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Resume 
L'instabilite fluidelastique est le mecanisme d'excitation vibration le plus important 

pour les faisceaux de tubes dans un echangeur de chaleur et pouvant pousser des 

dommages irreversibles. Dans des generateurs de vapeur de centrale nucleaire, 

l'ecoulement diphasique a haute vitesse peut causer cette instability. 

Ainsi la region du souci dans les generateurs de vapeur (GV) est la region ou 

l'ecoulement croise un grand nombre de tubes ce qui peuvent causer une resistance 

hydraulique significative. Cette resistance hydraulique force l'ecoulement a changer de 

direction. En consequence l'ecoulement traverse le faisceau de tubes a differents angles 

d'attaque de 0° a 90°. Le faisceau de tubes est alors excite par ecoulement oblique. 

Le but de ce travail est d'examiner les phenomenes d'instabilite dans un faisceau 

de tubes en configuration triangulaire tourne soumis an ecoulement oblique 

monophasique. Une etude en soufflerie a done ete entreprise pour determiner l'effet de 

Tangle d'attaque de l'ecoulement sur l'instabilite fluidelastique sur un faisceau de tubes 

triangulaire tourne. 

Le faisceau se compose de tubes flexibles dans une seule direction. Les fixations 

des tubes sont concues avec des possibilites de rotation afin de fournir differents angles 

d'attaque de 0°, 30°, 60° et 90 degres. 

Les resultats sont en accord avec les predictions. lis prouvent que l'instabilite 

fluidelastique depend fortement de Tangle d'attaque. 

Les resultats prouvent egalement que, generalement, Telimination de la 

flexibilite dans la direction normale a l'ecoulement, affecte considerablement le 

comportement de stabilite de faisceau de tubes. 

Toutefois dans certains cas, changer Tangle d'attaque n'affecte pas la vitesse 

critique pour l'instabilite, parce que malgre la reduction de flexibilite des tubes, le 

nombre efficace de tubes flexibles reste constant dans le faisceau de tubes. 
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La theorie quasi-statique presentee par Price et Paidoussis (1986 et 1987) est 

utilise comme base pour le developpement d'un modele de stabilite pour un cylindre 

flexible simple entoure par des cylindres rigides soumis an ecoulement oblique 

monophasique. 

Les resultats obtenus, pour la vitesse critique d'ecoulement avec le modele quasi-

statique sont raisonnables. 

Les resultats experimentaux sont utilises pour valider l'application des modeles 

theoriques. 
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ABSTRACT 

Fluidelastic instability is the most important vibration excitation mechanism for 

heat exchanger, or nuclear steam generator tube bundles. It leads to very high vibration 

amplitudes and may cause short term failure by fatigue or wear. In nuclear power plants, 

steam generator U-tubes are susceptible to fluidelastic instability because of the high 

velocity two-phase flow in the U-tube region. Thus the region of concern in Steam 

Generators (SG) is the upper most U-bend region where the flow crosses a large number 

of tubes which can cause significant hydraulic resistance. This hydraulic resistance 

forces the flow to change direction. As a result the flow leaves the tube bundle at 

different angles of attack varying from 0° to 90°. From a fluidelastic instability point of 

view, the tube bundle is excited by oblique cross flow. The purpose of this work is to 

examine the instability phenomena in a rotated triangle tube bundle subjected to oblique 

single phase cross flow. 

A wind tunnel study was conducted to determine the effect of the flexibility 

angle on the cross-flow induced fluidelastic instability on a rotated triangular tube 

bundle. The array consists of unidirectionally flexible tubes. The tubes supports in the 

bundle are designed with capability of rotation in order to provide different angles of 

attack in four steps, from 0 to 90 degrees. Fluidelastic instability results are in agreement 

with what was expected. The results show that fluidelastic instability is strongly 

dependent on the angle of attack. The results also show that, generally, the elimination 

of bundle flexibility in the direction transverse to the flow, greatly affects the stability 

behavior of the array. However in a few cases, changing the angle of the attack does not 

affect the critical velocity for instability, because the effective number of flexible tubes 

remains constant, in spite of the reduction of tube bundle flexibility. 

The quasi-static theory presented by Price & Pa'idoussis (1986 & 87) is used as 

the basis for the development of a stability model for a single flexible cylinder 

surrounded by rigid cylinders and subject to oblique cross-flow. A reasonable degree of 
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success has been achieved with this quasi-static type analyses to predict fluidelastic 

instability critical flow velocity. Experimental results are used to validate theoretical 

model applications. 
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Condense en francais 

L'instabilite fluidelastique est le mecanisme d'excitation de vibration le plus 

important pour les faisceaux de tubes que Ton retrouve a l'interieur des generateurs de 

vapeur et des echangeurs de chaleur. II en est ainsi a cause des vibrations de tres large 

amplitude subies par un faisceau instable. Ces dernieres peuvent conduire rapidement a 

des bris par fatigue ou par usure par frottement. La region des tubes en U constitue sans 

aucun doute l'endroit le plus propice a l'interieur des generateurs de vapeur pour le 

developpement de ce phenomene a cause des hautes vitesses d'ecoulement qu'on y 

trouve et des faibles frequences naturelles des tubes en U dans la direction hors plan. A 

l'interieur des generateurs de vapeur de centrale nucleaire, des supports AVB (Anti 

Vibration Bar) ont ete introduits afin de soutenir les tubes en U dans cette direction. 

Bien que les supports AVB supportent convenablement les tubes dans la direction hors 

plan, ces derniers ne sont pas aussi efficaces pour restreindre les vibrations dans le plan 

des tubes. 

Dans ce travail, des etudes experimentales et theoriques sont effectuees afin 

d'etudier l'instabilite fluidelastique dans un faisceau de tubes specifique. Ces efforts ont 

ete entrepris dans le cadre d'un projet de maitrise recherche en genie mecanique a 

l'Ecole Polytechnique de Montreal. 

Cette etude se concentre sur la region les tubes en U, dans laquelle l'ecoulement 

croise un grand nombre de tubes causant une resistance hydraulique significative. Cette 

resistance hydraulique force l'ecoulement a changer de direction. En consequence, 

l'ecoulement sort du faisceau de tubes a differents angles d'attaques s'etendant de 0° a 

90°. Le faisceau de tubes est alors excite par ecoulement oblique. 

Le travail de recherche sur l'instabilite fluidelastique est divise en deux 

categories. La premier vise a obtenir une comprehension de base de l'instabilite 

fluidelastique. 

La deuxieme categorie, d'autre part, vise a produire des informations pour la 

conception de generateur de vapeur. Pettigrew et Taylor (1991) ont constate que seules 
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les donnees des experimentales ou tous les tubes etaient libres du vibrer sont valides du 

point de vue de la conception. Ce type de travail est habituellement effectue sur des 

faisceaux de tubes realistes d'echangeurs de chaleur qui sont souvent etudies avec un 

ecoulement liquide. Pour l'ecoulement diphasique, cette methode a ete employee 

seulement pour quelques cas, en raison de son cout eleve et d'autres restrictions 

pratiques. Cependant, cette methode fournit souvent des informations beaucoup plus 

realistes pour de vrais echangeurs de chaleur. 

Les essais courants ont ete realises dans une soufflerie avec une rangee de tube 

soumise a un ecoulement transversal monophasique. Bien que les essais avec 

ecoulement monophasique ne represente pas les ecoulements diphasique, dans beaucoup 

d'etudes la methode de circulation d'air est utilise a cause de sa simplicite et equipement 

moins cher. 

Un modele approximatif a ete employe pour simuler la region superieure des 

tubes en U dans le generateur nucleaire de vapeur. L'essai a ete effectue dans une 

soufflerie avec une section d'essai de 305mm x305mm, dans laquelle la vitesse 

maximum d'ecoulement est 48.8m/s dans la section vide d'essai, et de 8m/s avec le 

faisceau en place. Le faisceau de tubes represente sur la Figure 2.2 se compose d'une 

rangee de tubes legers avec un diametre exterieur de 40.4mm, et de longueur de 

288.9mm, place dans une configuration triangulaire tourne avec un rapport pas sur 

diametre de P/D = 1.37. La section d'essais se compose de quatre rangees et cinq 

colonnes de tube. 

Chaque cylindre se comprend d'un tube avec une lamelle d'acier doux fixe au 

milieu du tube par l'intermediaire d'une bride en bois comme represente sur la figure 2.3. 

Le meplat possede une section transversale rectangulaire de 1.5mm xl5mm ce qui 

donne un faisceau de tubes de flexibilite unidirectionnelle. 

La frequence naturelle de l'assemblage est de 188 Hz dans la direction 

transversale, et de 19.44 Hz dans l'autre direction, ce qui rendre le tube essentiellement 

rigide dans la direction traversale. 
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Un mecanisme simple a ete C0119U pour toumer les tubes axialement pour fournir 

differentes orientations de flexibilite, s'etendant de 0° a 90° (Figure 2.4). Afm de couvrir 

une gamme de configurations de faisceau de tubes, chacun des tubes a pu etre 

independamment retenu de vibrer, a l'aide d'une bride en aluminium montee a l'extremite 

libre. La vitesse d'ecoulement est mesuree a l'entree de la section d'essai a l'aide d'un 

tube de Pitot. Avant que le faisceau de tubes ait ete insere dans la section d'essais de le 

soufflerie, un calibrage soigneux est necessaire pour determiner la relation statique entre 

deplacement et contrainte appliquee. 

Dans la litterature la vitesse critique pour l'instabilite fluidelastique, est definie 

par differents criteres proposes par differents chercheurs. Par exemple Heilker et 

Vincent (1981) ont employe la vitesse a laquelle les tubes rentrent en contact comme 

critere, alors que Soper (1983) employait le point auquel la tangente a la reponse a 

intersecte l'axe de vitesse. 

Teh et Goyder (1988) ont pris la vitesse a laquelle l'amortissement semble etre 

zero. Ici nous avons adopte une approche tres pratique comme presente par Pettigrew et 

Taylor (1991). Quand le seuil d'instabilite est bien defini, nous avons simplement pris la 

vitesse d'ecoulement a laquelle se produit l'instabilite, Figure 2.10. Quand il n'est pas 

bien defini, on prendre la vitesse auquel on remarque une amplitude excessive de 

vibration, Figure 2.11. 

Des essais ont ete realises sur trois configurations differentes de faisceau de 

tubes. Tous les tubes ont ete a l'origine concue en tant que tubes en porte-a-faux. A la fin 

de cette etude, chaque tube a pu etre independamment retenu de vibrer au moyen d'un 

appui insere dans l'espace entre le tube et la fenetre superieure de la section d'essai, par 

consequent simulant un tube rigidement fixe. Chaque tube a pu etre tourne axialement, 

en utilisant un mecanisme simple decrit dans la section 2.1.1. Ce mecanisme fournit les 

differentes orientations de flexibilite, qui creent divers angles d'attaques de 0°, 30°, 60° 

et 90° pour chaque configuration de faisceau de tubes. 

Pour chaque essai, une duree suffisante a ete accordee pour qu'un etat d'equilibre 

soit atteint (habituellement plusieurs minutes). Les vitesses d'ecoulements ont ete 
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enregistres et les emplacements r.m.s mesures. La vitesse d'ecoulement a ete augmentee 

graduellement et le processus flit repete jusqu'a ce que le faisceaux de tubes ait bien 

atteint l'instabilite. Pour la configuration d'un seul tube flexible, le tube #2 est laisse 

flexible dans le faisceau. Les Figures 2.12 et 2.13 montrent les trois configurations 

principales de faisceau de tubes et les quatre orientations principales de flexibilite de 

tube. 

Dans le deuxieme chapitre, les equipements d'essais et les methodes 

experimentales utilises dans ce travail ont ete decrits en details. Dans le troisieme 

chapitre, les resultats experimentaux sont examines. 

Huit tubes instrumentes (marques 1-8 Figure.2.12 (a)) ont ete suivis dans le 

faisceau de tubes entierement flexible. La reponse de vibration pour le tube No.7 est 

donnee sur Figure 3.1. Les spectres de reponse montrent que l'excitation est minimale 

cette excitation est due a la turbulence pour de basses vitesses d'ecoulement. A la vitesse 

critique U = 4.75 m/s , une instabilite forte s'est developpee. La variation d'amplitude 

de reponse r.m.s par rapport a la vitesse d'ecoulement est montree sur la Figure 3.2. 

L'augmentation de la vitesse d'ecoulement a U =5.3m/s a pour consequence des 

amplitudes maximales accrues. Par coincidence avec une grande augmentation de 

l'amplitude de vibration, on a observe une coalescence des differentes frequences du 

tube a une seule frequence modale comme represente sur le Figure 3.3, confirmant 

encore le debut de l'instabilite fluidelastique. 

Les essais de la premiere serie, sont effectues dans un faisceau de tubes 

entierement flexible. La direction de flexibilite de tube a ete changee dans quatre etapes. 

Les essais ont commence par un angle d'attaque de 90° qui tient compte du mouvement 

du tube dans la direction de portance. Dans les etape suivantes, les tubes ont ete tournes 

de 30 degres pour obtenir un angle d'attaque different jusqu a a 0° (flexibilite dans le 

sens d'ecoulement). Les donnees rassemblees montrent comment la vitesse critique 

d'instabilite fluidelastique augmente avec Tangle d'attaque decroissant de 90° a 0°. 
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La vitesse critique d'ecoulement pour un angle d'attaque de 90° est 

Upc = 4.75 m/s pour un angle d'attaque 60° la vitesse critique augmente de 61% a 

U = 7.65 m/s . Le passage d'un angle d'attaque a 30° a 0° augmente la vitesse critique 

d'ecoulement respectivement de U = 8.0 m/s a Upc =8.75 m/s. La figure 4.1 montre 

comment la vitesse critique d'ecoulement d'instabilite fluidelastique change avec une 

diminution de Tangle d'attaque. 

Dans la deuxieme serie d'essais, qui a ete realisee avec un faisceau de trois-

colonne de tubes flexibles, le procede precedent a ete repete et la vitesse critique 

d'ecoulement pour l'instabilite fluidelastique a ete mesuree. Les resultats presentes au 

chapitre 3 prouvent que pour un angle d'attaque de 90° la vitesse critique de d'instabilites 

passe deU = 5.3m/s. A Upc = 8.0m/s pour 60°. 

Reduire Tangle d'attaque a 30° entraine une augmentation de la vitesse 

d'ecoulement jusqu'a£/pc = 8.4 m/s . Pour un angle d'attaque de 0° (direction trainee) la 

vitesse critique pour l'instabilite fluidelastique obtenue est U =9.15m/s. La variation 

de la vitesse critique par rapport a Tangle d'attaque est illustree sur Figure 4.2. 

Les dernieres series d'essais ont ete effectuees avec un faisceau de sept tubes 

flexibles. Les donnees rassemblees dans le troisieme chapitre montrent comment la 

vitesse critique d'ecoulement change avec Tangle d'attaque. Pour un angle d'attaque de 

90° (mouvement normale a Tecoulement), la vitesse critique d'ecoulement est 

U =5.85m/s. Elle augmente de 36% a U =8.0m/s pour un angle d'attaque 60°. 

Pour un angle d'attaque 30° la vitesse critique est U = 9.5 m/s. Enfin pour la direction 

de la trainee (angle d'attaque 0°) elle est de U =9.85 m/s. Le cas d'un nombre reduit 

de tubes flexibles est discute plus tard. Les resultats donnes dans la section 3.4, prouvent 

que le comportement de la stabilite change de maniere significative dans le cas extreme 

de seulement deux cylindres flexibles. L'instabilite fluidelastique se produit toujours 

pour deux cylindres flexibles. Deux configurations differentes avec des tubes flexibles 

seulement dans le sens de la portance ont ete examinees. D'abord les deux tubes flexibles 
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ont ete places dans la meme colonne (les tubes # 2, 3 Figure 2.14a). En second lieu, les 

deux tubes flexibles ont ete place dans les colonnes voisines (les tubes # 3, 7 Figure 

2.14a). 

La vitesse critique a U - \3.2m/s est plus du double de la vitesse critique pour 

la rangee entierement flexible (Upc = 5.3m/s). Les resultats prouvent que dans le cas de 

deux cylindres flexibles, la position relative des tubes est tres importante. La Figure 3.37 

montre la reponse vibratoire quand les deux tubes flexibles sont dans les colonnes 

voisines ; dans ce cas-ci, les tubes No.3 et 7 ont ete examines. La vitesse d'instabilite est 

plus haute que celle pour deux tubes dans la meme colonne. Pour le cas de la flexibilite 

dans le sens d'ecoulement, Mureithi et al. (2005), ont experimentalement prouve que 

pour deux cylindres flexibles, les positions relatives des tubes est importante. lis ont 

signale que la vitesse d'instabilite pour deux tubes dans les colonnes voisines est plus 

haute que pour le cas de deux tubes flexibles dans la meme colonne. C'est en accord 

avec ce que nous avons trouve dans ce travail. Ce n'est pas le cas pour l'ecoulement 

diphasique. Violette et al. (2006), ont experimentalement montre que pour 1'instabilite 

fluidelastique se produise dans un faisceau de tubes flexibles seulement dans la direction 

de la trainee, les tubes flexibles doivent etre situes dans deux colonnes adjacentes. 

Pai'doussis et Price (1988) ont demontre que pour qu'une instabilite par 

mecanisme controle par l'amortissement survienne dans la direction de la portance, la 

derivee du coefficient de portance du tube en fonction de son mouvement dans cette 

meme direction (y) doit etre negative et avoir une valeur absolue suffisamment elevee 

(5Ci/dy < 0). La meme logique s'applique pour 1'instabilite dans la direction de la 

trainee (SCD/3X < 0). Pai'doussis et al. ont mesures la valeur du coefficient de portance 

et du coefficient de trainee en fonction du deplacement statique d'un tube de 25,4 

millimetres a l'interieur d'un faisceau de tubes triangulaire tourne de ratio pas sur 

diametre (P/D) de 1,375 et soumis a un ecoulement d'air. lis ont clairement montes que 

la condition d'instabilite est respectee pour la direction de la portance (i.e. <9Ci/dy « 0). 

Par contre, ce n'est pas le cas pour la direction de la trainee. Ces donnees montrent 

qu'une instabilite fluidelastique ne se produira pas pour un tube flexible dans la direction 
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de l'ecoulement soumis a un ecoulement d'air. Ces resultats, bien qu'obtenus en air, 

confirment la tendance observee en diphasique. On deduit done que les instabilities 

fluidelastique obtenues dans le cas de plusieurs tubes flexibles seulement dans la 

direction de l'ecoulement sont seulement le fruit du mecanisme controle par la rigidite. 

On confirme maintenant que 1'instabilite fluidelastique peut se produire dans un 

faisceau de tubes triangulaire tourne soumis a un ecoulement traverse d'air avec 

Indentation de flexibilite de tube dans le sens d'ecoulement (0°), 30°, 60° et 90° d'angle 

d'attaque. Les resultats d'essais fluidelastique dans le chapitre trois sont maintenant 

compares aux donnees existantes pour la configuration de triangle tournee sur la carte 

d'instabilite donnee sur la Figure 4.4, presente par Pettigrew et al. (1989). Sur cette carte, 

l'axe horizontal est le parametre masse amortissement et l'axe vertical est la vitesse 

reduite. Les donnees experimentales pour les tubes qui sont flexible dans la direction de 

trainee et soumis a un ecoulement transverse monophasique dans une soufflerie s'averent 

en bon accord avec ce que Violette et al. ont rapporte en 2006 pour le meme faisceau de 

tubes soumis a l'ecoulement transverse diphasique K = 8. Apparait egalement dans cette 

figure les resultats obtenus par Mureithi et al. 2005, dans une soufflerie pour un faisceau 

de tubes semblable a celui utilise dans cette etude pour deux configurations, le faisceau 

central (Cluster) et la colonne flexible simple. Les deux configurations utilisent les tubes 

qui sont flexibles dans le sens de l'ecoulement. Comme montre sur la Figure 4.4, les 

resultats sont en bon accord avec ceux obtenus dans cette etude pour les tubes flexibles 

dans le sens de l'ecoulement. D'autre part, Mureithi et al. (2005) ont rapporte une 

constante d'instabilite, K = 5 pour un faisceau de tubes entierement flexibles. 

En utilisant l'equation 4.10, le comportement d'instabilite fluidelastique pour la 

rangee triangulaire tournee peut etre facilement explique. Puisque l'instabilite 

fluidelastique est possible quand l'energie absorbee du fluide par les tubes excede 

l'energie absorbee par amortissement, l'amortissement par rapport a Tangle de flexibilite 

sera discute. II est bien connu que l'amortissement visqueux dans le sens d'ecoulement 

soit plus grand que l'amortissement visqueux dans le sens de la portance, souvent 

presque deux fois (Price et Pai'doussis 1986 et 1988). La partie imaginaire de l'equation 
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4.10 represente amortissement total. Ces limites sont egalement fonction de Tangle 

d'attaque 0. 

La valeur maximum de ces termes se produit lorsque 9 = 0° (direction de 

trainee) done une augmentation de l'amortissement total entraine une hausse de la vitesse 

critique d'instabilite fluidelastique. 

Pour la meme raison, pour un Tangle d'attaque de 90° (9 = 90°) le terme 

d'amortissement total est minimum, ce qui signifie que le faisceau de tubes devient tres 

instable a la plus basse vitesse critique. 

Pour les cas 9 = 30° and 60° d'angle d'attaque on suit vu que les valeurs 

descos2 30° !>- cos2 60° a la suite l'amortissement total diminutions forment 30° a 60° et 

en consequence la vitesse critique d'instabilite fluidelastique diminue de 30° a 60°. 

La Figure 4.6 montre que, pour les donnees disponibles, les resultats 

experimentaux sont en accord qualitatif avec ceux du modele theorique. Comme 

mentionne au tableau 4.1, les vitesses critiques pour Tinstabilite fluidelastique ont 

moque pour 0° et pour 30°, parce que la vitesse maximum d'ecoulement de la soufflerie 

etait de 8m/s avec les tubes en place. Les resultats experimentaux disponibles pour 

Tinstabilite fluidelastique pour un faisceau de tubes entierement flexible, trois-colonnes 

flexibles, et faisceau central (Cluster) peuvent etre compares aux resultats du modele 

flexible simple d'un cylindre. On voit sur les Figures 4.6 et 4.7 que la courbe theorique 

donne une limite legerement inferieure pour Tinstabilite fluidelastique. Cependant 

Taccord entre le modele theorique pour un seul cylindre flexible et les donnees 

experimentales pour differentes configurations de faisceau de tubes avec differente 

orientation de flexibilite, est generalement acceptable. 

L'objectif principal de ce travail etait de determiner experimentalement comment 

le comportement fluidelastique d'instabilite d'un faisceau de tubes triangulaire tourne 

change avec Tangle de flexibilite de tube. Les conclusions principales obtenues de ce 

travail sont les suivantes : 
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4* L'instabilite fluidelastique peut prendre place dans un faisceau de tubes 

triangulaire tourne qui est flexible dans le sens de l'ecoulement ou dans la 

direction normale a l'ecoulement. 

4» L'instabilite fluidelastique depend fortement de Tangle entre le sens de 

l'ecoulement et la direction de flexibilite du faisceau de tubes que nous 

appelons "angle d'attaque". 

4> L'augmentation de Tangle d'attaque a comme consequence une 

diminution de la vitesse critique d'instabilite fluidelastique. 

4- L'augmentation du nombre de tubes flexibles dans une rangee a comme 

consequence une vitesse critique d'instabilite fluidelastique reduite pour 

tous les angles d'attaques. 

«k Une gamme de la constante d'instabilite fluidelastique (K) entre "3.8 et 

8" ont ete trouvees respectivement pour une gamme d'angles d'attaque de 

90 a 0 degres. 

4- L'instabilite fluidelastique peut se produire dans une simple colonne 

flexible (meme avec seulement deux tubes flexibles) dans un faisceau de 

tubes triangulaire tourne flexible dans le sens d'ecoulement. 

4*- Les resultats obtenus en ecoulement monophasique se sont averes en bon 

accord avec celle rapporte par Violette (2006) pour l'ecoulement 

diphasique, excepte pour la configuration flexible simple d'une colonne 

dans laquelle les tubes etaient flexibles seulement dans le sens 

d'ecoulement. 

Les essais en soufflerie presentee ici sont des essais preliminaries pour etudier 

l'instabilite fluidelastique dans un ecoulement transverse oblique. Pour arriver aux 



XV111 

conclusions finales concemant le comportement de stabilite dans des generateurs de 

vapeur, des essais en ecoulement diphasique est necessaire. 

Dans la derniere etape de la presente etude, une section d'essais en ecoulement 

diphasique a ete modifiee par un mecanisme simple pour orienter les tubes axialement. 

Ainsi l'orientation de flexibilite du faisceau de tubes peut etre changee de 0° a 90° a tout 

les 30 degres. Ceci permettra des essais a differents angles d'attaque en l'ecoulement 

diphasique. Des dessin techniques appropries sont donnes dans l'annexe CC. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

To increase electrical power production, the nuclear energy operators aim to 

generate electrical power in great quantity, low cost with high safety features for both 

the population and the environment. A large majority of the existing companies have 

encountered unfavorable events regarding safety factors which have since raised 

concerns about the security of energy production. To address these issues, a number of 

important technological projects have been carried out to improve the design, 

maintenance and operation of these generators. 

Despite great progress in the improvement of energy production, some specific 

problems occurred due to failures of heat exchanger tube bundles. Such failures were 

mainly caused by undesirable vibrations with large amplitudes. Three important 

mechanisms were found to be responsible for these vibrations in nuclear steam generator 

tubes: i) vibration induced by internal axial flow, ii) vibration induced by external axial 

flow, iii) vibration induced by external cross flow (Pai'doussis 1983). The latter 

mechanism is the most crucial of the three since it causes fluidelastic instability; a 

vibratory phenomenon of particularly dangerous intensity. This instability can occur 

inside a typical tube array of steam generators or heat exchangers. Quick failure due to 

fatigue or abrasive wear/impact inside an unstable tube bundle makes understanding of 

fluidelastic instability important for the prediction and the identification of components 

at risk. The U-tube region of steam generators is undoubtedly one of these components. 

Indeed, low rigidity of these tubes, high flow rates of steam-water, two-phase cause flow 

adversely affect stabilities. 
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In the present work, experimental and theoretical studies are carried out in order 

to investigate fluidelastic instability in a typical tube bundle. This is done within the 

framework of the BWC/AECL/NSERC Chair of Fluid-Structure Interaction in the 

Mechanical engineering department at the Ecole Polytechnique de Montreal. This 

chapter presents an introduction to the various vibration mechanisms of cylinders 

subjected to the external cross flow, a review of the scientific literature concerning the 

phenomenon of the fluidelastic instability, and the methodology of the present study. 

Finally the introduction is concluded with a summary of the project objectives and the 

contents of the ensuing chapters. 

Since vibration of tube bundles is a critical problem, it is necessary to assess the 

probable sources of such vibrations. In this section we discuss various excitation 

mechanisms which can possibly take place with an isolated tube or tubes inside a 

bundle. As mentioned before, there are three possible situations in which a cylinder can 

be dynamically excited by the flow of a fluid: as fluid flows inside the tube, as fluid 

flows out in the axial direction on its external wall, and as flow is in the transverse 

direction to a cylinder external wall. In this study, we focus on the case of the transverse 

external flow excitation mechanisms. A review of the possible vibratory mechanisms for 

this case follows. 

1.2 Tube bundle vibratory excitation mechanisms 

1.2.1 Periodic Shedding 

As fluid flow passes a smooth cylinder, under certain conditions which are given 

below, a regular pattern of alternating vortices (Karman vortices) form on the 

downstream part of the tube as shown in figure 1.1. 
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Figure 1.1 Fluid flows past a cylinder 

The Karman vortices are shed alternately clockwise and counterclockwise and 

thus cause harmonically varying lift forces on the cylinder perpendicular to the velocity 

of the fluid. Experimental data show that regular vortex shedding occurs strongly in a 

range of Reynolds number (Re) from about 60 to 5000. The dimensionless frequency of 

vortex shedding is expressed as a Strouhal number (S) defined by equation (1.1). The 

Strouhal number is approximately equal to S = 0.21 for a smooth cylinder while, for a 

tube bundle, the St number is S = 0.4 -0.6. Thus the frequency, fs for these 

fluctuations is determined by the following relation: 

S = & (1.1) 
V 

where V is the flow velocity and D is the outside diameter of the tube. If the shedding 

frequency corresponds to one of the natural frequencies of the structure, resonance 

occurs, and thereby the cylinder will start to vibrate in an excessive way. One can note 

that this resonance, however, occurs only for a small range of flow rate, the lock-in 

range. The amplitude of vibration decreases to an acceptable value as the flow rate 

becomes greater than the lock-in flow velocity limits. 

Concerning vortex shedding effect in tube bundles subjected to two-phase cross 

flow, Taylor et al. (1989) suggest that any addition of the gas phase inhibits the 



4 

formation of vortices. It should be noted that beyond a void fraction of 15%, no evidence 

of periodic wake shedding has been found. In general, the effect of periodic wake 

shedding can be a significant contribution to tube vibration in two-phase flows up to a 

void fraction of about 15%. Pettigrew et al. (2004) have clarified that for a rotated 

triangular tube bundle subjected to a two-phase flow, no periodic wake shedding can be 

found even at very high void fractions (80%-95%). In general periodic wake shedding, 

or vortex shedding, may be a problem when the shedding frequency coincides with a 

tube natural frequency. This may lead to resonance and large vibration amplitudes. The 

calculated St number for the present work S = 0.15 which corresponds to the St number 

for tube bundles, shows that for the tube natural frequency, tube diameter and minimum 

flow velocity measured in the test section in which the large amplitude were observed, 

no periodic wake shedding could occur. 

1.2.2 Random excitation caused by turbulent flow 

Random pressure fluctuations on the external surface of tubes caused by 

turbulence causes the cylinder to vibrate. Pettigrew and Taylor (1995) noticed that 

turbulence is more important in two-phase flow as compared to single-phase flow. 

Turbulence in single-phase flow causes minimal excitation in tube bundles. 

Corresponding experimental data are discussed in Chapter 3. In fact, turbulence induces 

minimal excitation as compared to vibration caused by vortex shedding or fluidelastic 

instability mechanisms. Turbulence-induced vibrations do not cause significant damage 

to the component in the short term. However, considerable wear can result from friction 

between tubes and supports in the long term. 

1.2.3 Fluidelastic instability 

According to the experimental data reported by several authors in the available 

literature, fluidelastic instability in cross flow is the principal cause of many tube 
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vibration problems in heat exchangers and nuclear steam generators. As far as a tube 

bundle subjected to single-phase or two-phase cross flow is concerned, fluidelastic 

instability is the most important excitation mechanism, while other vibratory excitation 

mechanisms are less significant. Dynamic excitation forces for this mechanism are 

functions of the motion (i.e. position, velocity, and acceleration) of the tube itself and 

other surrounding tubes. As the motion, during an oscillation cycle, absorbs more energy 

than it dissipates by damping, its amplitude increases drastically leading the system to 

instability. Contrary to the wake shedding phenomenon, an increased flow velocity 

following the instability point does not decrease the vibration amplitude level. Indeed, 

such increase in flow velocity increases the vibration amplitude which leads to the 

failure of the system. Figure 1.2 clearly illustrates the difference between the three 

excitation mechanisms presented above. 

1.5 
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Figure 1.2 Vibration amplitude of a cylinder versus flow rate (Pettigrew et. al 1991) 
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Tube bundle instability results in contact between adjacent tubes or between 

tubes and anti-vibration beams (AVBs). This in turn limits the amplitude of tube 

vibrations. Such contacts remain the principal cause of serious and very quickly 

deteriorating damage to the tube bundle, hence significant reduction in the system life-

cycle. A single tube (single-degree-of freedom) within a rotated triangular array cannot 

undergo fluidelastic instability in the flow direction as showed by Mureithi et al., (2004). 

It should be noted that the same array is highly unstable in cross-flow (Weaver and 

Fitzpatrik, 1988; Mureithi et al., 1994). Cross-flow instability is less of a concern for an 

actual steam generator due to the fact that the tubes are supported in cross-flow by 

AVBs. However, due to clearance and fabrication tolerances the AVBs do not hold the 

tubes entirely. 

1.2.4 Acoustic resonance in tube bundles 

An acoustic resonance phenomenon may occur in heat exchangers such as gas 

heaters or boilers that contain tube bundles. This phenomenon depends on three factors: 

tube bundle geometry, gas flow normal to tube axis, and the acoustic space limited by 

the duct walls. High level of noise generated by acoustic resonance has been a great 

concern for heat exchanger designers. As the gas flow rate inside a duct surpasses a 

critical level, generation of high level noise by the acoustic resonance phenomenon may 

occur. In the extreme case, this phenomenon may make it impossible to operate a plant 

or may cause structural damage. As the gas flow rate increases, the Karman vortex 

shedding frequency increases considerably, reaching the natural frequency of an acoustic 

mode inside a duct. The acoustic natural frequency ft inside the duct is estimated by 

(Blevins, 1979): 

/ , = — ;i =1,2,3,... (1.2) 
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where c, W, and / are sound speed, duct width, and order of acoustic mode, respectively. 

As discussed in the previous section, the vortex shedding frequency fs can also be 

estimated by equation (1.1). As the flow velocity increases, resonance occurs at 

corresponding modes. Hereafter, the flow velocity refers to the gap flow velocity unless 

otherwise noted. Since, in this work, tube array vibration responses were studied in a 

wind tunnel, the tube bundle could be affected by the acoustic resonance excitation 

mechanism. Our predictions presented later on, however, show that, in this case, the 

acoustic resonance excitation mechanism does not apply. 

The vortex shedding frequency increases with flow velocity for which the 

maximum value, in the experiments, was I5m/s. Therefore one may write: 

f sr^f fSm^sH, ( 1 .3) 
4 D 0.04 

The acoustic natural frequency for the first mode (i=l) is: 

f j!L^f WL 5Q0Hz (1.4) 
' 2W l 2(0.3) 

As the above theoretical estimation shows, the tube bundle natural frequency is 

out of the acoustic natural frequency range by an acceptable safety margin. This was 

confirmed by our tests in which we observed no acoustic noise. Although acoustic 

resonance is one of the most important mechanisms in gas-phase cross flow, it does not 

apply in the present work. 
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1.3 A review of fluidelastic instability for external cross flows 

1.3.1 Development of stability criterion 

Since the mid-1960s, several models and theories have been proposed to 

formulate fluidelastic instability in tube bundles subjected to cross flow. Based on the 

experimental mode shape and measured fluidelastic forces, in which the, fluidelastic 

force is defined as the motion-dependent fluid force component that is proportional to 

the displacement of a cylinder, Connors (1970) developed a simple stability criterion for 

a tube bundle subjected to air flow as: 

U 
pc 

P 
= K 

KPD2 J 
(1.5) 

In this theory, fluidelastic instability is expressed in terms of a dimensionless 

velocity, UJfD, and a dimensionless mass-damping term, InCpij pD1, where Uc is the 

critical velocity for fluidelastic instability, / the tube natural frequency, D the tube 

diameter, C, the damping ratio, p the density of the fluid, and m the tube mass per unit 

length, which includes the hydrodynamic mass and the mass of the fluid inside the tube. 

In the simplest model, the exponent n is 0.5, and the fluidelastic constant K is usually 

determined experimentally. 

Roberts (1966) was probably the first to discuss fluidelastic instability in cross-

flow. He studied the aeroelastic behavior of a row of cylinders with pitch-to-diameter 

ratio P/D of 1.5 in a wind tunnel. Roberts identified the forgoing dimensionless 

parameters to dominate the formulation of fluidelastic instability. Although Roberts' 
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expression is somewhat more complicated, an approximate simplified expression can be 

deduced from his experimental data. 

U ^„ r„ .A 0 ' 5 

•^- = 9.8 
fD 

litCpt 
(1.6) 

In this expression, U is the pitch velocity, which is defined as: 

U =U — — (1.7) 

where Ux is the free stream velocity or the velocity that would prevail if the tube where 

removed. 

Connors (1970) was probably the first to study fluidelastic instability in heat 

exchanger tube bundles. He did his experimental work in a wind tunnel. Connors 

proposed a quasi-static model to describe fluidelastic instability. This work led to the 

formulation of equation (1.5), in which« = 0.5. Connors reported a fluidelastic 

instability constant K - 9.9 for a tube row of P/D = 1.41, which is in agreement with 

Roberts' finding. Unfortunately, because of the lack of other data at the time, the value 

of K = 9.9 was used for tube bundles by some designers Pettigrew et al., (1991). 

In the early 1970s, a comprehensive program was undertaken at the Chalk River 

Laboratories to study flow-induced vibration of nuclear heat exchangers. This work was 

done in collaboration with Canadian industry and universities. Realistic tube bundles of 

both triangular and square configurations of P/D between 1.23 and 1.57 were tested in 
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liquid flow. This work led Pettigrew et al. (1978) to recommend the following 

relationship: 

U„ ^ - A - V W 

pc 

JD 
= 3.3 

2nCfn 
(1.8) 

This was recognized as a design guideline to avoid fluidelastic instability in heat 

exchangers. The criterion suggested by Pettigrew et al., (1978) is reasonable in practice 

as may be seen when compared to available data on in-service heat exchangers which 

show no problems of tube wear or fatigue due to fluidelastic instability. Since the mid 

70s, a great number of heat exchangers for the Canadian, American, and other nuclear 

industries were designed using this criterion. 

1.3.2 Development of the theory 

Since 1975, a large number of studies especially in the experimental domain 

were undertaken by researchers in various fields with the aim of understanding the 

mechanics behind the fluidelastic instability phenomenon. Eventually, several 

alternatives for the Connors' relation (Eq. 1.5) were proposed in the literature as the 

criterion of design. For a detailed review of the models available, the readers are 

encouraged to refer to the excellent work of Price (1995). Many interesting 

developments were made during recent years some of which deserve to be mentioned. 

The most interesting, from a theoretical standpoint, are the two instability mechanisms 

discussed in Chen (1987), Price (1995), Pa'idoussis et al., (1988), and Yetisir and 

Weaver (1993). 

Generally, in a tube bundle, the fluid forces on one tube are affected by its 

motion and the motion of neighboring tubes. This creates an interaction between fluid 

forces and tube motion. Fluidelastic instability take places when the interaction between 
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the motion of individual tubes is such that it results in fluid force components that are 

both proportional to tube displacement and in-phase with tube velocities. 

It is well accepted that there are two mechanisms underling flow-induced 

instability. The first, the damping controlled mechanism, manifests itself when the 

forces acting on the tube are in phase with its velocity. This mechanism needs only one 

degree of freedom to exist. The second, called stiffness controlled mechanism appears, 

when the fluid force is proportional to both the displacement and velocity of cylinders 

and needs at least two degrees of freedom to materialize. Indeed in fluidelastic stiffness 

controlled instability, the coupling fluidelastic forces are the main cause of instability 

Chen (1983 and 1984). 

From the results obtained for tubes which are flexible only in the flow direction, 

it can be concluded that for the fluidelastic instability to occur, more than one flexible 

tube (one degree of freedom) is needed. Since the damping controlled mechanism needs 

only one degree of freedom to cause instability, we can deduce that it is only the 

stiffness controlled mechanism that produces the instability of the tubes flexible purely 

in the flow direction. For the stiffness controlled mechanism, the relative tube 

displacement governs the interaction between the various degrees of freedom of the 

system. Another interesting finding, for a fully flexible tube array (flexible in all 

directions) is that when instability takes place, the motion seems to occur mainly in the 

lift direction (Weaver and Lever 1982). Thus the stability of tube bundles in the flow 

direction did not raise many concerns. Recently, Mureithi et al., (2005), however, have 

demonstrated in experiments in a wind tunnel that fluidelastic instability can develop 

inside a tube array which is flexible only in the flow direction. 
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1.3.3 Fluidelastic instabilities in two-phase flow 

In spite of the considerable role of two-phase flows in industrial applications, it 

was only in 1980 that some experimental results were reported on tube bundle 

fluidelastic instabilities subjected to transverse flow composed of a liquid-gas mixture. 

The delay was of course due to the high cost and technical requirements of such 

experimental studies. Among available works, those by Axisa et al., (1984 & 1985), 

Nakamura et al., (1991 and 2002), Mureithi et al , (2002), and Hirota et al., (2002) are of 

interest to this study. 

The least-expensive and simplest method to simulate steam-water two-phase 

flow state is the use of air-water mixtures. A significant number of investigations 

concerning the vibrations of tube bundles subjected to transverse two-phase flows were 

carried out using this type of mixture (Axisa et al., 1988, Heilker and Vincent 1981, 

Pettigrew et al., 1989, Remy 1982, Taylor et al., 1988). Nowadays the tendency is to 

simulate the boiling phenomenon at nearly atmospheric conditions using cooling agents 

like Freon in order to replicate steam-water mixtures (Pettigrew et al., 1995, Feenstra et 

al., 2003, Nakamura et al., 1999). The main advantage of two-phase mixtures of cooling 

agents lies in the similarity of their properties with those of steam-water mixtures (ratio 

of density, surface tension, and viscosity). Moreover, the presence of interactions 

between the liquid and gas phases in the Freon mixture, such as evaporation and 

condensation, contributes to a better simulation of a real vapor and water flow. 

Obviously these elements do not exist in air-water flow. 

1.4 Motivation for the present work 

At the beginning of this chapter, the more important areas susceptible to 

fluidelastic instability, the upper U-bend section of nuclear steam generators, were 

explained. In order to increase the rigidity of U-tubes in the cross flow direction, all 
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steam generators used in the nuclear industry are equipped with special supports to 

stiffen the tube arrays in this critical area. This aims to increase the critical flow velocity 

of instability out of the range of flow velocities in the steam generators. These metal bar 

supports, called anti vibration bars (AVBs), are installed in a radial orientation in the U-

bend region. 

As stated previously, this study focuses on the uppermost U-bend region, in 

which the flow crosses a large number of tubes causing significant hydraulic resistance. 

This hydraulic resistance forces the flow to change direction. As a result, flow leaves the 

tube bundle at different angles of attack ranging from 0° to 90° (Figure 1.3). Since the 

tube bundle is excited by both straight and oblique cross flows, the current study will 

examine the instability phenomenon in a rotated, triangle tube bundle subjected to 

oblique single-phase cross flow. 

/m 
Figure 1.3 Flow stream alterations due to hydraulic resistance 
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1.5 Objectives 

The research work on fluidelastic instability is divided in two categories. The 

first aims at obtaining a basic understanding of fluidelastic instability. This category is 

usually studied for well-defined and well-instrumented arrays of flexible cylinders in an 

otherwise rigid array of cylinders these are all installed inside wind tunnels or two-phase 

flow test sections. 

The second category, on the other hand, aims at producing design information. 

Pettigrew and Taylor (1991) found that the only data from experiments where all tubes 

were free to vibrate are valid from a design point of view. This type of work is usually 

done on realistic heat exchanger tube bundles which are often studied in liquid flow. For 

two-phase flow, this method has been used only for a few cases, because of its high cost 

and other practical restrictions. However, this method often provides information much 

closer to real heat exchanger designs. 

The current tests were performed in a wind tunnel with a tube array subjected 

to single-phase cross flow. Although single-phase flow tests do not represents two-phase 

flows, in many studies the air flow method is utilized due to its simplicity, less 

expensive equipment, and negligible flow damping. 

1.6 Thesis layout 

This thesis includes five chapters the first of which has been explained. The second 

chapter describes the equipment and the assembly of the experimental apparatus as well 

as the experimental methods. The experimental results are presented in the third chapter 

and subsequently analyzed in chapter four. Finally, chapter five concludes the project by 

discussing the implications of the research findings. 



15 

CHAPTER 2 

TEST APPARATUS AND EXPERIMENTAL PROCEDURE 

Within the framework of the second chapter, the means used to achieve the goals 

of this project will be examined. This chapter will thus be divided into two distinct parts. 

The first part will cover technical details on test section structure. The second part will 

be dedicated to the examination of the experimental methods. 

2.1 Experimental assembly structure 

2.1.1 Test section components 

An approximate model was used to simulate the upper U-bend region in the 

nuclear steam generator. 

Figure 2.1 U-tube area of the steam generator and approximated experimental 

model 

Figure 2.1 illustrates this experimental model. Testing was conducted in a wind 

tunnel with a 305mm x305mm test section, in which the maximum flow velocity U 
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is 48.8m/s in the empty test section, and 8m/s with the array in place. The tube bundle 

shown in Figure 2.2 consists of an array of light-weight tubes with an outside diameter 

of 40.4mm, and a height of 288.9mm, placed in a rotated-triangular configuration with a 

pitch ratio of P/D = 1.37. The array consists of four rows by five columns, with 

alternately three and two-half tubes per row. The half tubes on the walls provided a 

uniform flow profile. 

Figure 2.2 Test section and air flow direction 

Each cylinder consists of a tube with a mild-steel thin plate fixed in the middle of 

the tube via a wooden plug as shown in figure 2.3. The mild-steel plate with a 

rectangular cross-section of 1.5mm ><15mm provides a unidirectional flexible tube 

bundle. The thin plate and tube assembly are rigidly fixed to the top of the test section 
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which provides a cantilever tube via the thin beam. The natural frequency of the 

assembly was 188Hz in the transverse direction, which in comparison to the natural 

frequency in the lateral direction, 19.44Hz, made the tube essentially rigid in this 

direction. Figure 2.3(a) and 2.3(b) illustrate an exploded view of the flexible tube 

assembly and assembled view of the flexible tube respectively. 

Figure 2.3(a) Exploded view of the flexible tube assembly 

Figure 2.3(b) Assembled view of the flexible tube 

A simple mechanism was designed to rotate the tubes axially to provide different 

flexibility orientations, resulting in various angles of attack ranging from 0° to 90° 

(Figure 2.4). 
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Also in order to cover a range of tube bundle configurations, each one of the 

tubes could be independently restrained from vibration, by means of an aluminum plug 

fitted at the free end. Appropriate technical drawings are given in appendix A. 

Figure 2.4 Positioning mechanism for the flexibility orientation 

2.1.2 Wind tunnel specifications 

Experiments were conducted in a wind tunnel Model 402 made by ELD, with a 

305mm x 305mm test section with a total power of lOhp, in which the maximum flow 

velocity was measured as 48 m/s in the empty test section, and 8m/s with the array in 

place. Figure 2.5 shows a photo of the open-loop ELD wind tunnel Model 402 utilized in 

the present work. 
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Figure 2.5 Open-loop ELD wind tunnel Model 402 

2.2 Measurement equipment 

2.2.1 Flow velocity measurement 

The flow velocity is measured at the entry of the test section using a Pitot tube 

connected to an ultra low range Wet-Wet differential pressure Transducer "Validyne 

DP 103". Pressure transducer is coupled to a digital converter. 

PltntTii>e 

IDC = > 

P 3 L 
Pressure 

(a) 

=^-*—Velocity 

Hi 

(b) 

IOC : > g\f*wwWmW«*# <w. <% -J 

(c) 

Figure 2.6 Flow velocity measurement chain 

The Validyne DP 103 transducer in figure 2.6 (b) is designed for very low 

differential pressure measurement applications where high accuracy is required under 
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rough physical conditions. With full scale ranges down to -0.008 psid (-0.56 cm H20), 

this instrument is used in the measurement of very low flow rates of gases where 

symmetrical pressure cavities are required for dynamic response. 

The static pitot tube differential pressure is measured using a typical variable 

reluctance pressure transducer consisting of a diaphragm of magnetically permeable 

stainless steel clamped between two blocks of stainless steel (figure 2.7). Embedded in 

each block is an inductance coil on an E-shaped core. A pressure difference applied 

through the pressure ports deflects the diaphragm toward the cavity with the lower 

pressure, decreasing one gap and increasing the other. As the magnetic resistance varies 

with the gap, the diaphragm deflection increases the inductance of one coil and 

decreases the other. 

DIAPHRAGM _ . _ 
COIL Li \ G A P j 

COIL L2 

J - "E" CORE 

GAPi PRESSURE PORT 

Figure 2.7 Typical transducer cross-section 

The transducer connected in an AC bridge circuit is able to take advantage of the 

inductance variations in the transducer coil. Collected signals are transmitted to a digital 

transducer indicator adjusted for pressure engineering unit of (in H20), consequently 

reading differential pressure digits will be in terms of (in H20). Thus 

AP = pHOxgx 0.0254 xh (2.1) 
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resulting from (2.1) 

1 2 
- Vx x pair = p ^ x g x 0.0254 x h (2.2) 

(2.3) 

where, h is the reading on the digital transducer indicator. The velocity Vx, corresponds 

to the upstream flow velocity which is identified as Ux. The velocity inside the tube 

bundle between cylinders, which is called the Pitch velocity, Up. For a rotated 

triangular tube bundle, it is calculated as follow: 

UD=-
P-D 

-£/_ (2.4) 

(2.5) 

(2.6) 

where, P is the pitch of the tube bundle and D is the tube diameter. 

2.2.2 Instrumented tube calibration 

Before the tube bundle was inserted into the wind tunnel test-section, the static 

strain displacement relation for every instrumented tube was determined via a careful 
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calibration. The latter was carried out using a micrometer to impose small 

displacements at the end of each instrumented tube. This gives the related calibration 

factor using a P3500 mobile strain indicator. Figure 2.9 illustrates the calibration factors 

in term of displacement for eight instrumented tubes. 
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Figure 2.8 Tube displacement and relative deflection factor 

Tube P l 
Tube P 2 

fie/mm 

65.6 
64.55 

Tube P 3 I 63.95 
lube n 4 ; 63.65 
Tube # 5 ! 65.2 
Tube # 6 | 62.95 
Tube P 7 
Tube 1t 8 

55.25 
66.65 

Sensitivity (V/mm) 

0.026 
0.025 
0.025 
0.025 
0.026 
0.025 
0.022 
0.026 

Sensitivity (V/%Dia) 

6.56E-03 
6.45E-03 
6.39E-03 
6.36E-03 
6.52E-03 
6.29E-03 
5.52E-03 
6.66E-03 

Table 2.1 Instrumented tubes calibration 

2 3 
Displacement (mm) 
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To have a single voltage for a known deformation, a maximum factor of 

2000jum/m for an output of 0.8V was used to convert the imposed deformation and to 

regulate the electrical signal. Therefore the sensitivity [V/mm) for each tube assembly is 

a product of 0.8/2000 and the relative factor between displacement and tube 

deformation. Also for the purpose of having the amplitude as a function of tube 

diameter, the sensitivity is divided by the tube diameter (Table 2.1). 

2.2.2 Tube structural damping and natural frequency measurement 

The logarithmic decrement method is used to measure the structural damping in 

the time domain. With this method, the free vibration displacement amplitude response 

of a system to an impulse is measured and recorded. Logarithmic decrement is the 

natural logarithmic value of the ratio of the two adjacent peak values of displacement in 

free decay vibration and it is given by: 

8 = ^L 

The measured damping ratio for eight instrumented tubes is given in Table 2.2, 

corresponding figures may be found in appendix B. 

Tube 
No. 

. / ( / / -) 

C(%) 

1 

19.5 

0.31 

2 

19.45 

0.39 

3 

19.5 

0.30 

4 

19.3 

0.30 

5 

19.X 

0.26 

6 

19.5 

0.27 

7 

19.3 

0.21 

8 

19.3 

0.39 

Average 

19.45 

0.31 

Table 2.2 Natural frequency and damping for eight instrumented tubes 
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To determine the natural frequency of the flexible tube, the Labview software 

uses a FFT algorithm. Figure 2.11 shows a typical measured natural frequency for tube # 

1; corresponding figures for the eight instrumented tubes are given in Appendix B. 

Natural Frequency 

5 10 15 20 25 30 

Frequency(Hz) 

Figure 2.9 Natural frequency measurement 

2.3 Experimental methods and procedure 

2.3.1 More frequently used definitions 

• Critical velocity for fluidelastic instability 

In the available literature the critical velocity for fluidelastic instability, is 

defined by different criteria proposed by the different researchers. For example Heilker 

and Vincent (1981) used the velocity at which tube rattling occurred as a criterion, while 

Soper (1983) used the point at which a tangent to the post-critical response intersected 

the velocity axis. 

0.0006 y™ 

I" 0.0005 
tt 0.0004 

| 0.0003 

= 0.0002 

| 0.0001 

0 mmmmmm 

0 



25 

30 

25 

| 20 

r 
g 10 

Instability 

, f f i»~~^-~^-""-B"'~^~-"^~ 

3.0 4.0 5.0 6.0 7.0 
Pitch velocity (m/s) 

8.0 9.0 

Figure 2.10 Well-defined fluidelastic instability 
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Figure 2.11 Less well-defined fluidelastic instability 
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Teh and Goyder (1988) took the velocity at which the damping appears to be nil. These 

differences are a great source of disparity in the data. Here we took a very practical 

approach as presented by Pettigrew and Taylor (1991). When the instability threshold is 

well defined, we simply took the flow velocity at which it occurs as the critical 

instability velocity, Figure 2.10. When it is not well defined, the velocity at which 

excessive vibration amplitude occurs has been taken, Figure 2.11. 

This amplitude is dependent on the tube frequency and tube size (i.e. pitch ratio 

and rigidity). Here excessive amplitude means, vibration levels that normally not 

acceptable in heat exchangers and steam generators. Usually it is more than 2% of the 

tube diameter. 

• Tube natural frequency 

The tube frequency in air, was used to analyze the data. 

• Damping 

In gases, damping values in air are acceptable since fluid damping is not 

significant. Here the measured damping ratio in air is used in data analysis. 

2.3.2 Tests procedure 

Tests were performed on three different tube bundle configurations. All the tubes were 

originally designed as cantilever tubes. For the purpose of this study, each tube could be 

independently restrained from vibrating by means of a support inserted in the gap 

between the tube and the upper test-section window, hence simulating a rigidly fixed 

tube. Also each tube could be rotated axially, using a simple mechanism described in 

Section 2.1.1. This mechanism provides different flexibility orientations, which create 

various angles of attack ranging from 0° to 90° at four points for each tube bundle 

configuration. Each series of tests consisted of four principal flexibility orientations. 
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Figure 2.12 Three main tube bundle configurations 

(a) Fully flexible tube bundle, (b) Three-column flexible tube bundle, 

(c) Cluster tube bundle configuration 
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Figure 2.13 The main four tube flexibility orientations, 

a) 90° to flow direction (cross flow), b) 0° to flow direction (in flow direction), c) 30° to 

flow direction, d) 60° to flow direction 

For each test run, sufficient time was allowed for a steady state to be attained 

(usually several minutes). The flow velocity was recorded and r.m.s displacements 
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measured. The flow velocity was then increased gradually and the process repeated until 

the bundle was well into unstable regime. 

For the single flexible tube configuration, Tube #2 is left flexible in the cluster 

configuration. Figure 2.12 and 2.13 show the main three tube bundle configurations and 

the main four tube flexibility orientations. 

In the next chapter experimental results is discussed. 
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CHAPTER 3 

EXPERIMENTAL RESULTS 

In the second chapter, the test equipments and experimental methods utilized in 

the present work were described in details. In the present chapter, the experimental result 

will be examined. This chapter consists of two main sections, the first section presents 

the results of the fluidelastic instability tests, while the second section offers a stability 

comparison of for the various tube bundle configurations and flexibility orientations. 

3.1 Fully flexible tube bundle 

3.1.1 Stability behavior of the fully flexible bundle with tube motion in cross flow (Angle 

of attack 90°) 

Eight instrumented tubes (labeled 1-8 Figure.2.12 (a)) were monitored within the 

fully flexible tube bundle. The vibration response for tube No.7 is given in Figure 3.1. 

The response spectra show that for low flow velocities, there is minimal excitation due 

to turbulence. 
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Figure 3.1 Response spectra variation with flow velocity for Tube No.7 in a fully 

flexible bundle, at a 90°angle of attack 

At the pitch velocity U =4.7'5m/s, a strong instability developed. The r.m.s 

response amplitude variation with flow velocity is shown in Figure 3.2. Increasing the 

flow velocity to U = 5.3m/s resulted in increased peak amplitudes. Coincidentally with 

the large increase in vibration amplitude, a coalescence of the individual tube 

frequencies to a single modal frequency was observed as shown in Figure 3.3, 

confirming again the onset of fluidelastic instability. 

Increasing the flow velocity to U = 5.4m/s resulted in peak amplitudes larger 

than the inter-cylinder gap which caused intermittent tube contact at the free ends. A 

sudden reduction in vibration amplitude was detected for tubes No.7 and No.4. A phase 

analysis showed that these two tubes are 180° out of phase and therefore a physical 

contact between the tubes occurred at this point. 
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Figure 3.2 R.M.S vibration response for the fully-flexible tube bundle, at an angle of 

attack 90° 

As shown in Figure 3.3, at a pitch velocity U = 4.75m/s most of the tubes 

vibrated at two very close frequencies, confirming the onset of fiuidelastic instability 

and, at pitch velocity U - 5.0 m/s all of the tubes vibrated at a single frequency. This 

latter experiment is used to validate the fiuidelastic instability critical velocity obtained 

in the r.m.s vibration response results. 
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Figure 3.3 Response frequency versus flow pitch velocity 

for the flexible tube bundle, at a 90° angle of attack 

3.1.2 Stability behavior of the fully flexible bundle with tube motion at 60° to the flow 

direction (Angle of attack 60°) 

In the second series of tests, the tubes were rotated by 30 degrees resulting in a 

60° angle of attack as shown in Figure 2.15(d). Of the eight instrumented tubes within 

the fully flexible bundle, the vibration spectra for tube No.7 given in Figure 3.4, shows 

that turbulence generates minimal excitation at low flow velocity. 
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Figure 3.4 Response spectra variation with flow velocity for Tube No.7 in a fully 

flexible bundle, at a 60° angle of attack 

The vibration response for the second and third tube columns (Figure 3.5) shows 

that the critical pitch velocity for the 60° angle of attack increases to U = 7.7 m/s and at 

a pitch velocity U = S.Om/s strong vibrations are observed. In this case a very typical 

fluidelastic instability phenomenon was observed in the r.m.s amplitude/flow pitch 

velocity diagram. In comparison to the 90° angle of attack, the r.m.s amplitude following 

fluidelastic instability increased by about a factor of two for the 60° angle of attack 

configuration. 

Once more, coincidentally with the large increase in vibration amplitudes, a 

coalescence of the individual tube frequencies to a single modal frequency was observed 

at U =8Am/s . 
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Figure 3.5 R.M.S vibration response for the fully flexible tube bundle, at a 60° angle of 

attack 
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Figure 3.6 Response frequency versus flow pitch velocity for the flexible tube 

bundle, at a 60° angle of attack 
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3.1.3 Stability behavior of the fully flexible bundle with tube motion at 30° to the flow 

direction (Angle of attack 30°) 

The tubes were rotated to a 30 degree angle of attack. The power spectra of the 

response are shown in Figure 3.7. The onset of fiuidelastic instability is clearly defined 

when the flow velocity is increased gradually to Up = 8.3 m/s . The amplitude plot of 

Figure 3.8 shows that the instability is occurs at a critical flow velocity U = 8.3m/s 

and at U = 9.5 m/s the r.m.s vibration amplitude increases to 20% of the tube diameter. 

UJm/s) 4 0 Frequency (Hz) 

Figure 3.7 Response spectra variation with flow velocity for Tube No.4 in a fully 

flexible bundle, at an angle of attack 30° 

As shown in Figure 3.8, instability occurs at a velocity higher than those for the 

60° angle of attack configuration. Also larger r.m.s vibration amplitudes were recorded 

in comparison to the 90° angle of attack case. 
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Figure 3.8 R.M.S vibration response for the fully flexible tube bundle, at a 30° angle of 

attack 

3.0 

B88S&Ktt8l 

4.0 

• T u b c # l 

•Tube # 5 

5.0 6.0 7.0 

Pitch velocity (m/s) 

8.0 

-Tube # 2 

Tube # 6 

i——-Tube # 3 

- Tube # 7 

9.0 10.0 

-w- • T u b e # 4 

•Tube # 8 

Figure 3.9 Response frequency versus flow pitch velocity for the flexible tube bundle, at 

a 30° angle of attack 
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Observation of fluidelastic instability at higher flow pitch velocity for the case of 

tube bundle flexibility at 30° angle of attack is supported by the coalescence of response 

frequencies with pitch flow velocity as shown in figure 3.9. 

3.1.4 Stability behavior of the fully flexible bundle with tube motion in-line with the flow 

direction (Angle of attack 0°) 

As the last step of the first series of tests, the tube motion was oriented in-line 

with the flow direction. For the fully flexible bundle, r.m.s vibration amplitudes in 

Figure 3.10 show that the critical pitch velocity increases to U = 8.76m/s. At 

U = 9.lm/s the r.m.s vibration amplitude increases to 12% of the tube diameter. 

14 

3.5 4.5 5.5 6 6.5 7 

Pitch velocity (m/s) 

7.5 8.5 

awSISsw 

•Tube # 1 

'Tube #5 

-B~ Tube #2 

Tube # 6 

-Tube #3 

Tube # 7 

>( Tube # 4 

- • — T u b e # 8 

Figure 3.10 R.M.S vibration response for the fully flexible tube bundle, at a 0° angle of 

attack 

The tube frequency information in Figure 3.11 shows that all the tubes vibrate at 

a single modal frequency atUp =8.5m/s. 
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Figure 3.11 Response frequency versus flow pitch velocity for the flexible tube 

bundle, at a 0° angle of attack 

3.2 Stability behavior of the three-column flexible tube bundle (two fixed adjacent 

columns) 

In order to examine the effects of the number of flexible tubes in the bundle, a 

series of tests was conducted by fixing a number of flexible tubes within the tube array. 

As illustrated in figure 2.14(b) this configuration is called the "three-column" flexible 

tube bundle. As per section 3.1 the tests are carried out in four different steps by 

changing the tube flexibility direction. 

In the second series of tests, the test section was modified by fixing two-side 

columns using an aluminum plug at the free end. Once again experimental tests were 

conducted within wind tunnel and for each test run, sufficient time was allowed for a 

steady state to be attained which would normally take several minutes. The flow velocity 

was recorded for post processing. The flow velocity was then incremented gradually and 

the process repeated until the bundle was well into the unstable regime. 
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3.2.7 Stability behavior of three-column flexible bundle with tube motion in cross flow 

direction (Angle of attack 90°) 

As shown in Figure 3.12 for the flexibility orientation at 90° within the three-

column flexible tube bundle, instability occurs at a velocity significantly higher than that 

for the fully flexible tube bundle. 
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Figure 3.12 R.M.S vibration response for the three-column flexible tube bundle, at an 

angle of attack 90° 

Tests were done for angles of attack ranging from 90° to 0°. The results are given 

in Table 3.1. The r.m.s response amplitude variation with flow velocity is shown in 

Figure 3.12. As depicted in this graph the fluidelastic instability critical flow velocity is 

U = 5.3m/s which is 11.5% higher than the value of U = 4.75m/s obtained for the 

fully flexible bundle. Also the frequency information given in Figure 3.13 shows that 

most of the tubes vibrate at a single modal frequency at U =5.8 m/s. 
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Figure 3.13 Response frequency versus flow pitch velocity for three-column flexible 

tube bundle, at a 90° angle of attack 
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Figure 3.14 Response spectra variation with flow velocity for Tube No.4 in a three-

column flexible bundle, at a 90° angle of attack 
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The increase in the fluidelastic instability critical velocity with a reduced number 

of flexible tubes is confirmed by the response spectra as illustrated in Figure 3.14. 

3.2.2 Stability behavior of three-column flexible bundle with tube motion at 60° to the 

flow direction (Angle of attack 60°) 

In the second step of the second series of tests, the flexible tubes were rotated by 

60 degrees resulting in the angle of attack shown in Figure 2.15(d) considering two fixed 

side columns as illustrated in Figure 2.14(b). Of the eight instrumented tubes within the 

three-column flexible tube bundle, the vibration spectra for tube No.7 given in Figure 

3.17, shows that, at low flow velocity, turbulence excitation is minimal effect the onset 

of fluidelastic instability occurs at a pitch velocity U = 8.03 m/s as shown in Figure 

3.15. 
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Figure 3.15 R.M.S vibration response for the three-column flexible tube bundle, at a 60° 

angle of attack 

Coincidentally with the large increase in vibration amplitude, a coalescence of 

most of the individual tube frequencies to a single modal frequency was observed at the 
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same flow velocity, Figure 3.16. The increased critical flow velocity is also shown by 

the frequency response spectra given in Figure 3.17. 
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Figure 3.16 Response frequency versus flow pitch velocity for three-column flexible 

tube bundle, at a 60° angle of attack 
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Figure 3.17 Response spectra variation with flow velocity for Tube No.4 in a three-

column flexible bundle, at a 60° angle of attack 
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3.2.3 Stability behavior of three-column flexible bundle with tube motion at 30° to the 

flow direction (Anzle of attack 30°) 

The tubes were rotated to a 30 degree angle of attack within the three-column 

flexible tube bundle. The r.m.s vibration amplitude of the eight instrumented tubes is 

shown in Figure 3.18. The critical pitch velocity increased to Up -8.4 m/sand at 

U = 8.75 m/s the r.m.s vibration amplitude increased to 19% of the tube diameter. 
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Figure 3.18 R.M.S vibration response for the three-column flexible tube bundle, at a 

30° angle of attack 

The higher critical pitch flow velocity for fluidelastic instability is also observed 

in Figure 3.19. The frequency information confirms that the critical velocity has 

increased by 4.5% in comparison to the 60 degree angle of attack configuration. This is 

also verified by the coalesce of tube vibration frequency to a single modal frequency. 

Increased critical flow velocity is also shown by the frequency response spectra 

illustrated in Figure 3.20. 
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Figure 3.19 Response frequency versus flow pitch velocity for three-column flexible 

tube bundle, at a 30° angle of attack 
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Figure 3.20 Response spectra variation with flow velocity for Tube No.4 in a three-

column flexible bundle, at a 30° angle of attack 
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3.2.4 Stability behavior of the three-column flexible bundle with tube motion in-line with 

the flow direction (Angle of attack 0°) 

As the last step of the second series of tests, the tube motion was oriented in-line 

with the flow direction. For the three-column flexible bundle, the r.m.s vibration 

amplitude in Figure 3.21 shows that the critical pitch velocity increases to 

U = 9.\2m/s . At U = 9.85m/s the maximum r.m.s vibration amplitude increases to 

22% of the tube diameter. 
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Figure 3.21 R.M.S vibration response for the three-column flexible tube bundle, 

at a 0° angle of attack 

Once again monitoring the tube bundle response frequency versus flow pitch 

velocity for the three-column flexible tube bundle at 0° angle of attack (in line motion 

with flow direction) as shown in figure 3.22, proved that, the fluidelastic behavior is 

affected by changing in the angle of attack. This observable fact is also supported by the 

response spectra variation with flow velocity for tube No. 7 shown in Figure 3.23. 
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Figure 3.22 Response frequency versus flow pitch velocity for three-column flexible 

tube bundle, at a 0° angle of attack 
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Figure 3.23 Response spectra variation with flow velocity for Tube No.7 in a three-

column flexible bundle, at a 0° angle of attack 
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3.3 Stability behavior of the cluster tube bundle configuration 

3.3.1 Stability behavior of cluster bundle configuration with tube motion in cross flow 

direction (Annie of attack 90°) 

As shown in Figure 2.14(c), the seven tube cluster configuration is the classical 

unit that has been suggested as the minimal unit required for modeling a fully flexible 

tube bundle, Mureithi et al. (2005). In order to examine the fluidelastic instability 

behavior for the cluster configuration at different angles of attack a final series of tests 

was conducted in four steps. Figure 3.24 shows the vibration amplitude for the cluster 

configuration for a 90° angle of attack. 
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Figure 3.24 R.M.S vibration response for the cluster tube bundle configuration, 

at a 90° angle of attack 

In this case the most remarkable result is the increased stability velocity to 

Up = 5.84m/s which is high relative to the three-column flexible and fully flexible tube 

bundle which have critical velocities of U - 5.3m/s and U = 4.75m/s respectively. 
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The latter result was confirmed by reviewing the frequency information curve 

and response spectra variation with flow velocity given in Figures 3.25 and 3.26. 
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Figure 3.25 Response frequency versus flow pitch velocity for cluster tube bundle 

configuration, at a 90° angle of attack 
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Figure 3.26 Response spectra variation with flow velocity for Tube No.7 in a cluster 

bundle configuration, at a 90° angle of attack 
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3.3.2 Stability behavior of cluster bundle configuration with tube motion at 60° to the 

flow direction (Anele of attack 60°) 

Once more in this step seven flexible tubes were rotated to a 60 degree angle of 

attack in order to examine the effect of the flexibility orientation on fluidelastic 

instability in the cluster configuration. The r.m.s vibration amplitude for these seven 

instrumented tubes is shown in Figure 3.25. In comparison to the 90 degree angle of 

attack within the cluster tube bundle configuration the critical pitch velocity has 

increased to U = 8.03m/s, and at Up =%.4m/s the r.m.s vibration amplitude 

increased to 7.8% of the tube diameter. 
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Figure 3.27 R.M.S vibration response for the cluster tube bundle configuration, 

at a 60° angle of attack 

Similarly to the previous steps, increased critical flow velocity is confirmed from 

the response spectra and the frequency information diagrams. As previously showed at 

the fluidelastic instability threshold, most tubes vibrate at a single modal frequency. 

Using the response spectra diagram, it is easy to verify, by the sudden increase in 



50 

vibration amplitude at a certain flow velocity and frequency that the fluidelastic 

instability threshold is attained at a higher flow pitch velocity. Figures 3.28 and 3.29 

show the frequency information and response spectra diagrams, respectively. 
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Figure 3.28 Response frequency versus flow pitch velocity for cluster tube bundle 

configuration, at a 60° angle of attack 
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Figure 3.29 Response spectra variation with flow velocity for Tube No.2 in a cluster 

bundle configuration, at a 60° angle of attack 
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3.3.3 Stability behavior of cluster bundle configuration with tube motion at 30° to the 

flow direction (Angle of attack 30°) 

The angle of attack was decreased further by a 30 degree rotation of the seven 

flexible tubes within the cluster tube bundle configuration. As shown in Figure 3.30 the 

instability occurs at a velocity significantly higher than that for 90° and 60° angles of 

attack. Also monitoring the tube bundle response amplitude with increasing flow 

velocity showed that the critical pitch flow velocity increased by 18% compared to the 

60° angle of attack. 
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Figure 3.30 R.M.S vibration response for the cluster tube bundle configuration, 

at a 30° angle of attack 

The increase in fluidelastic instability critical pitch velocity is also observed 

from frequency and the response spectra given in Figures 3.31 and 3.32 respectively. 
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Figure 3.31 Response frequency versus flow pitch velocity for cluster tube bundle 

configuration, at a 30° angle of attack 
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Figure 3.32 Response spectra variation with flow velocity for Tube No.2 in a cluster 

bundle configuration, at a 30° angle of attack 
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3.3.4 Stability behavior of cluster tube bundle configuration with tube motion in-line 

with the flow direction (Angle of attack 0°) 

For the last series of tests, the tube motion was oriented in-line with the flow 

direction within the cluster tube bundle configuration, Figure 2.14(c) and 2.15(b). 

For the cluster tube bundle configuration, the r.m.s vibration amplitude in Figure 

3.33 shows that the critical pitch velocity increases to U = 9.85m/s, and at 

U = 10.5 m/s the r.m.s vibration amplitude increases to 10.7% of the tube diameter. 
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Figure 3.33 R.M.S vibration response for the cluster tube bundle configuration, 

at a 0° angle of attack 

Once more to verify the increased critical pitch flow velocity for the reduced 

angle of attack within the cluster tube bundle configuration, frequency information and 

response spectra diagrams were examined. The frequency information and response 

spectra diagrams are given in Figures 3.34 and 3.35 respectively. 
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Figure 3.34 Response frequency versus flow pitch velocity for cluster tube bundle 

configuration, at a 0° angle of attack 
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Figure 3.35 Response spectra variation with flow velocity for Tube No.2 in a cluster 

bundle configuration, at a 0° angle of attack 
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3.4 Stability behavior for two flexible cylinders 

The case of drastically reduced number of flexible tubes is discussed next. 

Mureithi et al. (2005) demonstrated that the stability behavior changes significantly in 

the extreme case of two and then one cylinder flexible only in the flow direction. A 

series of tests was conducted to investigate these configurations for 90° and 60° angle of 

attack. 

3.4.1 Stability behavior of two flexible cylinders at 90° angle of attack 

Figure 3.36 shows response spectra for a test where Tubes No.2 and 3 in the 

middle column are flexible in cross flow. 

UJm/s) 3 0 Frequency (Hz) 

Figure 3.36 Response spectra variation with flow velocity for Tube No.2 in two flexible 

tube bundle configuration, at a 90° angle of attack 

The spectra shown are those of tube No.2. The response amplitudes are slightly 

lower compared to the more flexible arrays, fluidelastic instability clearly occurs. This 

conclusion is supported by the amplitude and frequency trends in Figure 3.37 and 3.38, 

respectively. 
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Figure 3.37 R.M.S vibration response for the two flexible tube bundle configuration, 

at a 90° angle of attack, Tube #2, 3(inline) 
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Figure 3.38 Response frequency versus flow pitch velocity for the two flexible tube 

bundle configuration, at a 90° angle of attack, tube #2,3(inline) 

As shown in Figure 3.37, instability occurs at a velocity significantly higher than 

that for the more flexible configuration. The critical pitch velocity of 13.22 m/s is more 

than three times the critical velocity for the fully flexible array (i.e. 4.75 m/s). 
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Figure 3.39 shows the vibration response when the two flexible tubes are in 

neighboring columns, in this case Tubes No.3 and 7 were tested. The instability velocity 

of 16.4m/s is higher than that for the two flexible tubes in the same column Figure 3.37. 

The onset of fluidelastic instability is also less abrupt. 
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Figure 3.39 R.M.S vibration response for the two flexible tube bundle configuration, 

at a 90° angle of attack, Tube #3, 7 (neighboring columns) 

3.4.2 Stability behavior of two flexible cylinders with tubes motion at 60° to the flow 

direction (Angle of attack 60°) 

For the case of only two flexible tubes otherwise within a rigid tube array, the 

flexibility orientation was studied by changing the flexibility direction to 60° to provide 

a 60° angle of attack. Then the tests for the two flexible tubes configuration were 

repeated and the following results obtained. 

Figure 3.40 shows the vibration response for two flexible tubes (#2&3) located in 

the same column with a flexibility angle of 60°. 
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Figure 3.40 R.M.S vibration response for the two flexible tube bundle configuration, 

at a 60° angle of attack, Tube #2, 3 (inline) 

The critical pitch velocity measured is 14.5 m/s, which is almost two times more 

than of the critical velocity for the fully flexible array (i.e. 7.75 m/s). The instability 

behavior is also apparent in the tubes frequency information given in Figure 3.41. 
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Figure 3.41 Response frequency versus flow pitch velocity for the two flexible tube 

bundle configuration, at a 60° angle of attack, Tubes #2, 3(inline) 

Figure 3.42 shows the vibration response when the two flexible tubes are in 

neighboring columns. In this case Tube No.3 and 7 were tested. The instability velocity 

measured as 18.4m/s is higher than that for the two flexible tubes in the same column 

configuration. 
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Figure 3.42 R.M.S vibration response for the two flexible tube bundle configuration, 

at a 60° angle of attack, Tubes #3, 7 (neighboring columns) 
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The increased fluidelastic instability pitch velocity is also observed in the frequency 

information given in Figure 3.43. 
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Figure 3.43 Response frequency versus flow pitch velocity for the two flexible tube 

bundle configuration, at a 60° angle of attack, Tubes #3, 7(neighboring columns) 
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CHAPTER 4 

STABILITY ANALYSIS AND DISCUSSION 

The series of tests presented in the forgoing chapters is rather classical and in 

some sense, the results are not surprising. Fluidelastic instability is now known to be 

strongly dependent on the angle between the flow direction and the tube bundle 

flexibility direction which we call the "angle of attack?'. The results obtained in the 

experimental tests, which are presented in the previous chapter, will be discussed in the 

individual sub-sections in the first section of this fourth chapter while a theory overview 

for fluidelastic instability mechanisms will be discussed in the second section. 

4.1 Experimental data 

4.1.1 Fully flexible tube bundle 

The tests in the first series, tests are conducted within a fully flexible tube 

bundle. The tube flexibility direction was changed in four steps. The tests started with a 

90° angle of attack which allowed for tube motion in the direction normal to the flow. 

Then in each next step the tubes were rotated by 30 degree to give a different angle of 

attack ending up with 0° (flexibility in the flow direction). 
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Figure 4.1 Critical pitch velocity versus flexibility orientation (angle of attack) for fully 

flexible tube bundle 

The collected data shows how the fluidelastic instability critical velocity 

increases with decreasing angle of attack from 90 to 0°. The critical flow velocity for a 

90° angle of attack is U = 4.75 m/s a 60° angle of attack increased by 61% to 

U = 7.65 m/s . Reducing the angle of attack to 30° and finally to 0° increased critical 

flow velocity to U = 8.0 m/s and U = %.15m/s respectively. Figure 4.1 shows how 

the critical pitch flow velocity for the fluidelastic instability changes with decreasing in 

angle of attack. 

4.7.2 Three-columns flexible tube bundle 

In the second series of tests, which were performed with the three-column 

flexible tube bundle, the foregoing procedure was repeated and the critical pitch flow 

velocity for fluidelastic instability measured. The results presented in Chapter 3 shows 

that for a 90° angle of attack the critical pitch velocity was found to be U - 5.3 m/s. It 

increased to U =8.0 m/s for 60°. 
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Figure 4.2 Critical pitch velocity versus flexibility orientation (angle of attack) for 

three-column flexible tube bundle 

Reducing the angle of attack to 30° results in increased pitch flow velocity to 

U = 8.4 m/s. For a 0° angle of attack (inflow direction) the critical pitch velocity for 

fluidelastic instability obtained was U = 9.15 m/s. The critical velocity variation with 

angle of attack is illustrated in Figure 4.2. 

4.1.3 Cluster tube bundle configuration 

The critical pitch velocity variation with angle of attack for this configuration is 

given in Figure 4.3. The last series of tests were conducted with a cluster of seven 

flexible tubes. The collected data given in the third chapter shows how the critical flow 

pitch velocity changes with angle of attack. For a 90° angle of attack (motion normal to 

the flow), the critical flow pitch velocity is U =5.85m/s1. It increases by 36% to 

Upc = 8.0 m/s for a 60° angle of attack. For a 30° angle of attack the critical velocity is 

U = 9.5 m/s. Finally for the inflow direction (0° angle of attack) it is U = 9.85 m/s. 
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Figure 4.3 Critical pitch velocity versus flexibility orientation (angle of attack) for 

cluster tube bundle configuration 

4.1.4 Stability behavior for two flexible cylinders 

The case of a drastically reduced number of flexible tubes is discussed next. The 

Results given in the Section 3.4, show that the stability behavior changes significantly in 

the extreme case of only two flexible cylinders. Fluidelastic instability still occurs for 

two flexible cylinders. Two different configurations with tubes flexible only in the cross 

flow direction were tested. First the two flexible tubes were positioned in the same 

column (tube # 2,3 Figure 2.14a). Second, the two flexible tubes were located in the 

neighboring columns (tube #3, 7 Figure 2.14a). 

The critical velocity at Upc =\3.2m/sis more than double the critical velocity 

for the fully flexible array (U -5.3m/s). The results show that in the case of two 

flexible cylinders, the relative position of the tubes is crucially important. Figure 3.37 

shows the vibration response when the two flexible are in neighboring columns; in this 

case, Tubes No.3 and 7 were tested. The instability velocity of U = 16 m/s is higher 

than that for two tubes in the same column. For the case of flexibility in the flow 

direction, Mureithi et al. (2005), have experimentally shown that for two flexible 
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cylinders, the relative positions of the tubes is significantly important. They reported that 

the instability velocity for two tubes in neighboring columns is higher than for the case 

of two flexible tubes in the same column. This is in good agreement with what we have 

found in the present work. 

This is not the case for two-phase flow. Violette et al. (2006), have 

experimentally shown that for fluidelastic instability to occur in a bundle of tubes 

flexible only in the drag direction, the flexible tubes must be located in two adjacent 

columns. 

4.2 On instability mechanisms 

In the previous chapter results from different tests were presented in detail. Here, 

in the second section of the fourth chapter a specific review of fluidelastic instability 

mechanisms is made. Fluidelastic instability is possible when the fluid dynamic forces 

on the tubes are proportional to tube motion. As mentioned in Chapter 1, it is well 

accepted that there are two mechanisms that can cause instability (Chen, 1987, 

PaTdoussis and Price, 1988, Yetisir and Weaver, 1993). The first, the damping controlled 

mechanism, manifests itself when the energy absorbed from the fluid by the tubes 

exceeds the energy dissipated by damping. This mechanism needs only one degree of 

freedom to occur. The second, the stiffness controlled mechanism; is controlled by non-

symmetric fluid dynamic stiffness effects and generally required relative motion 

between adjacent cylinders in the array, therefore it needs at least two degrees of 

freedom to materialize. 

From the results obtained for the tubes flexible only in the flow direction, it can 

be concluded that there needs to be at least two flexible tubes for fluidelastic instability 

to occur. Since the damping controlled mechanism needs only one degree of freedom to 

cause instability, it can be deduced that it is only the stiffness controlled mechanism that 
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produced the instability for the tubes flexible only in the flow direction. This is in 

agreement with the finding of Mureithi et al in 2005. 

Pa'ldoussis and Price (1988) demonstrated with their theoretical model that the 

derivative of the lift coefficient (CL) to displacement in the lift direction ( v ) must be 

negative and large (8CL/dy<0) for an instability by the damping controlled mechanism 

to occur for a tube that is free to vibrate only in the lift direction. By the same reasoning, 

the derivative of the drag coefficient (CD) versus displacement in the drag direction (x ) 

must be negative and large (8CD/dx<0) for an instability by the damping controlled 

mechanism to occur for a tube that is free to vibrate in the drag direction. Pa'ldoussis et 

al. (1996) demonstrated experimentally in a wind tunnel within a rotated triangular tube 

bundle, that the derivative of the drag coefficient to the displacement in the drag 

direction is close to zero (dCD/dx « 0). Therefore, no instability is possible for a single 

tube flexible only in flow direction inside a rigid array. The instabilities observed with 

tubes that are flexible only inflow direction is then caused only by the stiffness 

controlled mechanism. Violette et al. (2006) demonstrated experimentally in a set of 

two-phase flow tests that in order for the fluidelastic instability to occur in a bundle of 

tubes flexible only in the drag direction, the flexible tube must be located in two 

adjacent columns. But as Mureithi et al. (2005) experimentally showed and repeated in 

the present study, this is not the case for single phase flow, in which, instability can 

occur for a single column of tubes flexible only in the flow direction in a rotated 

triangular rigid array. This result is discussed in Section 4.1.4, by using collected data 

from the last series of tests presented in Chapter 3 Section 3.4. In the next section the 

fluid-dynamic theory presented by Pa'ldoussis and Price (1987) will be used to 

understand the experimental results given in Chapter 3. 
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4.3 Fluidelastic instability result comparison 

It is now confirmed that fluidelastic instability can occur in a rotated triangular 

tube bundle subjected to air cross flow with tube flexibility orientation in the flow 

direction (0°), at a 30 degree, 60 degree and 90° of angle of attack. The fluidelastic tests 

results in the previous chapter are now compared to existing data for the rotated triangle 

configuration on the instability map given in Figure 4.4, presented by Pettigrew et al. 

(1989). On this map, the horizontal axis is the mass-damping parameter and the vertical 

axis is the reduced velocity. The factor of K is the proportionality constant defined in the 

relation: 

f \0 '5 

PD2 ) 
(4.1) 

100 

0 1 10 100 

Mass damping parameter 2/rmg / pD2 

F i g u r e 4 .4 Stability map:M full flexible tube bundle at a 90° angle of attack,!!! three columns configuration 

at a 90° angle of attack, Bcluster configuration at a 90° angle of attack, B full flexible tube bundle at a 60° angle of 

attack, Mhree columns configuration at a 60° angle of attack, I S cluster configuration at a 30° angle of attack, 

Efcluster configuration at a 0° angle of attack A seven tubes flexible only inflow direction in one column 

collated in the center of the test section(Violette et al. 2006), • two flexible column only inflow direction(Violette et 
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al. 2006), + results for seven tubes flexible only in flow direction subjected to single phase flow (in a wind tunnel) 

(Mureithi et al. 2005), K wind tunnel results for one column tubes flexible only inflow direction, Jk seven full-

flexible tubes (axisymentical beam) subjected to two-phase flow (Violette et al. 2006), H two column full-flexible 

tubes (Violette et al. 2006), W one full-flexible column (Violette et al. 2006), • one single full flexible tube 

(Violette et al. 2006), V1 one single flexible tube in lift direction (Violette et al. 2006), * full flexible tube array 

(Pettigrewetal.1989) 

The experimental data for tubes that are flexible inflow direction and subjected 

to single-phase cross flow in a wind tunnel are found to be in good agreement with what 

Violette et al. reported in 2006 for the same tube bundle subjected to two-phase cross 

flow, K = 8 . Also appearing in this figure is the results obtained by Mureithi et al. 2005, 

in a wind tunnel for a tube bundle similar to the one used in this study for two flexible 

bundle configurations: the central cluster and the single flexible column. Both 

configurations use tubes that are flexible in the flow direction. As is shown in Figure 

4.4, the results are in good agreement with those obtained in the present study for the 

tubes flexible in the flow direction. On the other hand, Mureithi et al. (2005) reported an 

instability constant, K = 5 for a fully flexible tube bundle. 

4.4 Modified quasi-steady theory 

flow as is partially shown in 

\plDU;C 

U-x'Cos0 

Figure 4.5a Cross-section of a small part of an array of cylinders in cross flow and 

velocity vector diagram 

Consider an array of cylinders subjected to cross-

Figure 4.5. 

y 
I I 

u o o 

o o 
X 
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For simplicity, consider for the moment that all the cylinders are rigid, except 

one, which is flexibly mounted and motions of which are characterized by displacement 

only in the x' direction. 

y 

v* 
^1 

FLj,=FLzmO 
\ 

r.'~'' 
"' 

i 

y = y cos9.,.--~ 

-
x = x' cos 6 

^̂  *\ 

FDX,=FDX™S& 

Figure 4.5b Displacement vectors for rotated flexibility angle by 6° 

Then, assuming no mechanical coupling between motion in the x' and y' 

direction, the equation of motion of the cylinder in the ;c'direction may be written as: 

mix' + ex' + kx' = F, (4.2) 

Where Fx, is the fluid-dynamic force, m the mass per unit length of the tube, / 

the length of the cylinder, and c and k are the effective mechanical damping and stiffness 

of the cylinder, respectively. 

According to the quasi-steady (or quasi static) theory, the forces acting on the 

oscillating cylinder are approximately the same as the static forces at each point of the 
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cycle of oscillation, provided that the approach velocity is properly adjusted to take into 

account the velocity of the cylinder, in the manner shown in the velocity vector in Figure 

4.5 a and b. 

Thus, Fx, may be written as 

Fx, = ±pU,2lD(cL(x, yl) + CD(x,y)), (4.3) 

where Ur, as shown in Figure 4.5 is the displacement velocity in the x' direction and 

defined as: 

£ / , 2 = ( £ / - x ' c o s 0 ) 2 + ( i ' s i n # ) 2 (4.4) 

U;=U2 -2Ux'cos0 + x2 (4.5) 

In equation 4.3, C^^is the effective component of the lift and drag coefficients 

in the x' direction, which for small displacement about the equilibrium position may be 

expressed in linearized form as: 

CL =CL + ̂ -Ay' + ^Ax' Lx' L° dy' dx' 

dC, dy . , 8C, dx . . dC, dx . . 8C, dy . . 
— L _ £ _ A / + — L — A y +—L—Ax +—L-+-Ax 
dy dy' dx dy' dx dx' dy dx' 

For small displacement x' = Ax' and y' = Ay', also, according to Figure 4.5b: 

dC / y = y'cos0, x = x'cos#, y = x'sin6, and with respect to Cio =0and LA = 0 , CL 

reduces to: 
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CL =—Ly'cos6 + —Lx'sin<9 
dy dy 

And similarly for the drag coefficient in the x' direction CD may be expressed in 

liearized form as: 

_ _, dCD ,cos26> dCD , 
Cn =Cn +—2-v + — - x cos 0 ' A ^D„ -y 

dx sin 0 dx 

Replacing CL and CD into the Equation 4.3 results: 

Fx,=\pU\lD 
28CL 

By 
x'sin2 0 + Cn cos# + 

26C D v> 

dx 
x' cos 0 (4.6) 

Using the flow velocity definition given in Equation 4.5 within Equation 4.6 gives: 

Fx, - pU2lDx •sin 0 + — - c o s 0 
dy dx 

-pUlDCDx cos2 0 (4.7) 

The discussion so far has been in terms of traditional quasi-steady fluid-

dynamics. It is known, however, that there is a time-lag between cylinder displacement 

and the fluid-dynamic forces generated thereby. This may be thought to be related to the 

delay in the two fluid streams on either side of the cylinder readjusting to the changing 

configuration as the cylinder oscillates (Lever & Weaver 1982); alternatively, it may be 

thought to be associated with retardation that the fluid experiences as it nears the 

cylinder, notably in the vicinity of a stagnation point, in conjunction with inter-cylinder 

positions having mean-while changed as a result of cylinder motions (Price & Pai'doussis 

1984, 1986). Perhaps this time-lag may most easily be conceived as a delay in the 

viscous wake adjusting continuously to the changing conditions imposed by the 

vibrating cylinder. Here we use an approximation for this time-delay as presented by 

Price & Pai'doussis (1987), and the time delayr , may be expressed as 
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T = JUD/U (4.8) 

The effect of varying ju on stability was investigated by Price & Pai'doussis (1984), they 

showed that for a rotated triangular array (P/d = 1.375), ji = 1 gives the best agreement 

between theory and experiment. Thus // = 1, will be used in all of the calculations in this 

paper. Assuming harmonic motion, such thatx = xQe(lPr), the combination of equations of 

(4.2) and (4.7) gives: 

mix' + ex' + kx' = pU2lDx'e tipr 

rdcL . 2Q ecD 2^ 
L sin 0 + —2-cos 0 

J 
By dx 

• pUlDCDx'cosz0 (4.9) 

By replacing ofx' = x'0e'Pt, x' = x'0ipe'Pt and e'Pr =cosPr + ismPr into 

Equation (4.9) it may rewritten by its real and imaginary components as: 

2 2 cC T 2 2 D 2 
-mlP + iPc + K - pU ID —=— sin 0 cos Pt - pU ID —^— cos 6 cos Pt 

oy ox 

-pU2lDi—^sin2 0sinPr-pU2lDi—^-cos2 0sinPt+pUlDiPCD(. cos2 0=0 
dy dx ° 

(4.10) 

Equating the real and imaginary parts of Equation (4.10) to zero yields the 

critical values for the natural stability: U = U ,p = p . 
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2 2 2 dCr sin # 2 dCr^ cos 6* 
-i> + co - pU D —£- cos PT - pU D —£- cos Pr = 0 

oy m ox m 

2 P / < - ^ 2 Z ) / ^ ^ ^ s i n P r - ^ ^ / ^ ^ ^ s i n P r + P ^ 7 > C Z ) n ^ ^ = 0 
dy m dx m u m 

(4.11) 

For a single flexible tube within a rotated triangular tube bundle, and fluid-force 

coefficients measured by Price & Pai'doussis in 1986, the critical upstream flow velocity 

for different angles of attack ranging from 0° to 90° is given in Table 4.2. 

Using Equation 4.10, the fluidelastic instability behavior for the rotated 

triangular array can be easily explained. Since fluidelastic instability is possible when 

the energy absorbed from the fluid by the tubes exceeds the energy dissipated by 

damping, then damping variation with flexibility angle will be discussed. 

It is well known that fluid damping in the flow direction is larger than fluid 

damping in cross flow, often almost twice (Price & Pai'doussis 1986 & 1988). The 

imaginary part of the Equation 4.11 represents fluid damping. These terms are also 

function of the angle of attack 0. i.e. the maximum value of these terms occurs when 

0 = 0° (inflow direction) therefore increased fluid damping results in higher critical flow 

velocity. For the same reason, for a 90° angle of attack (0 - 90°) the fluid damping term 

is minimum, which means that the tube bundle is very unstable leading to the lowest 

critical velocity. 

For the cases of 6- 30° and 60° angle of attack it can easily seen that 

while cos2 30 >- cos2 60 fluid damping decreases form 30° to 60° and as a result the 

fluidelastic instability critical velocity decreases from 30° to 60°. 
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For the cases of a drastically reduced number of flexible tubes in the array e.g. 

three-column flexible and cluster configuration, the reduction in the number of flexible 

tubes results in increased tube bundle effective structural stiffness and causes higher 

critical flow velocity for fluidelastic instability. 

Flexibility 
Angle 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

Upstream Critical velocity 
Numerical 

130 

72.28 

23.16 

10.4 

5.87 

3.4 

2.38 

1.76 

1.52 

1.48 

Experimental 

>~8m/s 

— 

— 

^•8m/s 

— 

~ 

6.2 

— 

— 

2.8 

Table 4.1 summary of experimental and numerical results 

4.5 Comparison with experimental data 

Figure 4.6 shows that, for the available data, the experimental results are in 

qualitative agreement with those from the theoretical model. As mentioned in the Table 

4.1, the critical velocities for fluidelastic instability within 0° and 30° angle of attack 

because the maximum flow velocity of the wind tunnel was about 8m/s with the array in 

place. 

The results from available experimental data for fluidelastic instability from fully 

flexible, three-columns flexible and cluster configuration arrays can be compared with 
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results from the single flexible cylinder model. It is seen in Figure 4.6 and 4.7 that the 

theoretical curve gives a slightly lower bound for fluidelastic instability. However the 

agreement between the single flexible cylinder model and the experimental data for 

different tube bundle configurations with flexibility angle ranging from 90° to 0°, is 

generally acceptable. 

70 60 50 40 30 

Angle of attack(°) 

10 

Experimental ata < • Theroreticaldata 

Figure 4.6 Upstream velocity variations with angle of attack comparison 
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Figure 4.7 Upstream velocity variations with angle of attack for three configurations 
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CHAPTER 5 

CONCLUSIONS 

An experimental program to conduct fluidelastic instability tests in single phase 

flow was completed. The principal objective of this work was to determine 

experimentally how the fluidelastic instability behavior of a rotated triangular tube 

bundle changes with tube flexibility angle. The main conclusions drawn from the current 

work are as follows: 

• Fluidelastic instability can take places in a rotated triangular tube bundle that 
is flexible either in the flow direction or the direction normal to the flow. 

• Fluidelastic instability is strongly dependent on the angle between the flow 
direction and the tube bundle flexibility direction which we call the "angle of 
attack". 

• Increasing the angle of attack results in a decrease in the fluidelastic 
instability critical velocity. 

• Increasing the number of flexible tubes in the array results in a reduced 
fluidelastic instability critical velocity for all angles of attack. 

• A range of fluidelastic instability constant (K) between "3.8 and 8" were 
found for a range of angle of attack from 90 to 0 degree respectively. 

• Fluidelastic instability can occur within single a flexible column (even with 
only two flexible tubes) in a rotated triangular tube bundle flexible in the 
flow direction 

• The results obtained in single phase flow were found to be in good agreement 
with reported by Violette(2006) for two-phase flow, except for the single 
flexible column configuration in which the tubes were flexible only in the 
flow direction. 
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Future work 

The tests in air-flow presented here are exploratory tests to investigate 

fluidelastic instability in oblique cross flow. To arrive at final conclusions regarding the 

stability behavior in actual steam generators, two-phase flow tests are required. 

In the last step of the present study, a two-phase flow test section was modified 

by a simple mechanism to let the tubes to rotate axially. Thus tube bundle flexibility 

orientation can be changed from 0° to 90° degree in every 30 degree. This will enable 

tests at different angles of attack in two-phase flow. Appropriate technical drawings are 

given in appendix C. 
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APPENDIX B 
The measured damping ratio and natural frequency for eight instrumented tubes 
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Appendix C 

Two-Phase Flow Test Section 
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