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SUMMARY

Due to their complex shape, wavy walled geometries are capable wifingd
unsteady and even chaotic flows at low Reynolds numbbesconvective effects dhe
unsteadymotion significantly exhances heat and mass transpothe fluid. Becauseof
this, wavy walled channelsre commonlyusedin applications such as heatohangers
Despite tleir common use howeveas systematic investigation of the dependence of the

fluid flow and heat transfesnthe geometric pameterof the channetloes not exist.

In many heat exchangerpplications, the working fluid contansuspened
particulatesWhen ooling these particle laden flowshermophoretidorces induced o
the particles by thermal gradients in the flugsult in theirdepositon along the cooler
walls. This process, known as fouling, leads to the formation mbrauslayer, which
reduceghe effectiveness of theooler.One application in which fouling is a sigicant
issue is exhaust gascirculation(EGR) usedin diesel and gasoline enginesrexuce
nitrogenoxides (NQ) emissionsThe heat exchanger used in ghiscess experiences rapid
degradation in performan&®m foulingcaused by thikigh concentration afootparticles
entrainedin the exhaust gafkecently, egine manufacturers have begun using wavy
walled heat exchangers as empirical evidence sugdestthis geometry is less prone to
fouling. However, a limited amount of research has Ipeeformedo understand how this
geometry reducesfouling and the dependence of this reduction on the geometric

parameters of the channel.

In this workwe usecomputtional modeling tanvestigate the effect @symmetric
wavy walled channel geometries on laminar fluid flow and heat/mass transfer. To this end,
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we develop a computational model based on the lattice Boltzmann method, explicit finite
differences and Browan dynamics to simulate unsteady viscous flow and heat/mass
transport invavy walledchannel geometries and use this model to systematically examine
these processes. Furthermore, we investigate the formation of deposit layers resulting from
thermophoretiaeposition of particulates transported by the flow onto the channel walls
and probe how this process can be mitigated using a wavy wall geometry. The results from
our studiesareimportant for designing laminar heat/mass exchangers utilizing unsteady
flows for enhancing transport processes. Addition#ligse results provide valuable

information necessary tdevelop heat exchangers which are less prone to fouling.
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CHAPTER 1. INTRODUCTION

In laminarflows in straightpipes and channg]| the rate of heat and mass transfer is
limited by the diffusive timescale. This rate can be improved by incigetsenflow rate to
achieve turbulent flow which induces turbulent mixing. This occurs at the cost of increased
viscous losses and a reduced contact timbeffuid with the walls, which in applications
such as heat exchangers, reduces their overalltigéaess Additionally, achieving the
Reynolds numbers necessary to induce turbulence is difficult with small length scales such
as those found in microfluidic devices. Due to these shortcomings associated with utilizing
turbulent mixing, aothercommon aproachto facilitate mixing and heat/mass transp@t
the use of complex channel geometriesnduce convective transport and mixing in

laminar flows!

The use of complex geometries to enhance mixing has received considerable
attention byresearchrs and megineersand a multitude of geometries have been
investigated Examples of a few geometries used in compact heat exchangers and
microfluidic devices are described in reviews by Jacobi and?Sdradh Hessel et at.
respectively. A geometry of particular intere$br this studyis channels within-phase
periodicsinusoidakhaped wavy wallsan example of which is providedkigurel.l1. This
is due to thepotential for this geometryto induce significant mixing, while being
considerably easier to manufacture and introdusimgller additional frictional losses

compared to other more complex geometties.

In many technological applications, the working fluid contisuspended
particulates. Cooling of such fluid induces deposition of the particulates onto the inner
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walls of the heat>@hange, a process known as foulinghe depositgnayform a porous
layercharacterized bg low thermal conductivityhatacts to insulate the cold walls from

the hot fluid and can severely reduce the effectiveness of the heat exchaihger
mechanisms behind the particle deposition include turbulent impaction (when flow is
turbulent), diffusion and thermophoresighich is the motion of particles toward areds
lower temperatures. The magnitude of the thermophoretic motion is proportional to the
thermal gradient at tHecation of theparticles. Because of the large temperature gradients
in heat exchangers, thisaftenthe dominant mechanism for particle dsjtion®® When

heat exchangers are used in applications where the fluids contaantagintof entrained

particulates, the effects of fouling become a sigaift obstacle that must be overcome.

Figure 1.17 Visualization of streamlinesin flow through an asymmetric wavy walled
channell®

An application where fouling is a significant issue is exhaustegaculationEGR)
usedn diesel and gasoline engin&GR is a commonly used methtadreducehe amount
of nitrogenoxides (NQO;) generated by diesanginesin order to meethe emission
regulationdound inmost developed countrieBhis is done by redirecting a portion of the
exhaust gas through a heat exchanger, redutsitgmperature, before directing it into the

intake manifold of the engine algnwith fresh air. This reduces theombustion



temperatureg the enginesylinders, which in turn reduces the amount ofN@nerated

by the combustion process.

EGRIs a highly effective method of reducing N@eneration; however, the need for
a heat exchanger to reduce the exhaust eemypre does create a significant engineering
problem especially in diesel engineghis is die to the high levels of sb particles in
diesel exhaust, causirfguling in the heat exchangeto occurso rapidy that they are
rendered ineffective in a mattef hours(an example of a fouled EGR heat exchanger can
be seen ifrigurel.2).1#4 Because of thist is important to identify effi@nt methods for
reducing the fouling rate in EGR heat excharsgesingthe wavy walled geometng a
promising approach that can be employedettuce fouling in addition to increasing the

heat transfeeffectiveness.

Figure 1.27 Image of a buled EGR heat exchanget®



1.1 Background

In this section, we provide a bfieverview of the current state of research into the
wavy walled channel geometryrhe overview is divided into three subsections with
research into the flow through the channel, the heat/mass transfer enhancement induced by
the geometry and its effect on fouling in heat exchanggrsc(fically EGR coolers)
grouped together. Additionally, tifeuling subsection provides a general discussion of
EGR fouling and computational models developed for simulatiregfouling layer

development.

1.1.1 Fluid Flow

The geometry of wavy walled channels is capable of inducing corfipiexyatterns
in the fluid flowing through it. These patterns are the result of vorgeserated by the
wall geometry including theishedding from the walls of the chanmehich in turn can
lead to periodic, quagieriodic and chaotic flowat low Reynolds number8ecause of
this, asignificant amount of research has been performedder to better understand how
the geometry influences the flow, as well as poovide a foundation for future

investigations into harnessing this flow to enhance heat and mass transport

Multiple studes have been performed to determine the effects of sinusbiapéd
geometries on the onset of circulation and unsteady motion in flow within the channel.
These studies each focused on either one or both of two types of wavy walled geometries,
which are aconvergingdiverging (symmetric) channel with the walls 180° out of phase

and an asymmetric channel with the walls in phase with @then Thesestudies indicate



that sinusoidal geometries can induce unsteady laminar flows with significant circulation

a low Reynolds numbers.

Using numerical simulations, SoB&yinvestigated the flow in symmetric and
asymmetric wavy channels and determined that, at a critical Reynoldsenuimertial
effects lead to flow separation and the formation of vortices in the furrows of the channels.
He also described the onset of unsteady flow as Re increases, which results from the
gjection and subsequent shedding of a new vortex. Stephaabif esed experiments to

visualize the flow and support the predictionstfegsymmetric channel made by Sobey.

Guzmd, Amon and others usedumerical simulations ot investigate flow
bifurcations and the route taken by the flow as it transitions to chaos iaymoethetricand
asymnetric channe$1®2* In their researchthey found that both channel geometries
induced chaotic flows at significantly lower Reynolds numbers than those ngciessar
straight channels, but at the cost of higher frictional logsdgitionally, they found that
depending on the ratio of the wall amplitude to its period, the flow transitions to chaotic
through either the Feigeabm (successive period doubling bifuroas) or the Ruelle

TakensNewhouse (successivopf bifurcations)scenarig.'® 24

Using a linear stabily analysis, Cho et &P and Cabal et & examined the
dependence of two and three dimensional instabilities on the amplitude of the wavy walls.
These analytical studies were limited to relatively low wall amplitu@iasy determined
the critical Reynolds number at which the flow becomes unstable for several amplitudes.
Both groups concluded that the instabilities were Tollr8ehlichting waves modified by

the channel walls. TollmieSchlichting waves are viscosityduced instabilities resulting



from the amplification of an initial disturbanéeCho et af® pointed out that the critical
Reynolds numbers for asymmetcicannels are slightly lower than those of the symmetric

channel.

Despite the significant previous research into flow through wavy walled channels,
little information exists regarding the onset of circulatory and unsteady flow (both periodic
and quasperiodic) over a wide range of geometric parametergthérmore, while
Guzman and Amon investigated the flow at Reynolds numbers well beyond those
necessary to induce unsteady flow, the majority of their reséasubes on the symmetric
convergingdivergingchanneland, like much of the other research described above, only

investigates geometries of a few different dimensions.
1.1.2 HeatMassTransfer

Due to the ability of the wavy channel geometry to enhance heat and mass transfer,
a significant amount of researbls been performed to better understifwesmechanisms
behind these enhancements. As in the previous section, these studies investigated mixing
enhancement in both symmetric and asymmetric wavy walled chaimilese studiest
was determined that theeat/mass transfer is improved by the wavy walled channels due

to the increased convective mixing induced by the geometry of the channel.

Using numerical techniques, Wang and Chen investigated the influence of channel
aspect ratio on heat transfer in syatric wavywalled channel$® For each aspect ratio,
they performed simulatianat several different Reynolds numbers while remaining in the
steady flow regime. Their results showed that for small aspect ratios (small amplitudes),

the heat transfer enhancement is minimal, but for larger aspect ratios (large amplitudes) the
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enhancemat is significant. Additionally, the enhancement is increased as Re increases.
Wang and Vanka investigated the influence of both steady and unsteady flows in
symmetric wavy walled channels on the heat transfeftateey found that a significant
increase in heat transfer accompanies the transition from steady to unsteady flow and they
concluded that this increashe result of oscillations in the flow destabilizing thminar

thermal boundary layer.

Several papers hawevestigatedhe effects of pulsatile flows on heat/mass transfer
in both asymmetric and symmetric wavy walled chantel$3’ The research described in
the papers was performed using both experimental and numerical techniques. Results from
the investigations indicate that the optimum geometry fassfneat transfer is dependent

on oscillation frequency of the fluid pumping defined using the Strouhal number.

Using diect numerical simulations, Guzmét al. examinedthe effect of flow
bifurcations in asymmetric wavy channels on heat tradéf@iheir investigations
examined the increase in the heat transfer for a wide range of Reynolds numbers which
included multiple bifurcations for three different aspetios and two Prandtl numbers.

By comparing the Nusselt number for a given flow rate with the pumping power required
to achieve that flow rate, they showed that a larger Prandtl number results in a significantly

greater return in heat transfer for a givecrease in pumping power.

Sui et al. used numerical simulatidh®’ and experiment§to investigate the effects
of three dimensional asymmetric wavy channels with rectangular cross sections on flow
and heat transfer in microchannels. They found that secondary flows (Deiaesjcare

generated by the geometry of the channel, and location of these vortices varies along the



flow direction. This induces chaotic advection that significantly increases heat transfer.
From their results they concluded that the increase in predsaypeassociated with wavy
channels is less than the increase in heat transfer, which makes wavy walled geometries a
viable option for increasing heat transfer in microscale devices. Gong*eused
numercal simulations to study the dependence of flow and heat transfer in both symmetric
and asymmetric three dimensional microchannels at low Re on the wall amplitude,
wavelength and aspect ratio. From their simulatitimsy determined that wavy walled
channés are a viable option for use in microscale devices to improve heat transfer rates.
Also, due to the larger improvement in heat transfer compared to the increase in pressure

drop, the asymmetric channel outperforms the symmetric microchannel.

Stone and Viak&'*? studied developing flow and heat transfer in a 2D symmetric wavy
walled channel using numerical techniqudsey smulatedflow in achannel with multiple
periods and varied Re (from steady to time periodic) while keeping geometric parameters
constant. They found that when the flow becomes unsteady, the mixing between the fluid
in the center of the channel and that near the walls increases leading to an increase in heat
transfer as well as pressure drop. They extended their research to atedasiginfluence
of geometric parameters for both developing and fully developed ffowWwheir
investigations initially focused on three geetries in which they simulateda@ngchannel
with multiple periods. For these geometries they determined the location where the flow
becomes unsteady as a function of the Re as well as examining the flow patterns, heat
transfer rates and pressure dropoagated with the flow in the developing region. They
extended their understanding of the effect of wavy walls on heat transfer by simulating a

single period with periodic boundary conditioi$eyvaried the amplitude, period and



aspect ratipand examine the effect on the heat transfer. From their investigations they
determined that the transition Re is more dependent on amplitude of the wave than the

height of the channel and that the heat transfer enhancement is minimal for steady flow.

Rush et af* used experiments to study the influenéphase shift between the upper
and lower walls of a wavy wiald channel on fluid flow and heat transfer in the laminar
and transitional reginge Based ortheir experimentsthey made several conclusions: 1)
Flow is unsteady and unstable in wavy channels while remaining laminar and the distance
necessary for the fid to travel in the channel before becoming unsteady decreases as Re
increases. 2) For symmetric channels, circulation develops in the furrows at low Re and
the flow becomes unsteady when the shear layer between the trapped vortices and the core
becomes wstable. 3) For asymmetric channels (phase shift of 0 and 90) the circulations
develop atal ow Re al so and Amacroscopic mi xi n
reattachment point moves upstream and the
v o r t e kaseashifts pf 0 Bnd 90 lead to development of unsteady flow further upstream
than symmetric channel. 5) Amplitude significantly influences the stability of the flow. 6)

The geometry of the channel significantly enhances heat transfer for laminar flow.

Metwally and Manglik® used numerical simulations to investigate the effethef
Reynolds number, the aspect ratio and the Prandtl nuombleeat transfer insgmmetric
wavy walled channels. In their investigations, they examined the flow and heat transfer for
steady flow and unsteady time periodic flows. They found that the use of wavy walled
channels produces salfistained transverse vortices which signifisaenhance heat

transfer at a nominal friction factor penalty.



Nishimura et af® used experiments to investigate the influence of asymmetric wavy
walled channels on mass transfer for flovesahat ranged from laminar to turbulent. They
found that for laminar flow a steady vortex existed in the furrow of the channelsfand
turbulent flows the separated shear layer between the main stream and the recirculation
vortex rolls up into a trarse vortex. This is accompanied with vortex fusion and stretching
leading to a significant increase in mass transfer rate especially near the flow reattachment

point in the large recirculation vortex.

Zhang et af’ used numerical simulations to investigate the effect of amplitude,

period and flow rate on flow and heat transfer in an asymmetric wavy walled chiaynel.
examining the Colburf factor, j = Nu/ReP¥?, in each flow,they determined that the

heat transfer is significantly enhanced when the flow becomes unskeathermore, they
found that the amplitude of the wall corrugations has the most significant influence on the

total performance dhe channel.

Manglik et al*® used 3D numerical simulations to investigate the influence pf Re
width to height aspect ratio, amplitude, and period of asymenetivy walled channels
on heat transfer and fluid flow. Their investigation considered both constant wall
temperatures andonstantheat fluxes. Their simulations indicated the formation of
secondary cross flows affect the core flow in the center of gueneh, which slow the core
fluid down. The size and strength of the vortices increases with increasing Re. These

vortices serve to thin the thermal boundary layer and increase heat transfer.

Although a substantial amount of research has been conductettelounderstand

the effects of wavy walled channels on heat and mass traastennprehensive and
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systematic picture of how the heat and mass transfer changes for a wide range of system
parameterss still missing.Additionally, as with the fluid flowamajority of research into

the heat transfer eningement in wavy channels is focusau the converginediverging
geometry,while most compact heat exchanger designs utilize the asymmetric channel
geometry®® This, coupled with the fact that the asymmetric channel has been shown to
outperform the convergindiverging channel, indicates a need for further research into the

heat transfer enhancementliis geometry®

1.1.3 Heat Exchanger Fouling

Due to the significant effect of fouling on the effectiveness and lifespan of EGR heat
exchangersa considerable amount of reseattdis been conducted investigating this
phenomenon. This research includes bibih development andse of computational
models as well asxperiments. Although a few have focused on wavy walled coolers, the
majority of studies examined the formation of tbaling layer in simple shell and tube

geometries.

Several groups have performed experiments investigating the foulimgdayation
and the reduction in effectiveness in shell and tube heat exchahgeré.>>3 These
investigations showed large gtadations in performance in as little as 12 hours of
operation and that this degradation was coupled with an increasing thermal resistance of
the fouling layer. They also observed that the rate of increase in the thermal resistance,
indicating an increasg layer thickness, decreased over time. This continued until the
resistance approached an asymptotic vadignifying a steady operatg conditionwas

reached.
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In order to understand how deposits can be removed from the fouling layer, several
groups hae narrowed their investigations to focus specificallytba effect of the fluid
velocity on shear removal of particles from the surfat®® These studies have found that
the critical velocity necessary for shear removal is a function of the particle size with the
smallest particles requiring the largest velocities. They have found that this crilicatyve
provides one explanation for tlasymptotic behavior of the fouling layer growth. This is
because the increase in the fouling layer thickneseedses the diameter of the tube,
causing an increase in the fluid velocity. Tiarowing continues untihevelocity reaches

acritical value where any additional deposits ianenediatelysheared from the surface

Various models have been developed by different groups in order simuleftette
of the fouling layer growth in a coolérhe most basic dheseare one dimensionatodels
which rely onexperimentatorrelationswithout explicitly including physicainechanisms
accounting forparticle removal and rentrainment’ °® Results obtained with these
models compare well witthoseobtained in the beginningf experiments indicating that

they are well suited for investigating the initial fouling in shell and tube coolers.

Other groups have extended these oneedsional models by includimgechanisr
to capture particle rebound ameposit removail® °° By including these mechanisms,
results from these models compare well with those obtaoved the full length of
experiments. Even momrdaboratednodels have been developiedaccount fotwo and
three dimensioal depositios, employ a hgrangian framework to simulate the particle
motion, and incorporate highly detailed models for the int&wacof particles with the

surface®®®* In addition to being able to simulate geometries otherdhsingle channedf
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a shell and tube cooler, these models apable of simulating the formation of a fouling

layer with greateiaccuracy than theimple one dimensional models.

In addition to simulations and experiments investigating how the fouling layer
develops in the cooler, several studies examining the prepeftthe deposits have been
conducted>®’ In these studies, researchers examined the composition of the fouling layer,
the structures formed by the depositghe layer, its thermal properties and its density.
Results showed that the layer is composed of soot, metallic ash and sulfate hydrate
particles as well as condensed hydrocarbatgch can form complex dendritic structures
at the surface. Additionally,ybdetermining the mass of a small section of the layer, the
researchers calculateddepositporosity of ~ 0.98. This high porosity accounts for the
thermal conductivity of the layer being much lower than that of carbon soot whiah is th

primary constituent of the layer.

While a large body of research exists on fouling in EGR heat exchanggrsyon
of these investigations have focusggkcificallyon the wavy walled geometrypoth of
which utilized numerical simulationsStrebel used computational simulations to
investigatethermophoretic deposition of particles an asymmetriavavy channelwith
both laminar and turbulent flowi His results showed that compared to a straight channel,
the wavy channel induces higher rates of deposition for both lamindaudmdent flows
and that this rate increases with the temperature gradient. Additionally he foufat that
laminar flows, the amount of deptish decreases with an increase in Re while the opposite

is true for turbulent flows.
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Nagendra et alused numecal simulations to investigate the depamitiof soot
particles in a wavy EGR heat exchantfef® Using their model they simulated particles
entrained in fullydeveloped turbulent flovthrough a single period & channel with
perfectly adsorbing walls. From their results they concludedah&drige wall temperature
gradients, the deposition of suficron particles is independent of sizend the amant of
deposition is linearly correlated with the wall temperature gradikddlitionally they

found that the deposition rate increases with decreasing Re

In addition to these two computational studaesurvey of fouled EGR coolers from
production vehicles conducted by Lance et al. included coolers with wavy walled
geometrie$! In their examination of fouling in the wavy walled cooler, they observed that
the leading edge of the sinusoidal peak contained a minimal amount of deposit with the

majority of the deposit being located beyond the peak.

Despite the limited amount of research conducted into the effect of a sinusoidal
shaped wavy walled geometry on fouling layer formation, it is frequently used in
production EGR heat exchangéfsThis is because it is believed that thegtarsurface
areaof thesecoolers leads to an increased resistance toégativeeffects of fouling.

There is little to no published data that supports @assumptionMoreover, a review of
studies on the effectiveness of various geometries at mitiggtiing foundconflicting

results to be common among theBy looking into the studies concerning the various
geometries, the authors of the review concluded that the effect of the geometry on fouling
layer development is not fully knowme computationamodeling isnecessary to gain a

complete understandirig.

14



Of the two computational studies concerning particle deposition in wavy walled EGR
coolers, neither incorporated a model for the growth of the fouling layer. Both modaels als
utilized perfectly adsorbing walls, leagrthem unable to capture the effects of the fluid
velocity and wall shear stress inhibiting particle deposition. Because of this, neither model
is able to accurately capturerpele depositionThis is apparenh the results Nagendra et
al. obtained using their model, which showed the leading edge of the wall peak having the
highest concentration of depositsThis directly contradicts the observations on fouled
coolers made by Lance et al. and indicates that a more robust computational model is
necessary for modeling particle deposition and fouling layer grdWwalithough other
models discussed above incorporate models for particle attachment and |ramibva
fouling layer growththeir use appears limited to a small range of parameter. Furthermore,

none have been utilized to simulate the wasalled geometry.

1.2 Objectives

In spite of a significant amount of research that has been already performedrto bette
understand the effects of wavy walled geometries on flow with heat and mass transport,
we are still missing a fundamental and systematic insight into these processes especially in
the caseof EGR coolerfouling. This knowledge is critical for the effiaie use of wavy
walled channels in practical applicatiofifie goal of this thesis, therefore, isctmtribute
to the understanding @he influence of asymmetric wavy walled channels on the flow,
heat transfer and formation of a fouling layer withinTib. achieve this goal, our research

wassplit intothesefive objectives:
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1. Develop and validate a finHgifferences thermal model for simulating heat
transfer and couple it withlattice Boltzmanmmodel for fluid flow

2. Investigate influence of wavy wall ge®try on the fluid flow through the
channel.

3. Investigate the influence of the geometryhaat transfer in the fluid.

4. Expend the computational modelor simulating fouling layer growthoy
integrating it witha Brownian dynamics mod#&r the motion and degsition of
particles entrained in the fluid.

5. Employthe extended mod& examine the effect of the geometry on the fouling

layerformation anddevelopment.

When investigating the effect of the geometry on the fluid flow, heat transfer and fouling
layer derelopment (objectives 2,,3and 5 respectively), we systematically vary the
parameters defining the geometry and flow in order to understand how they influence the

various aspects of the system.

The insights gained from thiesearchwill have impactsnat only in EGR heat
exchanger design, bon awide range of engineering applicatiod#is includes mixing
and heat transfer in microscale devices which are incapable of achieving turbulent mixing,
as well as designing more efficient general purpose ixeatagers were fouling may or
may not be a significant issue. Furthermore, our computational model will provide a more
comprehensive understanding of the phygiagerningthe fouling layer development as
well as serveprovide a computational framework thaanbe further expandedbr use in

future research.
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1.3 Thesis Overview

A detailed description of the computational model developbdn completing
objectives 1 and 4s providedin Chapter2. Significant attention is giveno the
implementation of the methods used fonsiating particle depositioandthe fouling layer
model. Additionally, a brief discussion of GPU computing, specifically the OpenCL®
programming framework, is included as it became necessary for our cotiizeoGPU
accelerators to maintain reasonable simulation tifoeshe computationally intensive
simulations To veify the implementation of the methqdse performed validatiotests
for the developed computatiomalodels We have provided the resuftem these tests in

Chapter3.

Our investigations begdy probing the effestof wavy walled channels on the fluid
flow, whicharedetailed in Chaptet. Specifically, we investigatd how the flow occurring
in the channel is influenced by the gezint parameters of the channel (itke amplitude
and peiod of the walls andheight of the channgland thepressure drop driving the flow.
By performing simulations over a wide rargfeheseparametersve were able to examine
how they influence multiple aspects of the system. These aspects include the flow
structures found in thiduid, the pressure drop oessary to induce unsteady flomdahe
frictional losses resulting from the coreglgeometry. Additionally, we probettie effect
of the geometryn the stability of the flovand the bifurcations the fluidndergoess it

transitionsfrom laminarto chaoticflow regimes.

Chapter5 focueson the heatransfer enhancement induced by the wavy walled

geometry(objective 3) We vary the geometric and flow parameteis observe how they
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influence the heat transport in the chantdingthelocal and mean Nusselt numbess
compare how theggarametersiffect both theheat transfeoccurring at various locations
along the wallas well as theeerall heat transfer enhancemeftditionally, a thermal
hydraulic performance factor, which provided a more accurate represetdtie overall

performance,d ued to quantify the effects of the geometry.

Using the full computational model, weconclude our investigation with the
examiration of theeffect of the wavy walled geometry on the development of the fouling
layer (objective 5) A discussion of our resulis provided in Chapte8. As in the previous
investigations, wearythe geometric and flow parameters and obskow they infllence
the fouling of the channelSpecifically we examine their effect on the thickness and
growth rate of théouling layer, the localization dhe depositsandthedegradation othe
cooler performanceOur results provide insights into how the wavy walled geometry

influences the growth of the fouling layer.

Lastly, major conclusions drawrom ourresearctareformulatedin Chapter7. This

chapter also discusses furtlptains for continued model development agskarch.
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CHAPTER 2. METHODOLOGY

In order to investigate the systenfsmerest, computational methodsgere needed
to simulate tle fluid flow, heattransfer and particle motion in therdain. The methods

chosen for oucomputation mdel consisted of

1 ThelLattice Boltzmann Method (LBMior the fluid flow

1 A finite-differences thermahodel(FDTM) for the heat transfer

1 A Brownian dynamics modéBDM) for the particle motion

1 A custom foulig layer model (FLM) to capture the effect on the system of a

growing fouling layer, resulting from particle deposition

Thisfouling layer modeshiftsthe location of the surfaces defining the fhksiolid interface

inward into the channel to simulate thewth of the fouling layer

In the initial investigatia of the fluid flow in the wavy channel, only the lattice
Boltzmann method was utilized. Consequently, this required no coupling between
methods. When investigating the heat transport, the iliiterences thermal solvevas
used in addition to the LBM. One way coupling between these two methods was
implemented through the velocities calculated with the LBM. Irfittad investigation of
the fouling layer formation, all four models (LBM, FDTM, BDM andLM) were
employed ireach simulationAs before, one way coupling was applied between the LBM
and FDTM using the fluid velocitiesSimilarly, the Brownian dynamics model was
coupled with the LBM and FDTM through the velocities and temperatures usédtata

the particle trajectoriegespectively The BDM was linked to the fouling layer model
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through the deposition of particles along the surfacéurn, the FLM directly influenced
the LBM, FDTM and BDM by shifting the surface locationsaeing theshape of the
domain. With all four methods coupled either directly or indire(tbeFigure2.1 for a
diagram of these couplingspur computational modas able to capture the complex

interactions between all aspects of thetem.

Fluid velocity

Particle Deposition

/

FDTM

LBM

BDM FLM

Fluid Temperature

/
N

Surface Location
Figure 2.1 7 Diagram of coupling between methods used in computational model.

Early developments of this computational model were written in C++ and
simulatiors were executed on a compute cluster apmnbg Intel Xeon multicore
processors. During the development of the foukrygr modelall new methods along with
nearly all those previously written in C++were (re)implemented n t he OpenCL
framework (which is based on the C99 programming standefl)e Open CLE f r a me
provides the capability to execute on various computational devices, including graphics
processing units (GPU8)Assuchs i mul at i ons using methods i m

were executed on standard desktop compgtargaining AMD brand GPUs.

The following sections of this chapter will discuss the theory and implementation of
the lattice Boltzmann method, the fingferences thermaimode| the Brownian
dynamicanodel and the fouling layer mod@l final section wil provide a brief overview
of the OpenCLE framework along with a disc.!
framework.
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2.1 Lattice Boltzmann Method

In ourmodel,we use tk lattice Boltzmann methdad model the fluid flowThe LBM
is @ mesoscopic methahich uses the discrete Boltzmann equatiosittaulateflow of a
Newtonian fluid instead directly solving the NavieiStokes equation€.’# The method
uses a fied square latticand simple boundary conditionshich allow for modeling of
complex geometries and eliminate the need femeshing with moving boundaries.
Additionally, the spatial locality of the method make is relatively simple to implement and

highly parallelizable®

2.1.1 Historic overviewof the LBM

Historically, the lattice Boltzmanmmethod grew out of theattice gas cellular
automata(LGCA) models first introduced by Hardy, Pomeau, and de Pazzis in’$973.
Their mode] called HPPconsstedof fictitious particles travelingalong a fixed square
latticein four fixed directions corresponding to four velocities. When two or more particles
occupy the same lattice site, they undergo collisions which enforce conservatasof
and momentuny’ By undergoing succei/e transport and collision steghe particles
behave similar to molecules in a gdasa microscopic level. However, several flaws in the

model left it incapable of simulating the flow of a fluid at the continuum Jével

In 1986 Frisch, Hasslacher and Pomeaublished a paper detailing an improved
LGCA method, known as FHP, which was capable of simulating fluid flé®Rather than
using a square lattice and four velocities, their model utilizeexagonalattice and six
particle velocities. The higher symmetry of the FHP model allowed it to achieve the

isotropy necessary to recover the NaBétkes equations in the macroscopic lifit.
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Although this model and as subsequent LCGA modele able to overcome the initial
limitations seen in early LCGA models, they still suffered from two notable disadpnta

a lack of Galilean invariance and statistical ndfse.

The development of the lattice Boltzmann methaglgdirectly out of attempts to
overcome the drawbacks of LGCA methods. McNamara and Zanetti replaced the
individual particles traveling along the lattice with ensemble averaged populations of
particles in order to eliminate the issue of statistical nfSis&orking independently,
Higuera and Jimenealso did away with individual particles but went a step further by
replacing the allision rules defining particle interactions with a linearized collision
operator derived from the Boltzmann transport equdfiofhese two papers laid the

ground work for what has become known as the lattice Botltmmaethod.

Over the last three dedesthe method has been improved and new versions of the
method have been developddhe earliest model, introduced by Quin and Chen et al, used
the BhatnagaGrossKrook collision operator to form a single relaxation time model
known as the lattice BGK @GK) model®? 3 In order to overcome stability issues that
occurred with small relaxation times and to impraeturacy, multrelaxation time
(MRT) and two relaxation time (TRT) modelsve been developdti®® Others have
extended the model to simulate a wide raofyphysical phenomena such as heat/mass
transport and multiphase/multicomponent mixt#e8.This development has led to the
lattice Boltzmann method becomiray highly versatile and useful tool in the area of

computational physics.

22



2.1.2 Implementation of the LBM

The lattice Boltzmann method simulates hydrodynamic flows using a density
di stribution function descri bing evwlt®n moti o
of the distribution function proceeds through sequential collision and propagation steps and

is governed by the discretized la#@iBoltzmann equation given B3
f(r+c, Bt +#)Dff,t) @&HW gf’ 21

In this equation, the local fluid distribution functiof (r,t) is propagated across each
lattice direction,c;, at each time steft. The collision operatoV\{f (r,t)], which is a
function of al f;'s at the lattice point, denoteidr,t), relaxes the distribution function
towards its local equilibriumin our simulations we use a double relaxation time model
developed by Laddrhe right hand side d&quation2.1, denotedf;” , is the postollision

distribution whch is calculated according té:

£ =af gr Lu@ (fwure™) (¢ &) 2.2
€

' c? 2¢ct

S

Here, a“ is the lattice velocityc? =1/3 is the adiabatic speed of sounds=4 f; is the

density, u=4 fic;/r is the local fluid velocity, andd™ is the modified non

equilibrium second moment given by:

B =) B HL (o) 23
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Here / and/, are eigenvalues of the linearized collision operatbl59=4 - §°9 is the

non-equilibrium second momenY =3 f,c,c; is the second moment of the distribution
i

function, 8% =g f,*%,c, is thesecond moment of the equilibrium distribution given by:

e 4 ruu:(c.c- 21)
fei=a% ér +ru2®i + —~ &
g C; 2C

S
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The eigavalues/ and/, are related to the shear and bulk dynamic viscosities according

to: m=- rc:sz(/‘1 +0.5) and m =-rc’ (2/;1 +1)/3. The pressure is calculated from the

equation of statep = 7cZ. In each simulation we used the density1, /, =-1, and

time stepDt =1.

The lattice Boltzmann method is implemented on an espated square grid
uniformly covering the computational domain. In our diions, a 9 velocity modevas
usedfor two-dimensional simulations (D2Q®)ith latticevelociiesandcorresponding are

defined below.

€(0,0), i =0, a® =49
c ={( 1,0,(0, 3, i ¥4- a* A& 2.5
1(°1, ), i 58 a> 1836

The directions of the lattice velocities can be sedfigare2.2.
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Figure 2.27 Velocity directions for D2Q9lattice.

2.1.3 Boundary Conditionand Determination of Boundary Nodes

For simple geometries, such as a straight channdlimdoundary conditions can
be readily implemented using the heldy bounce back method. In this method,
distributions thacross a solid boundary during propagation return to the same lattice site,
but in the oppositdirection This method is second order accurate for boundaries located

one half step from a lattice site, otherwise it is first order accbfate.

In complex geometries, such as the wavy channel considered in our study, the
distance between the boundaries #r@lLBM nodes located next to the boundary varies.
In this case, we used the interpolated botraek method introduced by Bouzidi et’al.
to impose no slip bawdaries along the channel wallwhich maintains second order
accuracy with minimal computationalcosish e val ues f or the fAbounc

functions are interpolatecteording to:

f.(r,t+ B 20f°(r,,t) (2 209 f°(, ¢ t}, g OF 2.6
1 .. 2q- 1
f.(r,t+ D) Eafi (r, .t) AZTﬁ.(rl t), g 0.8 2.7
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Here, f,. is the distribution in the opposite directioelative to f,, q is the distance
between the lattice node and the wallis a fluid node withr, +c; being a fictitious node

located within solid, andf,® is the value taken after the collision, bo¢fore the

propagation stepFigure 2.3 provides a schematic depicting how the method is
implemented. Whemg <0.5 (Figure 2.3 (a)), the value of a distribution is interpolated
from nodesA and E for a fictitious node D. The location of D is chosen such that when the
distribution is propagated a full step, it will bounce back at the wall (C) and reach node A.
When g2 0.5 (Figure2.3 (b)), the distidbution leaving node A propagates a full step to the
fictitious node D. The new value for the unknown distribution at A is then interpolated
from the values at nodes D andiiaddition to neslip boundaries along the walkpodic
boundary conditions anenplemented along the inlet/outlet of the channel by transferring

all distributions crossing the outlet (inlet) during pagation to the inlet (outlet).

(a) q<05
§WaII
Fr'\ Er 9 A \3_\3 C B B
(b) q205
wall |
F E Ay D iciB

Figure 2.31 Schematic of implementation of intepolated bounceback method for (a)
g<0.5and (b)g 0.
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The walls of the chanhere delineatedy setof n, points spaceequidistantly

across thdength of thedomain.Linking these points is a set of.=n_ -2 surface

elements, each defined by two poirtising these surface elements, we are able to reduce
the complex sinusoidal shape of the channel walls to a set linear line se¢saehRigure

2.4).

® Fluid Node
O Solid Node
A Wall Point
— Surface Element

--- Actual Wall
Location

O O O
Figure 2.47 Depiction of surface elements defining channel wall.

By defining the fluidsolid interface with a set of surface elements defined by two
points, we can use simple geometrical relationship®btain important information
neessary for calculationg-or examplethe surface element information can be used to
determine if a distribution at a given node crosses the wall and if it does, the distance
between the surface and the notleis process is depicted igure2.5, where the lattice

velocity ¢, at noder, is crossing thesurface is defined by pointg, andp, . First, using

the vectorv, , =p; P,. the surface normas calculated according to:

= (' Vpo,plF'V po,pi )E

e = 2.8
H' Voo

S
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To ensure ensistency, th@, and p, points defining each surface element are chosen in
such a way that the normal calculated with EquaZi@rwill always point inward toward

Vr| Po Q‘

the fluid. Once the normal vector is obtained, thagnitude ofvectors

Vo e =

and

v, CH =|c, B)| can be calculated.astly, because triangles ABC and ADE are similar,

Vool

method as well as the location of intersectmp =r, -€¢,. Additionally, we can ensure

we can obtain the value af=

V, ¢ for use in the interpolated bounce back

that p,,, is located on the surfacesatent by testing iEquation2.9 is satisfied.

Hv 2.9

‘ ‘HVDvpl

PoPL| vaorD

If it is not satisfied, this indicates that, is located on the line passing through poipgs

andp,, but outside of the section defined by them.

Figure 257 Diagram representing calculation of distance between node and surface.
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In addition to neslip boundaries along the wall, a periodic boundary condison
implemented along the inlet/outlet of the chdn@®upled withthe periodic boundary, a
body force density is applied to the momentum term in the collision operator leading to

a modified flow momentur®

ji=q fc, €/2. 2.10

By settingf = -dp/ dxrz:, we were able to model flow driven by a constpressure

gradient. Additionally, using periodic conditions allowed us to simulate the sections of the
channel sufficiently far downstream from the inlet for the flow to have fully developed.

This is significantly more efficient than using pressure or velocity boundary conditions,
which would require a simulation domain containimgeatrance regiofull channelwith

multiple periods tallow the flow to becamtilly developed.
2.2 Finite Difference Thermal Model

An implicit finite-differences thermal model was used to model the temperature
distribution within the channel.This method was used because of its simple
implementation and computational efficier®éyThe generalized form of theonvection
diffusion equatiorfor heat transfer in an incompressible flwgthout heat generation is

given by®®

P& Tp {vb), 2.11

=[5
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where a is the thermal diffusivity;T is the temperature and is the velocity of the fluid
Expanding the diffusion term (the first term on the right hand sidgué&on2.11) results

in

%:aéT +® TOD (vTE 2.12

For systems with constant thermal diffusivityoughout the fluid, the second term on the
right hand side of EquatioR.12 can be dropped a®a =0. Removing this term, and

expresingdifferential equation in its implicit form gives:

; Uhe—) VJ—E . 213

I O:On
Qo
=
-

Here T°(r) and T*(r) are the temperatures at positionand timest and t+ D

respectively,Dt is the time step, and andV are thexandy components of the velocity.
This form of the heat equation is used when investigating hewtférain the channel

without foulingas the thermal diffusivity of the fluid remains constant.

If the thermal diffusivity is variable in the systeits,9patial derivativdbecomes non
zero camot no be dropped from Equatichl2. Therefore thdollowing term must be

included on the right hand side of Equatibh3;

o) T) &) Th) 214
Xoom W yH

O DD
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Wherea(r) is the local thermal diffusity. In all simulations the finite difference

eqguations are solved on the same lattice as that used in the LBM.

(a) (b)
° i l"n ° ®
Ay,
oY 1—»& —Ax—>e
| g ¥ 1‘ r € | N
Ay,
}
. ol ™

Figure 2.6 7 Diagram of node spacing scheme used in finite differences thermal model.
(a) Interior nodes have uniform spacingvhile (b) boundary nodes have noruniform
spacing

2.2.1 Spatial Derivatives

A central difference scheme was used to calculate the spatial derivatives. Because of
the complex geometry associated with the wavy walldjristeandsecondderivatives with

respect toX were calculated according to:

ur(r) __ BT(.) i) (P X)) »15
o B(D %P x(Dx Dx)+D x X D '

wri(r) . 2m() . 2T) 21"t )

- . 216
X R( D %) x(Dx Dx)+ D¢ X

where Dx, and Dx,, arethe distancefrom the center node (at) to the east (at,) and
west (atr,) nodes respectively(seeFigure 2.6 for a visual representatioof the nale

layout and spacing® For nodes located away from the walls, whBxe = Dx,, these two
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equations reduce to the common central diffeedoom.The derivatives in the direction

can be obtained by replacing the east and west nodes with the north and south nodes

For the thermal diffusivity, rather than usimg value atneighboring nodes to
calculatethe spatial deviatives, thoseepresenting the thermal fliivities between nodes

areused. Therefore, the spatial derivatives become:

wa(r) _ 2 R, 4dri) 20 &.)i A xp x)Dfa) 217

w  RB(D %P x(Dx Dx)+ D x X, D

wa(r)_ 4dd) . 484.) 4 {a) 2.18
w¢ B( D XD x(Dx Dx)+ D¢ x |

Here, a(r) is the thermal diffusivity at node, while rj andrj signify the locations

halfway between node andits neighboring in the east @nvest directions respectively.

The value used for the thermal diffusivity at nadés obtained from the average of the
diffusivities between nodes in the four surrounding directidoge that the form Equations

2.17 and2.18 differ from 2.15and?2.16 by a factor of two due as they were derived from
Taylor series expansions using a spacing ofthalflistance between nodethex than the

full distance. The derivatives in the y direction can be obtain in the same manner as
discussed above for the temperatiariable diffusivities are used when the fouling layer
growth is included in the systemaas such will be discussed in more detail in Se@ién

of this chapter.
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2.2.2 Boundary Conditions

The channel walls were kept at a constant temperatufg ®0 in all simulations.

For simulations investigatingeat transfer, periac thermal boundary conditions were
used at the inlet/outlet of the channel. This boundary condition is implemented by setting

the dimensionless temperature to be periodic across the inlet?é(fttet. dimensionless

temperaturas defined byg(r,t) :[T(r,t)- TW]/[Tb(x)- TW], whereT,, is the temperature

of the wall andT, (x) is the bulk temperature defined as:

ATt Al H e ARG K)
T, (X) = i HLﬁX’ y, Z)H dydz aj_ k'a'”u(i,j K )H

zy

2.19

In all simulations, the bulk mean temperatwas set tol, (0)=1 at the inlet and was

updated after each iteration of the implicit solver atilet. For simulations investigating

fouling, a constant temperature boundary condition was implemented at the inlet with

T

w

(0)=1 and the outlet temperature was extrapoldted.

2.2.3 lterative Solver for System of Equations

When investigating heat transfer in wavy channels, the Gaeisel method was
used to iteratively suk the system of equationST =b, whereA is a N3 N sparse
matrix of coefficientsand T is a vectors with lengtiN of the temperatures at each lattice
node b is a vector of constantgith length N, and N is the total number of lattice sites
in the domainThe GaussSeidel method was chosen for is simple implementation, reduced

memory requirementsompared to other iterative solvers as well as its increased rate of
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convergencé® When modeling foulingayer development, the Jacobi method was utilized
to iteratively solve the system of equationse Jacobmethod requires the storage of two

T matrices, and has a slower rate of convetgasompared to Gau§eidel. However, it

can beparallelized, which was necessary as nearly all calculations performed in fouling
simul ati ons we%Tais paralleligatiom signicBntlydreduced the time per

iteration, overcoming the reduced rate of convergence of the method.

In order to redce the memory required to hdlte sparse matri , only the values

of the nonzeroelements and their indicegere stored, reducing the memory requirements
from O(NZ) to O(N). Additionally, to reduce the computational cost of updating matrix

A at each time step, the coefficients@sated with the diffusive term in the transport
equation are calculated once and stored in memory. This reduces the calculations
performed at each time step to only updating the coefficients related to the convective term

as they are a fction of the usteady velocity.
2.3 Brownian Dynamics Model

The sizes of diesel soptrticlesrange fromtens to hundreds of nanometersis,
coupled with the sufficiently smallolume fractionof soot particlesnakesthe Brownian
dynamics modeh suitable choice for simatingthe particle motiorand deposition® In
this model, lhe particles travel along trajectories that obey a stochdifiiecential equation

100 101

given by:

dr () =u(,t)dt /2D, W (1). 2.20
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The first term gres the advection due to the local fluid veloaitfr ,t) . The second term
is the Brownian contribution, witl, being the particle diffusion coefficient ari¥V (t)

being the differential of a Wieer proess with unit variance.

We use a first order Euler method to sdRguation2.20 which givest®?
rit+ D =) uf@] t 2B, W ()L 2.21

Here, tle incrementDW is sampled randomly from a truncated Gaussian distribution with
unit variance. The fluid velocity at the particle position is obtained directly from the
velocities at the LBM nodes by using linear interpolatinetween th neighboring

nodest®
2.3.1 Particle Properties

As the particle travel with the fluid, they are treated as tracers without mass or any
excluded volume. Consequently, they @b @xperience inertial effects particleparticle
interactions, and dootinduce any backflow effects on the fluid (only one way coupling).
These assumptions are valid for sulwron sized particles at a relatively low
concentration, which are the cotidins found in EGR heat exchangé&t$When the
particle is interacting with a surface, it maintains its lack of an excluded volume cbhut ea
particle is assigneda finite diameterthat is usedduring interaction calculations.

Additionally, this diameter is used when calculatingriglevantparticleproperties.

To reduce computationabsts the particle diameters used in the model weraldiVi

into thirteen bins ranging from 50 nm to 290 nm, with each bin having a representative
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mean diametei® By doing so, the properties corresponding to each particle diaweter
calculated once during initialization and stored in an afexyperimental investigations
into the particle sizes found in dieslhaust suggest that the particlardeters are log
normally distributed® As such,number of particles in each bin was calculated from a
lognormal distribution with a mean diametd# 130 nm and a standard deviation of %.4.

A plot showing the percent of particles imch bin can be found fRigure2.7.

0.2

<
[

0.1 |

% of Particles

005

50 90 130 170 210 250 290
Bin Diameter (nm)

Figure 2.7 1 Distribution of particle diameters used in Brownian dynamics method.

In physical EGR systems, the total number of particles wittencooler can reach
numbers>10° and varies with timé% In our simulatiors, the number of particles is
limited by its highcomputational cost3.0 increase computational efficiency and accuracy,
the total number of Brownian particleskeptconstanin the simulationsMoreover each
Brownian particle in the model represents multiple real particles. This allowed for our
modelto maintain a uniform concentration of particles entering the channel at the inlet in
addition the ability toaccuratelysimulate realistic concentrations of particles at a

reasonable computational expense.
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2.3.2 Thermophoretic Forces

Temperature gradients the heat exchanger give riseathermophoretic force that
drives particles towartheheat exchanger wall$he effects othethermophoretic forces
included into the model by adding a thermophoretic velocity tgo#récle velocity in
Equation 2.21. This thermophoretic velocity iscalculated from the BrockTalbot

correlationgiven by:1%6

222

whereKi is the thermophoretic coefficierdg andy) g are the viscosity and density of the
fluid, Tp is the temperature of the particle abd is the temperature gradient in the fluid.
Due to he small size of the particles, the particle temperature is assumed to be equal to the

temperature of the fluid at that locatiod,, is calculated according 87

8 2cc(d) 9 8 ks okl d)

Kth(dp)zé%wcmlm(dp) Qlégzkg/kp 2G K d) -

whereKn(dp):Zl/dp isthe Knudsenmab e r , > I s the kgarwlhp free

are the thermal conductivities of the air and particles respecti@glys the momentum
exchange coefficienC, is the thermal slip coefficienC, is a numerical factor obtained

from kinetic theory, andC, is the Cunningham slip correction factsdefined ag®

C.(d,) =1 #n( dp)( A BéC’Kn(d”)) . 2.24
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Here A, B, and C are experirantally determined coefficients/alues used forthe

coefficientsC,,, C,, C,, A, B, andC are 1.14 1.17, 2.18,1.257, 0.4, and 1,1

respectively?” 1 The thermal conductivity of the particles was set to the experimentally

determined value ok, =0.057 W/mK_56

The temperatur@and the velocity of each particle obtained directly from the
temperaturend velocityat thefour surroundingneshnodes using kinear interpolation.
The temperature gradient is determined from the temperatdezedite betweethese

nodes.

The effect of diffusion on particle motion is negligible compared to that of
thermophoresis in systems witfficientlylarge temperature gradierf§ Because of this,
we neglected the effects of diffusion in our model. We also notesithatating diffusion
in a Brownian dynamics model requires the oa random number generator capable of

generating values from a normal distribution, which is a computationally expensivé’task.
2.3.3 Particle Deposition and Removal Models

Experimens suggest that shear induced removal of deposits can have a significant
impact on the growth of the fouling lay&rThis can even lead to the laydickness
reaching a steady state as the increased fluid velocities caused byrdventaof the
channel rsult in the rate of removal offsetting the rate of depositiddigher flowrates
also increase the kinetic energy of particles as they impact the wall. If this energy is
sufficient to overcome the adhesive forces between the particle and the wall titie par

will rebound off the wall instead of depositing ortit Therefore, in order toapture the
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effect of the flowate and wall searon the deposition and removal of particles as they
contact the surfacaye implementedb ot h a #Asticking probabil]i

model.

2.3.3.1 Sticking Probability Model

ASticking probabilityo models wuse the m
impinging object as well as the kinetic energy of the object to calculate a probability that
it will adhere to the surfacé? In our modelthe equation for the sticking probabilitgp
is given by:

Q

- 2.25
mU? /2

Sp=

which is the ratio of thadhesion energy acting to keep the particle astiaceto the

kinetic energy of the rebounding parti¢ses depicted ifrigure2.8).113

Figure 2.8 7 Depiction of particle contacting sirface.

Assumingno energy is lost to heat, the energy balance for the particle can be reduced

t0.114
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mu2 U
— %2 Qj. 2.26

Here, m, is the particle mas$J, is therebounding particle velocity) is the velocityof

the particle when it contactse surface an®)j is the energy the particle must expend to

break contact with the surfacEhis contact energy is giveay:11°

om*A
Qi\:709a=;—2
¢ B
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whereG = /gp & is the work of adhesiory is the surface free energy with the subscripts

p ands denoting the particle and surfacespectively,R is the effective radius of the

particle when in contact with the surfaghich, assuming negligible deformation, is equal

to the particle radius, anf, i s t he effective You-sufates modu
interface The effective Youngds modubkhusdthes a f i

Youngos modu lial andos calailatediroffna t e r

o -l
A-my 1-n7 9 228
5= ? E, E 8 '

When the patrticle is in contact with the surface, smallrdedtions in both lead to
theformation of a contact area rather than the single point of contact that would exist if no
deformation occurred. Using the JKR theory of adhesive contact with zero contact

pressure, the radius of this contact age#s given byt* 116



2.29

Using this contact radius, the total interface adhesive end&dgy;2 @a* can be

calculated.

In all simulations the material properties used for the wall were thosainlest
steel, as this material is commonly used for EGR heat exchangers'\Wallgle
information on the material properties of dieseot particles is known. Howevat,is
known that the graphite form of carb@a major component of the sodherefore the
material properties of graphite were us&tihe values used for the teaal properties are
listed in Table2.1. As the fouling layer forms, the particles begin to impact and make
contact with soot deposits rather than the wall. To capture this change in the surface, once
the thickness of the soadaches 0.5 LBnits, the material properties of graphite is used

for the surface instead tfose ofstainless steel.

Table 2.17 Values for material properties used in simulations.

Soot (Graphite) Wall (Stainless Steel)
Surface Free Energy 0.15 N/m 1.37 N/m
Youngdbs Mo 35 GPa 210 GPa
Poi ssonds 0.126 0.29

At each Brownian dynamics step, after the positions of the particles are updated, all
particles located near the wall are cked to determind their trajectories intersect with
the wall. This is done in a manner similar to that used to calculate the distances in the

interpolated bounce back method with the particle position before updating and the

displacement vector of the particle replacpmnt r, and vectorc,, respectively. If the
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particle trajectory intersects with a surface, th&ticking probability is calculated.
Additionally, a pseudosandom number generated frorarform distributionof xi [01)
. If the random number is less than or equaSpor the rebound velocity, ¢ 0, the

particle deposits on the surface, otherwise it is specularly reflected from the surface with a

velocity U, , to a distance ot Dt. Here Dt is the time step used in the Brownian

dynamics method in LB unit8Vhen the particle rebounds, the new trajectory is examined
in order to determine if it intersectstvia differentor the sameurface and if it does the

process is repeated.

2.3.3.2 Shear Removal Model

Initially, the deposition of particles is treated as temporary. It is during this temporary
deposition period that the particles can be sheared from the samn@ceentrained in the
flow. The length of the temporary deposition is sufficiently long to ensure that the
deposited particle will experience the full range of the oscillating shear dtregs the
unsteadyflow at its deposit location before becomimgrmanent. This process is referred

to as the shear removal model. In the shear removal model, the shear stress at the surface

where the particle has depositégq, is compared to a critical shear stre@s(dp) which

is a function of the particle diameter.
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Figure 2.97 Balance of moments on deposited particle.

The critical shear stress is calculated from a balanamarhents acting on the
particle at pointO (seeFigure 2.9). Drag from the fluid exerts a force on the patrticle
directedparallel with the wall, while the Van der Waals force acts perpendicutlae wall
surface The weight of the particle and the lift force are butiglectd as small compared
to the adhesive Van der Waals foté&The drag forcacting on the particle near the wall

is calculated using St oke$#5.7008 givemby®°h t he w
F,=3p bd, f . 2.30

Here, mis the viscosity of the fluid, and is the fluid velocity at the center of the particle.

The Van der Waals force is defined as:

_Ad
I:VW - 1222p 2.31

where A, =10Ji s t he Ha ma k ez=0dg/50 isdhe sepaaatian distamaz

between the particle and the sue ©°
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Figure 2.101 Diagram of the particle deformation at the surface
The particle will detach from the surface and bem&rained in the flow provided the
moment generated bly, about poinO (seeFigure2.9) is greater than that d¥,,. This is

definad by the inequality:
Fa® b &F.a 2.32

Here b is the distance thparticle deforms when adhering to the surface ansd the
contact radius defined Equation2.29. The shapef the deformed particle when adhered
to the surfaceanbe approximated as Figure2.10, with a right triangle formethetween
the center of the particle and the left and center locations of the contadfising.the
propertes of the wall and particle defined above, we find %&tl0° for a particle
diameter of 100 noFrom the Pythagorean theorem, we can calculate the length dBside

in Figure2.10.

B=VC" -K Fd/4 & 50° " -50nh 2.33

Thereforesince B° d, /2, we can assume thatx d, andsimplify Equation2.32 to:
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F.d, >2F,a. 2.34

Due to the small particle sizex{e n), the velocity gradient across the height of the

particle can be assumed linear. The velocity at the particle center is thereforkygiven

% 2.35

CcC

I
v _Q:Jo
E?ic

By combiningEquations2.30, 2.31, 2.34 and2.35, and rearranging terms we obtain

pU _ 12504, a 536
i 9pd; f

From this, we can define the critical shear stress as:

2 y3
_1250A,a 125, & 9GO
ta(d) =5 5 g 1 Bgre & 237
,0 p ﬁ Q p E -
which describes the shear stress required to rempegticleof diameterd | deposited on

the wall.

In the lattice Boltzmann method, tif®& component of the wadihear stress vector at
a given lattice node located the boundary (i.e. has one or more distributions crossing the

boundary)s given by'?

t,: = frec,n(c, -c.hp). 2.38
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Here, r is the fluid density,/ is the LBM relaxation parametec? is the lattice speed of
sound f*=f_ -f % is the norequilibrium value of distributiora , andc,, and n,
denote hecomponents of thiattice vectorc, and normal/ectorrl?:D respectively (withx

representing Einstein notation indices j , and k ). Figure 2.11 providesa visual

representation of the elements used in the shear stress calcul&srdiscussed
previously, the normal vector at each surface element is well defined i caadily
calculated from its position informatiofsolid red arrows irFigure 2.11). The vectors
located at the boundary nodes normal to the surface, howevambiguouss a boundary
node can be positionedear more than re surface element with different normal
directions. In order to define the meal vector at these nodes, an average of the normal

vectors of all surface elements neighboring the node is calcaletedding to?!
1.
- = 2.39
L ak.

Here n, is the number oheighboring surface elements, is the unit normal of each
neighboring surface. We defiree neighboring surface element as any surfdement

located within a circle of radiusy,, , around the boundary no@aack circle centered on
thefluid nodein Figure2.11). By normalizingn, we obtainED (black shortdashed arrow

in Figure2.11) used in Equatior2.38 to calculate the wall shear stress at the boundary

node.
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Figure 2.117 Diagram depicting elements used in calculation of shear stress along the
wall.

Using the shear stress valghe boundary node$ie magnitude of the shear stress
at each surface element can beedeined. This is done by taking a weighted average of
the shear stress magnitsad the all boundary nodes neighboring a given surface element

using the equation:

w Bwig) 240

~
Chs
"

w

O

Again, the neighboring nodes are defined as any node located within atradéus, R

, around the midpoint of the surface eleinghe red circle centered arourbe surface

element irFigure2.11). The weightsW,, are calculated from the triweight kernel function

given by*?2

\_35. _
w(r)=21 T) 1y 241
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Here, T =r/R. is the normalized distance between the surface midpoint and the boundary

node, and]ﬂm]} is theindicator function This kernel function was chosen for its steep

slope which heavilyfavors nodes near thgiven surface.Rather than calculating the
direction of the shear stress vector, it is assumed to act tangentially to the shdaee (

dashed arrow ifrigure2.11).

Once the shear stress is calculated for a given surfacerdlatrcan be compared to
the critical shear stress for all particles temporarily deposited on it to determine if any
particles are sheared from the surface. When a particle experiences sufficient shear stresses
to be removed from the surface, an accélemafor the particle and its resulting
displacement are calculated. The fluid induces two forces on the particle as it is dislodged
from the surfaceadrag force and a lift force acting in the tangential and normal directions
to the surfacgrespectively The drag force, as discussed previously, is calculated from the
shear stress at the surface according to

F :%dﬁ fz,,. 242

The lift forcecan be calculated from the expression developed by Leighton and Acrivos

for the lift induced by shear flow over a spherical particle on a plane giv&d by:

F =0.57/‘dg b. 243

Here,g= [/ is the strain ratetahe wall. From these two forces, the resultant force

acting on the particle defindxy the vector:
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F. =FosonU, 8) BFE, 244

whereIFES andES are the normal and tangentiahit vectors defining the surface, and

sgn(QNCES() is the signum function which ensures that the drag force acts in the same

direction as the shear stress.

The forces induced by the flow actingn dhe particle induce an acceleration,
a, = F,/m_, wherem :pdf) rp/6 is the mass of the particle with, =1770 kg ni used
for the density of the particR® Assumingthe particle detaches at the beginning of the

Brownian dynamics step and undergoes a constant acceleration throughout the entire time

step, the location of the particle after it is removed from the surface is given by:

r(t+ B =t) o ( t). 245
Here,r (t) is taken as the location where the particle first deposited ontfaes.

After a set number of time steps, if the particle is still adhered to the surface it
assumed to beermanently depositl When this occursthe number ofsoot particles
represented by thadividual Brownian particle is added the appropriatelement of an
array tracking the number of particles from each particle size bin deposited at each surface
element After the necessary informatios stored, the Brownian particle is-released at

the inlet.
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2.3.4 Inlet Boundary Conditions

Along with the paticles that have permanently deposited on the surface, all particles
reaching the outlet of the channel aeenoved from the simulation domain. After a set
number of time stepghese removed particles are-introduced in the computational
domainatthe nlet of the channel. This ensures that the total number of Brownian particles
used in the model remains constaflte number of real particles represented by each
Brownian particle reeleased at the inlet s®t at a value whichnforces a uniform partiot

concentrationn the entering fluidThe representative number of particles, denatedis

calculated according to:

_2C,U,hDt,

48] 4

Moy

n 2.46

article

whereC | is the particle concentration (with units S/D)@), U, is the mean velocity

of the fluid at the inleth is half the height of the channéd,. is the time between particle

releases and,, is the number of Brownian particles beingm&roduced

Random numbers are generatearderto determine the location along the irdét
whicha given Browniamarticle is released as well as the diameter assigned to that particle.
For the particle location, rejection sampling is used to generate a psgubion number
from a probability distribtion shaped like the velocity distribution at the inlet. The

algorithm is implemented as follows:
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1) Generate two random numberg, . and u from uniform distributions

mg ?

( Yootom 1) ytop(t)) and @U .. (t) . respectively. Herey, .,.(t) and y,, ()
are they -locations of the bottom and top wall at the inlet at tinend U, (t)
is the maxmum velocity at the inledt timet .

2) CalculateUin,et(ymg) by interpolating between velocities at theighboring
inlet nodes.

3) If Umlet(ymg)q:umg, the value ofy,  is accepted and ¢halgorithm is

complete. Otherwise, the value is rejected and the algoréhtarts astep 1.

The value ofy, . is subsequently usddr the y position of the particle being released.

For the seleon of the particle diameterejection sampling was also utilized (with
a lognormal distributiorbeing usedn place of the velocity distributign Additionally,
because a discretetof diameters is used to the represent a continuous range of diameter
values, te number generated is rounded to fall within the discrete set of sizes. This process
is repeated for all Brownian particled/ith the representative number of particles, the

location of release and the diameter known, the Brownian patrticle is readyeiedsed.
2.4 Fouling Model

The formation of a deposit layer along the walls of the heat exchdvagpea
significant impact on all aspects of the sysfefs the thickness of the layer grows, the
effective height of thehamel decrease This affects the flow by inducing higher fluid

velocitiesleading tohigher shear stresses at the surf&The high porosity of the layer
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(~98%) allows for it to act as a highbffective thermalinsulator®® This reduces the
effectiveness of the cooler, reducitige temperature gradients in the fluid.turn, the
increasedhear stressesd the decreased temperature gradieilitsnfluence themotion

of particles entrained in the fluid as well as the continuing development of the fouling
layer® These are a few examples of the many, interconnected effects resulting from the
development of the fouling layer. Because o$ i order tcaccuratelymodel the fluid

flow, heat transfer and particle motion/deposition in an EGR heat exchangethod to

capture the growth of the fouling layer is a necessary addition.

Our fouling layer modetonsists of two steps: a shift stepd an update stejm the
shift step,the location of thesurface elements definirftyid-solid interfaceare shifted to
simulate the growth of the layer. The distance edemenis shiftedis proportional to the
number of particles that have deposibedhatsurfacesincethe last shiftWith the location
of the fluid-solid interface moved, the update steprectshevariablesdescribing fouling
layerto reflect the change in the fouling laybickness This update step ensures the fluid

flow, heattransfer and particle motion are coupled to the growth of the fouling layer

Themodel includes several computationally expensive calculations. Because of this,
and the fact thatelatively few Brownian particles deposit on the surface each time step,
thetwo fouling layer steps are performed after a set number of simulation time steps rather
than after eaclime step The number of time steps selected for tinslateinterval is
chosen tachieve a maximum of 5% of the lattice spang for the distance the surface
elements are shifte@his ensures that distances are small enough that-{hesiteoning

of the surface can be treated as a ga&ic process.
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2.4.1 Surface Relocation in Shift Step

In the shift step, the amount of growthtbe layer is calculated and the boundary
points are rgositioned to reflect thergwth. At each boundary poird,weighted average
of the particles depositedlongthe neighboringurface elemenis calculated for each of
the representative diameterserd, the set of neighboring surface elements is defined as

those with center pointalling within a defined radiysR,, from the boundary pointThe

weight applied to each value is determirfiein the distance between the boundaoint
and the center of the correspamglisurface elementsing a Gaussian kernelnAreaof

thedeposit is calculated from the number of partielesording to

V, = 247
« =870 1)

where N, is the number of representative particle diameﬂé(sipvi) weighted average of

deposited particles for given diameterd ; is the representative diameter ahds the

porosity of the soot. Dividing the area by the length of the distance between the midpoints
of the surfaces to the left and right of the bougdzoint provides the thicknessf the
deposited particle§.he boundary point is displaced a distance equal to this thickness. For
every boundary pointts location is shifted in theame directiomach time the update step

is performed. This directiorsicalculated from the average of the initial (normalized)
normal vectors defining the orientation of the surface elements to the left and right of the

boundary point.

2.4.2 Lattice Boltzmann Update Step
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Figure 2.127 lllustrations of update process for lattice Boltzmann method showig

(a) process of locating node in the fouling layer and (b) geometric method of
determining if a point is located inside of a given triangle.

After the location of the surface is uped to reflect the growth of the fouling layer,
several updates need to be performed. This will ensure that the new thickness is accurately
reflected in the three other computational methdtie. update step starts with the lattice
Boltzmann methodariabkes. As particles deposit along the wall, a portion of the lattice
nodes initially located inside the fluid region of the domain will begin to fall within the
solid fouling layer.An illustration of the method used to determine if a lattice node is
locatedwithin the fouling layer provided iRigure2.12(a). In this process, the area between
the initial and current locations of the surface elemehich is a section of the fouling
layer,is divided into two triangles (designatethtrgles ABC and BCD ifigure2.12(a)).

By testing if any lattice node located in the vicinity of the surface element is located within
the tested, any node falling within this section of fouling layer can be determined (shown

in Figure2.12(a) with the foul node located inside of triangle BCD).

A simple method which is commonly utilized in computer graphics calculations is

used to tedtf a point is located within a tngle. The methodhcludesthefollowing steps:
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1) Form three triangles from the vertices of the triangle of interest and the point being
tested(triangles XYW, YZW, XZW inFigure2.12(b)).

2) For each of the four triangles (the triangle of inter@sd the three formeih
previous step subtract the position of one vertex from that of oltiger two to

obtain two vectors definingachtriangle(i.e., thevectorsv,, andv,,, definethe

triangle XYW inFigure2.12(b)).

3) Calculate thearea of each triangle by taking thragnitude of theross product of
the two vectors and dividinby two.

4) Subtract the areas of the three triangles found in step one from the area of the
triangle of interest. If the differee is zero, the points resides within the triangle,

otherwise it is outside.

Using the points U and W iRigure 2.12(b) as an example it can be seen that triangles
XYW, YZW, XZW formed with point W are equal in area with thatrgle XYZ as point

W is located inside of the triangle. The triangles XYU, YZU, XZU formed witpoint

U, however, have a total area greater than thahetriangle XYZ asthe point U is

positioredoutside of XYZ.

All nodes positioned in the foulingyer are considered as solid nodes. Therefore,
the collision step will no longer be performed at it, and all distributions that previously
propagated to the node during the propagation step will be bounced back from the fouling
layer surfaceOnce the suaite of the fouling layer iepositionedthe information used in

the interpolated bounce back method must be updateeflect the new position of the
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boundary as well as the newly converted fouling layer notleis is done using the

methods discussed Bection2.1.3
2.4.3 Finite DifferenceThermalModel Update Step

Unlike in the lattice Boltzmann method, the temperature continues to be solved for
at all nodesncluding thosenside the fouling layelocated within the channel ing the
finite-differences thermal modedh order to capture the effect of the fouling layer growth
in this model, the thermal conductivity at nodes near and inside of the layer is varied to
reflectthe effectivethermal propertiesAs such the finite dfference equation used in the
thermal model includeanadditional term provided in Equati@il4 to capture the effects

of a variable thermal diffusivity.

Due to its high porosity (~98%), the fouling layer consists mostly of air.
Consequently the thermal conductivity and the heat capacity of the layer {,06K
and 0.867J/ gK, respectively) are similar to that of #0.0421 W/mK and 1.034J/gK,
respectively). The density of the layer, however, is significantly larger than that of air (35
and 0.675kg/m’®, respectivelyf® *2* This is dueto the individualsootparticles having
densities of 180&g/ m®, which contribute signifiant mass to the layer even at this small
volume fractiont?® The onsiderable difference itheir densitiesleads to thethermal
diffusivity varying from 0.0602m2/s in thegasto 1.58 10° m2/s in the fouling layer.

Becausef this considerable difference, the heat transfer occurring between a point in the

fluid and a point in the fouling layer depesttkeavily on theexactlocationof the surface
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between them. Therefore, in order to accurately capture the effect of tmgfiayler, the

location of its surface between nodes mustdrefullyconsidered.

As discussed in Subsecti@?2.2 the spatial derivative of the thermal diffusivity
utilizes values representing the diffusiviigtween th given node and its neighborSor
nodes with neighbors positioned across the fouling layer surface, the distance from the
node to the surface is incorporated in the calculation of this representative thermal
diffusivity. This allows for the model to captureetthickness of the layer with more detalil
than would be possible if only a binary diffusivity of the fluid or fouling valaeeused.
In order todetermine the representative diffusiviggthermal coductivity, density and
heat capacity are calculatedafunction of the distandeetween the node of interest and
the surfacedenotedd (normalized by the spacing between the nodes). From these three

values the representative thermal diffusivity is calculated according to:

“ 9 248

0= 06, ()

wherer j represents the valuetiseen the node ants neighbor irany directionr,, , and

k, r andc, arethethermal conductivitydensityand specific heatespectively

The equation for the thermal condiutty can be obtained from an energy balance at

the surface and is given 8%

&d 1-d0 |
B Tk ¢ 249
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The values for the density and the specific heat can be obtain flomeaa variation

between the values at the two nodes. For the density, ithis is

r(g= (r) €. x1 -), 2.50
while the specific heat can be calculated using the above equatiog wiéplacing 7 .

This method is similar to the conjugate heat transfer method described by Patankar,
which utilizes a mgle conservation expression for both the fluid and solid domains with
the thermal conductivity at the interface calculated accordin§duoation2.49.% This
allows for the temperature to be solved across the entire domain without the need fo

coupling temperatures and fluxes across the intetfice

During the upda step for the thermal model, the representative thermal diffusivities
are calculated for the four neighboring directions of every nottee Burface of the fouling
layer is crossed in a given direction between the node and its neigrddiffusivity for
that direction is calculated from the above equations. Otherwise the diffusivity
corresponding to the state of the node (eithed or fouling layej is assigned to that
direction.Once these four diffusivities are known, the diffusivity of the nedmlculated
by averaging the four value&. process similar to that used determine the locations of
theboundary nodes and calculate their distance from the wall discussed in 3ekim

utilized whencalculaing the thermal diffusivities.

58



2.4.4 Brownian Dynamics Model Update Step

When the surface elements are shifted to mimic a growing fouling layer, a portion of
the Brownian particles located close to the pyasiposition of the boundary will be
Aswaedowby the fouling |l ayer as it grows (i
layer). Thi s fAswall owingo of particles introdu
unaddressed, it will introduce errors in the computational method which cartolead
incorrect resultsThe errors would be the result of
positioned inside the layer after it is updated. For the Brownian dynamics model, particles
near the wall are tested to see if they cross the surface boundary whesdulidaey are
located inside the layer before being updated, they will not tnessurface and therefore
can travel out of the domain which can induce unknown erfbies othelissue that arises
is that it introduces an unphysical aspect to the mdted.unphysicabehaviorof particles
being Aswal | owa tesult diity distrétized droaviyaedrwouldsot oaar

with the continuous growth of the layerarreal system.

Three possible methods exist to mitigate the unphysical effecte afisbretized
growth causing particles to be swallowed as well as avoid computational errors. One
approach is to remove the patrticles that have been swallowed-egldage them at the
inlet. Thisaddresses the errors, but results in particles near tfecasiuthat may soon
deposit nearby no longer having an opportunity to deposit. This would not be an accurate
model of a real system, and therefore is not a valid solution to the problem. The second
met hod would treat any parlayer @d though & Wwaall | o we
deposited before being reeleased at the inleAgain this addresses the computational

errors, and provides a more accurate solution than the first method, as most of these
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particles would deposit nearby within a few time stéfmvever, this nearby location may
not be the same surface element it is currently beside, and the sheamstyebge

sufficiently high for some larger particles to not be able to deposit in the normal process.

Q
v, . :
A— A > Old Particle Location
f— T’ . .
) r N O New Particle Location
O -&- Old Surface Location
n 4 .
T ) < A New Surface Location
P 2
)

Figure 2.137 lllustration of particle relocation process.

We therefore use the third method tht ocat es t he particles |
fouling layer to a new position so they remain in the fhedr the walhfter the surface is

shifted.The fdlowing steps define the process applied to each particle in order to determine

its new position:

1) Determine the surface located closest to particle before being shtfieteft

surface inFigure2.13).

2) Determine the vector betwe the urshifted surface and the particle oriented
normal to the surfacehevector v, in Figure2.13).
3) Calculate the distance from the left end of the surface to the vector found in step

two, and the tall length of the wishifted surface element( and L, in Figure

2.13 respectively.
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4) Calculate the distance from the left end of the shifted surface the new particle
displacement vaor will be placed by multiplying the ratio of the distances found

in step 3 by the new length of the surface elemeptif Figure2.13).

5) Determine the new particle position by displacing it from thetiondound in step
4 by a vector which oriented normal to the shifted surface with a length equal to

that of the vector found in step th¢ vector vj in Figure2.13).

This method of deweéddogpavitihcltehe drswarlds t h
surface for deposition to occur given the necessary conditions are met, whibecimag

particles to deposit that would not be able to otherwise. Unlikdirgtetwo methods,

however, in certain cornerases a particle may remain inside the fouling layer after
relocation. The frequency at which this occurs is sufficiently low that any particle
remaining in the fouling layer can be removed andeteased at the inlet without
influencing tre results. Deste the additional computational effort required to reposition

the particles and test for any remaining in the fouling layer afterward, this method is best
suited for mitigating the effects of the discretized fouling layer growth. As such, it is

utilized inthe Brownian dynamics model update step of the fouling layer model.

Al ong wi t h addressing t he particl es i s
information used in calculating the shear stresses along the surface must be updated to
reflect the new surfaceopition. This update consists of repeating the same process as that
used when initializing the informatiodiscussed in Sectio.3.3.2 Additionally, the
implementation of the Brownian dynamics model requires a significanaranod stored

information tocouple it to the three other models and simulate a considerable number of
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particles in an optimized manner. As a result, a large portion of this information must be
updated to reflect the new surface location, all of whictorsedduring this portion of the

update step.

2.5 GPU Computing

During the collision step ithe lattice Boltzmann methdthe most computationally
expensive stepthe distributionst a given lattice site is updated from the current values
of the distributionsat that site. In the Brownian dynamics model, because interactions
between particles and the effect of particles on the flow are neglattedch time step,
the particles can be updated independently of one an8esiusef the localized nature
of these two methods, significant performance gains can be achieved by performing them
in parallel. Additionally, by utilizing a Jacobi methtum solve the system of equations
parallel modest gains in performance can be obtained in the-@iifexences tbrmal
model as well.With thesethree methods capable of improved performance when
parallelized, they are @li suited toexploit the large number of cores foundgnaphics

processing units (GPUSY’

The advantage GPUs have over CPUs in performing computational physics
calculations lies in its architectural differences. Modern CPUs need to be able to handle a
wide range of tasks, most of which can be performed sequentially. As g tlesylare
designed with a few high power corasd are optimized for general purpose computing.
Modern GPUson the other hana@re designed for very specific tasks involved in computer
graphics which must be performed at substangitds: GPUs are thdoge designed with

a large amount of simpf@ocessingores each performing basic calculations all in parallel.
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By reducing instruction fetching overhead using a method known astjle instruction
multiple thread (SIMT) execution modethe GPU is ale to hide latencieassociated with
memory access operations. This ensures consistently high utilization o€exergnaking

the GPUs well suited for physics simulations when parallelizable methods aré’used.

Due to the significant architectural differencemmputationalcode written for
execution on a CPU, especially when written in a low level language like C or C++, cannot
be run on a GPUAs a result, code must be developeddsiically for execution on the
GPU(or, more generally, written for execution on a heterogeneous plat#daijionally,
when compared with the progress made in programming on CPUs, development of GPU
programming (often referred to as general purpose GREPGPU programming) is still
in its infancy.However,because of theubstantial performance gains possible with their
use manymethods (including frameworks, languages, standards, matelsare being
developed toredue@ the canplexity d GPGPU prgramming. From these, twbave
emerged as dominant: CUDAE and OpenCLE. CL
model developed by NVIDIA!?® Although considered the mostature of all GPGPU
programming methods, CUDA® can gnbe executed on NVIDIA GPUs, drastically
reducing the selection of har dwar eisanhat caeé
open source framework supped maintained by the neprofit consortium Khonos
Group/! It is supported by a wide range of hardware manufacturers including both
NVIDIA and AMD (the two largest GPU makerdpecauseof this, we chose to use
OpenCLE as our GP GP U Inphe foligwing subseations waerideh o d .
a short introduction to the OpenCL framework as well as a brief description of two open

source OpenCL libraries utilized in our computational methods.

63



2.5.1 The OpenCL Programming Framework

The Open

source framework for writing code capable of execution on vatypes ofcomputational

Computing

Language,

iscar gpenc 0 mMmo n

hardwaredevices. Although commonly used for GPU programming, software developed

with OpenCLE is

capabl e

of

recessors (DISiPshelyl

on CP

programnable gate arrays (FPGAs) and other parallel compulirgc c e | .eTheat or s 0

framework consists of a programming languagéd an application programming interface

(AP1). The programming language is usedvrite codeo be exeated on th&SPU,FPGA,

etc. (eferredtoaaid eviaod o) he

APl provides t

management antbdeexecutionon the device.

he

void Matrix_Mul(double* A, double* B, double* C,
int M, int N, int P)

for( inti=0;1<M; i++)
{
for( intj=0;j<P;j++)
{
double sum = 0;
for( intk = 0; k <N; k++)
sum+=A[i+k*M]*B[k+j*N];
Cli+j*M]=sum;

_kernel void Matrix_Mul(__global double* A,
__global double* B, global double* C,
int M, int N, int P)

i

int 1= get global id(0);
int j = get global id(1);

double sum = 0;
for( intk =0; k <N; k++)

sum +=A[i+k*M]*B[k+j*N];
Cli+j*M]=sum;

Figure 2.1471 Side-by-side comparison of a matrix multiplicaion implemented in a

standard C function (left) and an OpenCL kernel.

fhost ¢

In OpenCL, code which will be executed on a device is implemented in specialized

functions referred

to as

ifskruetiomste he performet h i s

k |

by a singlehread. Wherthe hosschedules a kernel for execution, a number of threads

be createds specified That number of threads Mbe executed by the processing cares

the device, with each performing the kernel instond on a separate piece of data
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Defining instructions in this way differs from thhaore common method used in most
programming languages of explicitfiefiningthe iteration through a data set with a for
loop (or while-loop). This can be seen Figure2.14 which shows the implementation of

a matrix multiplication function in standard C as well as OpenCL

The API included in the framework provides the host with the necessary tools for
memory management as well as kernel schedulinghétexogeneousystem, tie host and
device each posses®ir own regions of memory. Furthermore, the memory on the device

consists of four regions

1) Global memoryi Read/write access for kernels as well as the host. Largest
memory region, but high latency.

2) Constant memory Readonly access from host only. Small region, but low
latency.

3) Local memoryi Read/write access from group of processing elements. Second
largest region, with second highest latencies.

4) Private memory Read/write access from individual processing elements only

Small size, but very low latency.

Memory operations must be handled explicitly in OpenCL. Therefore, using the API,
memory must be copied from the host to the debefere it can be utilized by the device
and vice versa. Furthermore, copies betweeronsgon the device, such as from global to

local memory, must be handled explicitly as well.

The need for explicit memory handling in OpenCL is quite different from the

implicitly handled memory management of program execution on CPUs. This is the result
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of OpenCL being a relatively new framework which is still in its early developrinéesit-
developed programming languages, such as C, have advanced compilers which are capable
of handling most of the memory management. Additionally, CPUs contain hardware
speifically designed fo handling memory, whicks not often founcbn more specialized

processors such as GP33.

The API also provides the tools necessary for compiling the kernels and scheduling
their execution o the device. OpenCL kernels are compiled attmme using the API
functions called by the host code. This provides portapd#ythe intended device does not
need to be known during compilation of the host code. Once the kernels are coapiled,
i g u eisiceeated on the device, which allows the host to perform actions on the device.
These actions include memory transfers, kernel execwgton;The operations submitted
to the queues can either be executedrder where they are performed in a firstfirst
out (FIFO) manner, or owdf-orderwhere there is no guaranteed order of execution. The
API provides tools for explicit synchronization of tasks, referred to as events, when out

of-order queues are utilized.

In order for a kernel to be executed be tlevice, it must be submitted to the queue.
When submittedthe number worktems must be specified. A woitem is a single
instance of the kernel performing its instructions. All wiigins combined make up the
work-space, which can be one, two or #rdimensional. In the example of matrix
multiplication provided inFigure 2.14, the workspace is two dimensional witil 3 P
work-items each calculating a single element of mafrixin addition to the number of
work-items, a workgroup size can be defidevhen submitting. The worgroup defines a
set of workitems thatexecute on a single comptueit. These worktems share a local

66



memory space and are capable of synchronizationsattresvorkgroup. Once the kernel
is submitted to the quepthe host can continue performing others tasks and even submit

more kernels to the queue, while the device executes the tasks in its'queue.
2.5.2 Open Source Libraries

While the majotty of our computational model was developechause two open
source libraries were utilizedhese were the Boli++ library which provided a sorting
function and the MWC64X pseudorandom number generdémeloped by David
Thomas!3® 131 These libraries were useather thardevelopingour own mefiodsbecause
theywere able to be implemented in the code with relative ease, and had alndadyone

extensive optimization.

The Bolt C++ template library provides common sort, scan, reduce and transform
algorithms implemented written in C++ and OpenfoL execution on both CPUs and
GPUs respectively:*°In our nodel we utilized the OpenCL implementation of the merge
sort algorithm for sorting the array storing particle informatidsing the method, the

particles were sorted by their location in the domain defined by the four lattice points
surrounding them. Mee sort is a comparison based sorting algorithm of (ﬁ{eﬂog n)

capable of parallelizatiol?? In the Brownian dynamics method, the particles traveled
distances much smaller than the lattice spacing eaehsiep. Because of this, multiple
time steps could occur between sorts (between 40 and B@®ortingthem particles
whose velocities and temperatures were obtdnoed the same lattice points were grouped
together, thereby reducing the number of Hagency reads from global memo#s the

particles traveled distances much smaller than the lattice spacing each time step, multiple
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time steps could occur between sorts (between 40 andTld8) coupled with the reduced
number global memory accesdglowed for the OpenCL implementation of the Brownian
dynamics model to simulate over one million particles on a GPU at significantly higher

speeds than those possible using a CPU.

TheMWC64X pseudorandom number generdRNG)is based on a multiplwith-

carty generatorwhich utilizes two unsigned integers to producaaadom number

uniformly distributedbetween(o,?z- ]8'131 In a gandard random number generair,

random numbeis calculated from the current state of the Rbi3ore the state is updated

and stored according to a set of rules. As a result, each state is a function of the previous
state. When accessed in series, dloigs not create issues. If accessed in parallel (i.e. on a
GPU), however, threads can read the same state and generate the same random number.
This results in the RNG no longer providing pseuaiodom numbersn order to overcome

this, multiple states (tfn referred to as streams) can be used. This ensures that no two
threads try to access the same random number generator state. In our implementation, we
utilized one stream for each particRy dividing each random number by the max value,

we obtained aniformly distributed random number between 0 and 1.
2.6 Simulation Parameters
2.6.1 Simulation Domain

In our simulations, we use three different types of domains showigumre 2.15.
The first type Figure2.15(a)) consists of a single period of channel with periodic boundary

conditions at the inlet and outlet. This allowed us to model the fluid flow and heat transfer
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sufficiently far along the channel for the flow and temperature distribution to fully develop.
The second type of domairFigure 2.15 (b)) consists of multiple periods with periodic
boundary conditions. The use of multiple periods ensures that the periodicity of the domain
did not enforce unnatural frequencies when the floecame unsteadywhile still
simulating fully developed flowThe last type of domairfFigure 2.15 (c)) consists of
multiple periods witha short straight section at the inlet and a long straight section at the
outlet. The straighsections were necessary as periodic boundary conditions were used and
these sectionallow for oscillations in the fluid velocity tdissipate before returnirig the

inlet of the channel. This domain represents an entire heat exchanger channel edd is us

when simulating the formation of the fouling layer.

In our discussions, we make use of several terms to identify regions of the wavy
domain. The regions, which include the centerline, midplane, peaks and furrows, are
labelled on the diagram iRigure2.15 (a). The centerline of the channel (dashed line) is
the line centred halfway between the upper and lower walls at throughout the length of the
channel. The midplane (ddished line) is the horizontal line positioned halfwayken
the averaged heights of the upper and lower walls. The furrows of the channel are the crests
and troughs of the upper and lower walls respectively while the channel peaks are the

troughs of the upper wall and the and crests lower walls.
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Figure 2.1571 Computation domain used when investigating (a) steady flowgb)
unsteady flowsand (c) fouling layer development

2.6.2 Geometric and Fluid Parameters

In all three domainshe upper and lower walls are sepadaby a distanceh, and
the periodic shape of both walls is describedflfy) = asin(2,a</l), wherea and| are
the amplitude and the period of the wall oscillations, respectively. Inttidg,sve focus

on channels in which the ratia/l remains betweel/40 andl/3. In all simulations, the
flow is driven by a constant pressure gradienp, . The parameters varied gach
simulationare thenormalized amplitudéA=a/h, thenormalized periodr aspect ratio
L =1/h, and thedimensionless pressure gradidght h3px/(3r ﬁ). Here, h is half the

channel heighty is the density of the fluid, and = 777 r is the kinematic viscosity of the
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fluid. The dimensionless pressure gradienthosen such that for a straight channel, it

reducsto the Reynoldsumber,Re=u,_h/n, whereu,, is the mean velocity of the flow.

2.6.3 Heat Transfer Parameters

When investigating the hedransfer enhancement, both teegle period ath
multiple period domains are used (semgure 2.15 (a) and (b). Periodic boundary

conditions are used at the inlet and outlet of the channel for both the LBM and the FD
thermal solver, with a bulk mean temperature at the inlet SE(@=1. Along the wall,
interpolated bounce badk used to enforcéhe naslip boundary conditionand the wall
temperaturas set tol, =0. Again, the flow $ driven by a constant pressure gradient,
defined by the nowimensionalP. The heat transfer rate in the chanisetharacterized

using both docal, Nu,, and meanNu_, Nusselt numbers defined &S:

4a QT

Nul(x)zT_T ée—‘m
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O

In£_— 252
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Here, uT, /un is the temperature gradient normal to the willjs the bulk mean
temperaturevith subscriptsand T, is the wall temperature. The Nusselt numbéts,

and Nu,,, define the ratiof convective to conductive heat transfer along the channel wall

and across a full channel period, respectively. In all simulations, the Prandtl number was

kept constant aPr=0.708, which corresponds to that of air.
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2.6.4 Fouling Layer DevelopmeérParameters

When investigating the heat transfer enhancement/dimain shown irfrigure 2.15
(c) is used for all simulationgn each simulation, we sét=50 lattice nodes. In order to
maintain similar total channel lengths whenngsvarious values foL., we vary the total
number of periods in the channel. Specifically, we use 27, 20 and 16 periods leading to
lengths (for the wavy section of the channel) of 4050, 4000, and |4G@@ nodes for
L=3, L=4 and L =5, respectively. Furthermore, the inlet lengtket to the length of a
single period, while theutlet has a length of 4000 lattice nodes. This provides sufficient
length for oscilléions induced in the flow to dissipate as periodic boundary conditions are

used for the fluid solver.

As before, the flow is driven by a constant pressure gradient, defined Bgr the

FDTM, the inlet and wall temperatures aet 8 constant values df, =1 andT, =0,

while an extrapolation boundary condition is used for the ouB&ing the wall,
interpolated bounce back is used to enforce thealipoboundary conditionFor the
Brownian dynamics solver, the particles are released at the inlet of the wavy section, and

the method uses the boundary conditions described S&c8omhe number of particles

used in each simulation is kept constan?4t(~10°).

Due to limitations in simulating long time scales using the lattice Boltzmann method,
a simulation length of 25 million time steps was used for each simulation. Tavis &r
comparison across the variousognetric and flow parameters. Additionally, by using a
large particle number concentration, the effective throughput of the channel was equivalent

to that experienced by an EGR heat exchanger channel after several hours of use. Because
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we compare resultsceoss a constant simulation time span,use the total simulation

time, T

o 10 define the time scal€or each simulation, we allow the fluid flow and heat
transferto fully develop before releasirthe particles. It is this timayhen particles are

releasedthat isconsidered =0 .

In order to quantify the effects of the fouling layer on the heat transfer occurring in
the channel, both the local and mean Nusselt number defined above are used along with

the heat exchanger effectiveness, defined as:

T, T

avg,inlet - ' avg outlet 253

T, T

avg,inlet ~ 'w

e=

Here, T andT

1 Tavg, inlet avg, outlet

are the average temperature (not bulk mean) at the inlet and

outlet of the wavy section of the channel, respectively. To compare the shear stress in each

channel, a normalized wall shear stress is used, whichimedefs:
r.= ¢/(ph). 254

This normalization is chosen such tHat a straight cannel, t reduces td", =1. When
displaying the distribution of ,, positive values are used to represent shear stresses acting

in the downstream direction and negative values the upstream.

In order to convertd&tween the units used in the model and real units, the density

and kinematic viscosity of air a73 K are used, which are =0.67% kg/n? and
n=4.17310° m?/s. This along witha channel height oh=2 mm andinlet and wall
temperatures of,, =673 Kand T, =363 K provides the necessary information to convert
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between real and simulation uni®e number concentration of piates used in each

simulation is10" #/m®, while the propeies of air at 473 K are used for the working fluid
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CHAPTER 3. VALIDATION

In this chapter, we detail the simulations performed to validate out computer model.
We performed four tests to validate each of the four models. In each case weetbmpar

results with those obtained from analytical solutions to verify each model.

3.1 Lattice Boltzmann Model

To validate our model, we compared the simulation results for wavy channels with
those obtained using an analytical model valid for smaf** Figure 3.1 shows the
longitudinal velocities at two different cressctionof the channeior two tes cases with
different values for thpressure gradient and wave amplitude. We found close agreement
between our simulations and the theory indigathat our model accurately captures the
flow within a wavy channelrigure 3.1 also includes the results from simulations using
two different grid sizes, with respectively= 20 nodes anch =40 nodes. For both cases
the two grid sizes provide nearly identical results. This indicates that the use of a grid with
h =20 nodes provides sufficiently accurate results while remairongpaitationally more

efficient.
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Figure 3.1 7 Dimensionless longitudinal velocities akx = L/4 andx = L/2 for two test
cases of wavy channels plotted against the dimensionless distance from the centerline,

h=gy -asin(2pl) g 1 The velocity, U, is normalized by the maximum vebcity in

a flow in a straight channelwith the same pressurarop. System parameters are (a)
A=0.005L =2,P=250and Re = 230.6and (b)A=0.2,L = 3,P=600and Re = 386.2

3.2 Finite-Differences Thermal Model

We performed a validatiorestto ensurghe accuracy of the thermal model and the
implementation of the wall boundary conditioite testonsisted of simulatingflow of
Re=100and Pr=0.708 in a pipe with constartemperatures at the inlahdthe walls.

To perfam this test, we extended our thermal model to three dimensions by including
derivatives with respect to thadirection, and modified our lattice Boltzmann model to a
three dimensional nineteen velocity (D3QIR)eresults from our numerical model were
compared with the results obtained from the Graetz series soltitibii A plot of the
temperature contoursbtained from our model and the analytical solution are shown in
Figure3.2. It can be seen the results from our model agree well with the analytical data
indicating that our model provides accurate solution f@g tonvective heat transfer

problem.
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Figure 3.27 Contour lines of temperature for flow through a pipe with Re = 100and
Pr = 0.708and temperatures of 1 and O for inlet and walls respectively.

3.3 Brownian Dynamics Model

A third validation test was performed Yerify accuracy of the thermophoretic and
advection velocities calculatedtime Brownian dynamics modeh thistestparticleswere
released along the heatietet of a pipe witha constantold tempeatures along thevalls.

As with the finitedifferences thermal model validation, the LBM, FDTM and BD models

were extended to three dimensions to perform this Tds. parameters used in our

simulation wereRe=120, Pr=2, K, =0.5, a radius of 40 ang’ =T, /(T, - T,)=0.5.

The results obtained with our modeldthose calculated from an analytical solutf§mre
shownin Figure3.3. It can be seen that the results from our model agetlewith the
theory indicating that our model accurately captures the adweatid thermophoretic

motion of submicron sized particles.
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Figure 3.3 1 Cumulative deposition of particles by thermophoresis along length of
pipe obtained from numerical model (solid line) and analytical dation (markers).
Simulation parameters wereRe = 120, Pr = 2K = 0.5,R = 40 andd” = 0.5.

3.4 Fouling Layer Model

In order to validate the fouling layer model we simulgtadicle lade flow through

a plain channel. The parameters used in the simulatiere Re=10C, Pr= 0.70¢,

h=1mm, T, =400 C, T, =90 C, anda particle diameter ofl, =100 nm. Properties of

air at 250°Cwere used for the fluid antthoseprovided in the methodology section were

used for the particleswi t h t he excepti on .dbr thistest,ieHa mak e
Hamaker 6s constant wa s20 Ato & valde iof&.4583 Jlinyorder e d u ¢ e
for the critical shear strese be reached when the fouling layer grew to a thickness of
approximately 1.5 nodeA.domain size oflO0® 800( nodes, a LBM relaxation parameter

of £ =0.52, and a density of =1 (in LB units) wereused in the simulation, and for non
dimensionalizing the other parametdtkiid entered the domain with a parabolic velocity

profile, at a constant temperature and with a uniform concentration of particles.
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The critical shear stressforal00nmparicksi ng t he reduced Ham

is f_, =5.67in lattice Boltzmann units. Assuming a parabolic velocity profile and flat

crit

wall, the shear stress along the wall is given by:

t, = LTy 31
dy h

HereU , and h are the mean velocity and half the height of the channel &d¢hgon of

interest. From conservation of mass we know:

Uh=U_.h =Ren, 3.2

min® 'in

where he subscripin indicates the value at the channel inlet. Combining Equa8dns

and3.2 gives:

¢, (x)=—me 33

i é]n ) d(X) 2@,

where d(x) is the thickness of the fouling layer at a locatiorlong the channel. With

the height of the channel varying due to the fouling layer growth, the velocity profile will
not remain parabolic throughotite length of the channel. Although this assumption was
made when deriving Equati@i, it still should provide a reasonable estimate of the shear
stress foa given height of the fouled channel. Therefore, with a critical shear stress of 5.67

we expect the thickness of the layer to stop growing at a height of ~1.5 LB units.
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Figure 3.471 Thickness of foulinglayer along bottom of channel at several times.

The profile of the fouling layer at several points in time is providdeéignre3.4. It
can be seenin this figure that the fouling layer grows fastest at near the inlet, angthe gr
rate decreases along the length of the channel. Furthermore, the fouling layer continues to
grow until the shear stress at the wall is sufficient to remove any adddiepasits, which
occurs at a thickness of..35 LB units. This is slightly leskdt the 1.5 LB units predicted
by Equatior8.3 because the flow is still developing from the channel narrowing as a result
of the fouling layer growth. Thisncreases the wall shear stress, reducing the thickness
necessary to achieve the critical value. Near the outlet of the channel, the fouling layer does
not reach its maximum thickness. This is a result of the simulation ending while it was still
growing. Ifthe simulation was continued, the thickness of the outlet would eventually reach

the ~1.35 units as well.

Plots of thetemporal distribution of théouling layer thickness and the wall shear
stress atx=1000, x=3000and x=5000 are provided inFigure 3.5(a), (b) and (c)

respectivelylt can be seen iRigure3.5(a) that as the fouling layer grows the growth rate
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decreases, which is the result of tleenperature gradient decreasing with increasing
thickness. The thermophoretic velocity decreases with the temperature gradient leading to
a reduction in the deposition rate at that location. About halfway through the simulation,
the growth rate abruptlyrdps to zero when the wall shear stress reaches the critical value
for the particle diameter. The rate change:
Had it not been reduced, the thermophoretic velocities would continue to decrease with the
tempeature gradients causing the deposition rate to eventually decrease to zero. This
would result in the thickness asymptotically approaching a final height without achieving
the critical shear stress at the walin. Bec
order to test the shear removal model. This would have occurred before the critical shear
stress. Further down the channelxat 3000, shown inFigure 3.5(b), it can be seen that

the growth rate is slowgresulting in its maximum thickness not being reached until more

than % of the way through the simulation. Near the outlet, showgure 3.5(c), the

fouling layer is still growing due to the critical shear stress not beauahesl.

Both the wall shear stress calculated in the model and using EqB.&taoe included
along with the thickness in these plots. It can be seen ahttahas an initial value of
~5.27E6 for all three locations, which agrees well with the expected value of-6.p&in
channel flow and increases with the thickness of the fouling l&kerdiscontinuity in the
model value of these three plots owhen the surface is positioned extremely close to a
lattice node. The size of the discontinuity is exaggerated by the narrow bounds of the axis
and fromFigure3.5(d) it can be seen that the values calculated in the model eéasat

than 2.5% from the theoretical valaeen at this location.
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Figure 3.57 Plots of the thickness wall shear stresses at (aF 100Q (b) x = 3000and
(c)x =5000Q Shear stress in plots include botthose calculated in the model and those
calculated using Equation3.3. Percent difference between two shear stresses provided
in (d).

From this test we can e¢hat the model is able to simulatgrowing fouling layer
resulting from deposiin of particles entrained in the flowdditionally, the wallshear
stresgscalculated by the modelgreewell with theoryand the model accurately captures
the effect ofdeposit removal when these shear stresses are sufficiently high. Without an
analytical model or experimental data to compare to, we cannot provide a more robust
validation of the model. However, thee believe that the above validation provides

adequate mof that our foulng layer model is well suited f@mulatingthe formation of

the fouling layer in a wavy walled EGR heat exchanger
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CHAPTER 4. FLUID FLOW

4.1 Introduction

Due to their ability to induce chaotic flows at relatively low Reynolds numbers, the
wavy walled geometry is well suited for many engineering applications. As such, many
investigdions have been performed to understand its effect on the flow. Despite the
significant body of research, little information exists regarding the onset of circylatory
unsteady flovand chaotic flowsver a wide range of geometric parameters. In this ehapt
we employ computer simulations to systematically investigate a laminar prelssare

flow in a twodimensional wavy walled channel with asymmetric sinusoidal walls.

Our examination begins with the influence that the amplitude and period of the
sinuidal walls, as well as the magnitude of the pressure drop have on tretrfictures
in the steady regime as well as immediately after transition to unsteady. Because the ability
of wavy walled channels to induce unsteady flows is the primary reasthefouse, we
investigate how the pressure drop at which the flow becomes unsteady varies with the
amplitude and period of the walls. Furthermore, we determine the minimum pressure drop
necessary for unsteady flows. We continue our investigation be exgrhimiv subsequent
bifurcations affect thdlow through the channel and as it transitions from laminar to
chaotic. Here we utilize both visual examination of the flow as well as several techniques
used to examine dynamical systems during our analysis. éuomesults we construct a
phase diagram of the flow regimes found for the various geometries and pressure drops
investigated. Finally, we conclude with an examination of the frictional losses associated

with the wavy walled geometry.
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4.2 Computational Setup

In ourinvestigation of the fluid flow, we utilize two different domain types. When
simulating steady flow, a domain consisting of a single period is useBiggee2.15 (a)).
For simulating unsteady flow, we use a domain comtgiseven or more periodsee
Figure2.15 (b)). The use of multiple periods ensures that the periodicity of the domain
does not enforce unnatural frequendieghe unsteadyflow. In both domains, we use
periodic boundary conddnsat the inlet and outletnd the flow is driven by a constant
pressure gradienthis allowed us to model the fluid flow sufficiently far along the channel

for the flow to fully develop.
4.3 Analysis Methods

In our investigation of unsteady flows in thewyavalled geometry, we make use of
multiple methods for analyzing and comparing flows occurring at different stages in their
transition from timeperiodic to chaotic. This includes examination of the time evolution
of flow structures using snapshots of fil@v at various times. In these snapshots, we
visualize flow structures using instantaneous streamlines as well as color contour plots of

the normalized pressure distribution defined as:

(r(xy)- ¢)d

p.h

4.1

p(x y)=

Here r (x, y) is the local densitys, =1 is the simulation densityg, is the speed of

sound andp, is the pressure gradient driving the flow. These snapshots allow for an
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understanding of how the geometry influences the flow, and to compare how the flow

changes as it bifurcates.

An example of thedrmat which we will use to present snapshots of the unstable
flow in is provided inFigure4.1. In each figure we will provide a single snapshot showing
two full wall periodsFigure4.1 (a) as well as s@ral zoomed in views of a furrow along
the upper wall, each of which are taken at equally spaced intervals in time. In this example
we show six snapshots (Figureg (c) 1 (h)) each spaced one sixth of the oscillation merio
(in time) apart. However, more than six snapshots may be provided when examining more
complex flow patterns. Additionally, the plot Figure 4.1 (b) shows three periods of
oscillation in theu velocity component at the location indicated by the white dot in each
of the snapshots (this position is also indicateligure4.2). Thex shaped markers along

the line, indicate the time that the corresponding snapshot in Figae3i (h) represents.

Figure 4.17 Example of figure containing snapshots used in subsequent discussion

In addition to the qualitative examination of the flow structures,ratyaisof the
velocity at a representative point in the domain provides a quantitative evaluation of the
various flows. The representative point from which the velocity is obtained, shown in

Figure4.2, is locatedalong the centéine of the channel above thaddleof thelowerwall
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peak In this analysis we conape how the temporal evoluti@md Fourier power spectrum
of the velocity changes for the various flow conditions. Hereutlzed v components of

the velocity are presented in terms of the instantaneous local Reynolds numbers

Re, (t)=u(t)h/n andRe, (t) =v(t) h/n, respectively. These variables are plotted as a

function of the normalized timé& =th?/n to show their temporal evolutiohe Fast
Fourier Transform (FFT) function built into the MATLAB software is used to obtain the

power spectrum oRg (t_) The amplitudes obtained for the power spectrum are plotted

as a finction of the nomlimensional frequency =t .

Figure 4.2 7 Diagram showing location where velocity measurements are taken
(position indicated with x).

Further analysis is performed dine local velocity data using dynamical system
analysis techniques to investigate how the flow bifurcates and to determine when the flow
becomes chaotic. These techniques include reconstructing the gdesdospace as well

using Poincaré sections to te@ the dimension of the attracttm. pseudephase space

reconstruction, am-dimensional pseudphase spaceX (t) is obtained from a single

scalar time seriesx(t), according td=" 138

X(t)={x(t), x(t ). x(t 2},..qt m}, 4.2
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where ¢ is the time delay. The value for the time dekgalculated using the method of

mutual information developed by Fraser and Swintigin this method, the time delay is

determined as the value which minimizes the mutual information between the(@ets
and x(t+t‘). Using this time delay, we reconstruct a three dimensionaidpgghase
space defined as from the data &dt) :{U(t),U(t #)U(t 2 )} were theU is the

u velocity component normalized to the rar{g&,]] . We plot this pseudphase space in

order toexamine the attractor defining the system. This examination is aided through the
use of Poincaré sections which reduce the tdmeensional phase space to a two
dimensional plane. The Poincaré is obtained by selecting a plane which cuts through the
attrector and determining the locations at which the attractor intersects the plane from a

single direction°
4.4 Results and Discussion
4.4.1 SteadyFlow Structures

The wavy walls of a parallel plate channel induce a velocity in the-stossmy

direction. In the Stokes regime representing a flow R 4, the flow streamlines
closely follow the wavy channel shape and the maximum velocity is located approximately
halfway between the walls throughout the chankejure4.3 (a) and (d). Furthermore,

the x component of tb flow velocity is always positive; therefore we refer to this-low
Reynoldsnumber flow regime as unidirectional. As the flow rate increases, fluid inertia
causes the fast flow to be localized in the center of the channel, whereas the flow in the

channel @irrows is characterized by a relatively slow motion. Bhtigation is illustrated in
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Figure4.3 (b) and (e)showing unidirectional flows in channels with two representative
amplitudes of wavy walls. As can be seen in these fgyiine curvature of the streamlines

is smaller than that of the channel walls and it further decreases for streamlines that are
located closer to the channel centerline. Additionally, the flow develops a slight back
forward asymmetry. This is in contrast & fully symmetrical flow in the Stokes regime

shown inFigure4.3 (a) and (d)

Figure 4.3 1 Streamlines and velocity magnitudes for steady unidirectional and
circulatory flow regimes in a sinusoidal channel with wall period. = 4: (a) A= 0.375
Stokes flow Re = 0) (b)) A=0.375P=20 Re=13(c)A=0.375 P=340 Re = 137.9
(d) A=0.875 Stokes flow Re =0); (§ A=0.875P=20Re =5; () A=0.875 P=43Q
Re = 38.1. The dotted lines show flow streamlines that are distributed such that the
flow rate is constant between each pair of streamline$he magnitude of flow velocity
U is normalized by the maximum velocity in the flow.

When the driving pressure gradientiimcreased over a critical value, the shear
stresses between the fast moving part of the flow at the center of the channel and the nearly
stagnant fluid in the channel furrows lead to the formation of steady fluid circulations
located in the channel furr@XFigure4.3 (c) and (f). We refer to this flow regime as

circulatory and designate the critical pressure leading to the transition from the
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unidirectional regime to this circulatory regime Bs. In this regme, the vortices are

characterized by enclosed streamlines, whereas the streamlines located near the channel
centerline are more straightened and have smaller curvature compared to those in the

unidirectional regimedf Figure4.3 (b) and (c) andrigure4.3 (e) and (f).

4.4.2 Time Periodic Flow Structures

As the flow rate in the channel is increased further and the pressure exceeds a second
critical value the circulatory flowbecomes unsteadthrough a superitical Hopf

bifurcation.We designate this critical value for the pressure that leads to the transition to

unsteady flow ad>_,. This flow regime is characterized by time periodic variations of the

cr2"

fluid velocity and by repeating chargim the vortex shape and topology.

Figure 4.47 Streamlines and pressure field irA = 0.3,L = 4 andP = 400channel.

We find for channels witemallwall amplitudes thathe unsteady motion of the fluid
results from a continuous cycle of vortex generation, growtltantiactionn the furrows.
This can be seen iRigure4.4 which provides snapshots of the streamlines and pressure
field at various points in time for a channel wi#§=0.3, L =4, and P =400. In each

oscillation period, an adverse pressure gradient along the backside of the wall peak results
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in the flow separating from the wall, producing a vortex, whichlmseen on the left side

of the furrow inFigure 4.4 (g). As fluid is ejected from the contracting vortex in the
upstream furrowit travels along the walpeakinto the newly formed vortex as it grows
(Figure4.4 (h)). This growth continuefFigure 4.4 (fand (d))until the vortex fills nearly

all of the furrow as seen iRigure4.4 (e). Eventually, the vortex detaches from the wall
andcontractsoward the right side of theifrow (Figure4.4 (f)). As the vortex contracts,
fluid is ejected ouaind into the next furrow, while the vortex in the upstream furrow does
the sameThe inetia of the fluid entering from the upstream furrsmsufficiently highfor

the flow to separate from the wall and generate a new vortex as the cycle regais (

4.4 (9)).

Figure 457 Streamlines and pressure field irA = 0.7,L = 5 andP = 300channel.

For channels with larger wall amplitudes, the unsteady motion of the fluid still results
from the generation of vortices in the furrows. However, when a new vortex is generated
it combines with the vortex already existing in the furrow rathanreplacing it.This
causes the vortices to undergo significahanges in size and shape as wellthas

momentary formation of a third vorteasthe two vortices combine. The process can be
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seen in the snapshots contained-igure 4.5, which arefrom a channel withA=0.7,

L =5, and P=300. As the existing vortex in the furrow travels to the right side of the
furrow, fluid travels into the furrow to fill the ardeft behind it. This flow separates from
the wall, anchew vortex is generatdfigure4.5 (f)). The vortex grows in size and strength
as it entrains fluid ejected from the upstream furrafter only a small amount of growth,

it blocksthefluid flowing in behind the existing vortex as it travels to the rigtgure4.5

(9)). This diverts the flow under the existing vortex, cauststitavel backwardnto the

top of the furrow (or bottom for furrows alongettower wall). Aghis occurs, iapproaches
and is eventually absorbed by gteonger, newly generated vortd&xuringthis process, a
small amount of fluid becomes trapped between the vortices and the wall, leading to the
momentary formation of a thirdmallervortex Figure4.5 (h)). This vortex is absorbed as
well, leading to the single vortex seerFigure4.5 (c), which grows to fill the entire furrow
(Figure4.5 (d)). Thevortex eentually detaches from theall and begins contractiras it
moves to the right side of the furrqwigure4.5 (e)). As this fluid flowgo fill the area left
behind the contracting vorteit eventially separates froniné wall andhe process repeats
(Figure4.5 (). In what follows, we will refer to the unsteady flow regime corresponding
to the flow pattern shown in Figude4 as the shedding regime, whas tle regime shown

in Figure4.5 will be referred to as the oscillatory regime.

In addition to the evolution of the vortices generated in the furrows, we observe two
other distinguishing characteristics of these two regimes. Thechrs be seen in the
snapshots shown in Figurds4 (a) and4.5 (a). At any point in time in the oscillatory
regime, the vortices in each furrow are at a different stage in their cyedecarnbe seen

in Figure4.6 which shows the time distribution of thevelocity component (normalized

91



as the local Reynolds numbdg, ) sampled at identical locations within three

consecutive periods of the channel. Here we see that while the velocity undergoes identical
periodic oscillationsn each period of the channehey occur out of phase from one
another.Unlike the oscillating regime, the flow pattern in the shedding regepeats
across every (spatial) period of the channel as se&mure 4.4 (a). Furthermore, the
evolution of the vortices in the furrows of the upper and lower wattsrin phaseas wel|

leadng to identical flows occurringcross every furrow simultaneously.
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Figure 4.6 7 Time distribution of local u velocity component sampled from

representativelocation in three successive periods afchannel withA=0.7,L =5 and
P =300

The second characteristic distinguishing the shedding and oscillatory regime is
visible in the evolution of the velocity component shown in Figurést (b) and4.5 (b).
In the shedding regime, the generation, growth and contraction cycle of the vortices is
relatively simple. Furthermore, the vortices remain above the location from which the
velocity is sampled throughout their entire cycle. This results irvelaity having the
nearly sinusoidal shape seenHigure 4.4 (b). Unlike the shedding regimépwever,

vortices inthe oscillatory regime undergmore complex changes in their shape and
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location. This, coupled with the vorticeswveling over the sampling location leads to the
temporal distribution of the velocity component having a-8aothlike shape, which can

be seen irrigure4.5 (b).

4.4.3 TransitionTo Unsteadylow

Our simulations indicate that theaftrsitions between different flow regimes in a
pressure driven flow in wavy channels depend on the magnitude of the wall amplitude

and periodL . To characterize the conditions at which these transitions take,pve
constructed a phase diagram that shows the magnitudes of the critical pré&gsanmsd
P, for different values of the wall amplitude. These pressures are shduiguire4.7 by

respectively empty and filled symbols for different values of the channel period

PressureP

crl

indicating the transition between unidirectional flow and circulatory

flow monotonically decreases with increagwave amplitude. Larger aiifpdes of the
wavy wallsfocus the flow closer to the midplane of the channel, leaving larger @freas
slow moving fluid in the furrowsdf. Figure4.3 (b) and(e)). In this situation, the circulatpr

vortices are able to form at a lower valueRfWe find this behavior for alL considered

in our study; However, the magnitude Bf, is smaller for smallet . This suggsts that
the larger magnitude of the relative depth of the furr@vik facilitates a more rapid
development of the vortices, thereby leading to a loRgrat which the circulation

emerges.
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Figure 4.7 i Diagram displaying the critical pressure gradientsP¢1 (the empty
markers) and Pcr2 (the filled markers), at which the respective transitions between the
unidirectional and circulatory flow regimes and between the circudtory and unsteady
flow regimes occur for various wall amplitudesA.

Unlike the transition from a unidirectional to a circulatory flow, the relationship
between the critical pressure drop indicating the onset of unsteadyPflpand thewall
amplitude A is more complexRigure4.7). Specifically, P, , has two minimaP, and R,

, that correspond to flows in channels withatelely small and relatively large wall
amplitudes. Furthermore, the shape of the curve separating the regions with circulatory and

unsteady flow strongly depends on the period

In the following discussion, we refer to the amplitsid# which P,, has the

cr2

respective minimum valueB and P, as A and A, . Furthermore, we refer té,, as

the amplitude at which?.

cr2

has a local maximupP,, , between the two minim&_ and

R, ;thus, A <A, <A,.

Figures4.4and4.5 show snpshots of the unsteady flow ptessureslighty above

the critical ones for, respectively, and A, in a channelWhen the wall amplitude is
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smaller thanA, , the critical pressuré.

cr2

decreases with increasingy (Figure4.7). This
decrease oP,, can be related to larger disturbances that are created in the flow by walls

with larger waviness. Largewall amplitudes, on the other hand als@rease viscous

dissipation and reduche flow rate in the channel. THattereffecthas a stabilizing effect
on the flow and, wherA is increased beyond, , a further incease of the wave amplitude
requires an increased pressure to maintain the sufficiently large flow rate enabling the

development of an unsteady flow. Thus, whers less thanA, , P, decreases wth A.

cr2

However when A exceedsA, andisin the rangeA < A<A,,, P,, increases withA.

For A greater thanA,, , the critical pressurd>,, decreases withA until the
amplitude reacheg, . In this case, an increasing depth of furrows filled with a slow
moving fluid assists the development of unsyefldw, resulting in a decreasel,, .

However whenA is greater thard,, this trend reverses arfd,, increases due to the

growing viscous dissipation in the channel further segging the flow.

Figure 4.7 indicates that the critical pressurBs and R, depend on the channel

period L. In Figure4.8, we plot both these pressures for different valuek of a range

between 2 and 10. This figure shows that minimum values exist for both the critical

pressures. Thminimum in the curveorresponding td, occurs atA=0.35and L =3.5
(see inset irFigure4.8). This minimum pressure is equal B, =320 which results in a
Reynolds numbepf Re=12¢. The critical pressur€, has a minimum at =8 and

A=0.81, in which case it is equal tB,, =202 and at a Reynolds number &e= 81.Z.

95



Note that the critical pressui® changes by only about 10% for a rangd_obetween 6
and 10. InFigure 4.8, we report values oP, for L less than Secause this regime no

longer exists for the amplitud€s125¢ A ¢1for larger values ot . We also find thaR),

only exists forL 2 3. Thus, the critical pressure has two minima for peri@d4. ¢ and
amplitudes0.125¢ A ¢1, whereas for longer and shorter channel periods only one

minimum, eitherP, and R, exists. Furthermore, we find that the amplitudg¢sand A,
both depend on the wall wave period, althoujhseems to be more sensitive to the

changes olL than A, (see inset ifrigure4.8).
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Figure 4.817 Minimum critical pressure gradients, P. and Py, for unsteady regimes as
a function of the channel period. The inset shows critical amplitudesi. and Ay, at
which P_ and Py occur for each of the channel period lengths.

4.4.4 Route to Chaos

As discussed previously, when the pressure driving is increased beyond a critical
value, P, , the flow undergoes a supercritical Hopf bifurcation resulting in unsteady, time

' cr2

periodic oscillations in the fluid velocity throughout the channel. This periodic regime is
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characterized by a singfandamentafrequency. At even higher pressut®ps, the flow
undergoes asecond Hopf bifurcation leading to a qupsriodic regime with two
fundamentalfrequencies.With continued increases to the pressure drop, the flow
experiencesurther Hopf bifurcationseach adding a new frequency to the eysias the
flow transitions to chaod his is known as the RuelleBakensNewhouse scenario of the

onset of chaotic flow. It has been shown that after the Hiftdcation the flowexhibits

chaotic behaviot#* 142

Figure 4.1071 Streamlines and pressure field imA = 0.3,L = 4 andP = 900channel.
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Figure 4.1171 Streamlinesand pressure field inA = 0.3,L = 4 andP = 1800channel.

After transitioning to unsteadylow, the small amplitude channel begins to
experience an increased shedding frequency, and subsequently an increaseednfiahdam
frequency of the flow, as the pressure gradient is increased. For the initial increases in the
driving pressure, the higher shedding frequency has little impact on how vortices evolve in
the furrows. This can be seen by comparing Figdrést.9, 4.10 and4.11which contain
snapshots of a channel with=0.3 and L=4 at P=400, P=600, P=900 and
P =180C respectively. In these snapshots we see that while there is an increase in the
magnitude of the pressure field, the vortices maintain the sameagengrowth
contraction cycle as the pressure gradient is increased Rem00 to P=900.
Furthermore, this cycle continues to be synchronized across each furrow, resulting in the

channel maintaining its spatiagpodicity.

Although the higher pressure gradient does not affect the cycle each vortex
undergoes, it does increase the size and strength of the vortices as they travel along the

furrow. This is due to the larger flowrates along the center of the champaiting more
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energy into the vortex as it grows, which induces a larger vortex diameter. Using the

maximum height of the vortex normalized by the height of the channel as the characteristic
diameter,D, we measure&iameters of 0.610.72, 0.80, and 0.94 fd? =400, P =600,

P =900 and P =180C respectively. Therefore, & =400 the maximum diameter is
approximately the same as the heightthe furrow Eigure 4.4 (e)), but whenP is
increased to 1800, the vortex grows to nearly half the height of the channel. At this
diameter, more than one third of the vortex is protruding out of tmewufFigure4.11

(9)), resulting it having an increased influence on the flow through the center of the
channel. The effect of the increasing diameter in each of these four flows can be seen in
Figure 4.12, which contains the time distributions of tbheand v velocity components
(normalized as the local Reynolds number) sampled from the location indidtegline

4.2. Here we se¢hat for P =400 when the vortex remainsitiin the furrow, that both
velocity components are nearly sinusoidal. When the vortex protrudes out into the flow at
P =180C, nearly reaching the location where the veloc#tysampled, we see that both
velocity components have transformed from sinusoidal shaped the shape Bapmen

4.12 (d).
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Figure 4.12 17 Time distribution of the u and v velocity components sampled from
representative location inA = 0.3 andL = 4 channel with (a)P = 40Q (b) P = 60Q (c)
P =900and (d) P = 1800

Although the time distribution of the local velocity undergoes a more complex
pattern of oscillation, it maintains ingle fundamental frequency. This can be seen in
Figure4.13, which contains the Fourier power spectrums ofuheslocity components
provided inFigure4.12. Here we see thatifall four driving pressures, the velocity indeed

maintains a single fundamental frequency. This indicates that the flow in the system does

remain periodic with fundamental frequencies Rf=36, f,=48.6, f,=64.6 and

f,=94.3 for P=400, P=600, P=900 and P=180C, respectively. Along with

increasing the fundamental frequency, larger driving pressurés extrease the energy

in the supeiharmonics frequencies. This results in the complex oscillatory pattern of the

velocity components in the channel wigh=180C.
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Figure 4.13 7 Fourier power spectrum of u velocity component sampled from
representative location inA = 0.3 andL = 4 channel with (a)P = 40Q (b) P = 600,(c)

P = 900,and (d) P = 1800

The reconstructed pseugbase space obtained from thevelocity component for

each of the four driving pressures is provideHigure4.14. Here we see thads expected,

the pseudghase space for each velocity distribution contains a limit cycle indidékng

flow is periodic.As with the velocity componentshé deformation seen in thienit cycle

is a due to the contributions of the suparmonic frequencies
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Figure 4.147 Pseudephase spaceeconstructed from the time distribution of the u
velocity component sampled from representative location iA = 0.3 andL = 4 channel
with (a) P =400, (b)P = 600, (c)P = 900, and (d)P = 1800.Poincaré sections provided
in top right inset of each plot.

Increasing the pressure gradient beyonditcal value, P,, results in the flow

undergoing a second supercritical Hopf bifurcatieading toquastperiodic oscillations
in the fluid velocitycharacterized by two flamental frequencieés with the periodic
regime, this egime is characterized by a vortex generagomwth-contraction cycle.
Snapshots o& quastperiodic flow in a channel wittA=0.3, L =4 and P=2100 are
provided inFigure4.15. Here we see iRigure4.15 (i) and (j) as with theperiodic regime,

a new vortex is generated in the furrow, as the existing vortex shrinks. Unlike in the
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periodc regime, however, thigeneration of a new vortess quickly followed by the
production of a second vortet a new separation point along the walis separation
point forms further up the wall pealoser tats center. Due to their close proximithese
vortices rapidly combine (Figure4.15 (k) and (c)). Once combined, the resulting vortex
detaches from theecond separation pojmrowingas ittravek along the furrowKigure

4.15 (d)). As the vortex travels to the right, fluehters mto the furrow to fill the area it
previously occupied. Due to the high inertia of the fluid,ftbe separates from the wall
forming an additional vortexdgure 4.15e) and (f)).The formation of this waeximpedes

the flow of fluid into the furrow, slowing the translation of the large vortex. When this
occurs, thelose proximity of the two vortices leads to the momentary formation of a third
counter rotating vortexHigure 4.15g)). This counter rotang vortexfurther reducsthe

flow into the furrow and, in doing seufficiently decreases ttileiid inertia for the flow to
reattach to the wallWhen this occurs, the smaller vortices dissipate leaving only the large
vortex to continue its translatioto the left (Figure 4.15(h)). As the vortexresumes
contracting,the flow once again separates along the backside of the wall pesiting
another vortexKigure 4.15i)). When this vortex form$joweverthe rear of the shrinking
vortex is sufficieny far away for fluidto enter the furrow unimpededlVith this fluid
flowing in, the newly generated vortex groas the previous vortex dissipatéSigure

4.15(j)).

103



Figure 4.157 Streamlines and pressurdield in in A=0.3,L = 4and P = 2100channel.

This generation of a new, temporary vortex is the result of the high flowrate in the
channel causing vortices to generate faster than the previously generated one can dissipate.
As a result, the newly geneed vortex quickly dissipates as seefrigure 4.15Although,
shortlived, the effects of this vortex introduces a second fundamental frequency into the
systemln order to examine the variations in the velocity more closely, we have provided
the time dstribution of the velocity components kiigure4.16 (a). Here, we see that the
velocity distribution has the appearance of a periodic shape. However, due to the effect of
the second fundamental frequency, these distributiothsnot repeat as they are quasi

periodic.
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Figure 4.1671 Plots showing (a the time distribution of the u and vcomponents of the
velocity and (b) the Fourier power spectrum of theu componentsampled from a
channelwithA=0.3 L =4and P = 2100

In order to see the frequencies in the distribution, we have provided a plot of the
Fourier power spectrum ifrigure 4.16 (b). Here we see that the two fundamental
frequencies and theimlear combinations produce multiple peaks in the spectrum. The first
fundamental frequency af =94 still dominates the system, providing the time
distribution with its nearly periodic shape. When we reconstruct the phase spass we
that, due to the second frequency, the limit cycle has been replaced with a limit torus. This
can be seen ifrigure 4.17. Here, wesee that the two dimensional limit cycle has
transformed into a three dimensior®i torus. As with the velocity distribution for
P =180C, the harmonic frequencies dist the slape of the attractoTaking a Poincaré
section,we obtain a tweadimensional closed lineather than the single point as with the

limit cycle, verifying that this is indeed quageriodic flow
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Figure 4.177 Pseudephase space reconstructed from the time sliribution of the u
velocity component sampled from a channel with = 0.3,L = 4and P =2100.Poincaré
sectims provided in top right inset theeach plot

As the pressure gradiemtcreases furtheteyond a fourth critical value denoted

P, 4, the flow bifurcates a third time causing #wlution of the vorticeto become even

more complex. This can be seerfFigure4.18, which contains snapshots of the flow in a
channel withA=0.3, L=4, and P=2500. Here, we can see that miiscernable
frequency exists in the velocity distribution due to the three fundamental frequencies of the
system. Furthermorghe snapshots show significant variation in the size, shape and

number of vortices contained within the furrow.

Figure 4.181 Streamlines and pressure field ilA = 0.3,L = 4 andP = 2500channel.
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Figure4.19 (a) contains the time distribution of the velocity componeHtse, we
see the effects of the tdifundamental frequency giving the distribution the appearance of
random noise. Furthermore, when we view the Fourier power speatrtin@ distribution,
provided inFigure 4.191)), we find that the second and third fundamental frequencies are
no longer discernable from the harmonid&hen we reconstruct the pseuploase space,
we see that, due to tieclusion of a thirdrequency, the limit torus has beeansformed
into astrange attractor. This can be seen in Figure 42the inset we have providea
Poincaré section obtained from the attractor. Here, we see that, due to the additional
dimension of the attractor, the Poincaré section now contains an area filled with points,
indicating that this is indeedT? torus. From thevork of Newhouse et. aldue to the
sensitivity to initial conditions indicated by the presence of a strange attractor, this flow

exibits the behavior of a chaotic systé&th.
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Figure 4.1971 Plots showing(a) the time distribution of the u and vcomponents of the
velocity and (b) the Fourier power $ectrum of the u componentfrom a channel with
A =0.3,L =4 andP = 2500.
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Figure 4.207 Pseudephase space reconstructed from the time distribution of the
velodty component sampled froma channel withA = 0.3,L = 4 andP = 2500.Poincaré
sections provided in top right inset the each plot.

In addition to the Hopf bifurcationsxperienced by the flow as the driving pressure
increases, dr certain larger amplitude channdle flow undergoes a period dding
bifurcationas the pressure drop increasBEseeffect of this bifurcation leads to a change
in the evolution of vortices locateal the furrowsWe refer to the critical pressure gradient

necessary to achieve this bifurcationRyt . This can be seen iRigure 4.21, which

contains snapshots of the flow after undergoing a period doubling bifurcation in a channel
with A=0.7, L=5and P=700. Here we see that, like the flow B=300, as a new
vortex is generated in the furrpiygrows and combines with the existing vorexentually

filling the entire furrow ¢f. Figures4.5 (c)-(h) and 4.21 (d)-(h)). As a new vortex is
generatedFigures4.5(f) and4.21(i)), the cycle repeat®r the flow with P =300, while

the vortex evolutio cycle continues for thbow at P=700. In this latter stage of the
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cycle, the existing vortex is sufficiently small fitwid to continue flowing into the furrow
unimpeded by the newly generated vortéxgre4.21 (j)). Thisforces the fluid entrained

in the existing vortex out of the furrow, leading to its dissipation, while the new vortex
grows behind itEigure4.21 (j) and (k)). As the growing vortex detaches from the wall, a

new vortex is generated and the full cycle is repeated.

Figure 4.2171 Streamlines and pressure field ilA = 0.7,L = 5 andP = 700channel.

This second cycle doubles the length of the oscillation periodjingalthe
fundamental frequency of the flow. The effect of this period doubling can be seen in the
time distribution of the velocity components providefigure4.22. Here for comparison
we show thedistributionsjust before andust after transition aP =650 and P =700,
respectively. In this figure we can see that the velocity at650 completes slightly less
than 10 cycles, while completing just over 5 cycle®at700. Furthermore, we see that
the full cycle P =650 closely resembles the corresponding half of the doubled cycle where

the vortices in the furrows combine. When examining the Fourier power spgxtyvicied
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in Figure4.23 we see thatdue to the period doublinghe fundamental frequency of the
system has been halved, reducing it frére33.4at P=650to f =17.6 at P =700.
Here, the frequency is slightly larger than half due ganicreag with increasingP for

P>P
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Figure 4.2271 Plots showingthe time distribution of the u and v components of the
velocity in a channel withA = 0.7,L = 5at (a) P = 650and (b) P = 70Q
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Figure 4.2371 Plots showing the Fourier power spectrum of thar component of the
velocity from a chanrel with A=0.7,L =5 at (a)P = 650 and (b)P = 70Q
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When we reconstruct the psedgloase space using tkecomponent of the velocity,
we find thatboth flows contain a single limit cycle. This can be sedfignre4.24, which
contains the pseudshase space for both flows along withcarrespondingPoincaré
section. Here we see that while both flows contain a limit cycle, the period doubled flow
at P =700 completes two loops beforeturning to its starting point, indicating that the
flow has undergone a period doubling bifurcation. This is verified by the Poincaré section
included in the inserts of the plots which contains two points where the limit cycle passes
through the plane irach loop. The flow aP =650, on the other hand, contains a single

loop in its limit cycle and, as a result, a single point in its Poincaré section.
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Figure 4.24 i Plots showing the psedo-phase space reconstruction andhe
corresponding Poincaré sections for @hannel withA =0.7,L =5 at (a)P = 650 and
(b) P=700

As the pressure drop is increased further after the dloaergoes a period doubling
bifurcation the flow experiencea 2'¢ supercritical Hopf bifurcatiofior each geometric
configuration investigatedrhis can be seen in the plots of the of the time distribution of

the velocity components and Fourier power spectrum providegyure4.25, whichhave
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been obtained from a flow through a channel Witk 0.7, L =5 and P =110C. Here, we
see that the distribution of the velocities have an appearance of agpshapgeHowever,
the additionof the second frequency has transitioned the distribution to-pedsdic.

Furthermore, when we examine the Fourier power spectrum, waeségo frequencies

(a) 150
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along with their harmonics.
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Figure 4.2571 Plots showing(a) the time distribution of the u and vcomponents of the
velocity and (b) the Fourier power spectrum of theu componentfrom a channel with
A=0.7,L=5andP =1100.

When reconstructing the pseupdbase space from the velocity component, we
find that the attractor has taken the form of a limit torus, which can be sEguig4.26.
As stated previous, this is indicative of a Hopf bifurcation, which introduces a second
fundamental frequecy into the system. Examination of the Poincaré section verifies that
this is indeed a limit torus, as the section contain multiple points defining a close¥kline.
with the flow in smaller amplitude channels, further increases in the driving pressulte re

in a thirdHopf bifurcation as the flow follows the Ruell@kensNewhouse scenario on

its route to chaos.
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Figure 4.2671 Plot showing the pseudephase space reconstruction of the attractor and
its corresponding Poincaré sectiofor a channel withA=0.7,L =5 andP =110Q

In order to understand how the geometric pararsatat driving pressure influence
the flow regime, we systematically variedeth parametersvhile using the methods
discussed abovi® determine the state of the flo®pecifically, we var A between 0.2
and 1.0 at step sizes of 0.1 aRdbetween 0 and 2500 at step sizes of 50 for period Iength
of L=3, L=4 and L =5. Figure4.27 shows the phase map far=3. Here we see that
for pressure drops less th&h=2500, only two of the wall amplitudesA=0.7 and
A=0.8, achieve quasperiodic flow, which occurs atP=110C and P =150C,
respectively. These correspond to Reynolds numbersR&= 67.. for A=0.7 and

Re= 54.2 A=0.8. Furthermore, the critical pressure gradi€)}, is not found for any of

the amplitudes for the range of driving pressub@sP &50C. The majorty of the wall

amplitudes faito reachP

cr3

due to the lower velocities rdsng from the largerelative

wall amplitudes. Therefore, we find that decreasing the wall period leingtilas a

stabilizing effect orthe flow.
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Figure 4.271 Phase map oflow regimes for period lengthL = 3.

When L is increased td_ =4, the flow achieves each of the regimes discussed
abovewithin the range of driving pressures investigated. This can be sé&eguie4.28,
which contains the flow regime map far=4 . Here we see thafior smaller amplitude

channels,P, ., contains a minimum afA=0.5 and P =700. Furthermore, the flow reaches

cr3

the quasperiodic regime for each of theall amplitudeswith A¢ A, . Additionally, for

A=0.4 and A=0.5, this period lengthachieveschaotic flow with critical pressure

=1900 and P

cré

gradientsP. =2250, respectively.These correspond tRe= 371 for

cra
A=0.4 and Re= 26¢ for A=0.5. For larger wall amplitudewhere A> A_, each of the
flows experience a period doubling bifurcationVhile for A=0.7 and A=0.8, this

period doubling bifurcation is followed bs second Hopf bifurcation &, , = 2300 and

P

cr3

=2400, respectively.
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Figure 4.281 Phase map of flow regimes for period length df = 4.

Similar to those withL =4, for the range of amplitude and driving pressures
investigated, each of the flow regimes can be found whe® as seen irFigure 4.29.
Here we see thdor all amplitude of0.2¢ A ¢ the third critical pressure gradienithin
the range of pressurést P 250C. Theminimum critical pressure gradient for the second
Hopf bifurcation occurs aA=0.4 for a pessure drop oP,, =550. Furthermorein the
range of pressure gradients investigated each of the channelB.24t/A ¢0.€ achieves
chaotic flow. The minimal dtical pressure gradient for thikird Hopf bifurcationoccuis

for A=0.4 at P,; =1400. For this period length, the minimum flowrate necessary to

induce chaotic flow is found i =0.8 at a Reynolds number ¢&te= 8Et.
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Figure 4.291 Phase map of flow regimesor period length of L = 5.

4.4.5 Frictional Losses

To quantify the effect of wall structure on the viscous dissipation in a wavy channel,
we calculated the friction factof =6P/Ré€? that characterizes viscous losses in the
channel flow. The friction factor is plotted Figure 4.30 as a function of the applied
pressure gradier®® for channels with period lengths &€f=3, L =4 and L =5 at several
wall amplitudesA. In this figure, we also plot the friction factor in a straight channel
f =6/P. As can be expected, the wavy chel walls increase the friction factor compared
to the straight channel and this increase is more significant for channels with Aarger
When the flow is in the unidirectional regime the friction factor decreasesPviéha rate
that is close to that of the decrease in a straight channel. When the flow transitions to the

circulatory regime, the decrease wkhslows down and, foP >P,,, f levels offfor the

cr2

wavy geometry while it continues decreases for the straight channel.
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The dependence of with P shown inFigure4.30 can be related to an increase of
viscous dissipation takg place in the flow due to the development of vorticeshen
channel furrows. Moreover, the dissipation increases even more when the flow becomes
unsteady, thereby requiring greater pressure gradients to transport the fluid with the same
flow rate. However, after the initial Hopf bifurcation and transition to unsteady flow,

subsequent bifurcations do not act to further increase the effects of the channel geometry.

00l } el 001 TheelL

0.001 . . . o001 . . ‘ .
0 500 1000 1500 2000 0 500 1000 1500 2000
P P
C)IO = 4=025 A=1035
*A=035 —+A4=0.65

- - Straight Channel

0.001 I 1 1 L

Figure 4.307 Channel friction factor, f, as a function of normalized pressure gradient
in a wavy channel at differentwall amplitudesfor wall period lengths of(a) L = 3, (b)
L=4and (c)L =5.
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4.5 Summary

We used twadimensional computer simulations to investigate laminar pressure
driven flowin a channel with sinusoidal walls. In particular, we probed the effects of wall
amplitude and period on the development of different flow regandshe onset of chaotic
flows within the wavy channel. The results are summanzedgflow regime diagramin
terms of the driving pressure gradient and the channel wall amphtinieh areprovided
in Figures4.7, 4.27, 4.28 and4.29 Thefirst of thesediagrans indicates the boundaries
between conditions at which a unidirectional flow, a circulatory flow, and an unsteady flow
emerge in wavy channelsvhile the other three provide the boundaries between time
period, as well as twand three frequency quaseriodic flows Due to its sensitivity to
initial conditions, indicated by the strange attractor in the psphdse space, thikree

frequency quasperiodic flow exhibits the characteristics of chats.

Through our initial investigations, we foutitht at a critical pressure drof,, , the

flow transitions to circulatory while remaining steady, and a&econd critical pressure

drop, P,,>P.

crl

the flow transitions totime-periodic unsteady motionthrough a

supercritical Hopf bifurcationHere we considered channels with125¢ A ¢1 and

2¢ L dO0. We noe that for the channel geometries outside of the investigated range this
behavior may not holdn our subsequent investigations, we found that the flow undergoes
additional supercritical Hopf bifurcations at a third and fourth critical pressure drop,

P

crd

>P

cr3

>p

cr2?

with each of these bifurcations adding a new fundamental frequency to

the system. Moreover, we found that for certain large amplitude channels, the flow

>P

cr2 -

undergoes a period doubling bifurcatioraatritical pressure gradiefy,
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The simulations revedhat the transitions to each of thesteady flow regimes
exhibits a nontrivial dependence on the channel wall amplitude. The transition is related to
an interplay among fluid inertia, disturbances introducedvhyy walls, and channel
confinementFor small amplitude channels, thasteady flow is characterized by vortex
shedding and the absence of trapped vortices. New vortices periodically form within the
channel furrows and, after they grow sufficiently largee shed and transported
downstream by the flow. In channels with largealivamplitudes confinement effects
result in the trapping of vortices, which oscillate within the furrows as shed vortices
combine with themThese oscillations are accompanimdperiodical changes in vortex

size.

We have identifiedwo channel geometries minimizing the magnitude of the critical
pressure gradient leading to tbheset of an unsteady flow. In the first case, the wall

amplitude isA=0.35and theperiod isL =0.35, yielding P,, =320 and Re=12¢. The

second minimum occurs for channels witl= 8 and A=0.81, in which caseP

Cl

, =202

and Re= 81.Z The latter pressure is the minimum pressure at warnalmsteady flow can

be generated in a wavy channel.

In our investigation of the subsequent bifurcations in the flow after transition to

unsteady, we found a strong dependeasfdie critical pressure drops on the period length

of the channel. Due to this dependence, we found only two amplitudes which d@ptain

within the range of pressure drops investigated P @50(). For L =5, on the other

hand, each of the amplitudes examined contaiBedwithin the range of pressures

studied Additionally, the range of amplitude8.2¢ A ¢0.€ contain critical pressure
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gradientsP,, 2 2500. From our simulations we were able to determine the minirRym

and P

>, for the range of parameters investigated whichRe=550 and P,, =1400,
both of whichoccur in a channel wittA=0.4 and L =5. Furthermore, we found that the
asymmetric wavy wall geometry is capable of inducing the onset of chaotic flow at a

minimum Reynolds number dke= 8t in a channel withA=0.8and L =5.

Lastly, we characterizbthe effects of the wavy walled geometry in terms of the
viscous losses it generates. We showed that the geometry of the channel induces significant
friction coefficients compared to a straight channel. Furtherdemonstratd that the
friction coefficient is nearly independenttbg driving pressure when the flow is unsteady.
Moreover, we showed that, after the initial bifurcation and transition to unstieady

additional bifurcations do not induce significant changes in the friction coefficient.

The unsteady flow emerging in wavy channels at relatively low flow rates induces
constantly evolving local flow circulations and, therefore, can be potentiahg$sed for
enhancing heat and mass transport, key processes of many practical applications. Since this
unsteady flow remains laminaven when exhibiting chaotic behaviere anticipate the
mixing enhancement can be accomplished for a relatively low seli@afriction losses

compared to a turbulent flow with similar transport characteristics.
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CHAPTER 5. HEAT TRANSFER

5.1 Introduction

Although a substantial amount of research has been conducted to better understand
the effects of wavy walled channels on heat and mass transfer, we are still missing a
comprehensive and systematic picture of how thethaasfer changes for a wide range of
system parameters. In this chaptee systematically investigate laminar pressure driven
flow in two-dimensional wavy channels with asymmetric sinusoidal walls. We probe the
dependence of the heat transfer occuririntpe channel on the amplitude and period of the
walls and the magnitude of the pressure drop driving the flow. Our investigation begins by
examining the heat transfer occurring at low flow rates when the flow is steady. Next,
larger flow rates where tHw experiences timgeriodic oscillations are studied. Lastly,
the heat transfer enhancement is weighed against the cost of increased frictional losses
induced by the wavy geometry using a thermgadraulic performance factor in order to

determine the arall performance of wavy walled channels.

5.2 Computational Setup

Please refer to Sectidh6.3for a detailed discussion of simulation parameters used
in this investigation. Before starting our investigation into the heat traesfeancement,
four simulations of heat transfer in a wavy channel were performed with various grid sizes
to determine the necessary grid spacing for siommulations The parameters of the
simulations wereP =50, A=0.35 and L =4 with grid sizes corresponding to= 20,

h=40, h=60, andh =80 (in LB units). A plot of Nu, along the top wall for all four
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grid sizes is providd inFigure5.1. It can be seen in the plot that all four grid sizes yield
nearly identical results with the exception of the points obtained x&br 0.67 with

h =20, which deviate slightly from # results obtained with other gridEable 5.1
contains the values dflu,, and Re calculatedfor each grid esolution along with their
percent differences from the values obtainedfer80. It can be seen in this table that the
values ofNu,, and Re obtained usindh =40 nodes only differ from those obtained using

h =80 by 0.09% and 0.14%, respectively. Because the grid with= 40 nodes provides
nearly identical results with those of higher resolution at significantly lower computational

costs, we used this grid size in our investigation.

15

4 /1=20nodes
+ /1 = 40 nodes
% =60 nodes
— /=80 nodes

0.5 0.75 1
x/1

Figure 5.1 17 Local Nusselt numberNu; across top wall of channel for various grid
sizes obtained from grid independence tests with = 50,A = 0.35 andL = 4.

Table 5.17 Resultsfrom grid independence test withP = 50,A = 0.35 andL = 4.

Nodes Nu,, % Change Re % Change
20 8.132 0.0277 28.10 1.41
40 8.135 0.0857 28.50 0.144
60 8.141 0.0736 28.54 0.0196
80 8.148 - 28.55 -
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5.3 Results and Discussion

Pressurariven flow through sinusoidallghaped channels results in three unique
flow regimes which we refer to as unidirectional, circulatory, and unsteady. At low flow
rates, in the unidirectional regime, the flow follows the shape of the channel. As the flow
rate ncreases and the flow transitions to circulatory, steady vortices form in the furrows of
the channel walls. Further increases of the flow rate leads to an unsteady flow characterized
by a time dependent vortex topology. A more detailed discussion ofdffesgent flow

regimes can be fourid Chapter.

Figure 5.2 i Temperature distributions and streamlines for unidirectional and
circulatory flows in (a) A=0.35,L =4 ard P=10(b) A=0.35,L =4 andP =100 (c)
A=0.75,L =4 andP=10and (d)A=0.75,L =4 andP = 100.
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