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RESUME de la THESE

1. Objectif

L'objectif de cette étude est d’étudier l'utilisani de générateurs de vortex auto-adaptatifs et
pilotés par la pression. Il est ainsi crucial diéu et d'évaluer les concepts des générateurs de
vortex et leur effet sur I'amélioration du transfée chaleur. Un apercu détaillé des méthodes de
transfert de chaleur est présenté dans une revua t#érature, principalement divisée en
méthodes passives et actives, I'accent étant mieswénérateurs de vortex. Les générateurs de
vortex sont 'une des méthodes passives qui creEsflux secondaires, perturbent la croissance
de la couche limite et créent des flux tourbillomisagui améliorent I'échange entre les parois et
le fluide central, améliorant ainsi le transferta®leur. Dans le cas des générateurs de vortex
passifs, le nombre de vortex générés est limitautb® part, les méthodes actives offrent une
flexibilité supplémentaire en controlant la fréqoenla vitesse et I'amplitude des oscillations des
générateurs de vortex, influencant ainsi le nongria force des vortex créés. Néanmoins, les
méthodes actives nécessitent la mise en ceuvre gauree d'énergie externe supplémentaire
pour contrbler les générateurs de vortex, ce quiakre une complexité accrue de l'installation

du systéme et une consommation d'énergie.

Pour pouvoir concevoir un générateur de vortex-ad@ptatif, une stratégie est proposée dans
laguelle I'étude est démarrée avec des cas plysesirat a été développée progressivement pour
aboutir au générateur de vortex auto-adaptatif.

2. Démarche

L’objectif de cette these est de fournir des cotioap pour différents types de générateurs
de vortex, et d'analyser les effets du générateuvaltex commandé par la pression lorsque
l'angle d'inclinaison est affecté par la vitessecalllement et I'effet de cette déviation sur les
modéeles d'écoulement, le transfert de chaleuaetélioration des performances thermiques de
I'échangeur de chaleur.

Cette étude vise a étudier différentes géomeéteeg@, placées dans un canal rectangulaire,
en commencant par un VG statique, puis par uneeéplas approfondie d'un VG « auto-
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adaptatif ». Le nouveau concept d'auto-adaptatifespond a un VG dont la géométrie est
susceptible d'étre modifiée en fonction de I'évolutdes modes de fonctionnement de
I'échangeur thermique. Dans ce travail de thesdorlme du promoteur de vortex peut étre
modifiée en fonction des variations de la vitesgeallement a I'entrée. Dans tous les cas, des
études paramétriques sont effectuées pour pouvalinér la conception proposée. Un résultat de
calcul numérique du transfert de chaleur par caimmetaminaire est pris en compte pour chaque

cas et son effet sur I'amélioration thermique diiéspe est analysé.

Une premiére géométrie, un canal rectangulairepéqdiun générateur de vortex de paires
d'ailettes rectangulaires situé sur la paroi ieigné du canal, est prise en compte. Différentes
valeurs d'angle de rouli® comprises dans la plage [2@0°] sont prises en compte, tout en
maintenant un angle d'attaque constamt30°) dans tous les cas. Le nombre de Reynolds est
fixé a deux valeurs, 456 et 911. Les analyses dscal globales sont effectuées a l'aide de
parametres tels que le nombre de Nusselt et Idicieat de frottement. De plus, la position et la
force des tourbillons créés dans le conduit samdiéées, soulignant leur effet sur les taux de
transfert de chaleur. La variation longitudinaldagosition adimensionnelle du vortex principal
est étudiée, ainsi que la variation longitudinalersbmbre moyen de Nusselt et du facteur de
frottement. Afin d'étudier l'influence de I'angle tbulisp du VG sur I'amélioration du transfert
de chaleur, les valeurs globales du nombre de Mwetsdu facteur de frottement sont discutées,
ainsi que le facteur d'amélioration. Cette étudelisgutée au chapitre 4 et les résultats de celle-
ci sont publiés dans un article intituldtffect of rectangular winglet pair roll angle onettheat
transfer enhancement in laminar channel flowpublié dandnternational Journal of Thermal

Sciencen 2017.

Une deuxieme géométrie est également prise en egraptl’amélioration du transfert de
chaleur est étudiée dans un flux laminaire a plaqaralléles utilisant une aile rectangulaire
VG. Des simulations numériques tridimensionnellas gffectuées pour étudier I'effet de I'angle
d'attaque du VG sur le transfert de chaleur eeléepde charge. Pour cela, le nombre de Nusselt
et le facteur de friction sont étudiés selon despeetives locales et globales. Pour toutes les
valeurs d'angle d'attaque, le régime d'écoulenm&nnaintenu laminaire. La distribution dans le
sens de la largeur du nombre de Nusselt moyeragarbi inférieure est étudiée pour les valeurs
des angles d'attaguedans l'intervalle [10°-30°] ainsi que pour le dascanal vide simulé avec
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les mémes conditions de fonctionnement. La vanatio facteur de frottement en fonction de
I'écoulement est également analysée. Pour étdtitudnce de l'angle d'attaquedu VG sur
I'amélioration du transfert de chaleur, les valalobales du nombre de Nusselt et du facteur de
frottement sont discutées, ainsi que le facteuné@ration des valeurs tracées en fonction.de
Cette étude est discutée au chapitre 5 et lestaésude celle-ci sont publiés dans un article
intitulé «Effect of the angle of attack of a rectangular worgthe heat transfer enhancement in

channel flow at low Reynolds numbempublié dansleat and Mass Transfen 2017.

Le chapitre 6 propose une étude auto-adaptatiedégilpar la pression. Aprés avoir étudié
I'effet de l'angle incident du VG sur la performa@ndu transfert de chaleur, il est crucial de
proposer une conception ou les angles d'attaqu¥’@usont auto-adaptables avec la vitesse
d'entrée. Pour pouvoir étudier ce phénomene, undgeecalcul est défini dans lequel l'interaction
fluide-solide (FSI) est prise en compte, ou l'ardjldtaque du VG est auto-adapté par la valeur
de la vitesse d'entrée. Pour ce faire, deux cdérelifts sont étudiés pour la validation de la
conception, I'un pour le cas en 2D et l'autre en3B@ns le cas de la simulation 2D, le domaine
de calcul proposé par Turek et Hron [8] est étedli@s résultats sont comparés a ceux présentés
dans I'étude de Turek et Hron [8]. De plus, unalétexpérimentale pour un cas 3D est réalisée
avec un générateur de vortex a aile rectangulailesaésultats sont comparés a ceux obtenus a

partir de la simulation pour une validation du 88s

Enfin, le domaine de calcul du générateur de vaatake rectangulaire est pris en compte en
tant que domaine 2D et un VG flexible est défire@aliangle optimal obtenu, comme indiqué au
chapitre 5. Dans les mémes cas opératoires, degasioms VG statique et VG auto-adaptative
sont effectuées et leurs résultats sont étudiés.

Le chapitre 7 présente la conclusion et les petsjesc Les générateurs de vortex auto-
adaptatifs en sont encore a leurs premiers stadedédeloppement en ce qui concerne les
performances thermiques d’'un échangeur de chghusieurs recommandations et suggestions

sont formulées en fin de manuscrit.
3. Résultats

Dans la premiére partie de I'étude, les caraciguss de transfert de chaleur et d’écoulement de

fluide dans un conduit rectangulaire avec générawe tourbillons a paires d'ailettes

XVI



rectangulaires (RWPVG) inséré dans sa paroi infégiéont I'objet d’'une simulation numérique.
Pour différentes valeurs de I'angle de roulis dunégéteur de tourbillon statiqued)( des
parametres hydrodynamiques et thermiques locagbokaux sont calculés et étudiés. L'objectif
de ces études est de déterminer l'effet de l'adgleoulis sur I'amélioration du transfert de
chaleur. Il a été conclu que pour des valeurs tBaag roulis élevées (proches [f90°), il est
observé gue I'hélicité augmente juste aprés queulément rencontre le VG ou les vortex sont
d'abord formés. Le pic d'hélicité patr90° est environ 12 fois plus élevé que celui gz0°,

ce qui signifie des vortex plus énergétiques. Des,pl'augmentation de la vitesse moyenne
d’écoulement, c’est-a-dire le nombre de Reynoldsdait & une augmentation de I'hélicité. On
observe que pour Re=456, la position X/H du vompexcipal mesurée a partir de la paroi
inférieure commence en position basse et augmentenly du conduit jusqu’a atteindre une
valeur maximale d’environ 0,5 représentant le milii conduit pour la valeur la plus élevée de
l'angle de roulif’. Tandis que dans le cas d'un nombre de Reynoldsghvé, I'emplacement
adimensionnel du vortex principal augmente brusgema Z/H=6,5, puis augmente
continuellement le long du conduit. Pour Re=91¥dleur la plus élevée de X/H=0,5 est atteinte
par les valeurs élevées fle Alors que pourf=30°, la valeur est X/H=0,35 et pof=20°
X/H=0,2. Il est crucial de prendre en compte ga@egmentant la valeur de I'angle de roulis, non
seulement le transfert de chaleur sera amélioré ggalement la perte de charge augmentera.
Pour étre en mesure de prendre une décision cartete probleme, nous étudions le facteur
d'amélioration lorsque le transfert de chaleuraepérte de charge sont pris en compte. Pour
Re=456, il est montré que le facteur d’amélioratimmgmente de fagcon monotone avec
laugmentation de I'angle de roufisatteignant sa valeur maximale de 1,28=80°. Par contre,
dans le cas de Re=911, le profil du facteur d’aonétlion commence a augmenter avec I'affigle
jusqu’a atteindre une valeur maximale de 1,32 gegs=70°. Ainsi, on peut considérer que pour
Re=911 l'angle de roulis optimal parmi les valetestées del conduisant au meilleur
rehaussement est de 70° et non I'angle le plug élamdis que pour Re=456 la valeur optimale
de B parmi celles testées est I'angle le plus élevé Bffés toutes ces investigations, il est
crucial de mentionner que I'angle de rogilia un effet significatif sur 'amélioration du tedert

de chaleur.

Dans la deuxieme partie de I'étude, nous analysanriquement le comportement en matiere

de transfert de chaleur et d’écoulement de fluidasdun canal a plaques paralleles avec
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générateur de tourbillon a aile rectangulaire (RW\séré dans la paroi inférieure. Pour
différentes valeurs d'angle d'attagudes parametres locaux et globaux sont calculésueliés
pour comprendre l'effet de I'angle d'incidencelsumélioration du transfert de chaleur. Il a été
conclu que pour les fortes valeurs dattague (peeclie a=30°), les vortex générés
s'élargissaient et étaient plus énergétiques lg loa la direction longitudinale que pour les
faibles valeurs (c’est-a-dire=10°). En outre, on observe que I'hélicité augmarge apres que
I'écoulement rencontre le VG ou les vortex sonbald formés. Le pic d'hélicité pour30° est
environ 6 fois plus élevé que celui pawl0°, ce qui signifie des vortex d'énergie pluyvée

De plus, on observe que paudans la plage [10°-25°], la position verticalessdimension X/H

du vortex principal commence en position bassaigingnte le long du canal jusqu'a atteindre
une valeur maximale a la sortie du canal (Z=15Hp@ude X=0,5H représentant le milieu du
canal, pour le cag=25°, il atteint une valeur maximale de X=0,58H. fémanche, pour le cas
a=30°, la position X/H sans dimension atteint unkesramaximale de X=0,68H avant la sortie
du canal, puis redescend pour atteindre 0,55Hfia Bu canal. En conclusion de cette étude, le
facteur d’amélioration thermique commence a augeremtec l'angle d'attaque jusqu'a atteindre
une valeur maximale de 1,043 représentant 4,3% daiaration aa=25°, au-dela duquel sa
valeur diminue. On peut considérer que l'angletdtate optimal du générateur de vortex qui
permet la meilleure optimisation dans ces condstida fonctionnement est de 25° et non I'angle

le plus élevé.

Dans la troisieme partie de I'étude, I'applicatides générateurs de vortex a I'amélioration du
transfert de chaleur dans les échangeurs de chaléigr approfondie. Le concept du générateur
de vortex auto-adaptatif commandé par la presssoprésenté et étudié. Apres avoir validé le
code 2D FSI en comparant les résultats avec cetbudsk [8], il était important de préparer un
banc expérimental avec générateur de vortex awdptatf et de comparer les résultats avec
celui du code 3D FSI. Les propriétés mécaniquehgsiques du VG étaient préoccupantes dans
cette étude pour pouvoir présenter une fleche aalokpa une vitesse d’admission raisonnable.
Apres des validations expérimentales et des modi@eslcul, le domaine de calcul du chapitre
5 est utilisé pour lequel le VG est auto-adaptaaif rapport a I'écoulement. Différentes valeurs
de nombres de Reynolds sont utilisées dans leslaions 2D FSI et leurs résultats sont
comparés a ceux du VG statique. Apres avoir reptéda température locale et les contours de

vitesse, il était intéressant d'étudier certaingapgtres globaux affectés par I'adaptation
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automatique VG. En étudiant I'effet thermique tdieclair que le VG statique avait un effet plus
important sur le transfert de chaleur que celuil'aeto-adaptatif. Pour tous les nombres de
Reynolds, la courbe du VG statiqgue est supérieureli@ de l'auto-adaptatif. D'autre part,
concernant le parameétre du facteur de frottemestiad)l les VG auto-adaptatifs ont une valeur
inférieure et, @ mesure que le nombre de Reynaldmante, le facteur de frottement diminue.
Cependant, pour le VG statique, la valeur de dégsrsupérieure a celle de l'auto-adaptatif et, a
mesure que le nombre de Reynolds augmente, ilregntil'augmenter. Pour pouvoir étudier et
analyser les performances globales de la conceptofacteur d’amélioration thermique est
étudié pour tous les nombres de Reynolds : I'amddimn obtenue par le VG auto-adaptatif est

supérieure a celle du VG statique, et & mesure lgueaombre de Reynolds augmente

'amélioration augmente aussi.

Enfin, cette étude a identifié plusieurs concegiae configuration pour les générateurs de

vortex statiques et auto-adaptatifs. Les system@sadaptatifs congus reposent uniqguement sur
les forces du fluide, sans aucune source d’énengierne, ce qui conduit a des échangeurs de
chaleur plus efficaces et compacts. Cependantaulrg toujours des suggestions et de nouvelles
idées pour améliorer les conceptions fournies @ansianuscrit, car la méthode proposée et le
champ d’interaction fluide-structure appliqué aansfert de chaleur n’ont toujours pas atteint

leur niveau de maturité et peuvent toujours étrasi@rés comme innovants. Comme les

premiers résultats sont prometteurs, les configuratproposées vont servir de base a d'autres
études et investigations futures.
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CHAPTER 1
INTRODUCTION

1.1 Background

The consumption of the energy during the last desaslin rapid increase due to the dominancy
of the electrical equipment in the daily life usa@ecause of this problem [1], overheating
problems are being created where the need of a@pdiystems is studied to enhance the
performance of the machines and avoid global wagmpimoblems. Studies have been intensified
in the domain of heat transfer enhancement dullreglast years. There are many fields and
applications where a high-performance heat exchaisggesired for cooling the systems. On a
large scale, heat exchangers were the target sé thedies [ Khoshvaght et 3l. Ali et al. 3].
Also due to the high usage of electronic devicemgact heat exchangers have been udder study
to be developed and enhanced [Alahyaral. 4]. Since the source of the electrical power is
mainly using turbines [ Jiangt al. 5] and nuclear power plants [ Basu et al. 6],dbecept of
enhancing the performance of the exchangers beearngcial concern as to be researched and

implemented in the industry.

Among all methods existing for heat transfer enbamnt, some are based on the idea of
generating a secondary flow, which is added tortiaén flow to intensify the fluid exchange
between hot and cold regions in the system. Onthaede methods involves the use of vortex
generators (VG). The VG are whether fixed on th# argpunched on it (Figure 1. 1) [ Fiebig 7,
Habchi et al. 8].



Rectangular VG

Parabolic VG

\ Inlet flow

\ Inlet flow

(a) (b)
Figure 1. 1:Vortex generators (a) punched VG, (b) fixed VG [7]

In the open literature, most of the studies focnghe effect of the VG aspect ratio, its attack

angle and flow rate on the heat transfer enhanceamehpressure losses.

1.2 Objectives of this study

The objective of this thesis is to provide desifprsifferent types of vortex generators,
and to analyze the effects of the pressure drivetex generator where the tilt angle is being
affected by the flow velocity and the effect ofsthlieflection on the flow patterns, heat transfer

and the enhancement of the thermal performandeedfi¢at exchanger.

This study aims to study different geometries of Wlaced in a rectangular channel. Starting
with static VG and then with a further study of @atié&daptive VG”. The new concept of auto-
adaptative (or self-adaptive) corresponds to a Vitbse geometry is likely to be modified

according to the changes in the operating modeakeoheat exchanger. In our thesis work, the
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shape of the vortex promoter can be modified adgngrtb the variations of the flow velocity at
the entrance. For all the cases parametric stiadeslone to be able to evaluate the proposed
design.

A numerical computation result of laminar conveatizeat transfer is taken into consideration

for each case and their effect on the thermal esdraant of the system is analyzed.

A first geometry, a rectangular channel equippetth wirectangular winglet pair vortex generator
located on the bottom wall of the channel, is takeo consideration. Different values of roll
angle g in the range [20°-90°] are considered, while naambg a constant angle of attack
(¢=30°) for all the cases. Reynolds number is sdtvatvalues, 456 and 911. Both local and
global analyses are carried out using parametarls as the Nusselt number and the friction
coefficient. In addition, the position and strengththe vortices being created in the duct are
studied, highlighting their effect on the heat #f@n rates. The streamwise variation of the
dimensionless location of the main vortex is stddes well as the streamwise variation of the
average Nusselt number and of the friction fadtoorder to study the influence of the roll angle
S of the VG on the heat transfer enhancement, gleblales of the Nusselt number and friction
factor are discussed, as well as the enhancemaot.fahis study is discussed in chapter 4 and
the outcomes of the study is published as an attiffect of rectangular winglet pair roll angle
on the heat transfer enhancement in laminar chdtowvel, in International Journal of Thermal
Sciences in 2017.

A second geometry is also taken into consideratwamere the heat transfer enhancement is
studied in a laminar parallel plate flow using eerular wing VG. Three-dimensional numerical
simulations are performed to study the effect efahgle of attack of the VG on the heat transfer
and pressure drog-or this aim, Nusselt humber and friction factoe atudied on local and
global perspectives. For all the values of anglattdcks the flow regime is kept laminar. The
streamwise distribution of the span-averaged Nusaghber at the bottom wall is studied for
values of attack anglesin the range [10°-30°] as well as for the casehef @ampty channel,
simulated with the same operating conditions exdbpt VG which is removed. Also, the
streamwise variation of the friction factor is ayzad. To study the influence of the angle of
3



attacko of the VG on the heat transfer enhancement, glealales of the Nusselt number and
friction factor are discussed, as well as the eobianent factor which values are plotted versus
This study is discussed in chapter 5 and the outsoaf the study is published as an article
"Effect of the angle of attack of a rectangular gvon the heat transfer enhancement in channel

flow at low Reynolds number”, in Heat and Mass Ffanin 2017.

As a further study, a pressure driven auto adapWi@ is proposed in chapter 6. After
investigating the effect of the incident anglelod ¥G on the performance of the heat transfer, it
is crucial to propose a design where the angledtatk of the VG is auto adaptable with respect
to the inlet velocity. To be able to study this pbeenon, a computational design is set where
the Fluid Solid Interaction (FSI) is taken into eateration, where the angle of attack of the VG
is auto adapted by the value of the inlet velodiy.do so, two different cases are studied for the
validation of the design, one for the case of tBead the other for 3D. For the case of the 2D
simulation, the computational domain proposed bseKwand Hron [8] is studied and the results
are compared to that reported in Turek’s studwy. addition to this, an experimental study for a
3D case is performed with a rectangular wing vodererator and the results are compared to
that obtained from the simulation for a validatafrthe 3D case.

As a final step, the computational domain of thetaegular wing vortex generator is taken into
consideration as a 2D domain and a flexible VGesaving the optimal angle obtained as
mentioned in chapter five. For the same cases dfatit VG and auto adaptive VG simulations
are performed, and their outcome are studied.

Chapter 7 presents the conclusion and perspectvese the auto adaptive vortex generators are
still in their early stages of development in theffect on the thermal performance a heat

exchanger, several future recommendations and stigge are done.



CHAPTER 2
LITERATURE REVIEW

Throughout the history, many methods have beeniestu enhance heat transfer in forced
convection problems. Different methods of heat df@an enhancement methods have been
introduced by Webb [9], and they have been clasbidis passive, active, or compound methods.
Active methods require external power and invollezteic, magnetic or acoustic fields. Passive
methods involve surface modifications, fluid addis or introduction of protuberances in order
to destabilize the flow. Compound method is the lometion of both active and passive
together. Active methods are more costly due tonte=d of and additional external energy to the
system. On the other hand, the passive method ie c@mmon in several usages due to its
effectiveness with an affordable cost. [3—6].

Results have shown that specific inserts in the lezahangers, such as vortex generators,
[Fiebig et al. 11] can enhance heat transfer samtly. On the other hand, as a result of this, it
is required to add the pumping power due to theegmse in the pressure drop. Since this type of
vortex generators (VG) is usually fixed and offénsited control or system flexibility, actively
controlled VGs at different amplitudes and frequesof oscillations can solve this problem.

In the last decades, heat transfer enhancementawithe flow control has been implemented
due to the development of electro-mechanical syst&wor example, Mat al.[12] and Yuet al.

[13] studied vibrating fins that are actuated wpikzoelectric material to disrupt the growth of
the thermal boundary layer, thus enhancing the ecinxe heat transfer coefficient.

The results of vortex induced vibrations (VIV) hademonstrated that the vortex shedding
frequency in some cases coincides with one of #taral frequencies of the structure and as a
result of it the phenomena of the resonance oocstifs a large displacement of the structure.
This is referred by Williamson and Govardhan [1d]as lock-in where the flow in this case
supplies energy to the structure instead of dampjngsulting in large amplitude oscillations.
However, the effects of this passive fluid struetinteraction (FSI) on heat transfer and mixing
have not been studied deeply both theoreticallyexperimentally.

In this thesis, the effect of the pressure driveto aadaptive vortex generators on the heat
transfer enactment is being investigated, wheretthe force used it the force due to the flow of

the fluid without and additional external forcesngeadded on the system.
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The objective of this chapter is to provide infotima about the following:

* An overview of the different types of heat exchasgand their specific usages and
applications.

» Heat transfer enhancement using flow perturbatwith emphasis on passive vortex
generators.

* An overview of flow perturbations having active tex generators.

* Auto adaptive rigid vortex generators and theiluahce on the heat transfer.

» An overview of the elastic vortex generators dribgnthe pressure of the flow, which is

the concern of this study.

2.1 Heat exchangers

Heat Exchangers are typically classified accordmfiow arrangement and type of construction.
They can be found in many applications such as pey&ems, aerospace, automobile industry,
chemical engineering, heating and air conditioniggctronic chip cooling, internal cooling of

gas turbine blades etc.

2.1.1 Concentric tube heat exchangers

Figure 2.1 represents the concentric tube heatasgers or double pipe heat exchangers, these
are the simplest exchangers used in the domaindafstries. The inner tube contains the fluid
that must be either heated or cooled. The secaidirilins over the tubes that are being heated or
cooled so that it can either provide the heat godbthe heat required. The direction of the flow

of the two fluids might be parallel flow or counféyw.



Warm
fluidin
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Cooled
fluidout

Co-Current Flow Counter-Current Flow

Figure 2.1: Concentric Tube Heat Exchangers [15]

2.1.2 Shell and tube heat exchangers

A shell and tube heat exchanger (Figure 2.2) igpa bf heat exchanger mainly used in high

pressure applications. This type of heat exchaogesists of a large pressurized shell with a set
of tubes inside it. One fluid runs through the wband another fluid flows over the tubes

through the shell to transfer heat between thefluwds.
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Figure 2.2: Shell and Tube Heat Exchangers [15]

2.1.3 Compact heat exchangers

Compact heat exchangers (Figure 2.3) are usedhievaca very large heat transfer surface area
per unit volume. These exchangers have dense asfdymed tubes or plates and are typically
used when at least one of the fluids is a gas arfteince characterized by a small convection
coefficient. The geometry of the tubes may be diatircular; even the fins might be plate or
circular. Parallel-plate heat exchangers may beefinor corrugated and may be used in single-
pass or multi-pass modes of operation. The flonsggss of the compact heat exchangers are
small and the flow regime is mostly considerededaminar flow or transitional.
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Figure 2.3: Compact Heat Exchangers [15]

2.2 Heat transfer enhancement methods

The passive heat transfer augmentation method miateseed any external power input. In the
convective heat transfer cases, one of the wagsnhance the heat transfer is by increasing the
effective contact surface area. By doing so, tb@ fin contact with the exchanger will stay a
longer duration in contact with it, increasing #féective heat transfer area, because of this; the

heat transfer will be increased.

Another method of heat transfer enhancement igypipéication of the inserts in the flow. Inserts
require additional arrangements to make to flumvflwhich enhance and augment the heat
transfer. There are different types of inserts saghTwisted tape, wire coils, ribs, plates...etc.
Among all methods existing for heat transfer enkamnt, some are based on the idea of
generating a secondary flow, which is added tontan flow to intensify the fluid exchange

between hot and cold regions in the system. Onthede methods involves the use of vortex
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generators (VG). A Vortex Generator (VG) is considieas a passive flow control device which
modifies the boundary layer fluid motion bringingpmentum from the outer region into the
inner region. Due this transfer of energy, the g#joof the inner region is increased at the same
time as the boundary layer thickness is decreag@dh in turn causes the separation of the flow
to be delayed.

2.3 Vortex generators (VG)

2.3.1 The concept of the vortex generators

Compact heat exchangers are used in many diffeapptications, so their performance
improvement with respect to the reduction of maatufidng costs by using less material or with
respect to the reduction of operating costs by aeduenergy losses is of great technical,

economical, and, not least, of ecological imporéanc

The concept of VG was first introduced in ordeimprove heat transfer with a relatively minor
increase in pressure losses [7, 14-17]. Four bamdigurations of vortex generators (VG) are
widely discussed in the open literature: delta wi{fiQW), rectangular wings (RW), delta-winglet
pair (DWP), and rectangular winglet pair (RWP) lg2.4]. When the trailing edge is attached
to the plate, the VG is a wing, when the chord teng attached to the plate; it is called a winglet
[7]. Other shapes of VG may also be found in reqagers like trapezoidal VG in the high
efficiency vortex (HEV) static mixer [18-21]. Theaze other geometries for the VG, Zhou and
Feng [22] studied the heat transfer enhancementalieear and curved VG having a punched

hole on them, whereas Wang et al. [23] investig#tedsemi dimple VG.
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Delta wing
% Rectangular wing
9 Delta winglet

Rectangular winglet

Figure 2.4: Vortex Generators [17]

There are two major types of vortices generated §y. transverse vortices (TV) and
longitudinal vortices (LV). Transverse vortices anainly recirculation regions in the wake of
the VG and affect unfavorably the heat transfeallyan that region. These vortices may induce
local overheated regions which may be critical asec of exothermal chemical reactions for
example [19]. Meanwhile, longitudinal vortices pgosly act upon heat transfer through three
mechanisms: developing boundary layers, vorticed ffiow destabilization. New boundary
layers are generated around the surface of theVd&ces are generated as a result of the VG
and flow is less stable due to the reversed floreated because of the VG. LV is 3D swirling
motion and persist over a long distance downstrisenVG in the flow direction.

Several experimental and numerical investigatiomsewconducted to study the heat transfer

enhancement downstream from VG.

Wu and Tao [24,25] studied the influences of manameters of longitudinal vortex generator
(LVG) on the heat transfer enhancement and flovstasce in a rectangular channel. Among the
studied parameters are the locations of the LV@&échannel, the geometry and the shape of
the LVG. The effects of Reynolds number (from 8@03000), the attack angle of vortex
generator (15°, 30°, 45°, 60° and 90°) were exachili@e numerical results were analyzed from
the viewpoint of field synergy principle. It wasufod that the essence of heat transfer

enhancement by longitudinal vortex can be explavey well by the field synergy principle.
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Longitudinal vortices (LVs) improve the synergy Ween velocity and temperature field not
only in the region near LVG but also in the largevdstream region of longitudinal vortex
generator. So LVs enable to enhance the global theasfer of channel. On the other hand,
transverse vortices (TVs) only improve the syneirgyhe region near VG. So TVs can only

enhance the local heat transfer of channel.

2.3.2 Types of vortex generators
There are different categories of Vortex Generagash classified based on its behavior and
effect on the flow topology. The following categesiare the most common: passive, active and

the compound type. In the following sections a itldditerature will be presented for each case.

2.3.3 Passive vortex generator:
Edwards and Alker [26] presented experimental tedubm a study of cubes and delta winglet
vortex generators placed in a fully developed flgwgure 2.5). Their main interest was the size

and the spacing of the cubes and generators.

Boundary layer

Separation line

Horseshoe
vortices

Figure 2.5: Several surface protuberances are shaviaes, hemispheres, and cones. [26]

Tiggelbeck et al. [27] expanded the previously dstugliesby adding two pairs of vortices with
common inflow (Figure 2. 6)The purpose of the present study is an experiméntaktigation

of flow structure and heat transfer in a channelt oy parallel plates with two rows of
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longitudinal vortex generators with aligned or giaigd arrangement. The comparison of the
results of aligned and staggered rows will revda thanging interaction of the vortex

generators and the influence of inhomogeneous oimgpfiow.

Approaching
air flow

Approaching
air flow

Delta-winglet

Delta-winglet vortex generator
vortex generator
Region of boundary
Region of boundary layer thinning
layer thinning
JORO)
Surface y
Q) wage
N vortices -
Direction of  ——»]
Direction of < - aduced vorte
induced vortex —] motion
moton SECTION A-A SECTION B-8
(Common Inflow pair) (Common Qutflow Pair)

Figure 2. 6: Delta Winglet Vortex Generators [26]

For a deeper study they took the both geometrigstieam pair with common inflow (aligned
rows) and downstream pair with common out flowdgtred). For a Re = 4600, they have found
out that for the case of aligned geometry [Figur&]Zhere is an increase in the heat transfer by
60% and an approximate increase of the pressune byo1l45%. On the other hand, the
staggered geometry enhanced the heat transferdyabd increased the pressure drop by 129%.
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/
Approaching
air flow

(a)

Approaching (b)
air flow

Figure 2. 7: Two delta winglet pairs producing cteumotating vortices: (a) an aligned
configuration, (b) a staggered configuration. [26]

In Table 2.1, a summary of the obtained resulteesented. For different Reynolds number
values the ratio of normalized Nusselt number drad of the drag coefficient for single and
double delta winglet row are calculated. The tati®ws that the ratio is higher for high

Reynolds numbers; there the winglets are more tafeec

Table 2.1: Ratio of normalized Nusselt number aradj doefficient for single and double delta

winglet row [26]
Nu Cf
() (&)

Re Single Aligned double row
2000 0.60 0.62
4000 0.64 0.64
6000 0.66 0.67
8000 0.66 0.67
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Yakut et al. [28] analyzed various kinds of design parametensheat transfer and flow
characteristics of the delta winglet vortex ger@matBased on their studies, the main parameter
that affects the heat transfer enhancement waRelgaolds number. By increasing the Reynolds
number definitely the heat transfer will increass the increase of the pressure drop should be
taken into consideration too. The most effectiveapeeter that plays a major role in the increase
of the pressure drop is the winglet height. Astibgght of the winglet increases the flow will be
blocked and as a result of this block the flow Wake its momentum ending at the end of the
channel with a drop in its pressure.

Min et al. [29] studied the effect of a modified shape ofatangular shape vortex generator.
Their proposal was by cutting the four edges oéetangular winglet as shown inFigure 2.8:
Schematic view of modified vortex generator: (aynooon flow down (CFD) wing (b) modified

rectangular wing (c) different geometries tabulai@®]. Figure 2.8. For this geometry

experimental investigations are done, the vortemeggors were mounted in a rectangular
channel. The thermal and the flow characteristiesewstudied and compared to that of the
original rectangular vortex generators. Resultsvgtbthat the modified vortex generators have
better flow and heat transfer characteristics, alsd a lower friction factors than those of the

rectangular pair vortex generators.
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I‘i’| Type Length Width Chamfer | Thickness

I" [(mm) | W(mm) | a(mm) t (mm)
RWP 40 30 0 1.2
" MRWP1 | 40 30 10 1.2
N MRWP2 | 47 30 10 1.2

[ | MRWP3 40 35 10 1.2

(b) (c)

Figure 2.8: Schematic view of modified vortex gexter: (&) common flow down (CFD) wing
(b) modified rectangular wing (c) different geonietrtabulated [29].

Figure 2.9 shows the flow characteristics of ther fdifferent geometries studied. It can be seen
that the values of f have the identical trends wiith average Nusselt number. Higher average
Nusselt number leads to larger friction factor. MR$\have lower friction factor in comparison
with RWP. The main reason is that the MRWPs areae@ses due to the two cutting corners in
the main flow, and the flow disturbance by the MR3MRecreases. Furthermore, the friction
factor of MRWPL1 is significantly lower than that RWWP and the friction factor of the 65° attack
angle is lower than that of the 55° attack angléctvins different to the other MRWPs. Hence, it
can be concluded that all of the three MRWPs haatéeb integrated flow and heat transfer
characteristics than those of RWP. It is importemtmention that the fluid properties are
assumed to be constant and the experimental umtegsafor Re, Nu and are estimated using a

random uncertainty technique proposed by Kline Molintock [30]
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Figure 2.9: Variation of friction factor ratiowith respect to Reynolds number for different

values ofa. [30]

Numerically, Habchiet al. [31] performed three dimensional simulations todgtuhe heat
transfer in turbulent flows. Where pressure drivengitudinal vortices are generated in a
turbulent flow using various configurations of \@xtgenerators inserted in a circular tube. These
vortex generators are based on the trapezoidahmiebs used in High efficiency vortex static

mixer as shown in Figure 2.10.
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i— Rows n+1

(b) Aligned (Alg) (c) Alternating (Alt) arrays (d) Distribution of the protrusions

arrangements downstream from the tabs array.

Figure 2.10: Three-dimensional view of the HEV mi&ad front view of the different
configurations [31]

As an outcome of their study, the effect of thetqusion is clearly highlighted compared to that
of without the protrusions. As shown Figure 2.1 Nusselt number at the leading edge of the

protrusion is 130% higher than that of the aligraterse flow without protrusions.
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Figure 2.11: Longitudinal variation of the Nussalimber for Re = 15000 [30].

Sanders and Thole [32] tested the effect of atéacke, aspect ratio, direction and the shape of a
winglet vortex generator in a laminar regime fld®®ased on their studies, the best heat transfer
enhancement was using the rectangular wingletvoaiex generators. For Reynolds numbers of
230, 615 and 1016 the heat transfer enhancememergage was 3%, 36% and 38%
respectively. Three different orientations andeclions were tested as represented in Figure
2.12: winglet vortex generators all aimed toward wall of (VG-F), winglets with alternating
direction and orientation (VG-F/B) and winglet omtythe backward orientation but alternating
in direction (VG-B). For every configuration theemage heat transfer was studied. For the case
of VG-F the average heat transfer augmentations wery low. When the winglet direction and
orientation were alternated on every other louvesults were significantly improved with a
maximum increase of 25%. When all the winglets wplaced in VG-B with alternating

direction, results improved further reaching tcadue of 33%.
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Figure 2.12: Side, top, bottom view of VG: (a) VGwinglets all aimed toward the wall; (b) VG-
F/b alternating wings; (c) VG-B winglets with alta@ting direction [32]

(a)

2.3.4 Active vortex generators

As in other active heat transfer enhancement methibé advantages of active secondary flow
methods are associated with control. Active vorgexeration affords control over the heat
transfer and pressure drop behavior. When theme demand for heat transfer performance,
vortices are introduced, along with the expensé¢hefpower to produce them and the added
pressure drop. When the demand is less, the vgergration will fade and pressure drop and

the power consumption will be reduced too.

There are different methods to achieve this conthere has been very little work in the domain

of active vortex generators due to the high coster@ are three possible ways to actively
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introduce a secondary flow in the form of a londihal vortex: Skewed and pitched wall jets
[33, 34], electro hydrodynamics (EHD) [35-37], ambustic excitation [38-42].

Another method used as active method for enhandeofidreat transfer is use of jet in between
fluid flow. It uses principle that increase in pojion of fluid at high velocity increases heat
transfer coefficient. Jets are used in many indalsapplications thermal control of high flux

devices such as electronic devices, gas turbingsnial combustions engines.

Figure 2.13 represent the single steady impingetgnhere the different zones are indicated.
Zone 1 represents the flow development region. Zhige is made up of free jet region and a
core region. The region core is where the velasitgpproximately equal to the nozzle exit bulk

velocity. Zone 2 represents the fully developegiae, in this region the axial jet velocity is

reduced as the distance from the nozzle increZee® 3 represents the location at the rear of
the wall where the static pressure increases agr@ tls a sharp decrease in the axial velocity.
Finally Zone 4 represents the wall jet region whtexe is an increase in the transverse velocity

reaching to its maximum value.

I

v Zone 1:Flow Development
Potential core i

Free jet I Zone 2: Fully Developed
Zone 3 Zone 4
Deflection Wall jet
Zone region

{ |

Figure 2.13: Representation of different flow zoimean impinging jet [33, 34]

Figure 2.14 represents the Jet-induced vorticagehgtcontrolled. As a result of the injected air
into the system, the flow is being agitated andjituainal vortices are generated. Due to these

vortices that are developed along the outlet otctiennel the heat transfer is enhanced.
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Figure 2.14: Jet-induced vortices actively conaolI[31, 32]

On the other hand, Electro hydrodynamic heat teanshhancement is a technique using high
voltage and current being applied to the fluid flddne of the main aims of this technique is to
convert electrical energy into kinetic energy. Thechanism of EHD-enhanced heat transfer is
attributed to the secondary flow issued from thettermg electrode to the collecting plate. This
induced secondary flow serves as a corona jet gddomentum to the bulk flow and disrupting
the thermal boundary layer on the heated wall, thedefore causes a substantially increase in
heat transfer coefficient. [43-46]. This methodusually efficient for cases where the material
has electrical properties. Figure 2.15 represdmtssthematic diagram of a case where two
electrodes are added in the flow regime and dukbdaaonduced electricity vortices are generated
in the flow leading to an enhancement in the heaaister. [33-34]
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Figure 2.15: Electro hydrodynamic heat transfentégue (a) Schematic diagram, (b) Flow field
[35-37]

Another method of an active method is the acoueXcitation, Figure 2.16 represents an
acoustically exciting an impinging air jet to enbanthe cooling capacity. Where by using
acoustic speaker the supply air entering the nozitlde excited to live the chamber because of
this acoustic waves applied to the air, the coaotihthe heated plate will be enhanced. [42]
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Figure 2.16: The schematic diagram of the acoestiitation technique [42]

2.3.5 Auto adaptive vortex generators
All the above mentioned techniques aim to genesiasecondary flow in order to enhance the
heat transfer in a heat exchanger using a stattexgenerator. The main objective of this study

Is to design a vortex generator that under godsaafn by modifying the angle of the VG.

Recent investigations done by Aris et al. [47, 48Jplored the development of adaptive heat
transfer devices manufactured from shape memooyslior the cooling of an exposed heated
surface. Further investigations and experiment veareied out to determine the heat transfer
enhancement and flow pressure losses due to tlserme of adaptive VG manufactured from
shape memory alloy, on a heated rectangular chaundce. Delta wings were chosen as the
adaptive VG design.

Shape memory alloys are commercially availabléheaform of thin sheets of various sizes. The

fabricated samples were later two-way trained; gidime martensite deformation technique
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recommended by Lahoz et al [49], between high amd temperature set points as shown in

Figure 2.17.

Heated plate Heated plate
Activated VG at Thign Activated VG at Thigp
o=45" Deformed VG at Ty o=45"
a - 01)

Figure 2.17: Thermal training: cycle for two waympe memory affect between high and low
temperature set points. [49]

The experimental work done to investigate the lsatsfer enhancement due to the adaptive
delta wing VG in a small air flow of a test sectisrrepresented in Figure 2.18. All the sensors

are represented in the figure to read the temperaalues along the experiment.
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Figure 2.18: Temperature measurements on theudats. [49]
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As the vortex generators were in their adaptiveitjpps the maximum heat transfer
improvement was 90% along the downstream directiomthe other hand, when the wing was
activated the pressure losses were increased bBa@fh.the heat transfers and the pressure loss
results from the experiment have demonstrated Ibiigyaof adaptive vortex generators as heat
transfer enhancers.

A comparison of the average heat transfer at eeamswise location for the VG pair and the
single VG arrangement is shown in Figure 2.19. Hverage heat transfer enhancement,
Nugyg/Nugygo at Re =3721, for the single VG and that of the \é& prrangements were found
to be 17% and 133% respectively. The advantageawhl adaptive vortex generators is their
ability to maintain a low flow pressure loss whéeyt are deactivated, taking advantage of the

high angles of attack only when it is necessamnioance cooling at high temperatures.

-
2.5 .

AA

B .,

-

o avg
I

/ Nu

? 1.5
B <

.-
- .

Nu

e

osb L v b b e e e b e b |
0.2 0.3 04 0.5 0.6 0.7

x/L

Figure 2.19: Span wise average Nusselt numberdibr §ingle VG and a pair VG. [49]
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Zheng et al. [50], studied the effect of the flézilvG and their influence on the generated
vortices. For Re = 2524, three different materiaésre been studied having the following
modulus of elasticities, E = 0.40 MPa, 1 MPa aMR& are considered with the same density of
125 kg/m3. Different motions cause various vortereyating processes. Vortices location and
strength can be evaluated with the vorticity figkigure 2.20 shows the vorticity. In all the
conditions, a counterclockwise vortex continuougbnerates at the tip of agitator while a

clockwise vortex generates between it and the botwundary. Then, this pair of vortices

transfers to the downstream direction. With the es@ontour legend range, we can find vortices
in the conditions with E = 0.40 MPa and 1 MPa arengjer than the other two cases.

(b) Young’'s modulus 1MPa (d) Rigid agitator

/|

Figure 2.20: Vorticity field in test case for Re=225 [50]

Figure 2.21 shows the local rejected heat comparsween instantaneous simulation result
and corresponding steady mode for different vorgexerators. Several peaks exist in the

instantaneous simulation results where the vorticeste. These peaks will change locations as
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the vortices transfer to downstream direction. R dther hand, the local rejected heat will not
change with time in the steady mode. Table 2.2 shthwe average rejected heat comparison
between simulation and corresponding steady moddifierent vortex generators. We can find
that the results from steady mode are very closth@oaverage rejected heat calculated from
simulation directly. In the meantime, better pemiance case has higher rejected heat in steady
mode. It is necessary to point out the results feteady mode are all lower those from

instantaneous simulation results. [50]
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Figure 2.21: Loc al rejected heat comparison batvestantaneous simulation result and
corresponding steady mode for different vortex gatoes [50]
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Table 2.2: Average rejected heat comparison betweualation and corresponding steady mode
for different vortex generatorfs0]

Average rejected Average rejected
heat from steady heat from
mode (W/m?) simulation (W/m?)
Rigid agitator 558 581
Young's modulus 0.4 MPa 588 618
Young's modulus 1.0 MPa 660 676
Young's modulus 4.0 MPa 6541 651

2.4 Conclusions

The presence of a vortex generator in all the almestioned methods and techniques is found
to be crucial and effective in the heat transfefggenance of any heat exchanger. Weather it is a
passive, active or even auto adapting vortex gémsiatheir usage is being developed in the
industry and engineering applications starting fithie large heat exchangers to even on micro-
electric chips and their cooling systems.

After analyzing the existing work, it is obviousatithere is a wide study in the concept of the
static VG and their influence in heat exchangersoAdifferent geometries are studied in
various range of Reynold’s numbers. However, thacept of the flexible VG is under
development and study. Until now all the flexibl&\that are investigated have nonrealistic
modulus of elasticity. Having low values of modulof elasticity will help to increase the
deflection of the VG and enhance the mixing, butlen other hand it will affect negatively on
the stability of the VG. The main concern of thisdy is to have a real material with acceptable
value of modulus of elasticity so that there widk the any physical failures of the VG. To do so,
the strategy adopted is to start with static vorgexerators by studying the local and global
effect on the flow topology and the heat transé&ier which the pressure driven auto adaptive

vortex generator will be demonstrated and studied.
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To be able to build solid and coherent steps irsthdied parameters, it was crucial to start with
a static VG and perform different case studies wlifferent angle of attacks. By doing so, the
effect of the angle is mainly studied and its iefiae on the thermal enhancement is highlighted.
Having in mind that the final target of the thesisdesign a pressure driven auto adaptive VG
made of a real material with real mechanical angsgial properties.

In chapter 4 and 5, rectangular pair winglet vorgenerators and rectangular wing vortex
generators are studied respectively with diffekahties of Reynolds numbers. For both cases the
global and local parameters are studied for diffeengle of attacks. As a deeper study of the
auto adaptive VG, chapter 6 contains a case stidsctangular wing vortex generator which is
auto adaptive to the fluid flow. Validations arendofor both 2D and 3D simulations with
experimental results. Chapter 7 contains a cormhusf the main objectives proposed and since
the domain of auto adaptive VG is newly concerrades suggestions and recommendations are
done for a various study.
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CHAPTER 3

Numerical modeling

The present work is carried out to evaluate théopmance of the vortex generators (VG), used
to enhance the heat transfer in heat exchangefier®it cases of geometries are studied,
starting with a rectangular winglet pair VG (RWPV(fated in a parallel plate channel, a
rectangular wing VG (RWVG) located on the bottormlwéa channel and finally an elastic VG

located in a rectangular duct.

The first part of this chapter will cover the govieig equations and a brief definition for the
parameters of static vortex generator simulatidisguSTAR-CCM+ in a laminar flow regime.

The second part will be discussing the auto adaptertex generators, where a fluid solid
interaction (FSI) multi physics simulations arermat out using ANSYS 15.0 for the case of

fluid solid interaction in a turbulent regime.

To perform fluid solid interaction simulations witrge deformations, ANSYS15.0 is used since
STAR-CCM+ v8.04 is designed to run fluid solid irgtetion simulations with small
deformation.

3.1 Flow, heat and turbulence modeling (static VGS)

3.1.1 Laminar flow governing equations

For the two cases of static vortex generators (R@WR¥Vid RWVG), the flow field is governed

by three-dimensional (3D) steady-state continuibd anomentum equations. The fluid is
considered to be incompressible Newtonian with @orisproperties. The flow is considered as

to laminar flow and the governing equations cameXgressed as follows:

Continuity equation: V.i=0 (3.1)
Momentum equation: p(U. V)i = —Vp + uv2u (3.2)
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Energy equation: pC,V. (UT) = kV. (VT) (3.3)

whereii is the velocity vectorg, is the specific heat at constant pressyreéhe pressurey the

fluid viscosity, T the temperature, the density of the fluid ankl the fluid thermal conductivity.

3.1.2 Star CCM+ numerical procedure

The computational fluid dynamics (CFD) software dusge compute the Navier-Stokes and
energy equations is STAR-CCM+ v. 8.04 [51], whistbased on the finite volume method. The
segregated flow solver is used when the equatimmsamputed in a segregated manner, i.e. one
for each component of velocity, and one for presstihe coupling between the momentum and
continuity equations is achieved with a predictorrector approach. The pressure-velocity
coupling is performed with the SIMPLE algorithm. €lltonvective terms in the governing
equations for momentum and energy are discretiaddthe second-order up-wind scheme and
second-order central scheme for diffusion term® dligebraic multi-grid (AMG) linear solver is
used to solve the velocity, pressure and temperatith Gauss-Seidel relaxation scheme.

The residual value 1% [52] is considered as the convergence criteriartiie solutions of the
flow and the energy equations. Beyond this valbe,dquations are solved with no significant
changes in the values for velocity, temperature #ie heat balance and the mass flow balance
are maintained.

One of the main goals of this study is to find autal physical material with known properties
and relatively acceptable dimensions. To come dtht & conclusion, the study started with a
laminar flow with low Reynolds numbeRé= 456) and then doubled the Reynolds number for
both cases the tilt deflection angle of the vorgexerator was negligible. In order to have a

higher deflection tilt angle the regime was chanfyeth laminar to turbulent.

3.1.3 Turbulent flow governing equations

By changing the regime from laminar to turbulehe momentum equation will be modified as
represented in Eqg. (3.4)
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Turbulent regime momentum equation:
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The last term in the right in Eq. (3.4) is the Relgs stress tensor resulting from the averaging
procedure of the non-linear convective terms inntoenentum equations.
The standard ke model is based on the Wilcox &-[53], which incorporates modifications for
low Reynolds number effects, compressibility, aheas flow spreading. The Wilcox model
predicts free shear flow spreading rates that mreldse agreement with measurements for far
wakes, mixing layers, and plane, it is applicablevall bounded flows and free shear flows. A
variation of the standard ks called the SST ke» (shear stress transport) which was developed
by Menter [53] to effectively blend the robust aawturate formulation of ke model in the near
wall region with the free stream independence. $8& k-o model is similar to the standard k-
® model, but includes the following modifications:

* The SST model incorporates a damped cross diffudgonative term in the equation.

* The definition of the turbulent viscosity is moeifi to account for the transport of the

turbulent shear stress.

* The modeling constants are different.
As the keo model has been modified over the years, producgoms have been added to both
the k andw equations, which have improved the accuracy ohtbdel for predicting free shear

flows. The following version of the k ® model is presented
vy =K/, (3.5)

The turbulence kinetic energy and the dissipatadiow are obtained from the following kinetic

energy equation (Eg. (3.6)) and the dissipatioragqgn (Eqg. (3.7)).

ok Ok ou . 9 [ ok -
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Where the closure coefficient and relations areesgnted in the following equation:

13 1 1

a=ﬁ;5:ﬁofﬁi.3:3ofﬁ*20=§;0=5 (3.8)

9 1+ 70X 0,10 Q4
Po=zifp = X = |2 (3.9)

125 1 + 80X, (Bow)
B = 2. for = 1+:80X2 X< 0 X, = & ko (3.10)
o 100 ’ B 1+400X§ Xk >0’ k w3 axjax]- '

e= Brak; 1=K/, (3.11)

3.2 Structural Solver

3.2.1 Presentation

The structural solver is designed with a Lagrandrame of reference, which means that the
mesh velocity is equal to the material velocity, = u, thus the momentum equation becomes:
ad,*

Ps ez = V-0 psb (3.12)

Whered is the structural displacement amgubscript represents the structural domain.

In the presented work, all the studied cases tiuetste undergoes a large deformation, only the
relations for the large deformations will be prdednWhen the strain percentage is above few
percent, that deformation cannot be neglected.afipdied force on a body will make the body
move from one position to another as shown in thedeéformed” and “deformed” positions in

Figure 3.1. The position vectors of both configimas are denoted,, anddy.
d, =d, — dy (3.13)
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undeformed deformed

X
Figure 3.1: Motion of a deforming body [53]
As a result of this, the deformation gradient camdpresented as:

od,

F =
ddy (3.14)

The above equation can be represented also awéullo

X

ddy (3.15)

F=1+

wherel is the identity matrix.

The Green-Lagrange strain, referred usually a&tieen Strain, is defined as:

G=(FTF-1
( ) (3.16)
which also can be represented as followed:
(;=1 [Vds + (Vdy)T + Vd,. (Vd)T]
2 s s S S (317)

To show the nonlinearity of the Green tensor @ampared to its equivalent in small strain linear

analysis:
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oL T
G~ 5 [Vd, + (Vdy)" ] (3.18)

In order to measure the stress component in abdeliiteay for large deformation cases, it must
be a conjugate of the strain measure. Thus, whienpireting the Cauchy stress it must be

transformed in terms of second Piola-Kirchhoff s¢reensok by:

o =JgF XFT (3.19)

where g is the Jacobian of the deformation gradient:

Jr = det(F) (3.20)
The finite element residual equation for large defation formulation uses nonlinear strain-

displacement matri®,,; and the second Piola-Kirchhoff stress tersby:

R(d,) = ) [BL 2= N"Bloj = ) N'tPwj (3.21)
A

%4

whereR is the element force residual which representsitiigalance between the external
applied forces and the internal element reactiocef® B,,; is the non-linear strain displacement
matrix, t? is the applied traction force, is the Gauss-point weight for the Gaussian quadrat

J is volume to volume Jacobian between the referemd physical volume elements, j is the
face to face Jacobian and N is a shape functiomixriiiat enables interpolation of the nodal
values to a location within the element. The nowmdir strain is composed of a linear and

nonlinear component as:

Bnl = Bl + Bn (322)

where the Green tensGrcan be represented as:

1
G = Bids + 5 Buds (3.23)

Furthermore, the global residuRl is determined by summing the force residual fortlaé

elements using the direct stiffness method [54]:

RDY= ) R(d) (3.24)

elements
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whereDs is the global displacement vector. In order tovedhe system of equations, a Newton
Raphson method is employed by taking an initialsguef solution vectoD: for i =0 and a

tangent to evaluate the next guess as:

§D, = —

aD. R(DY) (3.25)

D§
Hence, the next guess solution will be in the feiftg form:
D¢t = DL+ 6D
s s s (3.26)
The iterative procedure continues until the globmplacement residual is sufficiently small

based on convergence criteria for the normRofo be less than 10times the applied load
magnitude as used in all the studied configurations

3.2.2 Dynamic layering

The dynamic layering method allows adding or remguayers of cells adjacent to a deforming
zone. Cells are added or removed based on whetkerdne is growing or shrinking. This
method is applicable for quad, hex and wedge mieshents and is used for linear and rotational
motion. The layer cells adjacent to the moving luauies (layef) are split or merged with the
layers of the cells next to it (layBras represented in Figure 3.2 based on the hefght cells

in layer;j.

Cell layeri —»

Cell layerj —» T/I

r
Moving Boundary /

Figure 3.2: Dynamic layering [53].
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Splitting and merging of the cell layers is deperndagpon the split factoss and the collapse
factor oc If the cells in layelj are expanding, splitting will occur if the follomg condition is
satisfied:

h> 1+ ay)h;

s/!'tideal (3.26)

whereh;4.4; IS the ideal height of the cell and generallyaken to be the same as the as the
initial height in the layer near the moving boundaVhen this condition is met, the cells are
split to create a new layer cell of height equattg,;. However, if the cells in laygrare being
compresses, the cell heights are allowed to deenaats:

h < achideal (3 27)

When the above condition is satisfied, the cellayer j are merged with those in layer i.

3.2.3 Remeshing methods

In order to avoid the divergence problems due tgatiee volume cells as a result of the large
deformation, the mesh solver supports several himg methods. Re-meshing allows then
simulating problems with large relative motion afumdaries where the cells and faces are
remeshed when skewness or size exceeds specifigd ks shown in Figure 3.3. The mesh
solver can report negative volume cell if the mesghtains inacceptable elements. The skewness

of a cell is usually calculated by the equilatel@Viation method [55] as follows:

optimal cell size — actual cell size

Skewness = - -
optimal cell size (3.28)

If the new cells satisfy he skewness criterion, tiessh is updated with the new cells. In these

methods, the number of nodes and connectivity adtmag cells/faces are added or deleted.
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Optimal (equilateral) cell

\N/}tual cell

Circumsphere

Excellent Very good Good Acceptable Bad Inacceptable
0-0.25 0.25-0.50 0.50-0.80 0.80-0.94 0.95-0.97 0.98-1.00

Figure 3.3: Skewness mesh metrics spectrum [55].

The available Remeshing methods in ANSYS Fluentsaramarized below according to their
supported mesh types:

» Local cell: remesh interior cells (2D and 3D). hily affects triangular and tetrahedral
cell types in the mesh.

» Zone remeshing: remesh the complete cell zones#lloell remeshing fails. Usually, the
zone remeshing type will be used if skewness isatgrethan 0.98 after local cell
Remeshing.

» Local face: remesh triangular faces on deformingno@aries (only in 3D).

» Region face: remesh faces adjacent to a movingdayn2D and 3D). It is applied to
triangular faces in 2D and tetrahedral faces ina3i it remeshed the faces based on
skewness only.

» 2.5D: remesh prism elements in 3D zones (prismms #gtruded triangular elements).

3.3 Fluid Solid Interaction (FSI) Coupling

Fluid-structure interaction problems can be modeisithg different approaches mainly divided
into partitioned and monolithic [56-60]. Monolithiapproaches are considered as strongly
coupled since the fluid and structural equatiores smlved separately and boundary conditions

are exchanged between the two solvers at the Boidlinterface.
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Partitioned approaches are divided into one-waydupled) or two-way coupled methods.
Depending on the degree of numerical coupling, #teotwo-way coupling methods are even
divided into weakly and strongly coupled as shownFigure 3.4. The monolithic approach
formulates the governing equations for both the&fland the structure domains in term of the
same variables and discretizes the entire domdiin the same numerical scheme. The main
advantage of using a monolithic approach is thatallgorithm of the coupling between the fluid
and the solid domains is achieved perfectly. Thgproves the stability of the numerical
methods. However, this method has some negativertssalso:
» The system of algebraic equations obtained afsareiization is not linear, this will lead
into complex software developments especially dogé scale problems.
* The resulting system of equations requires a lo€BfJ memory in order to store the
simultaneously the unknown variables for both tb&lfand the solid domains.
* A common time step is used for all the domains,cwhinay be inefficient especially
when different time scales are present [61].
* A single mesh is usually generated for both thelfland solid domains which create

difficulties to provide a high-quality mesh [62].
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Monolithic
(Fully Coupled)

Figure 3.4: Modeling approach of FSI problems [61].

Regardless of whether the solution is one-way arway, the partitioned method will approach
to separate solutions for the different physicalagmpns. With this approach, each solver can be
based on different discretization techniques suctha finite volume method for the fluid solver
and the finite element method for the structurdeso At the fluid-solid boundary, information
is shared between the two solvers both the fludi the solid. The exchange of the information
within the two is based on the coupling method idsee weakly or strongly coupled. For one-
way coupling method, a converged solution is olg@ifior one field, then this solution is
considered as a boundary condition for the secaaid. fFor a case of fluid solid interaction
simulation having a rigid solid structure (metai®)ving and a light density fluid (air), because
of the motion of the rigid body, the fluid will kadfected by this motion. On the other hand, the
fluid will not cause any significant forces on theving body. This kind of problem can be

solved using one-way fluid solid interaction prahleThe movement of the structure controls

that of the fluid without being affected by theiflu
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In Figure 3.5 the one-way fluid solid interactidgaithm is presented. Unfortunately, the fluid
solid interaction in our case is mostly concerngdhe two-way coupled. If we consider a solid
structure having properties as that of polymers, ftaw acting on the structure will make it
deform. As a result of this deformation the fluidw will be influenced. The coupling method
for these types of problems should be two-way sbuté fluid and solid are affected from each

other.

[ Solve current time step ](
]

—)[ Solve structure (ANSYS)
[

Nonlinear iteration until

convergence
e Ig 4 [ Jump to next time step ]

[ Project displacements from |
ANSYS to Fluent
[
Under-relaxation of
displacements
|

>| Solve mesh motion (Fluent)

|
[ Iterative mesh smoothing ) =t Yes
+ Remeshing ~ “end
|
Solve fluid (Fluent)
i

Nonlinear iteration until
convergence

~

.

v

-~

Figure 3.5: One way coupling algorithm of FSI pehl[62].

Figure 3.6 shows the algorithm of the two-way flgiolid interaction coupling. During a time
step of two way coupling method, the response efstinucture to the acting loads represents a
displacement of the structural grid nodes in ANSM®8chanical. The displacement of the
boundary at the fluid-solid interface is furtheteirpolated to the fluid mesh which will cause its
deformation where the appropriate smoothing ancesting methods are applied to ensure the
high quality of the mesh. Finally, inner iteratiow$ the flow solver ANSYS Fluent are
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performed until convergence criteria are reache@ra/tihe convergence solution of the flow
field is required to transfer the acting forcestba solid body. Figure (3.6) classifies the two-
way coupling algorithm into weekly (explicit) orrehgly coupled (implicit) respectively in

Figure 3.6 (a) and Figure 3.6 (b).
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Solve current time step € Solve current time step 1€
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Project forces from Fluent to Projectforces from Fluentto Convergence | oleranceahieved
ANSYS ) ANSYS
l
Under-relaxationof | Under-relaxation of G
Midforces | Midoree et
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Figure 3.6: Two way coupling algorithm of FSI prein: (a) Weakly coupled and (b) Strongly
coupled [62].

In order to have equilibrium in the fluid-solid @rface, some restrictions should be taken into
consideration. The boundary conditions for disptaeetd, mesh velocityUg and equilibrium

stress should satisfy the following relations:

optimal cell size — actual cell size

Skewness = - -
optimal cell size (3.29)

diFfg = dfF/s (330)
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Ug F/s = U? F/s (3.31)

ol Flg .m= afF/S n (3.32)
wheren is the unit normal on the fluid solid interfacehel flow chart defining the solution
procedure in this study as in Figure 3.6 (b) ineslthe use of under-relaxation of displacements
and forces when projecting them to the destinasiolwver at the interface. The use of under-
relaxation in these iterations is mainly to contitet amount of the structure’s displacement of
fluid forces that is projected on either the fluidsolid domain with the aim of improving the
convergence. The following equation is applied ideo to limit potentially large variations of
the target-side data between the two successiy@inguterations:

Pretaxea = Preference T W(Praw — Preference) (3.33)

where ® is under-relaxation factor¢Re|axed is the relaxed target-side valuéReferenceis the
reference target-side value which is the final gatbtained from the last coupling iteration.
¢Rawis the raw value obtained from interpolation of swdution obtained at the current coupling

iteration from the source grid node to the target gode.

3.4 Conclusion

In this chapter, the governing equations for thedfl solid and mesh motion solvers have been
presented. Smoothing capabilities were highlightdtere the diffusion-based smoothing is
favored in all the fluid solid interaction simulais investigated in this study since it performs
and preserves the mesh quality much better whempaed to other mesh smoothing methods.
Alongside with the smoothing, remeshing is appkdsb to avoid negative cell volumes when
large displacement motions are studied which isom@mt to our objective since we deal with
highly deformable elastic bodies. Moreover, the atoal coupling used in all the simulations is

considered two-way with strong coupling at thedistructure interface which is necessary to
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resolve the feedback between the fluid flow and dtractural deformations thus maintaining

numerical stability.

46



CHAPTER 4

Rectangular Winglet Pair Vortex Generator

(The study of this chapter is published as anlartieffect of rectangular winglet pair roll angle
on the heat transfer enhancement in laminar chdiovel, in International Journal of Thermal
Sciences in 2017.)

4.1 Introduction

In the open literature, most of the studies focnghe effect of the VG aspect ratio, its
attack angle and flow rate on the heat transferaecdment and pressure losses. To our
knowledge, there is no study detailing the effddhe roll-angles on the heat transfer process.
Thus, in the present study, numerical investigaisoperformed on the effect of the roll-angle of
RWP on the thermal performance in laminar viscéms between two parallel plates.

Different values of roll-anglg in the range [20°-90°] are considered, while naamihg
constant angle of attack<30°) strikethrough. This value feris proposed based on the results
obtained by the experimental study of the Tiggetetal [26].

Local and global parameters of the Nusselt numbet the friction coefficient are
studied. In addition, the position and strengtthef vortices being created in the duct are studied
highlighting their effect on the heat transfer pemiance.

The roll angle is also extremely interesting foe toncept of auto-adaptive. Depending
on the variation of the dynamic pressure with te®eity of the flow which will be exerted on
the face of the VGs, the roll angle will vary theyeinfluencing the performance of the

exchanger.

4.2 Geometry, computational domain and boundary caditions

The whole geometry of our study consists of one adVRWP placed in between two

parallel plates as seen in Figure 4.7 (a).

The computational domain consists of a rectangiuat of heightH = 38.6 mm, width

W=1.6H and a length.=13H in which a RWP is inserted near the entrance erbtitom wall at

47



a distanceR=1.5H away from the inlet as shown in Figure 4.7. Thigiorof the coordinate
system is located on the computational domain asvshn Figure 4.7 (c). As stated in the
introduction, the attack angle, which is the angle between the VG reference lind tre
incoming flow in the Z direction, is fixed to 308de Figure 4.7(b)) based on the experimental
results [26], while the roll-anglg which is the angle between the plane of the VGsuesl with
respect to the bottom wall and it varies betweeha@ 90° (see Figure 4.7(c)). The rest of the

dimensions are given in Table 4.1 in term of tharctel heighH.

Taking into account that both sides are consideydge symmetry relative to the play (
2), only half of the domain is computed. Flow an@theansfer simulations are carried out for
Reynolds numbers 456 and 911, with uniform inlebhgerature set t@;, = 293 K and wall
surface temperaturg, = 333 K set for all the both bottom and top walls. In &iddi, the
temperature of the VG is set to belgs= 333 K.
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(b)

Figure 4.7:(a) Isometric view of the computatiodaimain, (b) top view showing the attack

anglea and (c) the isometric view where angiés represented.

Channel height H 38.6 mm
Channel width w 1.6H
Channel length L 13H
Angle of attack a 30°
Roll-angle B 20°-90°
VG length S 1.5H

VG height K 0.5H




Distance from the inlet to VG R 1.55H
VG thickness E 0.052H

Distance from the symmetry wall to VG N 0.1H

Table 4.1. Dimensions of the computational domaith ¥4G.

4.3 Mesh study

A non-uniform polyhedral mesh is generated in tbeecof the computational domain.
Near the wall and VG surfaces, a prism-layer refieet mesh is preferred due to the presence of
high velocity, temperature and pressure gradientease regions. An example of the mesh on a

flow cross section is shown in Figure 4.8.

3
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Figure 4.8: Example of the mesh on a cross seshowing the refinements around the VG and

near the walls fofs=20°.
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To determine the appropriate mesh density, theesoly run with increasing mesh
densities until no significant effect on the resu#t detected. When the solution is reached to a
grid independent solution for which the resultsreso little with a denser or looser grid where
the errors can be neglected in numerical simulafitre mesh validity verification is performed
first by using the method proposed by Cadtkal. [51] where the grid convergence indé&xQ])
and the apparent order of convergenck dan be obtained. In the present study the mesh
refinement is assessed by means of the global Nussaber which is a major interest in our
study. This dimensionless number represents the dt convective to conductive transfer

defined as:

_ hD,

Nu = T (4.1)

whereh is the heat transfer coefficient (W/i), D, is the hydraulic diameter equal tel Zm)
andk; is the thermal conductivity of the working flufdir) (W/m.K).
In this equation, the global heat transfer coedfitiis obtained from the logarithmic mean
temperature difference:
_q
h= AAT,,,

(4.2)

whereq is the global rate of heat transfer (W) definedequation (4.3)A is the heat transfer
surface area (fandAT,,, is the logarithmic mean temperature differencenaef in equation
(7).

q = m C,AT (4.3)

wherem is the mass flow rate (kg/s), is the specific heat (J/kg.K) anod is the temperature
difference between the flow inlet and oull&T = (T, — Tin))-
(Tin - Tw) - (Tout - Tw)

In (’I;tziut: 72‘:‘:}) (44)

ATlm =

whereT;, is the inlet bulk temperatur&,,; is the outlet bulk temperature affig is the wall

temperature.
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The different mesh densities and their featuresreypeesented in Table 4.2. The mesh
size is obtained by a relation of the cell volunmel ahe total number of cells as mentioned in
Table 4.2. 1t is desirable that the grid refinemiactor be greater than 1.3 as proposed by Celik
et al. [51]. Based on equations (4.1) to (4.3), the Niussember is calculated for each mesh
density then the convergence ordeaind GCI are computed based on the method proposed by
Celik et al.[51].

Hence, it is found that the uncertainty in the {fgrél solution isGCI = 1.25% and the
convergence order is = 5.97, which are both accepted values for which the ltesare
considered to be grid independent. For more dedbidgit the calculation afandGClI the reader
can refer to Celilet al. [51]. It should be noted that the mesh study preesEhere is done on the
highest Reynolds numbeRé&911).
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Mesh MO M1 M2

Number of cells 621,424 1,251,620 2,711,600
Mesh size 0.369 0.293 0.226
Refinement factor - 1.3 1.3

Table 4.2. Mesh characteristics.

Additionally, local mesh study is also performeddmnsidering a transversal probe line
located at a distanc@downstream from the winglet (see Figure 4.9) ot lbmttom and the top
walls of the duct, where the wall heat fluxes txeamsal profiles can be analyzed. Another probe
line is created in the core flow, at the centertlid duct H/2) and at the same distance
downstream from the winglet, to enable the veloaitg temperature transversal profiles analysis

for each mesh density considered.

Probe Line

: |

Figure 4.9: Top view of the computational domaiowimg the probe line created downstream

the VG for local mesh analysis.

The local relative errors between mesh densitiesaWd M2 are calculated for various
variables using the following equations:

» for heat flux on the top and bottom walls:

g, = |CIM1q_ qm2 (4.5)

M2
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» for velocity in the core flowH/2):

Vpr —V
&, = |—M1 m2 (4.6)

Vm2

» for dimensionless temperatupeat mid-channel height:
o= L= Tw 4.7)
Ti - Tw

e, = |—@M1_9M2 (4.8)

° Oz

Based on the results presented in Figure 4.10ant lme seen that the relative errors

between the M1 and M2 mesh densities always dexmded 2.5%.

5.0
45 _ gq, bottom wall
4.0 - gq, top wall
__35- fo
< 3.0- &
S _
2 20-
o 1.5-
o -
1.0
0.5
0.0 — T T T " T T T T T T T T
00 02 04 06 08 10 12 14 16

Y/H
Figure 4.10: Relative local error for bottom ang teall heat fluxes, velocity and dimensionless

temperature between the meshes M1 and M2

To verify the unsteadiness of the flow, numericahwdations where run using the
unsteady laminar solver. After observing the terapwariation of the velocity and temperature
fields, it was concluded that there is no unstesstin The time variation of the rate of heat
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transfer was of the order of 1@/ which is negligible. The steady laminar flow asgtion was
also made in several studies from the open liteeaguch as Lu and Zhou [62] and Dezan et al.
[63].

Moreover, additional numerical simulations were rdar the empty channel
computational domain for both Reynolds numbers famdwo different cases: in the first the
density is kept constant and there are no gravigces, whereas in the second case we use the
Boussinesq approximation for the air properties iactiding gravity effects. It is found that the
relative error on the Nusselt number did not exce&8b6. Thus, we neglect the buoyancy effects
in all the simulations. Therefore, the effect af temperature variation on the density of the fluid

and thus its incompressibility constraints are wvim.

4.4 Results and discussions

The major purpose of the present study is to remtethe effect of the roll angle on the
heat transfer performance. To do so, the flow togpland the temperature distribution are
studied along the duct. In addition, investigaticar® done on the local and global level
parameters to check the effect of the roll-angl¢henenhancement of the heat transfer.

Since the velocity and the temperature are setetoumiformed at the inlet of the
computational domain, it is considered that thevfis a developing flow. For thermally and
hydraulically developing laminar air flow, the rétsuare validated for global Nusselt number

using Stephan correlation [62]. The local Nusseihher is represented as followed:

0.024x; 1*(0.0179Pr%17x 06 — 0.14)

Nu, = 7.55
ta * (1 + 0.0358Pr017x_06%)2 (4-9)
with
_ X
X = D, RePr (4.10)

This correlation is valid in th€é.1 < Pr < 1000 for parallel plate channels in case of
uniform wall temperature. Based on equations (4 (4.10) the local Nusselt number is

calculated and compared with computational reslitained for the empty channel case. Figure
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4.11 represents the comparison between the coorelat equation (4.9) and the simulation
results: the maximum percentage error is lower 8fanand the average error is 3.1% all along

the duct, which is a very accurate result comp&yembmmonly encountered values.
40 ' T i T ' T ' T
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Figure 4.11: Local Nusselt number validation fax #mpty channel case.

4.4.1Flow structure and temperature distribution
In order to understand the behavior of the flove, fllow structure is first studied for two
values of the roll-anglgs=20° and$f=90°, and both Reynolds numbers, Re=456 and 911.
Figure 4.12 represents the helicity distributioong the duct for different cross sections
located downstream the VG for the computational @agrfor boths and Revalues. Where the

helicity is defined as followed:

<
gl

1= (4.11)

Ei
&

wherev” is the spin vector and the is the momentum vector.
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At Z=1.3H the location is just before the leading edge ef W&, whereas af=3.8H the
plan is located just after the VG. As shown in Feg4.12, rotating vortices are generated
downstream from the VG. For the same Reynolds nunifoge compargs=20° ands=90°, it is
clear that how the roll-anglé effects on the generation of the vortices andrtefect on the
flow topology along the duct. For both Reynolds em at Z=3.8H the helicity values drop to
negative, this is due to the reverse vortices gaadrby the VG. As the roll-angieincreases, it
is clear that the effect of the vortices generatdtllast longer along the duct until Z=11.6H

which represents almost the outlet of the duct.
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Figure 4.12: Helicity distribution for (d3e=456 and (b]Re=911 on different flow cross
sections.
In

Figure 4.13 the temperature distribution is repnes for both Reynolds number values
and roll-angles. From this figure, it is clearlyosin that the streamwise vortices previously
mentioned affect the temperature distribution ddveasn the VG, especially for the highest
angle. Indeed, in the common flow down region, leetw the two main vortices (i.e. in the
symmetry plane of the RWP), hot fluid particles ejected from the top wall towards the flow
core due to upwash effect, while the thicknessefthermal boundary layer on the bottom wall
is found to decrease due to downwash effect. Inctmemon flow up region (i.e. between two
neighboring vortex pairs) the upwash effect ejewar-wall hot fluid from the bottom wall
towards the flow core. This mixing process and rttedrboundary thinning are clearly seen for
the highest roll-angle value, due to the fact thatvortices are more energetic and cover larger
area in the flow cross section. So, the heat tesreshhancement seems to be dependent of the
roll-angle value. This will be assessed and dissaiss the next paragraphs by representing the
Nusselt number distribution and the vorticity sgémstreamwise development.
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The streamwise variation of the area-weighted @ the helicity is represented in
Figure 4.14 for all the cases. The locations of [deding and trailing edges of the VG are
represented by vertical dashed lines for each daseobserved that the helicity values start to
decrease in the beginning of the curve reaching éveegative values at a location just before
the VG. After the flow encounters the VG, the aged helicity is found to increase and reach
its maximum value in the very near vicinity of tN& trailing edge because of the generated
vortices, forZ between 1.5H and 3H. It can be noticed that thieityepeak for=90° is about
12 times higher than that f6=20° meaning higher energetic vortices.

For 20°<60° the profile of the vorticity streamwise evadut is similar having a
maximum at the tail of VG and decreasing continlyoakng the duct because of the dissipation
of the LV. Whereas for highe#t values (70° and 90°), secondary peaks are gedesirg with
the duct due to the secondary vortices generated.

For Re=911, the value of the helicity peak increases fgctor of 3 compared to that of
Re=456. As a profile of the curve, for all the angldse maximum value of the helicity is at the
tail of the VG. For small angle values 2@%40°, after reaching to the maximum value it fades
away along the duct due to the dissipation of the Eor 50°6<90° a secondary peak is
generated each at a different location along thet. diuis interesting to notice that f6=60°, 70°
and 90°, similar values of helicity are obtainedm¥¢G whereas along the downstream direction
of the duct, boths=60° and 70° have a secondary peak due to the dagowortices. The
secondary peak values of bgth60° and 70° are almost equal, but the primary pedke of the
S=70° is higher than that of th#=60°. On the other hand, f#=90°, the primary peak value is
higher than that of all the cases but the effedhefsecondary vortices are smaller compared to
that of /=60° and 70°. It can be concluded that based oheheity values=70° appears to be

the optimal angle that can be considered¥e¥911 compared to the other values of roll-angle.
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Figure 4.14: Variation of averaged helicity alohg tluct for (aRe=456 and (bRe=911
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In Figure 4. 15 the streamwise variation of theehsionless location of the main vortex
is presented, where the distance between the vodexand the bottom wall is measured. It is
observed that foRe=456, the position of the core of the main vortéxrts in an increasing
profile for all the values of roll-angle just aft¢éne tail of the VG. It is observed that by
increasing the value ¢f the position of the main vortex increases reaghimaximum location
at a value of X=0.8 for £=90°, which represents the half of the duct height.

For the caseRe=911 the position of the core of the main vortegr@gases with the
increase of thes. By comparing both Reynolds numbers, it is obviooat tfor Re=911 the
increase is more rapid, where for high valueg,ahe location of the core of the main vortex
reaches the half of the duct height more quickly. t8e other hand, for low values gf the
location of the core of the main vortex will noaoh that height.

As the dimensionless location of the core of thénmvartex reaches the half of the duct
height, it leads to a better mixing of the fluid time duct. As a result, the heat transfer rate
increases, and then the Nusselt number is affeCtezlvariation in the Nusselt number is studied
in the coming sections, in order to provide a chaw of the effect of the roll-anglé on the

heat transfer enhancement.
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Figure 4. 15: Dimensionless location of the mainewalong the duct for (&e=456 and (b)

Re=911.
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4.4.3 Local performance

In order to study the local performance, differamiations behind the VG are considered
on both bottom and top walls where the wall heax fliensity is studied for each case. Figure
4.16 and Figure 4.17 represent the results obtaioe@=20° andf=90° for both Reynolds
numbers. At a short distance from the VGHZ6.7) the secondary vortex can still be seen.
Along the downstream, the heat flux density is dwted by the main vortices. By increasing

the distance 4, the heat flux density decreases, and the vortinesge.

By comparing Figure 4.16 and Figure 4.17, the ¢fééc¢he roll-angles is introduced on
the local performance. Whereas f5r90°, both bottom and top wall heat flux values laigher
than that ofs=20°.
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Figure 4.16: Heat flux both on bottom and top wéidlsdifferent locations away from the VG
both forRe=456 andRe=911 forp=20°.
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Figure 4.17: Heat flux both on bottom and top wéidlsdifferent locations away from the VG
both forRe=456 andRe=911 forp=90°.

The streamwise variation of the cross-section aeztaNusselt number is presented in
Figure 4.18 and Figure 4.19 for bottom and top svedspectively, on which the vertical dashed
lines represent the leading and trailing edgehef\G. The average Nusselt number on each

cross section is obtained by the following equation

2H qll

=___* (4.12)
ky (Tw - Tf)

Nu
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Nu(z) = 2 _TD__ o
ke (T — Tr(2))

whereq" is the average wall heat flux density on both svafl(z) is the average wall heat flux
density at a given (z) streamwise locatibpjs the thermal conductivity of the fluid,, the wall
surface temperature affig(z) the fluid bulk temperature at a given Z crossti®n.

The streamwise distribution of the span-averagesisHlt number is plotted for all values
of roll-anglesp as well as for the case of the empty duct. Foh lite¢ynolds numbers, similar
profile is obtained, where at the inlet of the dube Nusselt number values decrease until the
location Z=1.61 which represents the head of the VG. At that locathe Nusselt number value
starts to increase due to the heat transfer enh@erdeuntil it reaches the tail of the VG where it
drops to the minimum. For low values pthe Nusselt number value drop is found to be even
below that observed for the empty duct channels Tnop is seen at a location Z=3.8/hich is
at the tail of the VG. After the drop a second peagenerated where the value of the Nusselt
number increases at a location of just after the (¢&2.5H). For all the values of angl a
similar profile is obtained where a second peakdaserated just after the VG after which it
decreases with a small oscillation along the lardiital direction of the duct.

The drop in the Nusselt number curve below thaieyadbserved for the empty duct
channel occurs only on the bottom wall. In FigurE94it is clear that the Nusselt number for the
top wall decreases in the inlet of the duct, uludation Z=1.61, the value starts to increase
reaching their maximum at Z=243which represents the tail of the VG. After whitfe tcurves
start to drop along the longitudinal direction loé tduct with.
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Figure 4.19: Top wall Nusselt number for Rg=456 and (bRe=911.
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To understand the drop of the Nusselt number béhawof the empty duct curve at the
VG location in some studied cases, a study is padd to check the interaction between the
heat flux on the bottom wall and the top wall ahd hear-wall velocity profile. In Figure 4.20
and Figure 4.21 the boundary heat flux and thecigidields are displayed for roll-angles equal
to 20° and 90°, for both Reynolds numbers valuég filanes are taken at a distance oH}8=
away from the bottom or top wall, knowing that Xs#€presents the bottom wall location. It
appears that the velocity value for the bottom wale at a location under the area of the VG
highlighted by a circle is nearly zero. For lowwes off this area of velocity null is greater than
for the case of higlg, implying that there is a bigger region where gger dead zone is created
under the VG, where due to zero velocity therdrisoat no heat transfer due to convection. As a
result, Nusselt number value is dropping even belat of the empty duct channel case. On the
other hand, since there is no VG placed on thentalh there is no dead zones created. Thus,
there is convective heat transfer on the top walamced by the presence of the VG on the
bottom wall. This is supported by the values of khesselt number, represented in Figure 4.19
for the top wall, on which for all the values oflrangle 8, the curves are above the values of the
empty duct channel.
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Figure 4.20: Heat Flux profile for bottom and toplls and the velocity profile at a6~H/8
away from both bottom and top walls fee=456.
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Figure 4.21: Heat Flux profile for bottom and topls and the velocity profile at 26~H/8
away from both bottom and top walls RRe=911.

Fanning friction factor is calculated from the m@® gradient obtained from the

simulation. As Darcy'’s friction can be calculated b
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D, Ap _ 4HAp

fdarcy = ZTW = W (4.14)

thus

— fdarcy — HAp (4-15)
4 LpU?

f

whereH is the height of the duct (mjAp is the pressure drop (Pa) between the inlet aad th
outlet, L is the length of the ducp, is the fluid density (kg/f) andU is the mean flow velocity
(m/s).

In order to calculate the local Fanning fricti@aetorf (z), the following relation is used:

f(Z)darcy _ HAP(Z) (4-16)
4  ZpU?

f(2) =

whereAp(Z) is the pressure drop (Pa) between the inlet andrbss section at locati@n

In Figure 4.22, the streamwise evolution of thetifsn factor is represented. For both
Reynolds numbers the profile of the curve for higlangle valuesf=50°, 60°, 70° and 90°) is
similar where it starts to drop along the lengthihaf duct until it reaches the leading edge of the
VG. At that point, a gradual increase starts toeappeaching its maximum value at the tail of
the VG, after which the curve continues to drop imglkan asymptote with the empty channel
curve. On the other hand, for low values of rolifen(f=20°,30° and40°) the profile starts to
drop along the length of the duct until it reackies leading edge of the VG. At that point an
increase starts to appear that last for small gadig/H, after which the curve continues to drop

making an asymptote with the empty channel curve.

For the cas®e=456 the maximum peak obtained is higher than dh#tte casdRe=911
knowing that the friction factor in inversely pragional to the fluid velocity which by itself
directly proportional to the Reynolds number. Oa tither hand, the pressure ddgpvalue for
Re=911 is higher than that &2e=456, but the ratio of it with respect to the véipsquare is
lower than that foRe=456.
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Figure 4.22: Friction factor streamwise variation fa)Re=456 and (bRe=911.
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4.4.4 Global performance

In order to study the global effect of the transeeangles of the VG on the enhancement
of the heat transfer, global values of the Nussathber, friction factor and the enhancement
factor are presented and discussed in this section.

Figure 4.23 represents the global Nusselt numbeattepl for both Reynolds numbers,
versus the roll-anglg. The Nusselt number is calculated using equatah)(For both values of
Reynolds numbers, the Nusselt number is found toatomically increase with the value of the
roll-angle. 5= 0° represents the empty duct channel. By compariegethpty duct values of
Nusselt number with the other cases, for all treedheNu value increases. A similar profile is

obtained for both Reynolds values.
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Figure 4.23: Global Nusselt number foe=456 andRe=911.

The global friction factor is also plotted for bd®eynolds numbers versus the roll-angle
in Figure 4.24. The friction factor is calculateding equation (4.15). As the roll-angie
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increases, the friction factor increases too. kgh lvalues of anglg the pressure drop is high.
As a result, the pressure gradient is increaseatdirigao a high value of friction factofi=0°
represents the empty duct channel. By comparingethety duct values of friction factor with
the other cases, for all the case the frictiondiacalue increases. A similar profile is obtained
for both Reynolds values.
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Figure 4.24: Global friction foRe= 456 andRe= 911.

Based on the previously mentioned relations of Kusselt number and the friction

factor, an enhancement factor is calculated usiaddllowing relation:

(“/3)
n= (ﬂ) (i) } 4.17)
Nuy/ \fo
whereNu, andf, are the values of Nusselt number and frictiondiastspectively for the empty

duct channel.
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Figure 4.25 represents the enhancement factdvdthr Reynolds numbers. FBe=456,
the value of the enhancement factor starts to aseranonotonically with the increase of the
transverse anglé reaching its maximum value of 1.2490°. On the other hand, for the case of
Re=911 the profile of the enhancement factor cuneetstto increase with the increase of the
roll-angle # until it reaches a maximum value of 1.326af70°, after which its value slightly
drops to a value of 1.3 A£90°. Thus, it can be considered that for the E&s@56 the optimum
value off is the highest angle 90°. Nevertheless, for thee B&=911 the optimum roll-angle
among those tested valuesfofo provide the best enhancement is found to bear@d°not the
highest angle. This is also supported by the hglicurve shown in Figure 4.12 where the
secondary vortices are detected.

By comparing the values of the enhancement fadtboth Reynolds numbers, for all the
values off, that ofRe=911 have a higher percentage of enhancement tiaarotRe=456. For
[=70°, the enhancement factor percentag®ef456 is 1.18%, whereas fé&te=911 is 1.32%
having a difference of 0.14%. On the other hand ff20°, the enhancement factor percentage
of Re=456 is 1.02%, whereas f&e=911 is 1.027% having a difference of 0.007%.

77



1.35 ; ; :

| I | | | I
1.30 - e ]
1.25 - -
1.20 - -
o
115 il
—o— Re=456
. —e— Re=911
1.05 - .
///
100 I 1 1 | I | | | I
0O 10 20 30 40 50 60 70 80 90 100

Figure 4.25: Enhancement factor Re=456 andRe=911.

4.5 Conclusion

In this study, heat transfer and fluid flow chaeaistics in a rectangular duct with
RWPVG inserted on its bottom wall are numericalhyvastigated. For different values of
generator’s roll-anglefj both local and global hydrodynamic and thermalapesters are
calculated and studied. The goal of these studigsfigure out the effect of the roll-angle on the

heat transfer enhancement. The main outcomes$tiy can be summarized as followed.

For high values of roll-angle (close #90°), it is observed that the helicity increases
just after the flow encounters the VG where thetiges are first formed. The helicity peak for
£=90° is about 12 folds higher than that f5120° meaning more energetic vortices. Moreover,
increasing the mean flow velocity, i.e. the Reysatimber, leads to increase the helicity. It is
observed that foRe=456, the dimensionles§H position of the main vortex measured from the

bottom wall, starts at low position and increades@the duct until it reaches a maximum value
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of around 0.5 representing the middle of the dactlie highest value of roll-angle Whereas
for the case of higher Reynolds number, dimensssnlecation of the main vortex is increased
suddenly at th&/H=6.5 and after that in continuous to increase gatigalong the length of the
duct. ForRe=911, the highest value ofH=0.5 is reached by the high valuespolWhereas for
S=30°the value of the</H=0.35 and fo3=20°,X/H=0.2.

It is crucial to take into consideration that bgr@asing the roll-angle value, not only the
heat transfer will be enhanced but on the othedhtne pressure drop will increase too. In order
to be able to make decision for this challengirsyésthe enhancement factor is studied where

both the heat transfer and the pressure drop kee tato consideration.

For Re=456, it is shown that the enhancement factor nwmoally increases with the
increase of the roll-anglg reaching its maximum value of 1.2/&t90°. On the other hand for
the case oRe=911 the profile of the enhancement factor startsi¢rease with the roll-angje
until it reaches a maximum value of 1.32 ng=ar0°. Thus, it can be considered thatR\=911
the optimum roll-angle among those tested value8 which leads to the best enhancement is
70° and not the highest angle, while Re=456 the optimum value ¢f among those tested is
the highest angle 90°.

After all these investigations, it is crucial tomtien that the roll-anglg has a significant
effect on the enhancement of the heat transfes. ititeresting to study the 70° case in place of
the perpendicular RWPVG for further investigatioAs.an advancement of the obtained results,
few more values of can be added for values near to 70° in ordemt fhe exact value of the
optimum angle. Due to different values of obtairfed different Reynolds numbers, it is

interesting to go to higher Reynolds and even sindlge turbulent regime too.
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CHAPTER 5

Rectangular Wing Vortex Generator

(The study of this chapter is published as anlartigffect of the angle of attack of a rectangular
wing on the heat transfer enhancement in chanoel 8t low Reynolds number”, in Heat and
Mass Transfer in 2017.)

5.1 Introduction

Another solution for designing a VG whose shapengbka with the variation of the
dynamic pressure of the flow is the wing configimatwith a variation of the angle of attack. IT
is well known that the variation of the angle afbak has a certain importance on the formation
quality of the longitudinal swirls and on the pnessloss caused by the VG. Anyway, in
scientific bibliography the whole variation of aagbf attack (with very low value of angle of
attack) is not fully done. It is so important befarsing this solution in our auto-adaptative Heat
exchanger to clearly assess the influence on headfer and pressure drop of high variations on

angle of attack for a rectangular wing configunatio

This chapter presents numerical computation resdiltaminar convection heat transfer
in a rectangular channel whose bottom wall is goegpwith one row of rectangular wing vortex
generators. The governing equations are solvedgufsiite volume method by considering
steady state, laminar regime and incompressibie. flihree-dimensional numerical simulations
are performed to study the effect of the angle ttdck o of the wing on heat transfer and
pressure drop. Different values are taken into idenation within the range 06<30°. For all of
these geometrical configurations the Reynolds nunsb@aintained t&Re=456.

To assess the effect of the angle of attack onhte transfer enhancement, Nusselt
number and the friction factor are studied on Hodal and global perspectives. In addition, the
location of the generated vortices within the clens studied, as well as their effect on the heat
transfer enhancement throughout the channel for alues. Based on both local and global
analysis, our results show that the angle of attadias a direct impact on the heat transfer
enhancement. By increasing its value, it leadsetbeb enhancement until an optimal value is

reached, beyond which the thermal performancesédser
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5.2 Computational domain and boundary conditions

The computational domain consists of one row oéeangular wing (RW) placed in
between two parallel plates as shown in Figure(&). The computational domain has a height
H = 20 mm, a widthW=5H and a length.=15H. The RW is inserted near the entrance on the
bottom wall at a distancB=H away from the inlet as shown in Figure 5. 1(b)eTdngle of
attack a, which is the angle between the VG reference ling #re incoming flow in the&Z
direction, is variable in a range from 0° to 30&nkaining dimensions are given in Table 5.1in
terms of the channel height Taking into account that both lateral sides amestered to be
symmetry relative to the plaw, (), the computational domain is considered to benhtiieof the
VG transverse pitch, thus half of the main dom&low and heat transfer simulations are carried
out for Reynolds number 456, with uniform inlet f@mature set t@;, = 293 K. Wall surface
temperaturel,, = 333 K is set for both bottom and top channel walls, & as for the VG

walls.
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Figure 5. 1: (a) Isometric view of the computationbdomain, (b) side view showing the

attack angle a.

Table 5.1: VG geometrical characteristics and caatmnal domain dimensions.

Channel height H 20 mm
Channel width w SH
Channel length L 15SH
Angle of attack a 0°-30°
VG length S 1.3H
VG width E 0.75H
Distance from the inlet to VG P H

VG thickness K 0.04H
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5.3 Mesh study

A non-uniform polyhedral mesh is generated in tbheeof the computational domain.
Near the channel walls and VG surfaces, a prisrarlagfinement mesh is preferred due to the
presence of high velocity, temperature and press@@ients in these regions. An example of the

mesh on a flow cross section is shown in Figure 5.2

YA D)
Oy R Y
..O."l‘.‘ :

o’..c

Figure 5.2: Example of the mesh on a cross sesthowing the refinements around the VG and

near the walls fon=10° atZ=1.7H

To determine the appropriate mesh density, theesadwrun several times with increasing
mesh densities until no significant effect on tesults is detected, then the solution is considered
to be a grid independent solution. The mesh validérification is performed by using the
method proposed by Celigt al. [51] who used the grid convergence ind€&C() and the

apparent order of convergena@g. (n the present study the mesh refinement issasseby means
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of the global Nusselt number. This dimensionlessilber represents the ratio of convective to
conductive transfer as defined in equation (4.1).

Three different mesh densities and their featuresracapitulated in Table 5. 2. The
average mesh size is obtained by studying voluneadh cell with respect to the total number of
cells. It is desirable that the grid refinementdawalue be greater than 1.3 as proposed by Celik
et al. [41]. Based on equations (4.1) to (4.3), the Niussember is calculated for each mesh

density then the convergence ordendGClI are computed.

Table 5. 2: Wing mesh characteristics.

Mesh MO M1 M2
Number of cells 703,645 1,532,441 3,289,799
Mesh size (mm) 0.354 0.273 0.212
Refinement factor - 1.3 1.3

Hence, it is found that the uncertainty in the {gred solution isGCI = 1.49% and the
convergence order is = 3.49, which are both accepted values for which the ltesare
considered to be grid independent. Based on treeredat values M2 is selected. For more details
about the calculation afandGClI the reader can refer to Ceékal. [41].

Additionally local mesh study is also performed dpnsidering transversal probe lines
located at a distandd downstream the wing (see Figure 5.3) on both tap l@ottom channel
walls, where wall heat fluxes transversal profdas be analyzed. A third probe line is created in
the core flow, at the center of the chani#l2) and at the same distance downstream from the
wing, to enable the velocity and temperature trarsal profiles analysis for each mesh density

considered.
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Figure 5.3: Isometric view of the computational damshowing the location of the probe lines

created downstream the VG for local mesh analysis.

The local relative errors between mesh densitiesaWd M2 are calculated for various
variables using equations (4.5) — (4.8).

Based on the results presented in Figure 5.4nibeaseen that the relative errors between
M1 and M2 mesh densities always do not exceed 2084ring good accuracy of the selected
mesh density. Further validation is done hereurmeicomparing the present computational
results to a formerly published correlation.
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Figure 5.4: Relative local error between the medhkesnd M2 for bottom and top wall heat

fluxes, velocity and dimensionless temperaturdédore flow (at mid-channel height)

5.4 Results and discussions

The major purpose of the present study is to aeallye effect of the angle of attack on
the heat transfer and aeraulic performances, aew the flow topology and the temperature
distribution are studied along the channel. Alseestigations are done on the local and global
parameters to check the effect of the angle otlatba the thermal performance enhancement.

5.4.1 Empty channel validation

Since the velocity and the temperature are setetoumiformed at the inlet of the

computational domain, it is considered that the/fis a developing flow.
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For thermally and hydraulically developing lamiarflow, the present numerical results
are validated for local Nusselt number using Stapimarelation [62]. This correlation is valid in

the ranged.1 < Pr < 1000 for parallel plate channels. The local Nusselt beris represented

as followed:
0.024x114(0.0179Pr%17x 064 — .14
Nu, =7.55+ ( — ) (5.1)
(1 + 0.0358Pr0-17x0.64)2
with
. X
X = D,RePr (5-2)

where X represents the location along the chanaeirgy from the inlet till the outlet of it.
Based on equations (5.1) and (5.2) the local Nussehber is calculated and compared
to computational results obtained for the emptyncled Figure 5.5 represents the results, where

the average percentage error is 1.87 % along tbie du

25 T T T T T T T T T T T

Correlation
== Simulation

Nu

|
000 005 010 015 020 025  0.30
Z(m)

Figure 5.5: Validation for empty channel simulation
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5.4.2 Flow structure and temperature distributions

In order to understand the flow behavior, its sticeeis first studied for two values of the
angle of attacka=10° anda=30°, for same Reynolds numiRe=456.

Figure 5.6 represents on the one hand the heldigyribution, where helicity is the
product of the velocity with value of the vorticitgnd in the other hand the vorticity streamlines
along the channel for different cross sectionstetaownstream the VG, fe=10° on Figure
5.6 (a) and for=30° on Figure 5.6 (b) By studying these two par&nse the generation of the
vortices due to the VG is highlighted. Also theeimgity of the vortex and its location along the
channel is studied by taking different plangs2.5H represents the plane just after the VG,
where the vortices are generated due to the preseihigh velocity gradients. As shown in
Figure 5.6, rotating vortices are generated dowastr from the VG. AtZ=2.9H there is a
negative values of helicity, due to the reversdives generated by the VG and their effect is
detected till the end of the channel.

By comparinge=10° anda=30°, it is clear that how the angle of attackffects on the
generation of the vortices and their effect onftbe topology along the channel. Fa+30°, the
generated vortices are more intense than that=@D°, also atZ=5H an induced secondary
vortex is detected for the casessf30°.

As the angle of attack increases, it is clear that the effect of the wesigenerated last
longer along the channel, until location #£15H which represents almost the outlet of the
channel. For the case=10° atZ=15H, the effect of the VG starts to fade away which is
supported by both the streamlines and the helaotytours. On the other hand, for the case of

a=30° atZ=15H, the effect of the generated vortices is domindirthi end channel.
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Figure 5.6: Helicity distribution (right side) astreamlines (left side) fdRe=456 at locations
Z/H in the range [2.5-15], for (a)=10°, (b)a=30°
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In Figure 5.7 the temperature distribution is repreed for different flow cross sections
at locationsZ/H in the range [2.5-15] and fer=10° and 30°. It illustrates that the streamwise
vortices previously mentioned affect the temperatlistribution downstream the VG, especially
for the highest angle. Indeed, in the common flawd region, between the two main vortices
(i.e. in the symmetry plane of the RW), hot fluidrficles are ejected from the top wall towards
the flow core due to upwash effect, while the the$s of the thermal boundary layer on the
bottom wall is found to decrease due to downwaskcefin the common flow up region (i.e.
between two neighboring vortex pairs) the upwadkcefejects near-wall hot fluid from the
bottom wall towards the flow core. This mixing pess and thermal boundary thinning are
clearly seen for the highest attack angle value,tdithe fact that the vortices are more energetic
and cover larger area in the flow cross sectiorenTlthe heat transfer enhancement seems to be
dependent of the wing attack angle value. Thissgessed quantitatively and discussed in the
next sections by representing the streamwise deredat of the Nusselt number and the
vorticity strength.
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Figure 5.7: Temperature distribution 2e=456 on different flow cross sections at locatidrd
in the range [2.5-15], far=10° (left side) and=30° (right side)

The streamwise variation of the area-weighted spesmaged helicity is represented in
Figure 5.8, where the dashed vertical lines reptesbe head (Z1.2H) and the tail
(2H<Z<2.4H) of the VG.

It is observed that the helicity values start t@rdase at the entrance of the channel
reaching even negative values at a position justream the VG. The negative values are
obtained due to the direction of the rotation @ thain vortex. Downstream the flow encounters
the VG, the averaged helicity is found to increasd reach its maximum value in the very near
vicinity of the VG trailing edge because of the geted vortices, for locatiahbetween B and
3H. It can be noticed that the helicity peak for dasex=30° is about 6 times higher than that

for a=10° due to higher energetic vortices.

For 0=10° anda=15° the profile of the streamwise evolution of thaticity is similar
having a maximum at the VG tail and decreasinginanusly along the channel because of the

dissipation of the longitudinal vortices. Whereas higher o values (20°, 25° and 30°),
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secondary peaks are generated downstream fromirgteohe due to the induced vortices
generated. It is interesting to note that the highe angle of attack, the higher the primary
generated peak and also the higher the secondas.pélowever, at a distance from the
secondary peak, for the case20° the helicity sustains a higher value, frés6.5H compared

to a=30°. For the case=25°, the value of the secondary generated peakriest the same as

that of the case=30° and the helicity continuous to exhibit highelues along the channel
compared to the other cases.
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Figure 5.8:Variation of span-averaged helicity gldime parallel plate fdRe=456

In Figure 5.9 the streamwise variation of the dimenless location of the main vortex is

presented; it corresponds to the distance betwleernvdértex core and the bottom wall. The
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position of the core of the main vortex starts mircreasing profile for all the values of attack
angle just after the VG tail at Z=2451t is observed that by increasing the value tdckt angle
a, the position of the main vortex along the channeteases rapidly. For the cages25°, the
position of the main vortex core increases graguatbng the channel, until reaching values for
X around 0.58I. It is interesting to note that fa=30° the location of the core of the main vortex
reaches a maximum valie-0.6H at the locatiory=7.54 and then decreasesXe0.5H at the

channel output.

As the dimensionless location of the core of tr@mvortex reaches around the half of
the channel height, it leads to a better mixintheffluid in the channel. It mixes the hot particle
located in the vicinity of both lower and upper hdaries with that of the central ones having a
lower temperature values. As a result, the heattea rate increases, due to the high temperature
gradient and then the Nusselt number. The variatidhe Nusselt number is then studied in the
next sections, in order to improve the comprehensiahe effect of the angle of attaelon the
heat transfer enhancement.
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Figure 5.9: Dimensionless location of the main @prlong the channel féte=456
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5.4.3 Local performances

The streamwise distribution of the span-averagedsBlti number at the bottom wall is
plotted on Figure 5.10(a) for values of attack amglin the range [10°-30°] as well as for the
case of the empty channel, simulated with the sapeeating conditions except the VG which is
removed. At the inlet of the channel, the valuebloftarts to decrease until the locatiGrl.2H
which represents the beginning location of the ¥&m this location, the Nusselt number value
starts to increase due to the heat transfer enhrardeas a result of the generated vortices until it
reaches the VG tail. Further downstream, for alshmulated cases, the Nusselt value drops to a
minimum value, at a location @1.2H which represents the beginning location of the ¥&g
this minimum value is found to be even below thggnthannel case, for the casem the
range [10°-20°]. For low values af[10°-20°], the area under the VG is greater tham ¢t the
higher angles. As a result of this, a dead zoreeaated with zero velocity leading to a drop in
the convective heat transfer thus drop in the Nussenber. Downstream the VG, the Nusselt
number increases until attains a second peak atibos Z in the range [3B-5H]. For all the
values ofa, a similar profile is obtained where after the set@eak the Nusselt number
decreases along the longitudinal direction of thannel. However, the higher the angle of

attack, the higher the Nusselt number.

Figure 5.10(b) represents the streamwise distobudf the span-averaged Nusselt
number at the top wall, plotted for values of dttaaglesa in the range [10°-30°] and for the
case of the empty channel. The Nusselt numbehfotdp wall starts to decrease in the inlet of
the channel and at the locati@gr1.2H, the value starts to increase reaching its maxinatim
Z=2.3H for all values ofx except that ot:=10° which continues to decrease smoothly along the
longitudinal direction of the channel. The highke tangle of attack, the higher the Nusselt
number peak. The drop in the Nusselt number cuelevbthe value of the empty channel also
occurs on the top wall for the casesxeR0°, 25° and 30°. It occurs far20° atZ=9H, a=25° at

Z=6H ando=30° atZ=5H. This behavior is explained in the next section.
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Figure 5.10: Nusselt number fRie=456 at (a) bottom wall, (b) top wall
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To understand the drop of the Nusselt number inesoases of channel equipped with
VG below the results of empty channel, a study amedto check the near-wall velocity
distributions. In Figure 5.11, the near wall vetgas studied for the values of in the range
[10°-30°] at two locations: X&/10, i.e. a plane parallel to the bottom plan ledaat a small
distance K1/10), knowing that X=0 represents the bottom watother plane of investigation is
defined at X=8/10 away from the bottom wall. The velocity value the case XH/10 at a
position under the VG highlighted by a black ciridezero: a dead zone is being created under
the VG where due to zero velocity there will be ligglgle convective heat transfer. As a result
the Nusselt number at that location is droppingnelelow the empty channel. On the other
hand, for the case X*#810, fora=20°, 25° and 30°, very low values of velocity stetted on
the near top wall too. As a result, f@or20°, 25° and 30° it appears very weak convecteat h
transfer on the top wall at the positions highleghby a circle. This is supported by the values of

the Nusselt number that are represented in Figa«@fér the top wall case.
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Figure 5.11: Velocity magnitude contours at locatieH/10 away from bottom wall (left side)
and top wall (right side) foRe=456.
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To evaluate the pressure losses induced by theFd@ning friction factof is calculated
from the pressure gradient obtained from the sitraiaDarcy’s friction can be represented by
equation (4.14) and (4.15).

In Figure 5.12, the streamwise variation of thetifvn factor is represented. The profile
of the curve is similar in all the cases. It stad<drop along the length of the channel until it
reaches the VG leading edge. At that point, a @hthcrease starts to appear reaching its
maximum value at the VG tail of the VG, downstreahich the curve continues to drop making
an asymptote with the empty channel curve. Fromlgéading edge of the VG, the higher the

angle of attack, the higher the friction factor.
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Figure 5.12: Friction factor streamwise variationRe=456
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5.4.4 Global performances

In order to study the global effect of the angleatibcka of the VG on the enhancement
of the heat transfer, global values of the Nussatnber, the friction factor and the thermal
enhancement factor are presented and discusskid settion.

Figure 5.12 represents the global Nusselt numbetteal versus angle of attaek The
Nusselt number is calculated using equation (Z:i¢ Nusselt number is found to monotonically
increase with the value of the angle of attackcBmparing the empty channel ame10°, there
is an increase of about 1% in the Nusselt numberthe other hand foa=30° this increase

reaches to a value of 10%.
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Figure 5.13: Global Nusselt number f®e=456.

The global friction factor is plotted versus theyenof attack in Figure 5.14. The friction
factor is calculated using equation (4.15). As d@nhgle of attack: increases, the friction factor
increases too. For higher values of angtbe pressure drop is increased, as a result dssyre
gradient is increased leading to higher valuesiofién factor. This increase reaches a value of

30% by comparing the empty channel with respettab ofa=30°.

102



0.44 -
0.42—-
0.40—-
0.38—-

0.36

0.34

0.32 -

0.30 —

Figure 5.14: Global friction factor fdRe=456.

Figure 5. 15 represents the thermal enhancemetar feersus the angle of attack based
on the previously mentioned relation in equatiori {4 The value of the thermal enhancement
factor starts to increase with the increase ofihgle of attack.. For values o6i=10° andu=15°,
there is a linear increase reaching a value of 2L@presenting 1.2% of enhancement. For
a=20°, there is an increase in the thermal enhancefaetor reaching its maximum value of
1.043 representing 4.3% of enhancement for the €a6°, beyond which the enhancement
factor slightly drops. This increase in the enhameet is supported by the helicity curve

represented in Figure 5.6, where secondary peekgesrerated for20° < a < 30°.

Thus it can be considered that for the operatinglitimn Re=456, the optimum angle of
attack providing the best thermal enhancement isa@8 not the highest angle, this is supported
by the helicity study which have shown the detececbndary vortices in Figure 5.8 where the

curve ofa=25° sustains higher values along the channel coedga the other tested angles.

103



1.05 T T T T T T T T T T

1.04
1.03 +
1.02 +

1.01 +

Figure 5. 15: Thermal enhancement factorRer456.

5.5 Conclusion

In this study, the heat transfer and fluid flow aelor in a parallel plate channel with
rectangular wing vortex generator (RWVG) inserted the bottom wall is numerically
investigated. For different values of angle of @itta, both the local and the global parameters
are calculated and studied to figure out the eftdcthe angle of attack on the heat transfer

enhancement. The main outcomes of this study cautenarized as followed.

First, for high values of angle of attack (closext&80°), the generated vortices get wider

and more energetic along the longitudinal directompared to low values (i.e=10°).

Second, it is observed that the helicity incregass after the flow encounters the VG
where the vortices are first formed. The helicieak fora=30° is about 6 folds higher than that

for a=10° meaning higher energetic vortices.

Third, it is observed that far in the range [10°-25°], the dimensionless vertpzaition

X/H of the main vortex starts at low position and @ases along the channel until it reaches a
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maximum value at the outlet of the chanr#ti5H) aroundX=0.5H representing the middle of
the channel, for the case25°, it reaches a maximum valueX6f0.584. On the other hand, for
the casex=30°, the dimensionles§H position reaches a maximum valuexsf0.68H before the

outlet channel and then drops back to attainH.&5the end of the channel.

Finally, the thermal enhancement factor startsitoeiase with the angle of attack until it
reaches a maximum value of 1.043 representing 48&hhancement at=25°, beyond which
its value decreases. It can be considered thaigtieum angle of attack of the vortex generator
which leads to the best enhancement under thesatmgeconditions is 25° and not the highest

angle.
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CHAPTER 6

Fluid Solid Interaction

6.1 Introduction

A flexible solid structure contacting a flowing iituis subjected to a pressure which may cause
deformation in the structure. As a return, the degxd structure alters the flow field. The altered
flowing fluid, in turn, exerts another form of psese on the structure with repeats of the
process. This kind of interaction is called FluigleSture Interaction (FSI). An example of the
FSI system is the air flow around an airplane wiagsing the wing to vibrate and even deform.

Because of the deformation of the wing the airgrataround the wing is modified. [64]

In 1828, the concept of hydrodynamic mass was pegdirst by Friedrich Bessel who
investigated the motion of the pendulum in a fluid.1843 Stokes performed a study on the
uniform acceleration of an infinite cylinder movimg an infinite fluid medium and concluded
that the effective mass of the cylinder movingha fluid increased because of surrounding fluid
by the amount of hydrodynamic mass equal to thesrofdluid it displaced. It was known that
this finding produced the concept of fluid-struetumteraction. In the 1960s, some designers of
nuclear reactor systems found that the hydrodynamass of a structure in a confined fluid
medium resulting from the fluid-structure interactivas much larger than that for the structure

in an infinite fluid medium, which was equal to timass of fluid displaced by the structure.

Nowadays, various techniques for numerically sitmogathe strongly coupled fluid-structure
systems are under development as the Computatidumal Dynamic (CFD) analysis technique
evolves rapidly. [64]

6.2 Numerical simulation of FSI 2D validation

The benchmark configuration proposed by Turek amehH8] has been chosen for the present
FSI model validation. The configuration consistsaofaminar incompressible 2D channel flow
around an elastic beam attached to a fixed cylindérder the unsteady effect of the

hydrodynamic forces imposed by the flow around d¢liender, self-sustained oscillations are
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induced to the structure. A sketch of the compaoteti domain is given in Figure 6.1. The
domain has an inlet with a laminar parabolic velogrofile, a zero-pressure condition at the
outlet, and no slip boundary conditions at the svallhe 2D channel has a length of 2500 mm
and a height of 410 mm. The circular cylinder haadius of 50 mm and is slightly shifted from
the horizontal middle line to produce a non-syminatiflow. The flexible structure has a length
of 350 mm and a thickness of 20 mm. The axis oigitaken at the tip of the flap from its initial
position

2500
/\ > 2
350 ik
N } Y
L/ 120
200
\\4 N4

Figure 6.1: Schematic view of the computational disnused as benchmark
(dimensions are in mm)

Three different configurations are investigated dedcribed in Turek and Hron [8] depending
on the flow velocity, the shear modulus and densftghe moving elastic beam. The second
configuration case (cited as FSI2 in Table 12 iJ) [8 retained for benchmark since the flap

motion shows the largest displacements. The casre&Bpg physical quantities are summarized
in Table 6.1.

Table 6.1: Physical properties of FSI2 numericahpotation [8]

Parameter  p,[kg/m®] Vg E[Pa] prlkg/m?] ve[m?/s] Unax[m/s]

FSI2 10,000 0.4 1.4 x 10° 1,000 0.001 15
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The fluid domain is discretized with 43,000 triakegucells and the mesh is refined near the
walls and the fluid-structure interface, i.e. thaséc beam. The moving structural domain
consists of 400 quadrilateral cells. In this siniola a maximum number of 7 FSI outer
iterations were needed to attain convergence ieitgrl0* for both displacements and forces on
the fluid-structure interface. To avoid divergemmeblems especially caused by negative cell
volumes, the mesh solver uses in this numericabatbn the 2.5D surface remeshing that
applies on wedge/prism cells extruded from trianguburface elements. This method
agglomerates cells that violate the skewness oe sidteria and locally remeshes the
agglomerated cells or faces. If the new cells oegasatisfy the skewness criterion, the mesh is
locally updated with the new cells (with the sabatiinterpolated from the old cells) [52].
Otherwise, the new cells are discarded, and thecelld are retained. In the present numerical
validation, a maximum cell skewness of 0.7 has hessu for remeshing with cell size criterion
depending on the minimum and maximum length schldh® mesh. The effect of remeshing
especially at high deflections is shown in Figur2 & the trailing edge of the elastic beam where
the cells undergo cyclic expansion and compresdions the remeshing algorithm always
preserves a decent quality of the mesh. An undaxragon factor for both displacements and
forces is set to unity and highlights a good sigbdnd robustness of the model. The pressure-
velocity coupling is established using the coupdgbrithm [52], which solves the momentum
and pressure-based continuity equations togethee. cbnvergence criteria for pressure and
velocity is set to 10. The Laplace mesh smoothing convergence critsrigei to 13 using a
diffusion-based smoothing with a diffusion coeféist o = 1.5 which causes the cells far from
the fluid-solid interface to absorb much of the imot Temporal discretization is performed
using a first order implicit scheme and the timepsts set to 10 sec. In an explicit time,
integration scheme, the time step is conditionstiédple and limited by the courant number which
is defined by:

(6.1)

Us A,
CFL= —— < CFlya
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wherel; is the time stepA, is the size interval between two adjacent cells &Ad,,,, is

typically chosen to be equal to unity when usingliex time stepping to achieve numerical
stability.

However, the fully implicit first order scheme isaonditionally stable with respect to the time
step value. Nevertheless, the CFL based on thedieesize of 14 seconds and the minimum

cell distance remains always less than unity.

(@)

to

(b)
to+11.0678 s

(©)
to+11.3278 s

Figure 6.2: Dynamic mesh motion with remeshing
The displacement at the tip of the elastic beam direction is shown in Figure 6.3. After a 7
seconds transient state, the beam shows harmogitattsns at constant frequency and
amplitude. The vortex shedding from the upstreatmdgr induces alternating forces on each
side of the elastic beam that cause a periodipiitegpmotion as shown in Figure 6.4.
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Figure 6.4: Instantaneous streamwise velocity $i¢let during one period of oscillation

For comparison with Turek and Hron [8], the meam a@mplitude of y displacement are

computed from the last period of oscillations adany to the following relations proposed in

[8]:

1
mean = > (min + max) (6.2)

amplitude = % (max —min) (6.3)

The frequency of the oscillations is then computgdising a Fast Fourier Transformation on the
displacement signal. Results are summarized ineT&® and compared with the reference
values [8]. One can observe that results are ig geod agreement with the reference case and
only exhibit small discrepancies for the x-direntidisplacement (error is of 0.14% for the mean,
1.13% for the amplitude and 1.30% for the frequérand y-direction (error is of 5.7% for the
mean, 1.24% for the amplitude and 5.0% for theUeagy).
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Table 6.2: Results comparison between present atronland Turek and Hron [8]

x direction y direction
CFD results Turek [8] CFD results Turek [8]
Mean (mm) -14.56 -14.58 1.30 1.23
Amplitude (mm) 12.58 12.44 81.05 81.06
Frequency (Hz) 3.75 3.80 1.90 2.00

6.3 Validation of 3D FSI

After validating the 2D FSI numerical modelingjstimportant to study the results of a 3D case
FSI and compare the obtained numerical results antlexperimental study done having similar
boundary and initial conditions. The fluid propestiand the mechanical and the properties of the

VG are set to be similar for both the experimertt #re numerical study.

6.3.1 Experimental setup

An experimental setup is prepared where a rectanguing vortex generator, with a smaller
dimension than that of the wind tunnel, is placediirectangular duct and the tilt angle of the
vortex generator is measured for different valuab@ inlet velocity. To perform the experiment
a subsonic wind tunnel is an educational tool foe highest technical level to carry out
aerodynamic experiments, doubling as a sophisticegsearch tool. Figure 6.5 represents the

experimental setup with the detailed dimensionadeummarized in Table 6.3.
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Outlet

Inlet

Figure 6.5: Experimental setup

Table 6.3: Dimensions of the experimental setup

13 cm
100 cm
30cm
60 cm
10 cm
10 cm
10 cm

v D »w|Z|S|r|xT

Figure 6.6 represents the experimental setup inigbeetric view with the vortex generator
placed in the testing duct, whereas in Figure té&, side view of the experimental setup is
introduced. To be able to read the tilt angle, Whgcthe angle of the tail of the vortex generator
after bending with respect to its initial perpentdlic position, high definition camera is used to
take several snap shots for a better reading ofahees. Not only the tilt angle was a concern
but also the inlet velocity value. To read the e#lovalues at the inlet of the duct a hot wire
anemometer is placed before the vortex generatabtain the value of the developed flow
velocity at the mid plane of the channel heighgufeé 6.8 summarizes the schematic detailed

diagram of the experimental setup.
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Figure 6.6: Experimental setup (isometric view)

Figure 6.7: Experimental setup (side view)
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Figure 6.8: Schematic detailed diagram of the axpental setup

To be able to read the angle of tilt experimentadlymethod has been adopted. Figur® 6.
represents the method, where theepresents the tilt angle measured between therbavall
and the head of the VG after deflection.

| Flow |

Figure 6. 9: Tilt angle measuring method
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6.3.2 Experimental results

The most challenging part of the experimental studg to determine the type of the vortex
generator used in the system to observe a deffectithe tilt angle value with a slight variation
in the inlet velocity value. Different types of fible materials are used with different

thicknessesTable 6. 4represents the list of the materials used.

Table 6. 4: List of the Materials used for the VG

Materials Thickness (mm)
Nylon 6.6 0.2 and 0.5
LDPE (Low Density Polyethylene) 0.7
Rubber 2and 5

Figure 6.10 represents the case where Nylon 6u8ad having a thickness of 0.5 mm. The tilt
angle of the VG is measured as mentioned above negthect to the increase of the Reynolds
number. As the Reynolds number increases thengteaincreases too. Reaching to values of
around 45° for Reynolds number values of Re =110@®M@r which there was a very high
perturbation in the VG. The same has been repeaated for both increasing the velocity and

decreasing the velocity and the results are reptedes Trial 1 and Trial 2.
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Figure 6.10: Nylon 6.6 VG with a thickness of 0.5nm

The thickness of the VG has a great influence ertithangle deflection, to have a deeper study
in this domain several thicknesses have been stuftie the same material. Figure 6.11
represents the tilt angle variation with respedhi® Reynolds number for Nylon 6.6 VG with a
thickness of 0.2 mm. For lower values of Reynoldsnber compared to that of 0.5 mm
thickness VG, the tilt angle deflection has a higlhedue, reaching 45° at a Reynolds number of
around 58000.
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Figure 6.11: Nylon 6.6 VG with a thickness of 0.21m
As a further study, low density polyethylene (LDR&used having a thickness of 0.7 mm, the

outcome results are represented in Figure 6.12. edperiment has been repeated for both
increasing and decreasing Reynolds number valueghéReynolds number value increases the
tilt angle deflection increases too, reaching atbR8° at a Reynolds number of 65000. Since it
is thicker than that of previously used VG, the sibgl behavior of the VG was more stable for
high velocity values. Because of this, the LDPIpicked as to be used for the CFD simulations.
All the mechanical and physical properties listedlable 6. 5 of the LDPE are inserted in the

CFD Ansys in order to have a reasonable compaasahvalidation between the CFD results
and the experimentally obtained ones.
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Table 6. 5: Properties of LDPE

Property Value
Density 1200 kg/m
Modulus of Elasticity 110 MPa

Poisson’s Ratio 0.45

30 + -
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Reynolds Number

Figure 6.12: LDPE VG with a thickness of 0.7 mm

6.3.3 Validation of the velocity profile in 3D CHESI

To make a comparison between the experiment dodetla computational studies, it was
crucial to validate the results. To do so, a stpatis adopted where the inlet velocity profile

within the duct is measured experimentally usingvioe anemometers and the obtained results
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are set as to be the boundary condition at the oflehe computational domain. Figure 6.13
represents the obtained results; the anemometerplaasd at the inlet of the channel at a
distance of 0.2 m before reaching the vortex geaerht is clear from the figure that the flow is
developing flow. To be sure of the entrance profile set the CFD entrance profile with the
measured values represented in Figure 6.13. Bygdsmm common ground has been created for
both the experiment and the CFD where both havaedh®e geometry and similar inlet velocity

and physical properties.

0.13 T T T T
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0.09 \- ]
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e 0.07 - \- ]
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Figure 6.13: Inlet velocity profile having akk= 1.67 m/s at the middle of the channel

After running the CFD, two more parameters areistudo validate the study. One is the tilt
angle of the vortex generator, and second is thecig profile after the vortex generator. Figure
6.14 represents the velocity profile measured égavenstream distance Z=0.2 m away measured
from the position of the VG. As shown in the figutiee experimental values and the simulation
ones are very close. By studying the differencevben the experimental and numerical results,
the mean percentage error is calculated to be %4..F8r most of the detected points the error is
within the range of 5% except for that of velociglue below 0.35m/s. The main reason for
having a difference in values for low velocity rasgis due to the precision of the hot wire

anemometer used in the experiment to read the value
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Figure 6.14 Velocity profile after the VG for (Z=2n downstream the VG)

6.3.4 Validation of the 3D CFD FSI

After the validation of the velocity profile, the®nd strategy was to check for the tilt angle
value which was the main objective to the experim&he experimental results of the tilt angle
are represented with respect to different veloeajues in Figure 6.12 for the case LDPE VG
with a thickness of 0.7 mm. Since the deflectiorthaf VG is the main concern of the study, a

comparison is done between the CFD values andxiierienental.

First, Figure 6.15 represents the deflection of\fl&due to the flow obtained by the numerical

simulations for the case LDPE VG with a thickneE9.@ mm. After obtaining steady state, the
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coordinates of the VG are taken and plotted usingo8AD. Table 6.6 represents the
coordinates of each point located on the VG: pAimépresents the intersection point of the VG
with the ground, point B represents the head oM®einitially and point C represents the head
of the VG at the end of the simulation at a stestdye. After drawing the geometry, the tilt angle

was measured using the dimensions toolbox andsitéia

67—

Flow

9.9406 10.0000

0.9847

Figure 6.15: Tilt angle obtained by CFD using 0.7iDPE at Re 20,700

Table 6.6: Coordinates of the VG obtained by CFDgi®.7mm LDPE at Re 20,700

Coordinates (mm) X y z
A 150 0 100
B 150 100 100
C 150 99.406 109.847
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The result obtained experimentally is comparedhtd bf the CFD, Figure 6.16 represents the

zoomed values of the tilt angles obtained expertaisn

. It is obvious that the experimentally read ddftet was between 5.5°-7°. It is crucial to
indicate that both cases, experimental and the G&2 the same inlet velocity as indicated in
Figure 6.13.

—a— Trial 1
—e— Trial 2 g

Velocity (m/s)

Figure 6.16: Tilt angle experimental results usingmm LDPE at Re 20,700
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6.4 CFD analysis of auto adaptive Vortex Generator

After validating the experiment with respect to tBED simulations, it was clear that to have a
large deflection the flow regime became turbuledince the 3D FSI simulations are time
consuming, the first strategy was to start withaaecof 2D. As a computational domain for the
2D FSI simulations, the geometry of the RWVG diseasin Chapter 5 is taken with different
turbulent values of Reynolds numbers (4000, 500000 and 15000). The initial angle of attack
was considered to be the optimal angle found basethe study done in Chapter 5 having a
value of 25°. The inlet profile of the velocitysst to be as uniformed for all the cases. Table 6.7

represents the summary of each case with the bopndaditions for the 2D FSI simulations.

Table 6.7: Initial and boundary conditions of 2DI BBnulations

Case Re Vin Tin Twan

Units (m/s) (K) (K)
1 4,000 1.461 293 333
2 5,000 1.826 293 333
3 10,000 3.652 293 333
4 15,000 5.478 293 333

Before analyzing the outcome results, it is imparta validate the steadiness of the solution for
all the different cases performed. To do so, thdebtemperature of the channel and the output
velocity of the channel are monitored with resgedime. Figure 6.17 and Figure 6.18 represent
these two parameters respectively. It is obviowd tor both cases the outcome values are at
steady state.
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Figure 6.17: The outlet temperature
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Figure 6.18: The outlet velocity

After having the cases where all the cases haveplebensteadiness, the local velocity and
temperature contours are studied. Figure 6.19 agdrd-6.20 represent the velocity and the
temperature contours respectively, for the cagbefiuto adaptive VG driven by the pressure of
the flow. By the increase of the Reynolds numbeg, ftow topology of the fluid is differed. For
higher Reynolds number values the effect of thetioes developed along the channel are
sustained till the outlet of the channel. For b# tases, a dead zone is developed at the back of
the VG, where due to very low velocity values tlmertnal convection is reduced, and a
conductive heat transfer occurred.
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Figure 6.19: Velocity contours of 2D FSI for difésit Reynolds numbers
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Figure 6.20: Temperature contours of 2D FSI fofedént Reynolds numbers

To be able to study some physical parameters kadfiegted by the auto adaptive VG, the outlet
temperature, the pressure drop and the defledtioangle of the VG for all the different cases
are tabulated in Table 6.8. By increasing the RElmoumber, the outlet temperature is slightly
decreased whereas the pressure drop is largelgaised. Because of the high velocity the tilt

angle has been increased.
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Table 6.8: Summary outcomes of 2D FSI simulations

Case Re Vin T Tout AP Aa

Units (m/s) (K) (K) (Pa) (°)
1 4,000 1.461 293 305.771 3.330 2
2 5,000 1.826 293 304.869 4.226 3
3 10,000 3.652 293 302.480 11.454 5
4 15,000 5.478 293 300.95 19.321 7

6.5 CFD analysis of static Vortex Generator

To be able to study the effectiveness of the autaptve VG concept, static VG CFD
simulations are performed for similar cases anddglobal parameters have been compared.
Figure 6.21 and Figure 6.22 represent the velomity temperature contour for the different
Reynolds number. For all the cases, the initiah@alf the angle of attaekis set to be = 25°.
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Figure 6.21: Velocity contour of 2D static VG faffdrent Reynolds nhumbers

131



Reynolds Temperature
number

4,000

5,000

10,000

15,000

Figure 6.22: Temperature contour of 2D static V&different Reynolds numbers

To be able to compare the physical parametersestuidir the case of the auto adaptive VG,
similar factors are studied and tabulatedrahle 6.9. By increasing the Reynolds number, the
outlet temperature is slightly decreased whereagptbssure drop is largely increased. Since the
VG is static in these cases, there is no studhefdeflection angle since it is constant=(25°)

for all the cases.
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Table 6.9: Summary outcomes of static VG simulation

Case Re Vin T;, Tyt AP

Units (m/s) (K) (K) (Pa)
1 4,000 1.46 293 304.51 4.43
2 5,000 1.82 293 303.80 6.75
3 10,000 3.65 293 301.97 25.47
4 15,0000 5.47 293 301.10 56.03

6.6 CFD comparison of static and auto-adaptive Voax Generators

In Figure 6.24, a parametric study is done wheeegtbbal Nusselt number is calculated for each
Reynolds number. Both the static and auto adaptveare plotted. By increasing the Reynolds
numbers, both cases have a quasi-proportional b@haithin the range studied in the present
work. For all the studied Reynolds numbers, theeslobtained for the static VG are higher than
that of the auto adaptive. Because of the incredgbe Nusselt number, the heat transfer is
being better enhanced in the case of the staticcdi@pared to the auto-adaptive VG. On the

other hand, it is important to study the coeffitiehthe friction and monitor the pressure drop.
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Figure 6.23: Global Nusselt number both static VG and auto-adaptive VG

Figure 6.24 represents the coefficient of frictitor the studied cases. It is interesting to
investigate that for the case of the static V&hasReynolds number increases the friction factor
increases too. On the other hand, for the caseechwto adaptive VG as the Reynolds increases,
the global coefficient of the friction decreasekisTphenomenon is supported with Figure 6.15
where the tilt angle is being deflected with ther@ase of the inlet velocity. As a result, the

pressure drop is then being decreased.
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Figure 6.24: Global friction factdor both static VG and auto-adaptive VG

To be able to study and analyses the differenceselea the static VG and the auto-adaptive
VG, Figure 6.25 represents the enhancement fastdefined in equation 6.1 for each case for

all the studied Reynolds numbers.

b= ( Nugg, )( [rsi )(_1/3) (6.1)

Nustatic fstatic

For all the cases, the auto adaptive VG exhibitégher value than that of the static VG. For
Reynolds number 4000, the ratio is 1.09 betweerstdtec and the auto-adaptive, while this ratio
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increases with the increase of the Reynolds nurabérreaches the highest values of 1.245 for

the case of the Reynolds number 15000.
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Figure 6.25: Enhancement factor for both staticaf@d auto-adaptive VG

6.7 Conclusion

The study of the vortex generators in the enhanoeofehe heat transfer in heat exchangers has
been deepened and branched. In this study, theepbrd the pressure driven auto-adaptive
vortex generator is introduced and studied. Aftgidating the 2D FSI code by comparing the
results with that of Turek [8], it was important ppepare an experimental bench with auto

adaptive vortex generator and compare the resutitstivat of the 3D FSI code. The mechanical
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and physical properties of the VG were concerrhia study to be able to have an acceptable

deflection at reasonable inlet velocity.

After experimental validations and computation megdidne computational domain of the chapter
5 is used where the VG was set to be auto adapiiherespect to the flow. Different values of

Reynold’s numbers 2D FSI simulations studied arair ttesults are compared with that of the
static VG. After representing the local temperatmd the velocity contours, it was interesting to

study some global parameters being affected bwulbe adaptive VG.

By studying the thermal effect, it was clear tha static VG has a higher effect on the heat
transfer than that of the auto adaptive (Figur&)%.Bor all the Reynold’s numbers the curve of
the static VG is higher than that of the auto aidept

On the other hand, the parameter of the globaidndactor, the auto adaptive VG have a lower
value and as the Reynold’s number increases ttiofrifactor decreases, however for the static
VG it starts at a higher value than that of theoaadaptive and as the Reynold’s increases it

continues to increase.

To be able to study and analyze the overall perdoce of the design, the thermal enhancement
factor is studied (Figure 6.25), for all the ReydisInumbers the enhancement occurred by the
auto adaptive VG is higher than that of the staf8. And as the Reynold’s increases the

enhancements increases too.

After successfully validating the concept of theocaadaptive VG, it will be interesting to

perform 3D FSI simulations and study the effectboth the longitudinal and the transverse
vortices, and study both the local and global patans. In addition, it would be crucial to

perform studies with higher Reynolds numbers (aldd®@00), having in mind that the pressure
driven auto adaptive VG may lead to a developménew kind of heat exchangers.
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CHAPTER 7

Conclusions and Perspectives

7.1 Conclusions

The objective of this study was to investigate tise of pressure driven auto-adaptive vortex
generators. To be able to fulfill the objectivetlod thesis, it was crucial to study and evaluage th
concepts of the vortex generators and their eféédhe heat transfer enhancement. Detailed
overview about heat transfer methods was firstgmesl in a literature review, mainly divided
into passive and active methods with emphasis otex@enerators. Vortex generators are one
of the passive methods that create secondary fidiasypt the growth of the boundary layer and
create swirling flows that enhance exchange betweemwalls and the core fluid, thus improving
heat transfer. For the case of the passive voreergtors, the number of vortices generated is
limited. On the other hand, active methods provaate additional flexibility by controlling
frequency, velocity and oscillations amplitude bé tvortex generators, hence influencing the
number and strength of the vortices create. Neeksls, active methods require the
implementation of an additional external sourceeokrgy to control the vortex generators

causing an increased complexity of installing ty&tesm and more energy consumption.

To be able to design an auto-adaptive vortex gémera strategy is proposed, where the study is
started with simpler cases and has been developstualy to end up by the auto-adaptive

vortex generator.

In the first part of the studeat transfer and fluid flow characteristics ireatangular duct with
rectangular winglet pair vortex generator (RWPV@3erted on its bottom wall are numerically
investigated. For different values of static vortgenerator’s roll-anglesf both local and global
hydrodynamic and thermal parameters are calcuktedstudied. The goal of these studies is to
figure out the effect of the roll-angle on the hi#ahsfer enhancement. It was concluded that for
high values of roll-angle (close &90°), it is observed that the helicity increases justratihe
flow encounters the VG where the vortices are fostned. The helicity peak fgi=90° is about
12 folds higher than that fgi=20° meaning more energetic vortices. Moreoveneasing the
mean flow velocity, i.e. the Reynolds number, lesm#crease the helicity. It is observed that
for Re=456, the dimensionles§/H position of the main vortex measured from the drativall,
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starts at low position and increases along the ittt it reaches a maximum value of around 0.5
representing the middle of the duct for the higlvadtie of roll-anglgs. Whereas for the case of
higher Reynolds number, dimensionless locatiorhefrhain vortex is increased suddenly at the
Z/H=6.5 and after that in continuous to increase gatigwalong the length of the duct. For
Re=911, the highest value &¥H=0.5 is reached by the high valuesfoiVhereas fop=30° the
valueX/H=0.35, and fop;=20° X/H=0.2. It is crucial to take into consideration thgtincreasing
the roll-angle value, not only the heat transfell we enhanced but on the other hand, the
pressure drop will increase too. To be able to ma&eision for this challenging issue the
enhancement factor is studied where both the haasfer and the pressure drop are taken into
consideration. FORe=456, it is shown that the enhancement factor namoally increases with
the increase of the roll-angle reaching its maximum value of 1.204t90°. On the other hand,
for the case oRe=911 the profile of the enhancement factor starisd¢rease with the roll-angle
S until it reaches a maximum value of 1.32 ngar0°. Thus, it can be considered that for
Re=911 the optimum roll-angle among those tested eslof f which leads to the best
enhancement is 70° and not the highest angle, idnlBe=456 the optimum value gf among
those tested is the highest angle 90°. After alééhinvestigations, it is crucial to mention thnes t
roll-angle g has a significant effect on the enhancement ohtka transfer. It is interesting to
study the 70° case in place of the perpendicularPR'@ for further investigations. As an
advancement of the obtained results, few more gabfig can be added for values near to 70° to
find the exact value of the optimum angle. Due fffecknt values obtained for different
Reynolds numbers, it is interesting to go to higRelynolds and even study in the turbulent

regime too.

In the second part of the study, the heat tranafer fluid flow behavior in a parallel plate
channel with rectangular wing vortex generator (R®YVinserted on the bottom wall is
numerically investigated. For different values afjee of attackz, both the local and the global
parameters are calculated and studied to figurahmueffect of the angle of attack on the heat
transfer enhancement. It was concluded that fdn kijues of angle of attack (closedo30°),

the generated vortices get wider and more energktig the longitudinal direction compared to
low values (i.e.a=10°). Also, it is observed that the helicity ineses just after the flow
encounters the VG where the vortices are first &mtnThe helicity peak fo#=30° is about 6

folds higher than that far=10° meaning higher energetic vortices. Moreouas observed that
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for a in the range [10°-25°], the dimensionless vertpradition X/H of the main vortex starts at
low position and increases along the channel unlaches a maximum value at the outlet of the
channel Z=15H) aroundX=0.5H representing the middle of the channel, for theeea25°, it
reaches a maximum value X£0.584. On the other hand, for the case30°, the dimensionless
X/H position reaches a maximum value X£0.68H before the outlet channel and then drops
back to attain 0.93 at the end of the channeéhs a conclusion of this study, the thermal
enhancement factor starts to increase with theeapigattack until it reaches a maximum value
of 1.043 representing 4.3% of enhancementa6°, beyond which its value decreases. It can be
considered that the optimum angle of attack of ibgex generator which leads to the best
enhancement under these operating conditions isi2bhot the highest angle.

In the third part of the study, the applicationtloé vortex generators in the enhancement of the
heat transfer in heat exchangers has been deepededranched. The concept of the pressure
driven auto-adaptive vortex generator is introduaed studied. After validating the 2D FSI code
by comparing the results with that of Turek [8]was important to prepare an experimental
bench with auto-adaptive vortex generator and topare the results with that of the 3D FSI
code. The mechanical and physical properties oMBewvere concern in this study to be able to
have an acceptable deflection at reasonable ideicity. After experimental validations and
computation models, the computational domain ofctiegpter 5 is used where the VG was set to
be auto-adaptive with respect to the flow. Différealues of Reynolds numbers are used in 2D
FSI simulations and their results are compared thi#t of the static VG. After representing the
local temperature and the velocity contours, it weeresting to study some global parameters
being affected by the auto-adaptive VG. By studyiihg thermal effect, it was clear that the
static VG has a higher effect on the heat trangfan that of the auto-adaptive. For all the
Reynolds numbers the curve of the static VG is dighan that of the auto-adaptive. On the
other hand, the parameter of the global frictiottdg the auto-adaptive VG have a lower value
and as the Reynolds number increases the frictiotorf decreases. However for the static VG it
starts at a higher value than that of the autoiadapnd as the Reynolds number increases it
continues to increase. To be able to study and/amahe overall performance of the design, the
thermal enhancement factor is studied for all tlegri®lds numbers: the enhancement occurred
by the auto-adaptive VG is higher than that of stetic VG, and as the Reynolds increases the

enhancement increases too.
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Finally, this study identified several configuratidesigns for vortex generators both static and
auto-adaptive. The auto-adaptive designed rely onlyhe fluid forces themselves without any
external source of energy leading to more enerdigcieit and compact heat exchangers.
However, there will always be suggestions and ideasnprove the designs provided in this
manuscript, since the method proposed, and thd ftructure interaction field applied to heat
transfer still didn’t reached its maturity leveldaoan still be considered innovative. As the first
results look promising, the proposed configuratisaes/e as a base for more future studies and

investigations and some of them are highlightetthénext section.

7.2 Perspectives

The studies done in this manuscript were divided iwo parts, the static vortex generators and
the auto-adaptive vortex generator. The most angilhg part of the computational simulations
was in the second part of the thesis having FSulsitions and preparing the experimental
workbench. The time to perform the 2D FSI simulasioncluding the validation simulation,

could vary from six weeks to ten weeks period facreunsteady 2D FSI simulation. Moreover,
to prepare the experimental workbench, with thedadesensors and instrumentations, it took
around five to six months to be able to preparesttep and perform the experiments. For the
validation of the 3D FSI results with that of theperiment, a 3D unsteady FSI simulation is

prepared and run a period of six months.

For the first part of the study related to statmrtex generators, it would be interesting to
perform further simulations for both lower and hegliReynolds numbers. As the computational
engines are being developed, it will be interestmdind the optimum angles of the VG using
Optimate software and not modifying the geometrynadly since the software does the needed
modifications based on set restrictions and suggtst optimum design. The shape of the
geometry for the static VG where considered asdfixdowever, it will be interesting if new

designs of VG were used and their effect on thesigeion of vortices studied.

For the case of the auto-adaptive vortex generatdren large structural deformation occurs, the
remeshing algorithm agglomerates the cells thalateoa skewness or a size criterion and

replaces them with better quality cells, thus pn¢ivg the mesh from excessive deterioration.
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However, this does not always guarantee a meshomotiithout negative cell volume
divergence problems, since the automatic remeshsgalways called after structural
deformation. Thus, if the time step chosen is lageugh compared to the smallest cell near the
fluid-solid interface, this cell will be compressed stretched to a negative volume before the
remeshing solver is invoked. This was the main aeatat in the two-dimensional studies
performed in this manuscript, the time step waginted to as low as I s. Nevertheless, the
remeshing algorithms available only perform welthaietrahedral, wedges and prism cells but
don’t support hexahedral cells. The layering aktponi supports hexahedral cells remeshing but it
is only efficient when the motion is purely trariglaal, thus it was necessary to perform the
meshing with only tetrahedral cells which eventuaicreases the number of cells in the domain
and requires much more CPU memory. To avoid thierdnt methods should be used like
meshless methods such as smoothed particle hydaodgs (SPH) [65] or algorithms that model
the fluid-structure interaction problem by considgrnonmatching overlapping meshes such as

the immersed boundary method [66] or the fictioasdin method [67].

More studies can be performed to explore highemBlels numbers and maybe different solid
materials with higher stiffness. Also, further 3BIRunsteady simulations can be performed and
study the effect of both longitudinal and transeevertices, and study both local and global
parameters. It will be interesting even to havéedént fluids used (water) as a cooling system to
increase the pressure forces developed by theirdlad thus increase the deflection of the VG.
However, these types of simulations need poweidouters and the experimental setups will

be more costly.

Finally, this study is a start for a lot of more@stigations and research since the parameters that
govern the motion and its implications on heatdfanneed more deep research to reach its full
maturity level. As seen from this section, the stadalready presented in this manuscript can

open the door to different kind of other future tsor
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Résumeé

Cette étude repose sur difféerentes géométries de
générateurs de vortex (VG) placées dans un canal
rectangulaire. Un calcul numérique du transfert de
chaleur par convection laminaire est pris en compte
pour les cas VG statiques, et les cas turbulents sont
étudiés pour les VG auto-adaptifs; leur effet sur
I'amélioration thermique du systéme est analysé.

Dans la premiére partie, deux géométries différentes de
VG statique sont étudiées. Tout d'abord, un canal
rectangulaire équipé d'un générateur de vortex a ailettes
rectangulaires situé sur la paroi inférieure du canal est
pris en compte. Différentes valeurs d'angle de roulis 8
comprises entre 20° et 90° sont prises en compte, tout
en maintenant un angle d'attaque constant (a=30°).

Une seconde géométrie est prise en compte : une aile
rectangulaire VG placée dans un écoulement entre des
plaques paralléles avec différentes valeurs d'angles
d’attaque [10°-30°]. Le nombre de Nusselt et le facteur
de friction sont étudiés localement et globalement.

Ensuite, un VG contrdlé par la pression est proposé et
l'interaction fluide-solide (FSI) est prise en compte :
l'angle d'attaque du VG s’auto-adapte en fonction de la
valeur de la vitesse d'entrée. Le nombre de Nusselt, le
facteur de friction et le facteur d'amélioration thermique
sont étudiés pour un régime d'écoulement turbulent. En
parallele, une étude expérimentale est réalisée pour une
comparaison et une validation des résultats numériques
obtenus.

Mots clés

Tourbillons longitudinaux  ; amélioration du transfert
de chaleur ; Interaction fluide-solide ; générateur de
vortex a adaptation automatique ; efficacité
énergétique.

Abstract

This study consists of different geometries of vortex
generators (VG) placed in a rectangular channel. A
numerical computation of laminar convection heat
transfer is taken into consideration for static VG cases,
and turbulent convection for the pressure driven VG,
and their effect on the thermal enhancement of the
system is analyzed.

In the first part, two different geometries of static VG are
studied. First, a rectangular channel equipped with a
rectangular winglet pair vortex generator located on the
bottom wall of the channel, is taken into consideration.
Different values of roll angle in the range [20°-90°] are
considered, while maintaining a constant angle of attack
equal to 30°.

A second geometry is taken into consideration: a
rectangular wing VG placed in a parallel plate flow with
different values of attack angles [10°-30°]. Nusselt
number and friction factor are studied on local and
global perspectives.

Then, a pressure driven VG is proposed and a
computational design is set where the Fluid Structure
Interaction (FSI) is taken into consideration: the angle of
attack of the VG is auto adapted by the value of the inlet
velocity. Nusselt number, friction factor and the thermal
enhancement factor are studied for a turbulent flow
regime. In parallel, an experimental study is done for a
comparison and a validation of the numerical results
obtained

Key Words
Longitudinal vortices; heat transfer enhancement;

Fluid-structure interaction; Auto adaptive vortex
generator; energy efficiency.



