders of
magnitude largeas shown inTable 1.1 (Bergman et al., 20)1Therefore, there is a

significant need to develop strategies to enhanesidar heat transfer while minimizing



parasitic power requirements. Active and passive enhancement methods have been studied
to increase aiside heat transfer in crossflow heat exchangers. Active enhancement
methods require an external source to drive the enhancement while passive methods do

not.

Table 1.1: Typical Heat Transfer Coefficient Values(Bergman et al., 2011)

Process Convective I—'I'e:':}t Tra"nsfer Coefficient
ni &
SinglePhase (Gas) 100-20,000
SinglePhase (Liquid) 25-250
Two-Phase (Boiling or Condensation 2500100,000

Commonly studied active enhancement methods include the use of
electrodynamics, mechanical aids, surface vibrations, and fluid vibrgkathav et al.,
2016. Passive enhancement methods include modifying the heat exchanger tube cross
section, the use of different fin geometries, and the use of vortex genératsinko, 196;1
Sparrow and Kang, 198®Biswas et al., 1994Torii et al.,, 2002 Wang et al., 2002
Bahaidarah et al., 2005hi et al., 2006lbrahim and Gomaa, 200%ang et al., 2009b
Mangrulkar et al., 2009 One novel aiside passive enhancement technique is the use of
aeroelastically fluttering thin reeds. Fluttering reeds installed inside the fin channels of air
coupled heat exchangers passively oscillate as air flows through the heat exchanger,
generatig vortical structures that disrupt the thermal boundary layer and improve mixing

in the streamwise directioRreliminary experimental and numerical results indicate that



aeroelastically fluttering reeds can increase heat transfer without a significant pressure drop
penalty(Herrault et al., 201;2Shoele and Mittal, 203Hidalgo et al., 201.5Gallegos and
Sharma, 201,72019 Mahvi et al., 202]1lJha et al., 20292 While the dynamics of flag or

reed flutter have been studied in the literature, the application of aeroelastically fluttering
reeds for heat transfer enhancement has not been widely explored. Therefore, the objective
of this study is to measure and urgtand heat transfer enhancement and pressure drop
due to the use of fluttering reeds in representative heat exchanger geometries that can reject
over 10 kW of heat. The results of this study will lead to a better understanding of this
enhancement techniguand will lead to the development of predictive heat exchanger

models under uniform and nonuniform air flow conditions.

This dissertation is organized into the following chapters:

1 Chapter 2 presents a comprehensive review of the literature related to heat transfer
enhancement and the effects of air flow maldistribution on heat exchanger
performance.

1 Chapter 3 describes the wind tunnel facility and-aoupled heat exchanger test
section and presents baseline and +&dthnced heat transfer and pressure drop
measurements for uniform air flow over a range agferating conditions
representativef industrial applications.

1 Chapter 4 investigateghe effects ofair flow maldistributionon fluttering reed
performance and presents baseline and-esd@nced heat transfand pressure

drop measurementsider nonuniform air flow conditions.



Chapter 5 presents design tools to predict heat exchanger performance with and
without fluttering reeds under uniform and nonuniform air flow conditions.

Chapter 6 evaluatesind comparefuttering reed performanaceith other common
passive enhancement technigaethe componenaind systemlevel.

Chapter 7 summarizes the conclusions of this study and provides

recommendations for future work.



CHAPTER 2. LITERATURE REVIEW

2.1 Introduction

This chapter presents a review of the literaturaissideheat transfer enhancement

techniques and the effects of air flow maldistribution on heat exchanger performance.

2.2 Single-Phase Forced Convection

Heat transfer enhancement can be divided into two categories, passive tedmagues
do not use external actuatiaand activetechniques thaisean external power source to
produce the desired increase in heat transfer. While the increase in heat transfer can vary
significantly depending on the enhancement metih@glalways associated with a pressure
drop penalty. In internal and external viscous flow, the formation of the thermal and
momentum boundary layerdictates the heat transfer and frictional pressure drop
characteristics of the fluid. In laminanternal flow, commonly encounteredn heat
exchanger geometries, the thermal boundary $ageow with channel length until the
developing boundary layers mergeesulting in the invariant fully developed flow
condition. In the entrance region, the developing boundary layers are thin leading to higher
local heat transfer coefficients that decrease as a function of length in the streamwise
direction, asymptoticallyapproaching the constant fully developed geometry dependent
heat transfer coefficient. In turbulent flow, the fluid flow is highly irregular, and mixing
occurs within the boundary layeesulting in significantly higher heat transterefficients
compared tahose inlaminar flow. In transitional flow, a combination of laminar and

turbulent flow behavior is observed. Within the past 50 years, several experimental and



numerical studies have been conducted to characterize the-giragleNu and f for

different geometries and flow conditions.

Transition from laminar to turbulent flow for different geometries is dependent on the
Re Hotwire anemometry experiments conductedvlygnanski and Champagne (1973)
for flow in a smooth pipe and direct numerical simulationSaridham and Kleiser (1992)
andTakeishi et al. (2015pr flow in a plain channel &e= 5000and flow in rectangular
channels with aspect ratios ranging from 0.11 to 1.@formmt 'Y'Q p v mirmdicated that
transition to turbulence occurs through the evolution of turbulent spots in the wall boundary
layers. These turbulent spots advect along the channel streamwise direction either
generating more turbulent spots due to flow instabilities saphearing due to viscous
effects. WhenyQ is exceeded for a specific channel geometry, the formation of turbulent
spots exceeds the dissipation rakile it is widely accepted that for a circular pipe the
onset of transition from laminar flow to turbulent flow occurRet+2300(Reynolds, 1883
Bergman et al., 20)1this onset of transition can be delayed by other important factors
such as the inlet flow velocity profile, the turbulence intensity, the entrance geometry, wall
roughness, and entrance len{ffienninger, 1961Draad et al., 19985rossmann, 2000

Minkowycz et al., 2009Zanoun et al., 2009

Pfenninger (1961gxperimentally investigated the effect of external disturbances
on the transition from laminar to turbulent flow of air flow in a tube. The experimental
facility had 12 damping screens and a long gradual contraction cone upstream of the test
section to rduce the turbulence intensity. Transition experiments were conducted in a
variety of different tube lengths and diameters, and it was observed that laminar flow can

be delayed up tRe> p 1 Draad et al. (1998imilarly investigated the effect of external



disturbances on flow transition. Experiments were conducted with water flowing in a
smooth wall Plexiglass circular pipe. The experimental facility contained various screens
and honeycomb flow straighteners in the upstream settling chamber and a gradual
contraction reducing the inlet turbulence intensity for the base case. It was observed that
minimizing the flow disturbances delayed the onset of turbulence etap p 1T
Transition was systematically investigated as a function of different flow conditions by
introducing turbulence to the upstream flow using a disturbance mechanism containing two
oscillating syringes that move in opposite directions with respect to ¢laehsuch that

when one syringe injects fluid the other syringe extracts fluid preventing pressure
perturbations that may interfere with the pressure drop measurements. The syringes were
driven through an eccentric cam mounted on a wheel driven by aricefeotor. It was
observed thatYQ was inversely proportional to the turbulence intensity, where |&ger
were required to transition from laminar to turbulent flow with lower levels of perturbation.
Minkowycz et al. (20099leveloped a numerical model to investigate the effects of the inlet
velocity profile and turbulence intensity on flow transition in parglate channeld=lat

and parabolic velocity profigewith turbulence intensities of 1% and 5% at the inlet were
simulated. The model results indicated that only the flat velocity profile case with a
turbulence intensity of 5% exhibited the expected tremith the onset of transition
occurring arounRe ~300Q while the other simulated cases exhibited a more delayed
transition that occurred abruptly Be~10,000 The model results indicated that higher

'YQ are required for flow with a low inlet turbulence intensity.

Tam and Ghajar (199/)Tam et al. (2013) and Meyer and Olivier (2014)

experimentally investigated the effect of entrance geometrjiaomnarto-turbulent



transition in a horizontal tubeith squareedged, reentrant, and betiouth inles. It was
observed that with a smooth entrance configuration, transition from laminar to turbulent
flow was delayed betweemw p 1 1tY'Q x 1T Tt 1®imilarly, Hartnett et al. (1962)
experimentally and analytically investigated air flow through rectangular channels of
different aspect ratios and inlet geometries. The results indicated that for rectangular
channels with aspect ratios of 1.0, 0.33, 0.20, and 0.10, with an abrupt entransition
occurred betweeq ¢ T tY'Q ¢ v Twhile with a smooth entrance, transition occurred

betweeng ¢ TMYQ x mm 1t

Zanoun et al. (2009And Zanoun and Egbers (2016xperimentally investigated
flow transition and development in circular and rectangular ductswiletanemometry
and laseiDoppler anemometnyereused to measure local velocity fluctuations at different
positions in the streamwise direction to identf@2 and the critical transition length, the
downstream distance where lamitedturbulent transition begins for different inlet flow
conditions. Laminar behavior was observed uReée p& p mandRe=¢ p 1tinthe
entire length of the circular and rectangular channel, respectiv@ywas observed to be
dependent on the measurement location. For exampbe/Dat 46.8 the 'YQ was
x o8 p mwhile atx/D = 156, YQ was*x ¢& p 1. The measurements showed that
larger critical lengths(x/D > 100)are required aty Q ¢ p 1t This suggests that for
flow in the entrance region, evenYQ) is exceeded, it is possible for the flow to remain

laminar if the channel length is not long enough.

While increasing the fluid velocity can increaBe thusincreasing heat transfer

when transition to turbulence occurs, at times, the increased parasitic load makes increasing



the velocity infeasible for some engineering systems. One common purpose of heat transfer
enhancement techniques is to accelerate the transition from laminar to turbulent flow at
lower Re increasing the convective heat transfer coefficient amdimizing the

uncertainty associated with transitional flow.

2.3 Heat Transfer Enhancement

2.3.1 Active Heat Transfer Enhancement

Heat transfer enhancement can be classifitol active and passive enhancement
techniques. While this study focuses on investigating the heat transfer and pressure drop
characteristics of a novel passive enhancement technique, some background on active
enhancement is also presented. Active heat transfer eathant methods require an
external source to enable the enhancement mechanisms. While the added power source is
a drawback in some applications, the potential heat duty gains or heat exchanger size
reduction may outweigh the additional power requiremene @articular advantage of
active enhancement is that the actuation and control of the technique can be varied in real
time responding to the system load requirements and ambient confllacnbi and Shah,

1995. This indicates that activenethodscould improve transient system performance
when paired with an appropriate control strategy. Some common awiveds include
the use of electric or acoustic fields, mechanical aids, surface vibrations, fluid vibrations,

and jets or spray@acobi and Shah, 199%adhav et al., 20)6

Electrohydrodynamics (EHD) is a technique that converts electrical energy into fluid
kinetic energy. By applying a higéoltage, lowcurrent direcicurrent (DC) or alternating

current (AC) signal between a charged electrode and a grounded electrodetriarfield



that can alter the motion of a dielectric fljildughes and Garimella, 20p createdThe

induced volumetric electric force is shown in Equafoh

vy o P Powimy 1T
® n@ 0| -®"0 — 2.1
rl C rﬂ C T ” ( )

whereQis the electric field, is the fluid permittivity, and) is the free electron charge
density (Laohalertdecha et al., 200Hughes and Garimella, 20R4The first term in
Equation2.1 4 ‘@, known as the electrophoretic force, is generally the most dominant
force that acts on singjghase flows, acting on the free charges within the fand
inducing fluid motion. In twephase flow, due to the differences in the liquid and vapor
permittivity, other forces become prevalag#@using a nomniform electric field that is also

a function of the electrode and surface geometry as sholigure2.1, the representative

EHD equipotential lines.

Electrid
Field Line

Equipotential ~
Line « _ Electrode
wire

Figure 2.1: Representative electrohydrodynamics (EHD) equipotential lines
(Hughes and Garimella, 2024).

Fernandez and Poulter (198f)plied electrohydrodynamics to an annular cross

section oil heater. Flow visualization experiments were conducted with transformer oil as

1C



the working fluid and small polystyrene beads as tracers with a 30 kV electrode located
between the inner electrode and the outer tube. It was observé&Hibabrces induced
complex secondary flow in the main fluid streaesulting in a radial flow pattern as the
electrostatic field is imposeds shown inFigure 2.2. Heat transfer experiments were
conducted using Shell Diala Oil B. It was observed that the induced radial secondary flow
obstructed the thermal boundary lgy@sulting in a heat transfer increase of 500% over
fully developed laminar flow conditions with a maximum pressure drop penalty of 300%.

(a) (b)

_ Centre-line of streamer
Streamer velocity

- Outward flow

_~Electrode

Induced leaf-pattern
|~ fluid circulation

(b)

Figure 2.2: (a) Streak photograph of secondary flow pattern and (b) radial
velocity distribution (Fernandez and Poulter, 1987).

Wangnipparnto et al. (2002ndWangnipparnto et al. (200@xperimentally and
numerically investigatedir-side heat transfen a thermosyphon heat exchanger with and
without the presence of EHD. Flow visualization and heat transfer experiments were
conductedandindicated that the effect of the electric field on thesae heat transfer

coefficient over the tube bundle was insignificant for E<15.5 kV. For E values of 17.5 kV,
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the heat transfer coefficient was increased by 15Reat58. AsRewas increased to 230,
enhancement decreased to 10%. These observations were confirmed by flow visualization
experiments using smoke. The visual effect of the electric field on the air stream is shown
in Figure2.3. For E<15.5 kV, there were insignificant chandeswever at a voltage of

16 kV, mixing occurred in the flow behind the tuptbais increasing heat transfer.

(b)9kV

vy

(c) 15kV (16 kV

Figure 2.3: Effect of electric field on air stream forRe= 213 for voltages of (a) 0
kV, (b) 9 kV, (c) 15 kV, and (d) 16 kV (Wangnipparnto et al., 2002).

Several investigations othe effect of EHD on boiling and condensatiom® a
discussed irHughes and Garimella (2024pgata and Yabe (1993apgata and Yabe
(1993b) andKweon and Kim (2000)nvestigaed the effect of EHD on pool boiling on
smooth surfaceandobserved that EHD delayed the onset of nucleate boiling (ONB) and
increased the critical heat flux (CHF) as the electric field strength is incréagath and
Yabe (1993bronducted pool boiling experiments on R11 and an&fhanol (2% ethanol

by weight) mixture with and without EHBndobserved that the presence of the electric
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field enhanced heat transfer by a factor of Bfyan and Seyedfagoobi (1997)studied
EHD-enhanced flow boiling of R134a. The EHD forces attract the liquid refrigerant to the
electrode in the center of the tube while forcing bubbles toward the tube wall, thinning and
destabilizing the liquid layer, enhancing heat transfer by arfatfoat low qualities (~0.1).

At higher qualitie>0.5), the EHD force can thin the liquid layer to the point of removing

it, reducing heat transfer by a factor ofNangleSmith and Cotton (2019pund large
discrepancies in reported data for similar fluids and geometries and concluded that the
behavior of EHD for convective boiling is unpredictable. This is possibly due to differences

in the electrode geometry and the applicability of EHD fofedént twephase flow
regimes.Cooper (1986)Yabe et al. (1987)and(Yamashita et al., 1991nvestigated the

effect of EHD on film condensation whigingh et al. (1997and Gidwani et al. (2002)
investigated the effect of EHD on convective condensalibay foundthat heat transfer

was enhanced between 1.1 to 8.3 times the baseline case. While EHD enhancement results
appear promising, as the results are reliant on the electrode and surface geometry, strength
of the electric field, and fluid properties, more stgdaee required to further develop the

technology for use in industrial applications.

Pulsatile flow or fluid oscillation is another method used to disturb the boundary
layer. Pulsating flow significantly affected the laminar boundary layeaking it more
effective at enhancing heat transfer for laminar flgM®usa et al., 2021 Khosravi
Bizhaem et al. (2019Eported heat transfer enhancement of 19% and an average pressure
drop penalty between 3% for pulsating flow of water through helically coiled tube
geometriesnotinghigher augmentation at lowRe Jin et al. (2007andJafari et al. (2013)

investigated the heat transfer characteristics of pulsating flow in channels with triangular
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grooves and corrugationsespectively. The experiments &h et al. (2007for ¢ X Tt

Y'Q wp yielded heat transfer enhancementlajaximum of 350% dRe= 270. Jafari

et al. (2013ppplied the Lattice Boltzmann Method (LBK&r Reof 50, 100, and 150 with

Pr = 3.1and foundthat the heat transfer rate increased linearly with the amplitude of the
oscillating velocity with the maximum enhancement observed at higfeeAkdag et al.
(2014) numerically investigated the heat transfer characteristidsl d¢f -water based
nanofluids in wavy mirchannels under pulsating flow conditions. The simulations varied
the nanofluid volume fraction, pulsating frequency, and amplivittechannel walls at a
constant temperature and simultaneously develoiing They foundthat heat transfer
increased significantly with the nanoparticle volume fraction and the pulsation amplitude.
An additional benefit of the pulsating flow is that aside from enhancing heat transfer, it

also prevents sedimentation of nanoparticles irbése fluid.

Active methods haveonsiderablgotential for enhancing heat transfer. However,
the complexity and added cost of implementing the external power supply is still a major
barrier when compared to passive heat transfer enhancement techniques. Although a
benefit of active methods can be demand control responding to the system load
requirements and ambient conditions by varying the strength of the enhancement, more
studies are required to better understand the enhancement mechanisms aschlarge

applicaton for heat exchanger geometries.
2.3.2 Passive Heat Transfer Enhancement
Passive heat transfer enhancement methods are more widely used than active methods

because passive methods are oftentimes more economical and can be more easily employed
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in existing heat exchangefalam and Kim, 2018 Passive methods involve altering the
fluid flow pattern by incorporating changes in the flow geometry to disturb the thermal
boundary layer to increase heat transf@hout the use of an external power supply.
Examples includenodifying the heat exchanger tube crgsstion,artificial roughness,
extended surfaces, insertion of swirl devices, winglets, and other vortex generators
(Sheikholeslami et al., 2018lam and Kim, 2018Mangrulkar et al., 203;Mousa et al.,

2021 Sadeghianjahromi and Wang, 202MWWhile in crossflow air-coupled heat
exchangers, the circular tube is the most common, several research studies have been
conducted on flow over more streamlined tube geometries and tube arrangements.
Terukazu et al. (1984xperimentally investigated flow and heat transfer around elliptical
cylinders. The angle of attack of the elliptical cylinder was varied frodo w 11 fbr

Yt tY'Q x w tt.TEoT all cases, thmeasuredluwas greater than the circular cylinder

Nu of the same circumferen@®ssibly due to a reducéd . The maximum averadsgu

was measured when the angle of attack was betwerrb 1t \@hile the minimum was
measured when the angle of attack was betwedn it Other studies experimentally and
numerically investigated ellipticabval, and flatube banks for the iine and staggered
arrangement and found thatthout altering the angle of attackiycular tubes exhibited
better heat transfer; howevéne more streamlineibes had a lower pressure dohe to

the smaller wake region behind the tbkerker and Hanke, 198B8ahaidarah et al., 2005
Ibrahim and Gomaa, 2009 oolthaisong and Kasayapanand, 20Merker and Hanke
(1986) measured heat transfer and pressure drop for staggered tube banks with different
transverse and longitudinal pitches for circular and -stalped tubes. The oval tubes

reduced the frontal area compared to circular tukesilting in an increased ratio of
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thermal power per unit temperature to pumping power as a function of mass flow rate
compared to the circular tube banks due to the reduced pumping Balardarah et al.
(2005)andlbrahim and Gomaa (2008umerically modeled heat transfieicrossflow over

a bank of flat tubes and elliptical tubesspectively. Both studies indicated that the more
aerodynamic flat tubes and elliptical tubes had less drag than circular lulabgn and
Gomaa (2009ulso investigated the effect of varying the angle of attack as shdviguire

2.4, the modeled velocity field for the tdnd w tdasesand compared the numerical
results with experimental measurements. iThesults were similar to the findings of
Terukazu et al. (1984as the angle of attack increased frando w 11, Blu also increased

due to the increased blockage. With an axis ratio equal to 0.5 and an angle of attark of
the averag@luincreased by 30.5% compared to th&ase. With an angle of attackgfrt J
andw T the elliptical tubéuwaslargerthan the circular tube by 17 and 19%spectively.
Toolthaisong and Kasayapanand (20b8gstigated the aiside heat transfer and pressure
drop characteristics of crossflow heat exchangers with different staggered flat tube
arrangementsn nineteen crossflow heat exchangers with four different flat tube aspect
ratios and six angles of attack ranging frando p v Tldcreasing the tube angle of attack
from 11 do w mtidcreased heat transfer and the pressure drop. For a tube with an aspect ratio
of 0.18, with an angle of attack af 1t the heat transfer rate was enhanced by a maximum

factor of 2.4 while the pressure drop penalty was 17.8 times larger thanitase.
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o = 90°

Figure 2.4: Elliptical tube velocity field for angles of attack of 60%nd 9C° for Re
= 17000 (Ibrahim and Gomaa, 2009).

The use of extended surfaces is the most conventional enhancement, mettey
increase the heat transfer surface area and can also increase the heat transfer coefficients,
thus decreasing the arde thermal resistance. Some commonly used fin types are wavy,
louvered, and perforated fins. These surfa@sdisrupt the thermal boundary layer and
increase mixing within the air stream while also increasing theidgr pressure drop.
Karabacak and Yakar (2011Ahmadi Nadooshan et al. (201&nd Lee et al. (2019)
investigated heat transfer performance in perforated circular and spiral finned tubes.
Experimental and numerical results indicated that with a total of six circular perforations
on each fin, the weight was reduced while heat transfer was enhanced agyraum of
12% compared to neperforated finsElyyan and Tafti (20093onducted a computational
study ofdimpled fins with and without rectangular perforations using Direct and Large
Eddy Simulations. The fin geometgonsidered by thencombined the heat transfer

enhancement properties of surface roughness with interrupted surfaces. The introduction
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of the perforations increased heat tranbfep €u 1 Rvhile increasing the friction factor

by a maximum ofp 11 rompared to the neperforated dimpledin case.

Wavy fins are widely used in air conditioning and refrigeration applications. The
wavy fins increase mixing and lengthen the air flow path compared to plaiavy. fins
typically increase the convective heat transfer coefficien i 1 Feompared to plain
fins while increasing the friction factor by 14a@10%(Goldstein and Sparrow, 19/7Fang
and Chen, 199Kim et al., 1997Wang et al., 199AVang et al., 19998 ao et al., 2007a
Tao et al., 20075aha et al., 20)9Wang et al. (1999a@ndWang et al. (1999hhdicated
that the wave angle had the most significant effect on heat transfer and pressure drop
characteristics of wavy fin heat exchangers. Increasing the wave angle increased both heat
transfer and pressure drop under dry and wet conditions with éssyse drop increase

being more pronounced.

Interrupted surfaceinitiateboundary layes periodicallyand increase mixing at
the cost of an increased pressure drop penalty. The most commonly used interrupted
surface in industrial applications are louvered finkich typically provide higher heat
transfer coefficients compared to plain and wavy fins, with an even larger pressure drop
penalty and increased likelihood of clogging due to fouliBgah and Sekulic, 20R3
Davenport (1980andAchaichia and Cowell (198&ponductedvisualization experiments
on flattube louvered fins using smoke and conjectured that atRgwhe developing
boundary layers on the louvers become sufficiently thintkcking the gaps between
louversand causinghe air to flow in line with the duct while at highRe the air flow
becomes redirected, in line with the louver angle as showigure 2.5. Webb and

Trauger (1991)and Kajino and Hiramatsu (1987also conducted flow visualization
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experiments orlouvered firs using a dye injection techniqgue demonstrate that the
louvers redirect the fluid arttlatflow separation occurs on the back side of the inlet louver.

In addition, boundary layers form on the upper and lower surfaces of the following louvers
with a wake forming downstream of each interruption. The studiveidb and Trauger
(1991)also indicated that in addition Re the fin pitch significantly affected whether the
flow would be duct directed or louver directed. For example, with a larger fin pitch, there
would be a greater relative resistance for the fluid to flow between the louvers resulting in
duct directed flowwhile with a smaller fin pitch, the more desirable louver directed flow

can be achieved.

—

louver directed flow

P P W

Figure 2.5: Different flow directions in louvered fins (Achaichia and Cowell,
1988).

Studies have been conducted the heat transfer and pressure drop characteristics of
different louvered fin heat exchanger geometfWang et al., 200Q_eu et al., 2001Kim

and Bullard, 2002Xia et al., 2006L ar i j a @.tlt waslobservedtBal the louver
angle significantly affeetd performancewith f consistently increasing while the heat

transfer coefficienincreasedo a maximum value before slightly decreasing as the louver
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angle increases. Increasing the louver pitch and the louver width also increased the heat

transfer coefficient anfi

Similar to louvered fins, slit fins periodicaltginitiateboundary layesand increase
mixing, passively enhancing heat transfer without redirecting the flow due to the louver
angle(Sadeghianjahromi and Wang, 202%lit fins have been reported to enhance heat
transfer by 46% while increasing by 36118% compared to plain filfvang et al.,
1999¢ Cheng et al., 200&Kim and Kim, 201%. Decreasing the fin pitch increased heat
transfer however increasing the number of tube rows causes heat transfer performance to

deterioratgWang et al., 1999®u and Wang, 20QXim and Kim, 2015.

Garimella et al. (1997¢ompared the performance of flabbe multilouvered fin
heat exchangers with conventional rotdnde heat exchangers with flat, wavy, louvered,
and annular fins for absorption spamnditioning systems. The effedf design variables
such as header arrangement, fin density, and core depth were investigated, and the results
show that the use of flatibe multilouvered fin geometries can significantly reduce the
overall mass and size of heat exchangers under equiviaéat duty and pressure drop
constraintsBustamante et al. (201&ndLin et al. (2020)nvestigated the application of
A-frame aircooledsteamcondensers to reduce water consumption in power plant cooling
towers.Schematics of an agooled condenser assemhipjt cell, and an individual finned

tube are shown iRigure2.6.
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Figure 2.6: Schematics of (a) a full aircooled condenser system, (b) unit cell, anc
(c) an individual flat tube (Lin et al., 2020).

Both studies modeled a representativecawmled condenser coupled to a steam power
plant.Bustamante et al. (2016pmpared the aicooled power plant thermal efficiency to
that ofa wetcooled system and identified the conditions required to achievmgdoiver
basedperformance with ambient aifhey found that wetooling systems can generate
x @ P more power than drgooled systems yielding ahigher net plant efficiencyof

x p® b but at the expense of considerable water consumption

The use of multlouvered, ribbed, anslit fins wasinvestigated to improve thary-
cooled plant efficiencyo approach that of wetooled plantshowever they found that
therewas no enhancement technology tlwatuld be used to achieve neantercooled
power plant performancein et al. (2020)conducted parametric studi@ssmooth, wavy,
and louvered fins to determine the impact of condenser fin geometry on the thezradl
plant efficiency. While the use of wavy and louvered fins incieaseside heat transfer,
the pressure drop penalty due to louvered and wavy fins resulted in a higher fan power,

thus yielding lower thermal powerplant efficiencies compared to the optimized plain fin
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casethat increased the baseline efficiency pg 1 PKang et al. (1994ronducted an
experimental study on heat transfer and pressure drop characteristics of matttfine

heat exchangers investigating plain, slit, smooth wavy, and corrugated wavy fins. The test
core had three staggered tubes in the crossflow directtbmaasurements were made in
therangeo v TT'YQ p v .18t fins exhibited the highest asideNu andf while plain

fins exhibited the lowed$iuandf compared to wavy fins. While the smooth and corrugated
wavy fins had similar heat transfer performance, the corrugated wavy fin had a slightly
higher Nu at lowerf penalty compared to the smooth wavy fifun and Lee (1999)
experimentally investigated the effect of different slit fin and louver fin geometries-on fin
andtube heat exchanger performance for air velocities ranging from 0.5itoQ.5 The
interrupted surface fins increased the heat transfer coefficient and the pressure drop
compared to the plain fin cas&€he heat transfer and pressure drop characteristics of
different slit fin and louvered fin geometries were similar with small deviatidas.and

Sheen (2000imilarly compared the heat transfer dietiaracteristics of fimndtube heat
exchangers with plain, wavy, and louvered fin surfaoas36 staggered tube heat
exchangers with different fiandtube pitches and row#t the samdRe the louvered fin
geometry had the largest heat transfer coefficient and pressurbonwagver at equivalent

fan power, the louvered fin had the highest heat transfer coefficient compared to the wavy
and plain fin heat exchangensdicating that the louvered fin geometry may perform better

under the same operatingnciitions.

Another widely studied passive enhancement technique is the use of vortex generators
or winglets. Vortex generatoadter the direction of the fluid arete designed to generate

secondary flowso increase the turbulence intensity of the flow at a minimal pressure drop
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penalty. Vortex generators can be externally mounted or punched out of heat exchanger fin
surfacesand the generated vortices promote mixing between the hot air near the solid
surfaceand the cold air further away from the solid surfagdacobi and Shah, 1995
Sadeghianjahromi and Wang, 202LCommon vortex generatogeometries include
rectangular, trapezoidal, and delta winglatthough several studies have been conducted
onalternative geometries and orientati¢herii et al., 2002Zhou and Ye, 20)2as shown

in Figure2.7.
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Figure 2.7: Different vortex generator (a) geometries (Zhou and Ye, 2012) and
(b) configurations on the plain fin surface of a tubebank showing the common
flow down (left) and common flow up (right) arrangement (Torii et al., 2002).

Winglets of different geometries have shown enhancement rangingpfrapn@ b with
pressure drop penalties ranging frigp ¢ & P(Fiebig et al., 1993Torii et al., 2002Jain
et al., 2003Tiwari et al., 2003Leu et al., 2004Joardar and Jacobi, 20@hu et al., 2009

Sarangi and Mishra, 201 #Fiebig et al. (1993jneasured local heat transfer on fins with
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delta winglet vortex generators on round tubeaimitube heat exchangers using liquid
crystal thermographyfor @ mm'Y'Q ¢ x mtfor the inline and staggered tube
arrangementFor 'Y Q p ¢ tthe inline and staggered tube arrangements have a similar
averageNu with vortex generatorshowever for 'YQ p ¢ 7t the vortex generators
enhanced heat transfer more for thdine tube arrangement than the staggered tube
arrangement. ARe= 2600, the idine Nuwas 10% greater than that for the staggered case.
Overall, for the idline arrangement, the vortex generators incredidoy a maximum of

60% with af penalty of 45% while for the staggered arrangement\th&as increased by

a maximum of 9% wh af penalty of 3%Torii et al. (2002glso investigated fitube heat
exchangers with delta winglet vortex generators. While delta winglets are usually mounted
in the Acommon fl ow downo configuration, t|
Figure2.7b, was proposeds the constricted passages could cause the fluid to accelerate
and delay downstream separation, narrowing the wake and suppressing vortex shedding to
reduce dragHeat transfer and pressure drop characteristics for theerand staggered

tube arrangement far v T'Y'Q ¢ T Twmere measured with up flow delta winglefor

both the inline and staggered tulzgrangemerst the up flow vortex generators enhanced
heat transfer while reducinfy The heat transfer enhancement dnceduction both
decreased as a function Be For the staggered tube arrangement, the heat transfer
enhancement ranged from 30% to 10% whileftiegluction ranged from 55% to 34% as

Re increased from 350 to 2100. For the inline tube arrangement, the heat transfer
enhancement ranged from 20% to 10% whileduction ranged from 15% to 8% for the
sameRerange.Tiwari et al. (2003)nodeled the effect of multiple delta winglets on oval

tube crossflow heat exchangarsd notedhat atRe= 1000, the averagduwas enhanced

24



by 45.58% with one winglet pair and 68.66% with two winglet paiesi et al. (2004)
modeledblock shaped vortex generators mounted behind the tubes edadiabe heat
exchangefor 400< Re< 3000 for span angles of 1 @ v, andg 1tahd foundhat as the

span angle increased, the strength of the longitudinal vortex intensiieehsing the heat
transfer coefficient and. As Re increases, the baseliféu becomes more turbulent
reducing the effect of the generated vortices, decreasing heat transfer enhancement while
increasing pressure drop penalty due to the blockages created by the wingletar and
Jacobi (2008)experimentally investigated aside heat transfer enhancement with
common flow up delta winglet vortex generators in aliria fin-andtube evaporator with

plain fins.For theair-sideReranged 220 to 96@heyfound that the aiside heat transfer
coefficient increased from 16.5% to 44% with an increase in the pressure drop less than
12% for oneow of wingletsplaced at the leading tub@/ith three rows of wingletgslaced

at alternating tubeshe heat transfer coefficient increased from 29.9% to 68.8% while the
pressure drop penalty increased from 26% to 87.5% oveRétrange.Three rows of
winglets vyield better heat transfer performance with higher pressure drop penalties
compared to one row because with oow of winglets at the leading tube, the generated
vortices diminish in the air flow directionHowever the presence of additional winglets

at alternating tube rows generate vortices with each passing tubAllieon and Dally
(2007) compared the performanoé flat tube heat exchangers with plain fins and delta
winglets against louvered fins without wingldts @ v T'YQ p o @ m the flow up
configuration, the vortex generathiu was 87% of the louvered fiRu with 54% of the
pressure droplang et al. (2009a&xperimentally investigated the effectpéin, slit, and

plain with flow up delta wingleten the airside heat transfer arfdof fin-andtube heat
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exchangers for t t Y Q p 1 .16kt fins had the highest heat trans#erd pressure

drop compared to plain fins and plain fins with winglets. These studies indicate that while
fins with interrupted surfaces such as louvered and slit fins exhibit higher heat transfer
compared to vortex generators, the reduced pressure drop penalty of vortex generators may

yield potential benefits for different applications.

2.3.3 Aeroelastically Fluttering Reeds

One novel ahside heat transfeenhancement technique is the use of aeroelastically
fluttering thin reedsinserting flexible flags or reeds inside heat exchanger channels can be
an alternative technique to conventional vortex generators where actively or passively,
flow-induced motion of the reed creates turbulence, increasing heat ti@eifegos and
Sharma, 201)7 This technique has been demonstrated to lead to heat transfer enhancement
without a significant pressure drop penalijerrault et al., 201;2Mahvi et al., 202}
Additionally, it can be used as a relatively inexpensive retrofit to increase performance of
pre-existing heat exchangers and is scalable due to the flexibility of modifying the reed

material properties, geometry, and channel dimensions for different operating conditions.

Flag flutter is a complicated fluid and structural mechanics phenomenon that occurs
when the transverse pressure difference across a flexible body results in lateral deflections
(Schouveiler and Eloy, 20)2While the flag oscillations are attributed to the deflection
caused by a pressure differerféegentina and Mahadevan, 2Q08ere is debate over the
origin of the pressure difference at the onset of flutter. According to the numerical study of
Connell and Yue (2007)here are three oscillation mode flow regimes associated with flag

flutter: fixed-point stability, limitcycle flapping, and chaotic flapping. Fixpdint
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stability occurs when the flag is aligned with the flow directimnit-cycle flapping occurs

when the flag oscillates sinusoidally at a single frequency, and chaotic flapping occurs
when irregular multamplitude, multifrequency oscillations occur. Transition between the
three regimes is observed as the flow velocity iseiasedwith the onset of limicycle

flapping occurring at velocities beyond the critical flutter velocity, the minimum velocity
where the reed begins to oscillal&e critical flutte velocity is a widely studied parameter

due to its hysteretic behavior. For example, several studies have observed that as the flow
velocity increases, at a critical velocity, tbeas onset of fluttey however as the flow
velocity is gradually reduced, the reed returns to the stable-figid stability state at a
velocity lower than the previously observed critical velodifyang and Paél dous s
Eloy et al., 2008Eloy et al., 2012 Computationafesults(Connell and Yue, 20QAlben

and Shelley, 20Q&loy et al., 201Rindicate a difference of 225% between the upper and

lower critical velocity while experimental resultshoweda difference of up to 20%&loy
etal.,2012Tang and P a éandEoyet al.i(2008)tt2b0téd thjs hysteresis

to inherent curvature or defects in the reed geometry that make the reed stiffer at rest
requiring higher velocities to initiate flutter. On the other hand, when the reed is already
fluttering, the defects are no longer significant and there is greater inertia to remain in

motion, resulting in a lower critical velocity.

Severalstudies havénvestigatedhe flutter dynamics of a flag or reed immersed in a
fluid. Shelley et al. (2005¢onducted a 2D potential flow analysis and experimentally
investigated the spontaneous oscillations of a heavy flag composed of a Mylar sheet with
long vertical copper strips in flowing water whikrgentina and Mahadevan (2005)

conducted a numerical analysis to explain the onset of fluid-ifiowced flutter.The
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Strouhal numbe(™ ) defined as a function of the reed oscillation frequer@y , reed
length O , and air velocity, shown iBEquation2.2, represents the ratiof the fluid flow
oscillations due to inertial forces to the convective acceleratioris oftentimes used to
describe oscillating flow mechanismiterefore it is an important parameter used to

describe periodic reed motion.

Q0

Y , (2.2)
(&

The studies indicate that the reed oscillation frequamssg to determine th® , andthe

reduced critical velocity Y , the dimensionless critical flutter velocity shown in
Equation2.3, are both dependent on the reed mass rati), defined as the ratio of the

mass of the reed to the mass of the fluid shown in Equa#biere,” o i) handO are

the reed density, thickness, length, and heighthe expression of the reduced velocity,

the variable’Q is the flexural rigidity, or the reed resistance to bending, defined as the
product of the material Youngbés modul us, a
inertia as shown in Equatidh5. These expressions indicate that the material properties

and geometry of the reed significantly impact the flutter dynamics.

" 00
7 Yy — 2.3
Y 5 (2.3)
. "0
e (2.4)
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Several studies similarly identified the reed mass ratio and the reduced velocity as two
dimensionless parametettsat significantly influence the flapping dynamics of flexible
bodies(Huang, 1995Watanabe et al., 20024hao et al., 201,2Shoele and Mittal, 2016

Jha and Glezer, 2018ha et al., 2092Generally, it is observed that denser reed geometries
with higher mass ratios require higher critical flutter velocities than reed geometries with
lower mass ratios because a heavier reed would require a greater force to initiate flutter.
The reed lengthignificantly affectsthe flutter dynamicbecauséncreasing the reed length
decreases the mass ratio and destabilizes the reedresiting in the onset of flutter at

lower velocities.

Many experimental investigations have focused on the unconfined flutter dynamics of
paper, aluminum, stainless steel, copper, brass, Mylar, Dacron, silk, polyester,
polypropylene, and polyethylene reeds in wind tunnels, water tunnels, or soap films
(Gallegos and Sharma, 2Q1Watanabe et al. (2002l)vestigated paper flutter in a wind
tunnel to identify the primary factors that affect flutter speed. The sheet flutter amplitude
exhibited some degree of hysteresis when increasing and decreasing wind speed. Flutter
frequency increased with increasingnds speedand he mass ratio was found to be a
primary factor that influenced sheet flutté&hao et al. (2012and Gibbs et al. (2014)
investigated the dynamics of cantilevered flexible polypropylene carbonate (PPC),
polyethylene terephthalate (PET), brass, stainless steel, and aluminum films and sheets
subject to axial air flow. The air velocityas systematically increased and beyond a
material and geometry dependent critical velocity, the system loses stability, and limit
cycle oscillations occur. As expected, the metal plates exhibited higher critical flow

velocities and frequencies compared te fhastic films. The experimental observations
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agreed reasonably well with theoretical calculations, and the critical flow velocity
converge to a nearly constant value when the plate or film length is sufficiently Rargy

et al. (2010)investigated flutter instability of rectangle and trapezoid Mylar flags.
Compared to the rectangle geometry, the trapezoid flag geohaetboth a higher and a
lower critical velocity depending on the second moment of inertia of the geometry. For
example, trapezoid shapes with larger second moments of inertia exhibited larger critical
velocities compared to the rectangle geometry while tddeshapes with lower second
moments of inertia exhibited lower critical velocitighang et al. (2000and Jia et al.
(2015) investigated the passive oscillation of flexible filament in a flowing soap film.
Experimental results confirmed the existence of the fpeiuht stability and limicycle
flapping oscillation mode flow regimes defined in the numerical stu@oahell and Yue

(2007)as shown irFigure2.8.
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Figure 2.8: (a) Fixed-point stability and (b) limit -cycle flapping oscillation flow
regime for flexible filament in a flowing soap film (Zhang et al., 2000).

Doaré et al. (2011andDoaré et al. (2011bhvestigated flag flutter of a cantilevered
elastic plate confined within a channel. Experiments were conducted on Mylar sheets in a
wind tunnel varying the sheet aspect ratio and the spanwise clearance distance between the
fluttering sheet and the chanhneall. Decreasing the spanwise clearance decreased the
critical flutter velocitywhen the edgesf the flagenter the wall boundary layer duethe
bl ockage effect and fl ow acceleration at
observations agreed well with numerical resuletlow and Lucey (2009ndShoele and
Mittal (2016)numerically investigated the fluttering motion of thin flexible plates confined

within a channel. In these 2D studies, confinement in the -stosamwise (flutter
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amplitude) dimension is investigated instead of confinement in the spanwise dimension.
The confinement of the channel had a destabilizing effect on the flexible plate. In addition,
as the clearance distance between the flag and the channel is decreased, the critical flutter
velocity decreases while the oscillation frequency marginally inesgiaslicating that the

degree of confinement and placement of the flag within the channel can influence flutter

dynamics.

While several studies have focused on the physics of flutter, only a handful have
investigatedhe use of fluttering flags aeeds asilternativevortex generator® enhance
heat transfefGallegos and Sharma, 2Q1Fluttering reeds installed inside the fin channels
of air-coupled heat exchangers passively oscillate as the air flows through the heat
exchanger, generating vortical structures on the reedstiphown inFigure 2.9. The
vortical structures propagate down the length of thesta@am inside the channel,
improving the heat transfer by disrupting the wall boundary layer and improving mixing

(Shoele and Mittal, 201Mahvi et al., 202)L
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Figure 2.9: (a) Schematic of reed installation and representative fluttering
motion (Mahvi et al., 2021) and (b) Modeled fluttering reed vorticity (lines) and
temperature contours (colors) at differentRe (Shoele and Mittal, 2014).

The potential for fluttering reeds to enhance heat transfer without a significant increase in
the pressure drdpas been investigatddr a single reed and an array of re@dglalgo et

al., 2010 Herrault et al., 201,2Shoele and Mittal, 2034Hidalgo et al., 201 Crittenden et

al., 2017 Gallegos and Sharma, 202019 Mahvi et al., 202;1lJha et al., 2092Hidalgo

et al. (2010)nvestigated heat transfer enhancement within asoate rectangular channel

at low airside Re using an actively driven piezoelectric vibrating reed. Particle image
velocimetry (PIV) measurements show that the turbulent kinetic energy with the actively

driven reed is significantly enhanced relative to the base case. Local and avesade air
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heat transfer coefficients are measured, and heat transfer enhancement ranged from 1.58 to
2.11 for 2200 Re< 5100 with the maximum enhancement observétkai4400. FoRe

> 4400 the measured enhancement decre&badault et al. (2012jneasured local and
average aiside heat transfer and pressure drop for a passively oscillating reed within a
single rectangular channel. At Re ~2600, a maximum local heat transfer enhancement of
2.5 at the channel exit was calculated corresponding awvarage enhancement of 60%
over the entire 30nm long channel. ARe~6000, the selbscillating reed increased the
channel pressure drop by over a factor of Blidalgo and Glezer (201%xtended the
study ofHerrault et al. (20120 measure éat transfer and pressure difop 25- and 38

tI thick rectangular reeds a single channel and in a-2Bannel fin array. The single
channel experiment spannedt 11 TY Q v p Twihile the fin array experiment spanned
¢mmnmnYQ 1 mmAt Re= 5100, the maximum pressure drop penalty in the single
channel was ~2.75 and ~2.13 for @@and 38t | thick reeds respectively, while heat
transfer was enhanced by 43%Rat= 2000 and a maximum of 88% Re= 5100. The
23-channel fin array had similar heat transfer enhancement compared to thelksargiel.
Crittenden et al. (2017hvestigated the effect of reed length and heighNarandf in a
14-channel fin array. Each fin channel had a height, width, and depth of 25.4 mm, 2.5 mm,
and 165 mm. 12:f1 thick rectangular Polyester reedsere studied with length
dimensions betweem v 0 p Y mm and 15 mm and 22 mm height dimensions. Heat
transfer enhancement ahgdenalty increase as a function of reed length with theni8b

long reed exhibiting heat transfer enhancement of 1.30 and 1.34 tvitenalty of 2.81

and 3.55 relative to the base flowRad= 750 andRe= 150Q respectively. Decreasing reed

width from 22 mm to 15 mm marginally decreadkdoy ~10% whilef decreasetly ~40%.
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Numerical simulations oShoele and Mittal (2014hvestigated flowinduced fluttering
motion of a flexible reed inside a heated channel. The effects of reed material properties,
Re and channel confinementere studied. The reednhanced thermal performaneas

found to be more dependent on reed inertia than its bending stifBwkegyos and Sharma
(2019) found that withflag vortex generators im single rectangular channeNu
enhancemenhcreased from 1.34 th62 while f penalty increased from 1.393db6 times

bare channel levels far T T TY 'Q v 1T TT. WA et al. (2022 xperimentally investigated
fluttering reed enhanced heat transfer in a single rectangular channel as well-as a 14
channel fin array. ARe=x 1T tMuU was enhanced by up to 145% compared to the plain
channel baseline cadgeat transfewasenhanced over base levels by 1.35 and 1.&®at
=1500, by 1.38 and 1.60Re= 3000, and 1.40 and 1.85Re¢= 4500, in the fin array and
singlechannel respectively. The fin array consistently exhibited lower fluttering -reed
enhanced heat transfer compared to the siclgdgnel caseMahvi et al. (2021)
experimentally evaluated the use of fluttering reeds ht@ited condensers for power
generation.Nu was enhanced by 120% while f increased by 338% compared to
baseline valuefr ¢ Tt m'Y'Q p x 1raonditions characteristic of power planteaoled
condensers. An atooled power plant model was developed, and the condenser geometry
was optimized to determine the maximum plant efficiency with and without reed
enhancement. The baseline -@goled pwer plant efficiency wae & v Rwvithout reeds

ando @ v hwith reedswhile the optimized plant efficiency was & o bwithout reeds

ando & 1 hwith reeds. While the optimized reethhanced condenser geometry had a

slightly lower efficiency than the optimized plain fin geometry, tpimized reed
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enhanced condenser had a lower surface area yielding potential economic b&nefits.

summary of heat transfer enhancement with fluttering reeds is preseitulae?. 1.
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Table 2.1: Summary of fluttering reed heat transfer enhancement literature

Source Experiment Reed Geometry| Parameters Results
Geometry
Hidalgo et | Single Chanpe] 1 Piezoelectric T cgmryQ Actively driven
a.(2010) |1 ™© ¢ d I T O cudi Up T pB
T ® cgili T 0 pdbi
o A X P P p
T 0 oml T o ml I Re~4400
maximum
enhancement
Re> 4400
enhancement
decreases
Herrault et | Single Channel 1 Polymer Heat Transfer Maximum local
al. (2012) | Heat Transfer T ¢ 0 1 Re~2600 X C®
T O c®i i pu i Pressure Drop
T o p1i q T8y o 1 ¢mnmunyQ Average——
T 0 otti mp 7t | PMMMT pD
Pressure qup ) Pressure drop
T O cdll penalty ~2.0
1 6 pitl
T 0 publ
Shoele and| Single Channel T uvm YQ Numerical
Mittal 1 Assumew | O Ymm simulations
(2014) | q¢ mu - ¢ T 01 p 2D model
T om 8 . — more
0" »p de .,
- pendent ol
T oY pu than"Y
Hidalgo | Single Channel 1 Polyester Single Channel Re=5100,30
andGlezer| § O c&i i f O wii 7 ¢mmmnyQ penalty ~2.750
(2015) |9 o p i 9 0 c®8ili VPTT e bi and
T o@¢ O f mricuo 23-Channel Fin ~2130
p Yipi T8t o Wi Array T@to Wl
23-Channel Fin Array T ¢mmnyQ Re = 2000,
T O c®i i ITTMTNT x p8 o
% 3’ updnil Re = 5100,
X p& Y
Similar in
fin array
Crittenden | Single Channel 1 Polyester T xumyYQ and—
et al. f O culi T © puUTT . .
@ 1ot |l gk rease 3
T 0 cqufi 1 ouv ® _ _
14-Channel Fin Array pybi L =185 mm, Re =
1 0 &l 1 o6 mpioi 750,—
T o call PH T— &P
T v pouvl

L=185mm, Re =
1500,——

P T— ad v
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Table 2.1: Summary of fluttering reed heat transfer enhancement literature

(continued)

Source Experiment Reed Geometry| Parameters Results
Geometry
Gallegos | Single Channel 1 O md i I TtTmhmhnyQ 1 p&1
and 1 Aspectratio: UTITITTTT
Sharma ™ | pdr T 0° P®C
(2019) |9 o ppud ®oa ¢ |1 PEO—
od ¢
Mahvi et | Heat Exchanger 1 Polyethylene | oomm'YQ T P —
al. (2021) | Fin Channel terephthalate pXTT
1 0O covdi (PET) PE
9 ® caili 1 O poili T pgv —
T 0 pwbi 1 0 prndpl i P&
1T 0 mrpll 1  Power plant model
developed
Jha et al. | Single Channel Single Channel Single Channel Single Channel
(2022) T O vl ’I ) 1 Mylar o T ¢nmnnyYyQ T Re=7000,
T o cul -0 ¢cdl gﬁcgn 8 v
0 vitl 0 vl x
L-—Chanr?el Fin Array ! o Po 1114—Channel Fin T Re=1500,
1 O caili ™ ¢l Array p& m
9 o cdi 14-Channel Fin T xum'YQ 1 Re=3000,
0 i Arra U TTTTTT
1o pobd i }l/vlylar T ™M 1mvu P
1 O cg‘”’ i bl Re= 4500,
T 0 o1l p& L
1 o mdrd | 14-Channel Fin Array
1 Re= 1500,
pP® L
1 Re=3000,
S Y
1 Re=4500,
p8 m

2.4 Heat Exchanger Maldistribution

Common assumptions in apupled heat exchanger design are that the inlet air flow
and temperature distribution are uniform and steady. These assumptions may be unrealistic
under real operating conditions due to air flow nonuniformity. Experimental ahytiaal

studies indicate that air flow maldistribution can increase or decrease heat transfer
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depending on the heat exchanger geometry, header configuration, orientation, and velocity
profile. The effect of inclination angle on the-aide performance of a multbuvered fin
flat tube heat exchanger was experimentally investigatelibyet al. (2001)andKim et
al. (2009) Experiments on dry and wet heat exchanger surfaces fartthe thJt vhdnd

¢ 1 thclination angles forp T m'Y'Q o 1t indicate that under dry conditions, the
inclination angle does not significantly affect the-side heat transfer coefficient when
s 1 u; however, when— @ Tt Jhe heat transfer coefficient decreased. Under wet
conditions, the inclination angle decreased theaidie heat transfer coefficient fer 11 J
and increased fo— T11Joy a maximum of 19% due to the direction of condensate
drainage.Chang et al. (1994investigated the effect of inclination an wavyfinned
circular tube heat exchanger. The experimental results indicate that bothglue dieat
transfer coefficient and pressure drop decrease as the inclination angle indréaseset
al. (2006)measured the impact of nonuniform air flow on-dindtube heat exchanger
performance whilé&Song et al. (2012nhvestigated the effect of nonuniform air flow on
multi-circuit evaporator performance using experimental and computational methods. Both
studies found that maldistribution significantly decreased heat exchanger capacity with the
overall heat transfer ctfecient of the finrandtube heat exchanger decreasing|y Pfor
a linear velocity profile and the multircuit evaporator heat duty decreasingyay ¢ b
Kennedy et al. (2013hvestigated the effect of inclination on a plkiimned circular tube
air-coupled heat exchanger, whilemoney and Foley (19940vestigated the effect of air
flow maldistribution oma plain finned tube evaporator. Withoartidclination angle, the
measured heat duty increased pyx 0, while with an upstream perforated plate

obstruction, the measured evaporator heat duty increasgdiycompared to the uniform
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air flow case, enhancing heat trandfgr @ Pand t® B, respectively. While the two
experimental studies concluded that heat transfer was enhanced with air flow
maldistribution, the measurement uncertainty was not reported, and these minor
enhancements could be well within the experimental uncertainty r&aean et al.
(2022)investigated the effect of air flow maldistribution on the heat transfer of polymeric
air-coupled pillow plate heat exchangers. A model was developed to capture the effect of
channel width variability on air flow maldistribution and heat transfer. Thétsaadicate

that as the coefficient of variation, the ratio of the standard deviation to the mean plate
spacing is increased, the overall heat transfer coefficient can decraage ligr channel

widths of p8ti | and less. Experiments were conducted with five prototype polymeric
pillow-plate heat exchangers and the absolute average deviation between the model
predictions and experimental measurements pv@ P. Mao et al. (2013)ktudied the

effect of air flow maldistribution on multbuvered fin and tube condensarisng a
segmented finite volume modé&lor all four different air flow patterns considerdie rate

of heat transfer degraded relative to the uniform air flow case with a maximum degradation
of 6%. Yaici et al. (2014)nvestigated the effect of air flow maldistribution through the
development of a 3D plain finned circular tube CFD model, and concluded that heat
transfer could be enhanced or decreased, depending on the header and tube arrangement.

A summary of the effects of air flow maldistribution is presentethible2.2.
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Table 2.2: Summary of air flow maldistribution literature

Source Study Type Heat Exchanger Heat Transfer
Geometry Performance
Inclination Angle
Chang et al. (1994) Experimental Wavy-fin circular tube Performancé

Kim et al., (2001) and
(2009)

Experimental

Multi-louvered fin flat
tube

1t JPerformancé

(19%)

1t JPerformancé

Kennedy et al. (2013) Experimental Plainfin circular tube Performancé
Nonuniform Air Flow
Timoney and Foley Experimental Plainfin circular tube Performancé
(1994) evaporator
Song et al. (2012) Numerical Multi -circuit fin tube Performancé
evaporator
Mao et al. (2013) Numerical Multi-louvered fin and Performancé
tube condensers
Yaici et al.(2019 Numerical Plainfin circular tube Performancé! ¢

T6Joen et

Experimental

Plainfin circular tube

Performancé

Boman et al. (2022)

Numerical

Polymeric pillow plate

Performanceé
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2.5 Research Needs and Scope of Present Work

The above discussion shows that there is a need for passive heat transfer
enhancement techniques to improve the performance @oapled heat exchangers.
While the use of fluttering flags or reeds as vortex generators appears promising as a
passive enharement technique, more experimental studies are required to further develop
the technology forimplementation inheat exchanger While experiments have
characteriedthe fluttering reed heat transfer and pressure drop characteristics in a single
channel ad a small array of channels, more experimental studies are required to
demonstrate the enhancement technique in scalable heat exchanger geometries containing

multitudesof reeds under uniform and nonuniform air flow conditions.

2.6 Research Objectives

Thepresent studinvestigats air-side heat transfer enhancement in a crossflow heat
exchanger with fluttering reeds under uniform and nonuniform air flow condifitvis is

accomplished througthe following tasks:

1 Heat transfer and pressure drop experiments with and without reed enhancement

over a wide range of agide channeRe

1 Air flow maldistribution experiments with and without reed enhancement over a

wide range of aiside channeReand maldistribution conditions.

1 Developnent of semiempirical correlations and heat exchanger modets
baseline and reeenhanced heat transfer and pressure drop under uniform and

nonuniform air flow conditions.
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1 Developnent of design guidelinesfor the implementation of heat transfer

enhancement techniques
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CHAPTER 3. HEAT TRANSFER AND PRESSURE DROP

UNDER UNIFORM AIR FLOW

Experiments are conducted on an@upled heat exchanger to investigatesaleNu
andf with and without fluttering reeds. An experimental facility is constructed in which
heat is transferred from a heated water loop to the air through a crossfmouplied heat
exchanger. Heat duty and pressure drop are measured over a wide randesty
relevantexperimental conditions in a temperatuaed humidity controlled wind tunnel

facility. Two different sets of reed geometries are investigated.

3.1 Experimental Approach

A stainlesssteel platefin air-coupled heat exchanger is designed and manufactured
to study the enhancement due to the fluttering reeds. The heat exchanger is representative
of industriatscale geometries that allow for large quantities of reeds to be mounted on the
air side of the heat exchanger to demonstrate the applicability of this technique over a range
of air flow conditions. The crossflow plafem heat exchanger shown Figure 3.1 is
custom fabricated with an aside fin spacing tolerance of 0.38 mm to accommodate the
mounting and testing of the reeds. This brazed heat exchanger core has a height, width, and
depth of 0.3556 m, 0.5791 m, and 0.2032 m, respectively. The exchargerobades 19
rectangular tubes with an outer height and width of 187.3 mm and 7.938 mm, respectively,
and a wall thickness of 0.8128 mm as showhigure3.1. Each rectangular tube contains
a set of 59, 0.38inm thick internal plain rectangular ribs with a pitch of 3.175 mm that

divide the tube into 60 channels that span the core height dimension providing additional
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structural support and heat transfer area. The internal ribs have a height of 7.938 mm and
a spacing of 2.794 mmesulting in a channel aspect ratio of 0.35 and a hydraulic diameter
of 4.133 mm. Twenty sets of fins with a pitch of 4.379 mm are interspersed between these
tubes, which results in 72, 0.381 mm thick fins and 73 channels per layer. The stainless
steel fain rectangular fins on the air side have a heigipt @ d | and a fin spacing of

3.998 mm resulting in a channel aspect ratiot@ pand a hydraulic diameter of 6.609

mm. The internal header of the heat exchanger connects the rectangular tubes in series in
a vertical, serpentinparallel flow configuration such that the singlease coupling fluid

is equally distributed between the 6iBbed channels of each tube flowing through 19
passes between the top and bottom header, rejecting heat to the air stream flowing in
crossflow before exiting thieeat exchangeA standard size 4.7625 mm radius, half round

bullnose spanning the coreidgjiet dimension is mounted on thgstream face of each
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Figure 3.1: Photographs of (a) heat exchanger core including the (b) internal
tube-side features andc) experimental air-coupled heat exchanger.

rectangular tube as shown in the enlarged imadgegufre 3.1c. The bullnose serves two
purposes: providing a more streamlined geometry for the air to flow over, potentially
reducing the pressure drop, and securing the reeds in place post instdlileB.1 lists

the relevant aiside and tubside dimensions of the experimental crossflow heat

exchanger.
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Table 3.1: Heat Exchanger Geometry Summary

Heat Exchanger Geometry

Type Platefin Crossflow Aircoupled Heat Exchangg
Material StainlessSteel 304
Header Type Serpentingoarallel
Fin Type Plain Rectangular

Number of Plates

Plate Thickness

Core: Height, Width, Depth

0.3556 m, 0.5791 n@).2032 m

Tube-side Air -side
Number of Tubes/Fin Columns 19 20
Fin Pitch 3.175 mm 4.379 mm
Fin Spacing 2.794 mm 3.998 mm
Fin Height 7.938 mm 19.05 mm
Fin Thickness 0.381 mm 0.381 mm
Hydraulic Diameter 4.133 mm 6.609 mm
Channel Aspect Ratio 0.35 0.21

The crossflow heat exchanger is installed in a tempera@me humidity

47

controlled wind tunnel. The wind tunnel facility has a variable speed fan that can reach a
maximum volumetric flow rate of o& it O , and chilled water and steam coils to
pre-condition the air flowing through the heat exchanger test seMiater is selected as

the singlephase coupling fluid. The heated water Iebwn inFigure3.2 is designed to




reject oveip TE 7of heat and is coupled to the wind tunnel facility to study the heat transfer

and pressure drop in the-amupled heat exchanger with and without the fluttering reeds.

Expansion

L

(-

a =
N/ L] | ,,;:,.

Figure 3.2: Heated water loop.

To reduce air flow maldistribution for the uniform air flow experiments,gihe pl

facility crosssection isgradually reduced through @76-m long converging section
between two flow straighteners to reduce the wind tunnel flow area to the heat exchanger
test section face ardaownstream of the reducing section and flow straightenersisa 0.41

m long straight rectangular duct section to allow for instrumentation to be installed
upstream of the heat exchangeischematic of the wind tunnel facility, heated water loop,

and a picture of thductwork assembly are shownhigure3.3.
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Figure 3.3: (a) Temperature and humidity-controlled wind tunnel, (b) ductwork
assembly, and (c) heated water loop.

A Coriolis mass flow meter (Micro Motion CMF025, uncertaintyi® b of
reading) is installed in the heated water loop and eight calibrated high accuraeyréour
platinum RTDs with uncertainties ofp ¢ zare installed into instrumentation ports of the
heat exchanger top and bottom headers to measure the water temperature through the

header passes. On the-side, 12 calibrated-Type thermocouples with an uncertainty of
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T UL 3are installed in a o grid upstream and downstream of the-aiupled heat
exchanger to measure the inlet and outlet air temperatures across the entire heat exchanger

facearea ashown inFigure3.4.

Figure 3.4: Air -coupled heat exchanger with watesside temperature
instrumentation and air-side inlet thermocouple grid.

The airside velocity is measured using an Ebtron flow grid (Ebtron GTxPhge
uncertainty o Pof reading) installed upstream of the reducing section and with a Dwyer
low range differential pressure transmitter (Dwyer-80dncertainty 1@ Pof full scale,

@ & M Aconnected to an averaging flow sensor (Dwyer PABS6) installed® v it
upstream of the heat exchanger test section. In addition, a Dwyer low range differential

pressure transmitter (Dwyer 6@7 uncertainty 1@ Pof full scale,c T &p10 Aconnected

5C



to a pair of averaging flow sensors (Dwyer PAIRKO) is installed upstream and
downstream of the heat exchanger test section to measure #ideapressure drop
averaged across the width dimension of the heat exchanger as shiéigare3.5. The

air-side barometric pressure is measured using an Omega pressure transducer (Omega
PX02K1-26A5T, uncertainty 1 v f full scale,p 1k 0 JAwhile the relative humidity

is measured using a Johnson Controls humidity sensor (Johnson Contréls8PRE

ONOOP, uncertainty ¢8t bof reading to calculate the aiside thermophysical properties.

Figure 3.5: (a) Upstream vertically oriented velocity flow averaging sensor and
(b) horizontally oriented differential pressure flow averaging sensor.

Table3.2 lists the instrumestusedand their associated uncertainties.
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Table 3.2: Instrumentation and Uncertainty Information

Measurement | Manufacturer Model Uncertainty
Type
Water-side Instrumentation
Flow Rate Micro Motion | CMF025K319NQBUEZZZ T® pof
reading
Temperature Omega P-M-A-1/4-3-1/2-PS12 ™ ¢ 3
(RTD) Engineering,
Inc.
Pressure Omega PGM-63L-100PSI7TBAR p& Pof full
Engineering, scale, 700 kPa
Inc.
Air -side Instrumentation
Velocity Ebtron GTx116eP+ o bof
reading
Temperature Omega TT-T-30-SLE T® U 3
(TC) Engineering,
Inc.
Pressure Omega PX02K1-26A5T & v f full
Engineering, scalep TMHO 4
Inc.
Differential Dwyer 607-1 @ Pof full
Pressure Instruments, Inc scalep & ® A
(Velocity)
Differential Dwyer 607-3 @ Pof full
Pressure0 ) | Instruments, Inc scale,
CTapt A
Relative Johnson HE-67P20N0OOP ¢ 8t pbof
Humidity Controls reading
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Heat transfefrom the water to the air is determined using the measured-sidéer
mass flow rate, the inlet and outlet temperatures, and the average specific heat as shown in

Equation3.1

0 G ol Yooqn Y p (3.1)

The airside heat transfer coefficient is determined using the EffectivéMiegsapproach.

The number of transfer units, NTUis determined as a function of the heat exchanger
effectiveness,O, and the thermal capacity rate rati®d,, using Equation 3.2, the
effectiveness relationship for a heat exchanger in crossflow with both fluid streams

unmixed(Bergman et al., 2031

®)
c-z‘ ca

P 'ch%p—ﬁ"wf* Qwné o "Ws P (3.2)

From the NTU calculated in this manner, thesagte heat transfer coefficierf) , is
determined using a thermal resistance network including the -gid&rconvective
resistance, the conduction resistance, and thsiderconvective resistance as shown in
Equation 3.3 The variable— is the fin efficiency, and the watside heat transfer
coefficient is calculated using the rectangular channel, laminar, fully developed heat
transfer correlation(Shah and London, 1978bor the uniform heat flux boundary
condition. An uncertainty of 25% is assigned to the calculated ‘wamterheat transfer
coefficient.

. P p 0 P
Yo T ovwa 6 — 5  T©5 10 o ~ 3 (3.3)
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To determine the aside frictional pressure drop inside the heat exchanger fin
channels, the pressure dsogue to acceleration and the estimated minor losses are

subtracted from the total measured pressure drop (EquatibBs/).

3 30 30 30 30 (3.4)
0 o —2 R (3.5)
G
x "W p
30 b ——— (3.6)
G
50 0o~ I (3.7)

The inlet flow contraction minor loss coefficient is estimated using the recommendations
of Kays (1950)andMeyer and Krdger (200 Equations3.8-3.10, while the outlet flow
expansion minor loss coefficient is estimated using the B8ataot equation (Equation
3.1]) (Cengel and Cimbala, 208 he variable is the jet contractio@area ratio and the
variablev is the dimensionless momentum velocity distribution coefficient, equal to 1.2
for parallel platesThe uncertainties in the heat dutyrside heat transfer coefficient, and
friction factor are determined usirtge propagation of errors approadf Taylor and

Kuyatt (1994) Appendix A presents detailed calculations for a sample data point.

.z (3.8)
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(3.9)

CHXCTHT PUEBPOoR QWD LYYTT
s P& - GV P (3.10)
0 P (3.11)

Experiments arérst conducted taneasurehe baseline unenhanced heat transfer and
pressure drop characteristics. On the water side, the inlet temperature is maintairegl at
with a mass flow rate afip (= © |, yielding a laminaiReof ~855 On the air side, the
inlet temperature was varied fromTt %0 o 1 3n increments of five degredsr Y 1T T
Y'Q ¢ m mRollowing the baseline experiments,set of 1440y &rmm long,p @ymm
wide, andT1@8t ¢-mmm thick rectangulaMylar reedsare manually installed in the fin
channels in pairs of two as shownHigure3.6. Each fluttering reed pair is fastened to a
thin rectangular stainlesseel support post with glue. The reeds are then inserted into each
of the rectangular fin channels, held in place by mounting structures installed on each tube
of the upstream face ofi¢ heat exchanger with the assembly showRiguire 3.7. The
installed reeds with the support posts block 0.52% of the total heat exchanger free flow
area, presenting an insignificant channel blockage compared to the baseline bare channel

case.
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Figure 3.6: Reed pair beinginstalled in heat exchanger fin channels.

Half Round
Bullnoses

Reed
Holders

Adapter
Plates

Figure 3.7: Schematic of reed mounting structures and photograph of mounting
assembly installed on each of the tubes of the upstream face of the heat
exchanger.
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The reed installation structures are comprised of three parts, an adapter plate, a reed
holder, and a half round bullnose. The adapter plate is mounted to each tube using four
rounded long holes that provide an additional degree of freedom to ensuteethegds
are aligned in the center of each fin channel along the channel height dimension. The reed
holder is installed on the top of each adapter plate and contains equally spaced slits that
hold the thin rectangular stainlesteel support posts of eaded pair in place. On top of
each reed holder, a 4.74 mm radius half round bullnose is mounted, securing the installed
reeds, and providing a more streamlined geometry for the inlet air to flow over. The reed
mounting structures are present for both theefine and reednhanced experiments to
decouple the effect of the half round bullnoses when comparing thembadced heat
transfer and pressure drop performance to the bare channel performance. With 1440 Mylar
reeds carefully installed, the heat trfen@nd pressure drop are measured for this enhanced

geometry spanning ¢ TTMYQ o1 T

3.2 Results and Discussion

3.2.1 Uncertainty Analysis

Uncertainty analyses were conducted to propagate the uncertainty of-siaeair
Nu andf measurementwith and without reed enhancemehhe systematic uncertaies
of the sensors used in the experiments are includdalite 3.2. Random uncertainty
associated with the unpredictability of the measurement process was mitigated by
averaging the data for any poifor 5-minute intervals at a sample rate of 60 Hz. Data
pointswererepeatech minimum ofthree times during testing to ensure low variation in

the results.
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For thebaseline gperiments, the propagated uncertainty of the heat duty ranged
between 0.97%and 3.26% of the measured valuevhile for the reeeenhanced
experiments, the propagated uncertainty of the heat duty ranged betweem0d26%F %
of the measured valu€or the baselin®u, the propagated uncertainty ranged between
4.75%and7.96% of the measured valwehile for the reeeenhancedNu, the propagated
uncertainty ranged betwedn79%and7.85% of the measured valueor the baseling
the propagated uectainty ranged between 6.4G#d10.05% of the measured value while
for the reegenhanced, the propagated uncertainty ranged between 6.&680.17% of

the measured value.

3.2.2 Energy Balance

The validity of the measured data points is first established through a-stasely

energy balance on the test section as shovagiration3.12

0 « ol Y o5 Y ; a ol Y j Y g (3.12)

Air-side and wateside heat duties are calculated from the measured temperature
differences and flow rates of the respective fluid stre&igsire 3.8 shows a comparison

of the airside and wateside heat transfer rates for the baseline case and thenbadced

case over different conditions. The heat duty ranges fi®nE 7top @ @ 7as the air

side flow rateincreasesThe airside and wateside heat duties are withinu pof each
other, with the baseline case having a mean absolute percentage error (MABEY ¢b

and the ree@nhanced case having a MAPEp@ w bPThe average absolute deviation

(AAD) of the baseline and reezhhanced energy balance ag ¢ xEr7 andrdt ¢ XEp7,
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respectively Theslightly betteragreement between the-gide and wateside measured
heat dutiegor the reedenhanced case lecause the reed enhanced experiment spanned a
smallerRerange p ¢ TYQ o T X compared to the baseline experim@#range

(W tt'YQ @ 1 ik AsReincreases, the uncertainty in the air velocity measurement also
increases. Thjsn addition to the systematic uncertainty associated wiieading the heat
exchanger to the upstream ductwork each time the heat exchangénstalled in the

wind tunnel facility, contributes to theightly larger differences between the-side and

waterside rates of heat transfer for the baseline experiments.

The propagated aside heat duty uncertainty is larger than the wsitde heat duty
uncertainty due to the differences in instrumentation accuracy. Also, as-tidealreat
duty measurement is more likely to be affected by maldistribution, the -sidéer
measurements are used as the basis for the test section heat transfer rate that is used to

obtain the ahside heat transfer coefficient.
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Figure 3.8: Heat exchanger energy balance for baseline and reed enhanced
experiments.

3.2.3 Baseline Results

In Figure 3.9, the measured pressure drop for the baseline case without reeds is

shown as a function &efor different air inlet temperatures.
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Figure 3.9: Baseline airside pressure drop as a function oRefor different inlet
temperatures.

In Figure3.10, the baseline aisideb 6  is shown as a function of the @iilde channel
Re As the airsideRevaries frompy ¢ T 'Y'Q v @ @the airside0 6  increases from
& @to 12.71 corresponding to heat transfer coefficientspap 7 i + and
T@® 71 |+ | respectivelyat channel velocitiesa® ¢ O andp & d O .The
air-side thermal resistance accounts for more than 88% of the total thermal resistance over
the tested conditions, ensuring the accuracy of the heat transfer coefficient deduced from

the overall UA.
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Baselineb 6  are compared witthe predictions ofaminar developing flow fully

developed flow correlations for uniform wall temperature and uniform heat flux boundary
conditions. For'YQ p ¢ 1t Mu agres reasonably well with the fully developed
rectangular channel correlation 8hah and Bhatti (1987%yith an MAPE of 6.59%. For

Y'Q p ¢ tNuagresreasonably welvith the laminar component of the simultaneously
developing flow correlation for rectangular channels developedamymella et al. (2001)

with a MAPE of 14.47%. The data on heat transfer for simultaneously developing flow
with a uniform wall temperature boundary condition frévibulswas (1966galso agreed
reasonably well with the preseMu datg with a MAPE of 11.11% and 11.17%
respectivelyThe differences between the measured and predicted values can be attributed
to the fact that the correlations are for the uniform wall temperature and uniform heat flux
boundary conditions, while the boundary conditions encountered in the heat exchanger a

neither.
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Figure 3.10: Baseline airside Nuavg as a function ofRefor different inlet
temperatures.

The frictional pressure drop inside the fin channetafulated from the total
measured pressure drop across the heat exchangerHeiagon3.4. Over the tested
conditions, the frictional pressure drop accounted for greater than 77% of the total
measured aiside pressure drophe Darcyf is calculated from this frictional pressure drop

usingEquation3.13
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0 f , (3.13)

The baselind as a function of the aside Reis compared with laminar developing and
laminar fully developed correlations Figure3.11. The baselind decreases from® ¢ ¢

to 8t ¢ asReincreases over the tested range, in a-fieaar fashion on logog scales,
lending credence to the hypothesis that the flow is in the lamegan. The results were
compared with the predictions of the fully developectangular channebrrelation from

Bhatti and Shah (198,Ahe laminar hydrodynamically developiogrrelationof Du Plessis

and Collins (1992) and the simultaneously developing correlat@inMuzychka and
Yovanovich (2004) The measuredf agreed reasonably well with the laminar
hydrodynamically developing correlationBti Plessis and Collins (199@jth an MAPE

of 12.326. The slight disagreement between measured and predicted values can be
attributed to the uncertainty in the empirically determined contraction and expansion minor

loss coefficients used to isolate frictional pressure drop from the measured pressure drop.
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Figure 3.11: Baseline airsidef as a function ofRefor different inlet
temperatures.

The Colburn j factor defined by EquatiBnl4is plotted alongside the Daréyn
Figure3.12. The slopes of the Colbujrfactor andf are roughly parallel as a function of

Reconfirming the heat and momentum analogy.

- 06
Q —= 3.14
YQIOT (319)
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Figure 3.12 Baseline Colburnj factor and Darcy f as a function ofRefor
different inlet temperatures.

For a rectangular channel, the criti€dfor the transition from laminar flow can
be approximated as a function of the rectangular channel aspec{HEqtiation3.15

(Chang et al., 2022

YQ Coyp pB PV TR OlX TR OQ XB @0 L OIC P& MW (3.15)

For a fin channel aspect ratio o p this expression yield¥Q p w o However,

although the maximum asideRewas measured to 666 the flow was deemed to be
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laminar and in the entrance regidmis is becausensappreciablslope changedicating
transition from laminar to turbulent flow was not observed\foandf over the teste®e
range.Transition from laminar to turbulent flow is usually associated with |a¥gealues

and a more significant slope change.

While transition from laminar to turbulent flow in a channel or pipe occurs at
YQ ¢ mrrthe turbulence intensity, the geometry of the entrance, wall roughness, and
entrance length are other important factors that can influence and possibly delay flow
transition(Pfenninger, 1961Draad et al., 1998Grossmann, 20Q@anoun et al., 2009
For exampleHartnett et al. (1962ndicated that for a rectangular channel with an aspect
ratio of @ 1TYQ can be as high as 7000 whiMeyer and Olivier (2014and Tam and
Ghajar (1997similarly observed delayed flow transition betweep T YQ X U T
for flow in a round tube with a smooth entrance configuration. In this study, the lack of, or
more gradual, transition can potentially be explained by the channel entrance length, the
smooth channel entrance created by the mouhtdfl round bullnoses, and the low
turbulence intensity of the wind tunnel facility due to the three upstream flow straighteners.
In wind tunnels, the turbulence intensity can range frdn¢ hup top v pwith most
aeronautical wind tunnels having turbulence intensities lesspthiafLyles et al., 1971
Blessmann, 1982 t @ e t ; Baléndra et d.,200Nader et al., 2008Chamorro and

PortéAgel, 2009 Carb6 Molina et al., 2029

Various studies have concluded tiy& is inversely proportional to the turbulence
intensity, where fluid flow with low levels of perturbations at the inlet require |&géor

transition to occur(Draad et al., 1998 Grossmann, 20Q00Zanoun et al., 2009
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Additionally, for flow in the entrance region, the critical transition length, defined as the
downstream distance where laminar to turbulent transition begins, must be considered.
While the critical transition length is not clearly defined in the liteeadanoun et al.,

2009 Hasan and Demirpolat, 201 &xperiments conducted Eanoun and Egbers (2016)
indicate that larger critical length&/D > 100)are required aRe< 20,000. This suggests

that for developing flow in the entrance region, it is possible for laminar flow to exist

beyondYQ if the channel is not long enough to trigger turbulence.

In the entrance region, the developing boundary layers ardehitting to higher
local heat transfer coefficients that decrease as a function of length in the streamwise
direction, approaching the constant fully developadof ~4.74 for a 0.21 aspect ratio
rectangular channel with the uniform wall temperature boundary condifibis
asymptotic trend is shown in Figure 3#e baselined 6 as a function of the
dimensionless channel length. The dimensionless channel laxigttalso known as the

inverse Graetz number, is showrEquation3.16

c:

(3.16)
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Figure 3.13: Baseline airsideNuavgas a function of the channel dimensionless
length.

For internal laminar flow of air, the hydrodynamic and thermal entrance length are
approximately equal because the Prandtl numbet.iVhen thechannel dimensionless
length is less than 0.0Nu asymptotically decreasesuggesting that the flow is
developing with the entrance lengtixceedinghe & 1t ol ¢ channel lengthWhenthe

dimensionless length is greater than ONk3approachea constant value of ~5, suggesting
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that the flow isapproaching the fully developedsewithin this rangeagreeing reasonabl

well with the developing flow data presentedStyah and London (1978b)

To confirm this hypothesis that the flow is in the entrance region, a simple
computational fluid dynamics (CFD) model is developed to simulate the air flow through
one rectangular fin channel. The fluid flow simulations are performed using commercial
CFD ooftware, ANSYS FLUENT(ANSYS, 202). Meshing is performed using the
meshing tool in the ANSYS Workbench platform. The tkalgeensional model geometry
and the model mesh are showrrigure3.14. The grid size for the freestream fluid domain
isc8tmt | and a wall grid is implemented near the channel boundaries to resolve the
viscous sublayer. The wall mesiiso shown irFigure3.14, has a total of 20 layers and a
growth rate of 1.2. The steady state thdéaensional continuity and momentum equations
are solved using the viscous laminar moddle SIMPLE algorithm is used to achieve
pressurevelocity coupling and a secondrder upwind scheme is used to discretize the

convective terms of the governing equations.
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0.2032 m

Figure 3.14: Modeled single rectangular channel geometry including mesh and
wall grid.

At the channel inlet, the velocity of the air is specified. Thalipboundary condition is

set at the solid walls of the channel and the pressure outlet boundary condition is specified
at the outlet of the rectangular channel. Simulations are rundoditierent inlet channel
velocities spanning® 1kp O toyd Yo O corresponding to chann@eranging from

850 to 3600. The model is deemed to be converged when the residuals for velocity and
continuity are less thap p 1 . The predicted horizontal and vertical centerline air
velocity profiles at the channel midway point (0.1066 m) and exit (0.2032 m) are shown as
a function of position for the four different inlet velocitiedHigure3.15. The laminar fully
developed velocity profile for the rectangular channel at each inlet velocity is calculated
and plotted on the same axis for comparison using the analytical solutimabfand

London (1978h) The CFD model results confirm the hypothesis that the air flow is
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developing within the channel over the tedReatange. The hydrodynamic entrance length
is defined as the length required for the maximum channel velocity to reach ~99% of that

for the fully developed velocity profilEShah and London, 1978a
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Up (ms) U, (ms?)
2106 4.243 6.367 B8.489 2106 4.243 6.367 B8.489
0.015 - |CFD Model (101.6 mm) 1 CFD Model (101.6 mm)
ICFD Model (203.2 mm) 0.004 - cFD Model (203.2 mm) B
Laminar Fully Developed --—-- - - - -- — Laminar Fully Developed --- --- — — ——
— 0.010 | A -
£ D St £
= T = 0.002 b .
g 0.005F i 1 8 '
= i =
4 i 3
o 0.000 - :: 4 o 0.000 | 4
x 1 >
0.008 V il 0,002 fiin _
0,010 == .
-0.004

L L I L L L ! ! L L I L L L
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Horizontal Channel Centerline Velocity (m s™) Vertical Channel Centerline Velocity (m s™)

Figure 3.15. Modeled (a) horizontal channel centerline velocity profile and (b)
vertical channel centerline velocity profile as a function of position at channel
lengths of 101.6 mmand 203.2 mm for different inlet velocities. Centerline
laminar fully developed velocity profile (Shah and London, 1978a) for the
different inlet velocities is also shown for comparison.

With an inlet velocity okc® 1 kp O , the model predicted a maximum channel velocity

of og d O and o®& § O at channel lengths op n@i | and ¢ &l |,
respectively, equaling ~89% and ~93%a# d O , the maximum fully developed
channel velocity. While the predicted velocity profile indicates that the 203.2 mm length
channel is within the entrance length, the developing velocity profile appeared to be nearly
fully developed within the channel, explaig why the measureld  is approximately
equalto thefully developedNuatRe< 1200 & 18t oin Figure3.10 andFigure3.13.

As the inlet velocity increases, the entrance length also incraasedting in greater
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differences between the simulated and fully developed velocity profiles due to the
formation of thinner boundary layers found in the entrance region. With an inlet velocity
of 18 1 lo O , the model predicted a maximum channel velocityp@fd O and

©8 ¥ O atchannel lengths @f @i | andg¢ n&i | respectively, equaling ~84%
and ~88% of®& d O , the maximum fully developed channel velocity. Similarly, with
inlet velocities ofgxr @ i)x O andyd kO , the maximum predicted velocity at the
channel exit is equal to ~85% and ~83% of the respective maximum fully developed

channelvelocities.
3.2.4 Reed Enhancement Results

A set of 1440p @-mm long,p smm wide, 3t ¢ -mm thick rectangular Mylar reeds
was installed in the heat exchanger fin channels. Over the tested conditions, the heat
transfer enhancement, defined @8  with the addition of reeds divided hyo
without reeds, ranged from 1.2 to Jaé shown irFigure 3.16a, corresponding to reed
enhanced heat transfer coefficientscog @ | + andt @ w | + at'YQ
p ¢ TmamdY'Q o 1 wraspectivelySimilarly, thef penalty, defined aswith reeds divided
by f without reeds, ranged from5lto 3.0 as shown irFigure 3.16b. The heat transfer
enhancement graph plateausResncreases, while thepenalty increases approximately
linearly as the aiside channelRe increases. The fluttering reeds generate vortical
structures that propagate down the length of the airstream inside the heat exchanger fin
channels, improving mixing and disrupting the thermal boundary layer. As the baseline
heat transfer increases andnsitions to turbulence a@Re ~p 1, the heat transfer

enhancement will decrease, gradually approaching a value of one as observed in single
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channel experiments @ha (2021) This is expected because when the baseline flow is
already fully turbulent, the reed motion will not significantly alter the already unsteady and
chaotic flow and will instead incur & penalty due to the channel blockage without
substantially improving heat transfefhe experiments were repeated incrementally
increasing and decreasiRgto investigate hysteresis due to thesteretic behavioof the
onset of flutter. Over the tested range, hysteresis was not obssungegbsting that the

minimum channel velocity exceeded the critical flutter veloditythe onset of flutter
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Figure 3.16: (a) Heat transfer enhancement and (b) friction factor penalty as a
function of channel Reynolds number for the 0.02%8nm thick Mylar reeds.

At Re > 2700, a small amount of reed deterioration was observed due to fatigue
therefore, the heat transfer enhancement padalty are divided intbow RangeandHigh
Range Data regions in the above figuresiowever, as the deterioration was minor
compared to the original reed length, the measHiigd Range Datgresented ifrigure

3.16still followed the expected trendihe baseline and reehhanced aiside, watesside,
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and conduction thermal resistance values are showigure 3.17 for an airside Re of

1200 and 3400. As previously discussed, thesidie presents the maximum resistance to
heat transferindicating the need for enhancemedh the water side, the mass flow rate is
maintained at &= © , yielding a heat transfer coefficientog c 7ti + . AtRe

= 1200, the baseline aside thermal resistance accounts for 94.0% of the total resistance
with a heat transfer coefficient of ® ¢ |+ and an effective internal to external
surface area ratiodd ) of 0.466, accounting for the respective-sitte and water

side fin efficienciesWith the fluttering reeds, the total thermal resistance decreases from
& ¢ pmmtoo® Y pmt +7  with the airside thermal resistance now accounting
for 92.7% of the total resistanedth Q C& ¢ | + andd M Y.1

At Re = 3400, the baseline aiside thermal resistance accounts for 91.5% of the total
resistancewith Q o® @ I + andd ™ w.@ With the fluttering
reeds, the total thermal resistance decreasesd@og p 1 to¢c® @ p T +7  with

the airside thermal resistance now accounting for 88.6% of the total resistahd@

T@dF i + andd ™ 1.0
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Figure 3.17: Baseline and reeéenhanced thermal resistance values fdRe= 1200
and Re= 3400.

Additional experiments are conducted with a set of 144&rmm long, p @emm
wide, T8t p mm thick rectangular Mylar reedgVith an air inlet temperature pf v 3the
heat transfer enhancement ranges from 1.3 to 16 tmt Y Q ¢ x v Similarly, thef
penaltyranged froml.7 to 3.2 Data points matching the nominal Strouhal number for
these cases™* p& from singlechannel and nirehannel fin array experimentsr

Mylar and Polyester reeds & maspect ratio rectangular channélha, 202} are
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included for comparisoas shown irFigure 3.18. The heat transfer with reedaeasured
in this studyagrees well with the benchtop nirehannel fin arraydataat Re = 1500;

however, atRe = 3000, the present data agree more with the soigdenel data
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Figure 3.18 Heat Transfer enhancement and penalty as a function ofRefor the
50.8mm long, 15.9mm wide, 0.013mm thick Mylar reeds. Present study, and
single-channel, and ninechannel fin array data (Jha, 2021).

Figure3.19 shows the comparison between the heat transfer enhancement and the
f penalty for the tested8t p-mm andngdt ¢-mm thick Mylar reeds with an agide inlet
temperature gb v 3Heat transfer enhancemdat the two different reed thicknesses was

similar, with a MAPE of 3.12% and an AAD of 0.046. Based on these results, it appears
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that heat transfewith a v #+mm long Mylar reed may not depend appreciably on its
thickness if the critical velocity for the reed to flutter is met. Thenalty for ther@t p-o
mm thick reed was larger than the corresponding value fardhe -mm thick reed by an
average oo ¢ over the compare®erange, which may be attributed to the increased
flutter frequency of the thinner reed shown irFigure 3.20, the fluttering reed¥ as a
function of Re measured in a 2dhannel fin array experiment by project collaborators
(Crittenden, 2028 The 0.013mm thick reeds had a higher oscillation frequenaiding

p8&t v  p&, while the 0.0256mm thick reeds had a lower oscillation frequency

yieldingm® ™0 1@

(b)
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Figure 3.19: (a) Heat transfer enhancement and (b) penalty as a function ofRe
for the 50.8mm long, 0.013mm and 0.025mm thick Mylar reeds.
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Figure 3.20: St as a function ofRefor the 0.013mm and 0.025mm thick Mylar
reeds(Crittenden, 2023)

Within the Rerange considered in this study, heat transfer enhancement due to the
fluttering reed motion is independent of oscillation frequency becdugseeed motion
causes the transition from laminar to turbulent flow, and the irregular turbulent fluctuations
within the channel dominate over the periodic vortical structures that are generated due to

the sinusoidal reed motion. The resmthanced on the other hand, is dependent™n
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because the reeds act as a physical blockage within the channel, increasing the resistance

for air flow as flutter frequency increases.
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Figure 3.21: Baseline and reedenhanced Colburnj factor and Darcy f as a
function of Refor the 0.013-mm and 0.®5-mm thick Mylar reeds.

Figure3.21 shows the 0.025nm and 0.013mm thick reedenhanced Colburpfactor
and Darcyf as a function oRealongside the baseline values. While the base¢lared f
values appear roughly parallel as a functiorRefconfirming the heat and momentum
analogy the slope of the reeeenhanced andf values are not parallel becaukés

dependent o while j is not The reeegenhanced has a smaller slope than thiactor
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as Re increasesdue to the0.013mm and 0.025mm thick reed™ respectively
approaching constant vakief ~1.30 and~0.87for Re> 1500 andRe> 2500as shown in

Figure3.20.

Reed deterioration due to fatigue was observed for botm&he-mm thick and the
T8t ¢ -nm thick reed$or Re> 2700. The deterioration in the thinner reed was more severe
and was possibly accelerated due toitizeeased flutter frequencyhem@dt ¢ -mm thick
reeds deteriorated less thanti@ p-tmmthick reeds after more extensive testasghown
in Figure 3.22, suggesting that increasing the additional thickness increases durability.
While increasing the thickness may extend the reed lifetime and reduicpethalty, the
tradeoff is that the thicker reed will require a larger critical air velocity to start fluttering as
indicated from benchtop fin array experiments conducted in@adnel fin arrayReed
geometrycould be optimizedo increase durability and decrease the pressure drop penalty

for an aircoupled heat exchanger operating within a speciiechnge
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Figure 3.22: Deteriorated (a) 0.013mm thick and (b) 0.025mm thick rectangular
Mylar reeds.

3.3 Alternative Reed Geometry

For Re> 2700, it is observed that the corners of the Gi025 thick rectangular
Mylar reeds start to deteriorate. It is possible that the corners of the reed tip deteriorate
first, potentially due to oscillation mode transition from the sinusoidal, singggency
limit cycle flapping regime to the irregular, multequency, muldtamplitude chaotic
flapping regime as the channel velocity increg&amnell and Yue, 20Q7In the chaotic
flapping regime, torsion and violent snapping, or a rapid acceleration of the reed tip can
occur as observed yonnell and Yue (2007)his chaotic and rapid bending of the reed
can lead to material failure at the corners, which may then lead to further deterioration
propagating through the remaining reed length, accelerated due to the asymmetric

geometryandresulting in the broken reeds showrHigure3.22a.
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As it is believed that the reed deterioration starts at the corners, two alternative reed
geometries are investigated as a method to potentially delay the onset of deterioration at
Re> 2700 The proposed alternative geometries are made of Mylar and have a length of
50.8 mm and a thickness of 0.025 mm like the original tested reed geometry. The two
alternative geometries are presentedrigure 3.23 alongside the original rectangular
geometry for comparison. Variation 1 retains the same width of 15.9 mm like the original
geometry however the ends of the reed are serircular with a radius of 7.95 mm. A
potential benefit of this geometry is that the rounded end eliminates the previously
observed reed failure point by eliminating the corners. Variation 2 is a rectangular
geometry similard the original reechowever the width is reduced from 15.9 mm to 14.0
mm. A potential benefit of this geometry is that decreasing the width may reduce or delay
the torsional motion and violent snapping that is often observed in the chagpindlap

regime.

83



Figure 3.23: Original 50.8-mm long, 15.9mm wide, 0.025mm thick rectangular
Mylar reed compared to two potential alternative reed geometries.

Forty eightof the original 0.025nm thick rectangular Mylar reeds are removed
from the heat exchanger fin channels and 24 of therivhOvide rectangular reeds and 24
of the semicircular ended reeds are manually installed in the open channels in pairs of two
to investigatevhetherthe proposed geometry exhibits increased durability compared to the
original 0.025mm thick rectangular geometry. As only 48 out of the 1440 installed reeds
have been replaced, it is expected that the newly installed reedswglgnificantly affect
the heat transfer and pressure drop of the reed enhanced heat exchanger compared to the
previously measured valuetherefore these experiments are intended only to inspect

whetherdeterioration is observed in the potential alternative reed geonfetriee> 3400.
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Experiments are initially conducted with an inlet air temperatuge ofspanning
p ¢ MY Q o 1 mbeterioration of the alternative reed geometry is not observed in the
heat exchanger fin channels within this rgniperefore additional tests are conducted
extending up tdRe= 360Q Deterioration occurred at the ends of the removed sample of
the alternative geometry reeds as showikrigure 3.24. The semkircular tipped reeds
appeared to start deteriorating from the curved tip while therihOwide rectangular
reeds appeared to start deteriorating from the corners similarly to the originally tested 15.9
mm wide rectangular reelikely due to the continuous snapping of the reed in the chaotic
flapping flow regime.With these observations, it is unclear if the modified geometry

delayed the onset of deterioration.

(b)

Figure 3.24: Deteriorated (a) rounded end 15.9nm wide and the (b) rectangular
14.0mm wide Mylar reeds.
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While altering the reed shape may yield potential benefits, the experiments with the
rounded tip and the reduced width reed are inconclusive as the experiment did not account
for the effects of fatigue due to continuous cycling over time. The origy@#,v ®&+mm
long,p @xmm wide,r@8t ¢ -mm thick rectangular Mylar reedgere tested for ~600 hours
while the 48 alternative geometry reeds were tested for ~10 hours although at &RBigher
As it is believed that the transition from the liroitcle flapping to the chaotic flapping
regime significantly accelerates reed deterioration, it is desirable to avoid oscillation mode
transition for a range of specific operating conditions. Further studies are required to
investigate different reed geomes and identify the critical flutter velocity required for
onset of the limit cyd flapping oscillation mode as well as the critical velocity for the

transition to the chaotic flapping oscillation mode for different reed geometries.

3.4 Conclusions

Thin film Mylar fluttering reeds are investigated as a mechanism to enharsideair
heat transfer in an agoupled heat exchanger. Aside heat transfer and pressure drop in
a crossflow platdin heat exchanger are measured over a range of air inlpetatares
and flow rates spanning T T 'Y'Q ¢ 1 mwithout the reeds and ¢ TTYQ o T 1Tt
with the reeds installed in the heat exchanger fin channels. Over the tested conditions, the
8t ¢ -mm thick reeds enhanced the-side heat transfer by a factor of 1.2 and 1.6 and
increased thé penalty by a factor of 1.7 and 3.2 at ansate Re of 1200 and 3400,
respectively. Decreasing the reed thickness frém¢ b | tot@t p o | yielded similar
heat transfewhile increasing thé penalty by an average of ¢ Flue to the increased

oscillation frequency spannimpg¢ 1 1Y 'Q ¢ X v Thus, heat transfer enhancement may
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be similar if the air velocity is greater than the reed geometry dependent critical flutter
velocity, and it may be possible to reduce the pressure drop penalty through geometric

optimization.

While both sets of reed enhancement experiments demonstrate heat transfer
enhancement, reed deterioration due to fatigagobserved for both thedt p-mm thick
and the®t ¢-mm thick reed$or Re> 270Q Alternative reed geometriegereinvestigated
to potentially delay the onset of reed deterioraibRe> 270Q It is believed that as the
Re increases, oscillation mode transition to the chaotic flapping regime significantly
accelerates reed deterioration. Further studies are required to identify the critical velocity
for the transition to the chaotic flapping oscillation mode for differesd iIgeometries to

identify the optimal reed geometry for a specific operatimgea
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CHAPTER 4. HEAT TRANSFER AND PRESSUREDROP

UNDER MALDISTRIBUTED AIR FLOW CONDITIONS

In air-coupled heat exchanger designs commonly assumed that the inlet air flow
and temperature distribution are both uniform and steady. While this is convenient for
model development, under real operating conditions present in industrial applications,
these assumptions may be unrealisiue to air flow nonuniformityExperimental and
analytical studies have been conducted to investigate the effect of air flow nonuniformity
on heat exchanger performance. The findings indicate that air flow maldismican
increase or decrease heat transfer depending on the heat exchanger geometry, header
configuration, orientation, and velocity profilm this study, the experimental facility is
modified with a manually operated parallel blade damper installed upstream of the heat
exchanger test section. This facility modification enables the inlet air velocity profile to be
systematically altered by mang the pitch of the blades in set increments to modify the
degree of maldistribution. Experiments are condilitdeneasure the agideNu andf with
and without reed enhancement for theuniform air flow case up to the mtahgled case
in p mtidcrements to characterize the resthanced heat transfer and pressure dnajer

nonuniform air flow conditions.

4.1 Experimental Approach

The experimental facilitydescribed in the previous chapter is modiftecenable
simulaion of nonuniform air flow conditions and meastuhe resultingheat transfer and

pressure drop. A manually operated parallel blade damper is installed after the third flow
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straightener upstream of the heat exchanger test section as sioguréd.1. The damper
assembly has two airfoil shaped blades connected to an extended shaft and crank arm with
a mounted quadrant. This allows for the pitch of the parallel blades to be manually set so
that the air flow angle can be increasedetincrementsvarying the degree of air flow

maldistribution.

In addition, with the air flow being biased upwards as the blade pitch increases, the
Dwyer low range differential pressure transmitter (Dwyer-80dncertainty 1@ P of
full scale,c T &1 Ais now connected to a pair of vertically mounted averaging flow
sensorgDwyer PAFs1006) installed upstream and downstream of the heat exchanger test
section to measure the @ide pressure dropveraged across the 0.35%56 height
dimension. Previously for the uniform air flow experiments, the averaging flow sensors
(Dwyer PAFs1010) used to measure the pressure drop were mounted horizontally to
measure the average velocity across the 0.5791 m heat exchanger width dimension. This
change is made becausealanthe angled flow conditions, the horizontally mounted sensors

may measure a local pressure drop instead of the average value across the heat exchanger.
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H‘éat E)(changer
Test Section

8/

Figure 4.1: (a) Manually operated damper and (b) modified maldistribution heat
exchanger test section.

Using the methods previously discussed in Chapter 3, thsdairheat transfer
coefficient is determined using the Effectiver88dJ approach. The rate of heat transfer
is measured using the watddemass flow rate, the inlet and outlet temperatures, and the
average specific hedfisingthe effectiveness relationship for a heat exchanger in crossflow
with both fluid streamainmixed(Bergman et al., 20)1and calculating the watside
convective resistance and the conduction resistance, thidaihermal resistance and heat

transfer coefficient can be deduced.

To determine the aside frictional pressure drop inside the heat exchanger fin
channels to calculate the baseline and -mdthncedf under maldistributed flow

conditions, the pressure drop due to acceleration and the estimated minor losses due to the
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angled inlet air flow, inlet contraction, and outlet expansion are subtracted from the total

measured pressure drop using Equadidn

30 30 30 30y 30 30 (4.1)

The minor loss coefficient due to the angled inlet air flow, is estimated using the
expression proposed yohandes et al. (1984Equation4.2) with —defined as the semi
apex angle of a \étyled heat exchanger array.

s _P_ _P_

D L ' } — — 4.2

The contraction minor loss coefficient is estimated using the recommendatifiay of
(1950)andMeyer and Kroger (2001yhile the outlet flow expansion minor loss coefficient
is estimated using the Bordzarnot equatiorfCengel and Cimbala, 20L&s discussed

previously in Chapter 3.

Baseline and enhancement experimeaans conductedto characterize the heat
transfer and pressure drop characteristics with the manually operated damper blade pitch,
%4 varied fromrt Jnormal air flow case)o 1 mid increments op 1 (Equation4.3) to

determine the effect of air flow maldistribution on the heat transfer and pressure drop

%o WTT — (4.3)

On the water side, the inlet temperature is maintaineg atawith a mass flow rate of
™ E © , yielding a laminar wateside channeRe of ~855 On the air sidethe

temperaturatthe heat exchangetetis maintained at 1t 3For the baseline experiments,
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the airside volumetric flow rate ranged fromm® ob O to M@t i O
corresponding tg v TT'Y'Q o ¢ Tumder uniform air flow conditions. After the baseline
Nu and pressure drogre measured for the five different anglesset of 1440y &rmm
long,p @xmmwide, andr8t ¢ -mm thick rectangulavlylar reedds manually installed in
the fin channels in pairs of twaend the experiments are repeatéol. the reed enhanced
experiments, the tested -@ide volumetric flow rate ranged from& ob O to

™ @b O corresponding tap v TT'YQ ¢ v Tunder uniform air flow conditions to
minimize the riskof reed deterioratiomn the fin channels that have an increased local

channel velocity due to the angled air flow

4.2 Results and Discussion

Heat transfer enhancement andenalty are reported and discussed for both the
baseline and reeenhanced case under maldistributed air flow conditions. For the baseline
results, the maldistributedu andf are compared to theormal T Jair flow casewith heat
transfer enhancement ahgenalty defined a8 6 and"Q under maldistributeair flow
conditions divided by the respectivaalue under uniform 71t Jair flow conditions

Or. O; AT '8rQ;, to quantify the effects of air flow maldistribution on bare

channel heagxchanger performance.

For the reegenhanced results, the maldistributéd andf with fluttering reeds are
compared to the respectibarechannelNu andf under the same air flow conditions with
heat transfer enhancement dmenalty defined a8 6 and’Q under maldistributed

air flow conditions divided by the respectiv® and’Qunder the same maldistributed air
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flow conditons . O 7. OAT'R TQ to quantify the effects of air flow

maldistribution on reed performance
4.2.1 Experimental Baseline Results

Figure4.2 shows the baseline heat duty and thesiie0 6  as a function oRe

for the different air flow damper blade angles.Raincreases from 850 to 3600, the heat
duty approximately increases framt 7to u® E 7while 06 approximately increases

fromutop T
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Figure 4.2: Baseline(a) heat duty and (b) airside Nuaygas a function ofRefor
different air flow damper blade angles.

For thep mtchse, both the heat duty aNd remain equal to the respectinermal (t Jair
flow case within measurement uncertainty over the eReémange.This could bebecause
thep rtdamper blade angle did not significantly alter the velocity profile compared to the

uniformly distributed air flow case. As the air flow angle is increased begondheat
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transfer enhancement is observed compared to tlneiform air flow case. The magnitude
of the enhancement increases as a functidReoFor theg Ttchse, fofY'Q ¢ 1T TNuUis
enhanced by an average of 5.79% with a maximum of 7.Bittally, for thec mahdt 1 J
casefor'Y'Q p ¢ mmis enhanced by an averageof9% andL.3.96% with a maximum

of 14.59% and.8.24% respectively
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Figure 4.3: Baselineheat transfer enhancement as a function dkefor the (a) 10°,
(b) 20°, (c) 30°, and (d) 40° air flow damper blade angle cases.
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Figure 4.3 shows the heat transfer enhancement, defined)@s under
maldistributed inlet air flow conditions divided byo under uniform air flow
conditions as a function dRe for the different air flow damper blade angles. The
propagated error indicates that enhancement outside of measurement uncertainty is
observed foiY'Q ¢ v mand'Y'Q ¢ 1t 1for the respective tandt mtalr flow damper

blade angle cases.

Air flow maldistribution can increase or decrease heat transfer depending on the
heat exchanger header configuration, orientation, and inlet velocity profile. In this
investigation, it is observed that the-side heat transfer is enhanced as the air iogle
is increased fronm o T Tt It is predicted that increasing the pitch of the damper blades
directs the air flow upwards resulting in local regions of increased channel velocities near
the top of the heat exchanger face area and local regionsreded channel velocities
near the bottom of the heat exchanger face area. If the enhancement due to the increased
Rein the upper channels is greater than that of the reduction due to the deBeiasbé
lower channels, it is possible to enhance thesidie0 6  compared to the uniformly
distributed air flow caséhe observed heat transfer enhancement may be explained by the
trends observed in the uniform air flow baselMe plot for the same crossflow heat
exchanger without the installed damper assembly Nithéata shown ifrigure3.10 span
a largerRerange than the experiments conducted in this present studgraptbtted
alongside rectangular channel laminar developing flow correlations and laminar fully
developed flow correlations for uniform wall temperature and uniform heat flux boundary
conditions available frortheliterature(Wibulswas, 1966Shah and London, 19788hah

and Bhatti, 1987Garimella et al., 2001 As shown in the grapiu increases in a near
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linear fashion as a function Bieon a loglog scaleHowever atRe~300Q there is a slight

slope increase and whé&e < 1200, thepresentdata agree well with the laminar fully
developed uniform wall temperature correlatiorsbbh and Bhatti (1987approaching a
constant value of 4.74. With the reduced velocity channels constrained by the constant fully
developedNu and theNu in the increased velocity channels potentially increasing at a

greater rate as a functioni®g it is possible for heat transfer to be enhanced.

The baseline pressure drop diagd a function oRefor the different air flow damper
blade angles are shown kigure 4.4. As Reincreases from 850 to 3600, the average
pressure drop approximately increases frpm0 Ato p o @ Awhile the averagef

approximately decreases fram x 0181 1.0
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Figure 4.4: Baseline(a) air-side average pressure drop and (b) aisidef as a
function of Refor different air flow damper blade angles.

As the air flow angle increases, the average pressure drop across the heat exchdnger and

also increase compared to thetase. For the Tichsefincreases by an average of 8.12%
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compared to the uniform air flom, &ase, over the entire testedrange. For the Tichse,
f increases by an average of 8.2@#tile for theo mahdt Tchsesf increases by 9.54%

and 10.79% respectively

The average pressure drop increases as a function of the air flow angle. This
increase in the measured-aide pressure drop is partially explained by the increased inlet
air flow loss coefficient that increases as a function of the air flow angle rdlative heat

exchanger orientation.

Figure4.5 shows thd penalty, defined as the averagesdef under maldistributed
air flow conditions divided by the average-sidef under uniform air flow conditions as a
function of Refor the different air flow damper blade angles. The propagated uncertainty
indicates that an increaségenalty outside of measurement uncertainty is not observed
for thep mtcase over the testdtierange while for air flow angles greater thgn g &n
increased penalty outside of measurement uncertainty is observelRer3200 for the

¢ michse and for Re > 3000 aReé> 2300 for theo tahdt mtahgled casesespectively.
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Figure 4.5: Baselinef penalty as a function ofRefor the (a) 10°, (b) 20°, (c) 30°,
and (d) 40°air flow damper blade angle cases.

4.3 Experimental ReedEnhancement Results

Figure4.6 shows the reednhanced heat duty afidd  as a function oRefor the

different air flow damper blade angles. R® increases from 850 to 2500, the reed

enhanced heat duty approximately increases fu#nE 7 to «® E 7 while 06

approximately increases frou® to p @. Over the tested conditions, varying the air flow

angle did not appear to significantly affect the reatlanced heat duty and thé . As
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the air flow angle increases, both the heat duty and the me&twredhain approximately

equal to the normait( Jair flow case within measurement uncertainty.
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Figure 4.6: Reedenhanced (a) heat duty and (b) akside Nuavgas a function ofRe
for different air flow damper blade angles.

As observed in the uniform air flow experimerttse fluttering reed motion causes the

transition from laminar to turbulent flow. The data for the 0-6%8 and the 0.025nm

thick Mylar reeds under uniform flow conditions suggest that when the critical flutter
velocity is exceeded, in the limiycle flaping regime(Connell and Yue, 2007 the
irregular turbulent fluctuations within the channel dominate over the periodic vortical
structures generated due to the sinusoidal reed motion resuliNighbeing independent

of the frequency dependent Strouhal number while being dependRit dnder uniform

air flow conditions, the reednhanced\u increases in a nedinear fashion as a function

of Reon loglog scales. Without a significant slope change inNbegraph as a function

of Re it is possible that the decreased convective heat transfer in the locally reduced
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velocity channels is balanced by the enhanced heat transfer in the locally increased velocity
channelsresulting in similar average heat transfer under uniform and maldistributed air
flow conditionsif the reduced local channel velocities still exceed the material and
geometry dependent critical flutter veloc{§helley et al., 20Q8Connell and Yue, 20Q7

Jha et al., 2022of the 50.8mm long, 15.9mm wide, 0.025mm thick Mylar reeds over

the entire testeRerange.

The reedenhanced pressure drop anals a function oRefor the different air flow
damper blade angles are shownFigure 4.7. As Reincreases from 850 to 2500, the
average pressure drop approximately increases fraso y Ao p ot yd Awhile the

averagd approximately decreases fram® tto T T
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Figure 4.7: Reedenhanced (a) pressure drop and (b) aisidef as a function ofRe
for different air flow damper blade angles.

As the air flow angle increases, the resthanced average pressure drop across the heat

exchanger and increase compared to the ase.For thep mtdase,f increases by an
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average of 6.46% compared to the uniform air fmwase, over the entire testedrange.

For the¢ mtchse f increases by an average of 9.20% while foraheandt Tt chsesf
increases by 9.61% and 9.94% respectivBlynilar to the baseline casihe increase in

the measured aBide pressure drop is partially explained by the increased inlet air flow
loss coefficient that increases as a function of the air flow angle relative to the heat

exchanger orientation.

These experimental results indicate that under the tested conditions, air flow
maldistribution did not significantly affect the reedhanced heat transfer compared to the
uniform air flow case if the channel velocity exceddhe reed material and geometry
dependent critical flutter velocity. It is expected that if this velocity is not exceeded in the
reduced velocity channels, the reedB not flutter potentially resulting in a reduction in
heat transfer compared to the uniform air flow case. Althoogimieasured reeshhanced
heat duty andNu indicate that the heat transf@as not affected compared to the uniform
air flow case, the pressure drop d@ndcreased undemonuniform air flow conditions,

similar to the baseline pressure drop.

The heat transfer enhancement &pdnalty comparing the reeshhancedNu and
f to the respective baseline value under the same air flow conditions are shéguaren
4.8. The measured heat transfer enhancement far thghdt Tchses decrease compared
to the uniform air flow heat transfer enhancement as a functiBeloécause the baseline
heat transfemcreasedalightly as a function of air flow anglehile the reeeenhancedNu
remained approximately the same as a function of the air flow angle. The uniform air flow
heat transfer enhancement increafem ~1.20 to ~1.60 while the tdnd t 1T Heat

transfer enhancement increddeom ~1.20 to ~1.45 and the mdnd ¢ tédnhancement
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increasd from ~1.20 to ~1.70 aReincreasd from 850 to 2500. While there are some
variations in the measured heat transfer enhancement under different maldistribution
conditions, resulting in a slight increase in heat transfer ip tii@hd¢ Ttalr flow cases,

all of the measurements fell within the measurement uncertairibe uniform air flow

case.

The f penalty increases from ~1.30 to ~2&2&Re increases from 850 to 2500.
Similar to the heat transfer enhancement measurements, ttzestgist variation in the
measured penalty although the magnitude of the variation falls within theasurement
uncertainty for all of the different air flow angles because both the baseline and reed
enhanced pressure drop are affected by the increased inlet flow loss coefficient that

increases as a function of the air flow angle relative to the heat exchamgeatorn.
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Figure 4.8: (a) Heat transfer enhancement and (b penalty as a function ofRe
for the different air flow angles.
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4.4 Conclusions

Air flow maldistribution can affect the heat transfer and pressure drop-cbaied
heat exchangers. In this study, the heat transfer and pressure drop of an experimental
crossflow platefin heat exchanger with and without reechancement is investigat
under maldistributed air flow conditions. The inlet air velocity profile is systematically
altered by varying the pitch of a manually operated parallel blade damper assembly located
upstream of the heat exchanger test section. Experiments are corspartathgy v T
Y'Q o ¢ rwithout the reeds angl v TT'Y'Q ¢ v Twith the reeds installed in the heat
exchanger fin channels for tleiniform air flow case up to the mtangled case ip 11 J
increments. Over the tested conditions, the expersnedicate that heat transfer is
enhanced for the baseline case without reeds as the air flow angle is increased greater than
p 1t Bor thet mahgle case, thiduis enhanced by a maximum of 18.24% compared to the
uniform air flow caseVarying the air flow angle did not appear to significantly affect+reed
enhanced aiside heat transfer under the tested flow condifibogever, the pressure drop
across the heat exchanger increased for both the baseline and temhaeded heat

exchanger as the air flow angle was increased.

The heat transfer enhancement &pdnalty comparing the reagtharcedNu andf to
the respective baseline value under the same air flow conditions are measured to identify
the effect of maldistribution oreed performanc@®ver the tested conditionseat transfer
enhancement ranged from ~1.20 to79lwhile thef penalty ranged from ~1.30 to ~2.25.
While there are some variations in the measured heat transfer enhancement under different
maldistribution conditions, resulting in a slight increase in heat transfer pn tt@hdg 1T J

air flow casesall of theheat transfer enhancement dpeénaltymeasurements fell within
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the measurement uncertainty of titeJuniform air flow caseindicating that air flow

maldistribution did not significantly affect the fluttering reed performance
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CHAPTER 5. HEAT TRANSFER AND PRESSUREDROP

MODEL DEVELOPMENT

Based on the dateollected in this study, design tools to predict heat exchanger
performance with and without fluttering reeds under uniform and nonuniform air flow
conditionsaredeveloped. To achieve this, correlations to predicand the as a function
of the relevantdimensionlessparametersare developed.The proposed baseline and
enhanced expressioassume the form of appropriate correlations available in the literature

andareadjusted with empirical parameters to match the data.

Additionally, to model the heat transfer and pressure drop of arcaipled heat
exchanger with and without reed enhancement under nonuniform air flow conditions,
information about the local velocity profiie required.Further nodificationsaremade to
the existing experiment facility to measure the air velocity in different locations across the
heat exchanger face area. These experimental resakkempared with the results of a
simple 2D CFD model to confirm the experimental trends. A segmentedianodeat
exchanger modes developed in which each tube is divided into three control volumes in
the longitudinal direction allowing for the heat duty, temperature, and pressure drop to be
determined within each segment accounting for the different local inlet air velocity. The
previouslydeveloped uniform flow baseline and enhanklecandf correlationsareused
to model the atside heat transfer coefficient and pressure drop. The heat exchanger model

resultsarecompared with the dafaesented in Chapter 4
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5.1 Correlation Development

Semiempirical correlationaredevelopedor the @t p-mm andrgt ¢ -mm thick reed
Strouhal number and the reedhancedNu and f as a function of the relevant
dimensionlesparametersThe ™0 is a function of the reed oscillation frequenc®
reed length0 , and air velocityasshown inEquation5.1, andrepresents the ratio of the

fluid flow oscillations due to inertial forces to the convective acceleration.

Q0

Y , (5.1)
(&

As ™ describes oscillating flow mechanisms, it is an important parameter to describe the
periodic reed motion and its effect on heat transfer and pressure drop. The praposed
expression is a function of two dimensionless parameters, the reed mads fatiod the
reduced velocity™Y , two commonly used parameters to describe the flapping motion of
flexible bodies(Huang, 1995Watanabe et al., 2002Argentina and Mahadevan, 2005
Shelley et al., 20Q%Jha and Glezer, 2018ha et al., 2022Equationss.2 and5.3). Here,

" ho ) hand'O are the reed density, thickness, length, and height.

0° 0 5.2
” ’L‘) ( . )

" 00
- D ——— 5.3
Yoo — (5.3)
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The variableQ is the flexural rigidity the reed resistance to bendifiguation5.4),
defined as the product of t heecondm®dentrofat er i a

inertia (Equatiorb.5).

Q 00 (5.4)
00

0 — (5.5)
P g

The Myl ar Youngés mo@uu'ulsianda’ndpodE®s,i ty ar
respectively and the Strouhal number expression assumes the same mathematical form as
the correlation developed byha (2021)through single channel and fin array reed

enhancement experiments as shown in Equéti@n

z

V

Cc:

N TG (5.6)

The proposed reeenhancedNu expression presentedlguation5.7 accounts for
the baseline barehannel convective mechanisfibased) 6 , and the enhancement
06 F0 6 , due to the vortical structures generated by the periodic reed oscillation.

0o

0 6 is a function of the aiside channeRe Pr, and fin channel geometry. The proposed
06 term assumes the form of the laminar rectangular channel simultaneously developing

flow correlation ofGarimella et al. (200I)resented in Equatidn8 0 6  in the equation



is calculated using the laminar fully developed uniform wall temperature correlation of
Shah and Bhatti (198Decause it was shown to agree well with data forRe< 1200

(Figure3.10).

60T YQUi
o 00 - (5.8)
p 6 OX'YQUIi

The proposed 6 term due to the fluttering of the reed, is show&dguation5.9.

v
o
¢

YQ poxm

66 (5.9)

¢

YQpoxm

The data presented kigure 3.19a suggest that if the freestream air velocity exceeds the
critical velocity required for reed flutter, the heat transfer enhancement is similar for the
8t p-omm andTt@t ¢-mm thick rectangular Mylar reedgVhile the critical velocity is
dependent on the reed mass ré8belley et al., 20Q5Connell and Yue, 20Qdha et al.,

2022, which is a function of the reed thickness and length, the enhancement results
indicate that the critical velocity was exceeded over the entire tested flow rateTiangie.
within the Rerange considered here, the heat transfer enhancement due to the fluttering
reed motion is independent of the oscillation frequency. This may be because the reed
motion causes the transition from laminar to turbulent flamd the irregular turbulent
fluctuations within the flow dominate over the periodic vortical structures that are

generated due to the sinusoidal reed motion. With this in mind,dheéerm is also defined
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solely as a function dRe Pr, and channel geometry instead of the frequency dependent

N |

The0 6 term assumes a power law relationship taking the form of the widely used
Sieder and Tate (193daminar simultaneously developing flowY Q p ¢ x,mand

turbulent flow YQ p @ x tcorrelations presented ifEquation 5.9, The factor
7 . . .
p — is included wherReis greater than 1670 to account for the entrance effects
for short length passages m 0FfO @ m(Serth and Lestina, 201¥a
An expression similar tequation5.7is proposed to model the reedhanced as
a function of relevant dimensionless paramgiegeiations.10). Like the proposed 6

correlation, the’Q  equation is a function of the baseline, benannel convective

componeniQ, and the enhanced, periodic compon&itQ.

Q Qp (5.10)

ol

"Qassumes the general form of the Plessis and Collins (1992prrelation,defined as a
function of Re channel geometry, and fully developke(Equation5.11). Figure 3.1%
showed that thadt p-mm thick reed had a greafgrenalty than the8t ¢ -mm thick reed.

This indicates thal) is dependent on the reed flutter frequency. This may be because
the reed acts as a physical blockage within the rectangular fin channel and the higher the
flutter frequency is, the greater the resistance is for the air to flow through the channel,
resultng in a higher pressure drop. To account for this frequency dependeri€etethme

is defined as a function of the reé&fl and the mass ratio as showrEquation5.12



8 ,
008 Tr, A&
Q —% —YQ oy o o (5.11)
YQ T 0
o  OY O
Q60 °°Yo (5.12)
Parameter®, 6, and0 inthe™ , 006 ,and’Q expressions are found using

a nonlinear optimization formulation developed with the Interior Point Optimizer (IPOPT)

solver inPyomo(Hart et al., 201]1Hart et al., 201y

The ™0 correlation is presented quation5.13 and plotted inFigure 5.1 as a
function of themass ratio divided by the reduced velocily’ 7Y .Y values measured
by collaboratorsn the¢ tchannel fin array experime(tCrittenden, 202Bare also plotted
for comparison. The experimental results indicate that the thinBep-mm thick reed
had a greater flutter frequency resulting in a larger nonmidathan ther@t ¢ -mm thick
reed. The proposed expression matches the experimental measurements with a root mean

squared (RMS) error af8t v and an value ofT@ T .0

w7 )
~ U
30 ™ X a (5.13)
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Figure 5.1: Measured St for the 0.013mm and 0.025mm thick Mylar reeds
(Crittenden, 2023)and proposed correlation as a function of the mass ratio,
reduced velocity quotien.

The expression fob 6 , is shown inEquation5.14, and has an RMS error of

& ¢ @with respect to the daand an  value oftido Y. X

™ p T YQUi (5.14)

56 06 —
p T Y @O IO 'YQI i
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The0 6 correlation and the baseline data without the reeds are shown as a funBen of
in Figure 5.2, along with a comparison of measured and predi6téd values. This

correlation predicts the agideNuwithin p 1t f the data with a MAPE af® 1t b

~
Q
~—
~—~
=)
~—

14 ’ 14
® Measured Nu
= Proposed Correlation

| ® Air-side Average Nusselt Number -

a
N
T
a
X
\
N
N

-

=)
T

-

o
T
N
1

==
T
[--]
T
1

L=
T

Air-side Average Nusselt Number
[-;]
T
N

Predicted Baseline Nusselt Number

1 1 L 1 L 4 z
1000 2000 3000 4000 50006000 4 6 8 10 12 14
Air-side Channel Reynolds Number Experimental Baseline Nusselt Number

Figure 5.2: (a) BaselineNu correlation plotted with the measured bare channel
Nu as a function ofRe (b) BaselineNu parity plot.

The Qcorrelation is shown iBquations.15, whereQ is thefully developedarcy

friction factor correlation fronBhatti and Shah (198,/and plotted irFigure5.3.

1 8

§o) Yoy v
Yo PP T
&

N O Q8 Tx (5.15)

U
 OYQQO O

This expression has an RMS errormaft 1T ¢and ani  value of 8o w oompared to the

data, and agrees withinp 1t f the data with a MAPE of®& () b
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Figure 5.3: (a) Baselinef correlation plotted with the measured bare channef as
a function of Re (b) Baselinef parity plot.

The( 6 and™Qterms are shown iEquationss.16 and5.17, respectively, and the
resulting overall reeg@nhanced values and correlations plotte&igure 5.4 and Figure

5.5.

. Yyooi & .|
TS TP —— h YQpoxm
N 0
Lo Y] _ ’O ¥ . (516)
Tt YR 0T p = h YQpoexT
Vi
Qo xWYS (5.17)
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Figure 5.4: (a) Nureed correlation plotted with the measured reedenhancedNu for
the 0.013mm and the 0.025mm thick reeds as a function oRe (b) Reed
enhancedNu parity plot.

Figure 5.5: (a) freeacorrelation plotted with the measured reedenhancedf for the
0.013mm and the 0.025mm thick reeds as a function oRe (b) Reedenhancedf
parity plot.
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