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RESUME

Au cours de cette thése, nous présenterons les résultats des travaux effectués
dans le but d’étudier la formation de I’écoulement par bouchons de liquide pour
un écoulement a contre-courant en conduite verticale-horizontale. L’instabilité
d’écoulement est un mécanisme proposé pour obtenir la formation de I’écoulement
par bouchons de liquide dans un écoulement a co-courant. Toutefois, a la con-
naissance de 'auteur, aucun travail n’a été effectué pour étudier la formation de
I’écoulement par bouchons de liquide dans une conduite ayant une branche verti-
cale connectée a une branche horizontale a contre-courant avec obstructions. De
tres rares études existent sur ce type d’écoulement ayant pourtant une impor-
tance capitale dans le domaine de 1’analyse de streté des réacteurs nucléaires de

puissance.

Pour réaliser ces travaux, nous avons utilisé une section d’essais de 63.5 mm de
diametre intérieur fabriqué avec des tubes de plexiglass transparents. Cette section
est composée d’une branche verticale de 2022 mm de longueur reliée a une branche
horizontale de 3327 mm de longueur par un coude en PVC de 90°. Deux brides,
dans lesquelles une obstruction peut étre installée sont situées dans la branche

horizontale & 1110mm et & 2217 mm du coude.

Les expériences ont été effectuées pour étudier la fréquence de formation des bou-
chons, la vitesse de propagation des bouchons de liquide et le taux de vide moyen.
Nous avons également efféctué des expériences pour la caractérisation de la propa-
gation des vagues. Elles ont permis d’obtenir les conditions initiales requises par le
modeéle proposé pour prédire la formation de ’écoulement par bouchons de liquide.
Dans ce modeéle, 'amplitude initiale des vagues est utilisée pour partir les calculs.

Donc, le but de ces expériences est d’obtenir 'amplitude des vagues.
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La comparaison des résultats expérimentaux au point d’engorgement avec ceux cor-
respondant au début de la formation de I’écoulement par bouchons, nous a montré
que les deux résultats sont presque identiques. C’est—-a—dire que I’engorgement est
simultanement accompagné par la formation de 1’écoulement par bouchons dans
la section horizontale. Nous avons également trouvé que pour un débit de liquide
donné, la présence d’un orifice réduit de fagon significative le débit du gaz cor-
respondant au point d’engorgement et au début de la formation de ’écoulement
par bouchons. De plus, nous avons constaté que cette réduction est inversement

proportionnelle au rapport G de l’orifice.

Pour tous les cas étudiés, la fréquence de la formation de bouchons diminue en
augmentant la vitesse superficielle du gaz. Nous avons constaté que, pour un débit
de gaz et un rapport 8 donnés, la fréquence de formation des bouchons est plus
élevée quand l'orifice est installé pres du coude. De plus, cette fréquence augmente

en diminuant le rapport 3.

Nous avons observé que le taux de vide pour 1’écoulement par bouchons de liquide
atteint une valeur asymptotique de 80% lorsque la vitesse superficielle du gaz est
supérieure & 0.5 m/s. De plus, nous avons trouvé que cette valeur asymptotique
semble étre indépendante de la taille de ’orifice et de sa position par rapport au
coude. Pour les expériences effectuées sans orifice, nous avons constaté qu’il y a
une dispersion importante dans les données. Dans ce cas, la valeur asymptotique
est legerement plus élevée que celle observée lors des expériences effectuées avec
orifice. La dispersion de données est probablement due a la formation de deux
types de bouchons de liquide; dans le premier type, de longs bouchons de liquide
se géneérent pres du deuxieme coude, et dans le deuxieme type, les bouchons courts
de liquide se forment pres du premier coude. Nous avons également trouvé plus
de gaz emprisonné par les bouchons longs de liquide, ce qui explique le haut taux

de vide mesuré lors des expériences effectuées sans orifice.

Nous avons observé que la vitesse de propagation des bouchons de liquide ne
dépend ni de la taille ni de I’emplacement de l'orifice par rapport au coude. Nous

avons trouvé que le débit de liquide n’a pas d’influence sur la vitesse de propa-
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gation des bouchons de liquide. Nous avons également constaté que la vitesse de

propagation diminue linéairement en augmentant la vitesse superficielle du gaz.

Nous avons également développé un modele basé sur la théorie de Boussinesq pour
la formation de ’écoulement par bouchons. En se basant sur ce modele, nous avons
calculé la fréquence de formation des bouchons et la vitesse de propagation des
bouchons de liquide. Pour la fréquence de formation des bouchons de liquide,
nous avons trouvé que les prédictions du modele sont légerement supérieures aux
données expérimentales. Comme nous avons supposé que les bouchons de liquide
se forment sans délai; c’est-a-dire qu’il n’y a pas de délai entre le temps ou un
bouchon de liquide est formé et le temps ou la vague précurseure se génére dans
la branche horizontale. Ce délai qui devrait étre ajouté au calcul de période peut

expliquer les valeurs élevées obtenues.

Pour le calcul de la vitesse de propagation des bouchons de liquide, nous avons
constaté que les prédictions du modele sont légérement supérieures aux données
expérimentales. Etant donné que nous n’avons pas pu calculer I’écoulement qui
entre dans le volume de controle ou se forme le bouchon, nous avons trouvé que le
manque de ce terme peut expliquer la différence obtenue entre les prédictions et

les données.
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ABSTRACT

This thesis presents the results of the work carried out to study the formation of
slugs under conditions of vertical-to-horizontal counter-current flow with obstruc-
tions. A flow instability is the mechanism proposed for the formation of slugs in
a co-current flow. However, to the best of author’s knowledge no work has been
carried out for the formation of slugs in a vertical-to-horizontal counter-current
flow with obstructions. Despite the existence of a few studies on counter-current
vertical-to-horizontal slug flow with obstructions, it is in particular of great im-

portance in the area of nuclear reactor safety analysis of a CANDU reactor.

A test section manufactured of 63.5 mm inner diameter (ID) plexiglass was used
for this work. The test section consists of 2022 mm long vertical and 3327 mm long
horizontal legs connected by a 90° PVC elbow. The horizontal leg contains flanges
in which an orifice may be installed. These flanges are located at the distance of
1110 mm and 2217 mm from the elbow.

The experiments were carried out to study the frequency of the formation of slugs,
the slug propagation velocity and the averaged void fraction of slugs. We also
carried out experiments for the characterisation of the propagation of waves. This
allowed us to obtain the initial conditions required by the present model in order
to predict the formation of slugs. In this model, the initial profile of waves was
used to start calculations. Therefore, the aim of these experiments was to obtain

the initial profile of these waves.

The comparison of the experimental data collected at the onset of flooding with
that collected at the onset of slugging shows that the restults are very close to
each other. This reflects the fact that flooding is simultaneously accompanied by

the formation of slugs in the horizontal leg. We found that, for a given liquid flow
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rate, the gas flow rate, necessary to form the slugs as well as to provoke flooding,

decreases as the severity of the obstruction increases.

We also found that, for all the cases studied, the slug frequency decreases with
increasing superficial gas velocity. It is also observed that for a given superficial
gas velocity and orifice G ratio, the slug frequency is much higher if the orifice is
located closer to the elbow. Furthermore, the predominant slug frequency increases

with decreasing orifice 3 ratios.

We observed that, for superficial gas velocities higher than 0.5 m/s, an almost
unique asymptotic value of the average void fraction is reached. This asymptotic
value is close to 80% and seems to be independent of the size of the orifice and
its position with respect to the elbow. For the case without an orifice, a huge
scattering in the data is observed. However, the asymptotic value of the average
void fraction seems to be slightly higher than that observed for the experiments
carried out with an orifice. The scattering in the data is due to the fact that two
different types of slugs are formed when there is no orifice installed in the pipe:
very long slugs are generated closer to the second elbow and very fast and shorter
ones are formed quite close to the first elbow. The fact that longer slugs trap more
gas can also be used to explain the higher average void fraction observed for the

case without an orifice.

In general, it is observed that the slug propagation velocity does not depend on
both the orifice size and the position. It is also observed that the liquid flow rate
does not affect the slug propagation velocity. Furthermore, the slug propagation

velocity decreases almost linearly with increase of the superficial gas velocity.

Taking into account the Boussinesq system of equations, a model for the formation
of slugs has been developed. Based on this model, slug frequencies and slug prop-
agation velocities have been calculated. We found that the predicted frequencies
are slightly higher than the experimental data. Since we assumed that the slugs
are formed without any delay, i.e., there is no time delay between the formation

of a slug and the precursor wave necessary to form the next slug, this assumption
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results in a lower period. As the frequency is inversely proportional to the period,

it explains higher frequency values predicted by the model.

Calculations for the slug propagation velocity have been carried out by using the
mass conservation equation. The averaged horizontal velocity obtained from the
model has been used in these calculations. We found that the model predictions are
slightly higher than the experimental data. As we were not capable of predicting
the flow that enters into the control volume, we were not able to substract the
corresponding term in the slug propagation velocity equation. This results in

higher predicted values of slug propagation velocity.

We found that the model slightly overpredicts the experimental data. However,
in general, the agreement between the predictions and the experimental data is

good.
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CONDENSE EN FRANCAIS

1 Introduction (Chapitre 1)

Dans les réacteurs CANDU, suite a certaines pertes de caloporteur hypothétiques,
’eau de refroidissement qui vient des collecteurs d’entrées et de sorties est acheminée
aux canaux de combustible par les tuyaux d’alimentation. Ceux-ci comportent des
sections verticales et horizontales; dans certains tuyaux d’alimentation, des orifices
et/ou des venturis sont installés pour fin de controle ou mesure de débit. La vapeur
produite dans les tuyaux d’alimentation et/ou dans les canaux de combustible peut
s’écouler dans la direction opposée a celle de 1’eau de refroidissement créant ainsi
un écoulement diphasique a contre-courant. Dans de telles conditions, le débit de
’eau de refroidissement qui se rend aux canaux de combustible peut étre limité
par le phénoméne d’engorgement. A la suite d’engorgement, ’écoulement & contre-

courant de la vapeur et de I’eau peut créer la formation d’écoulement par bouchons
de liquide (Slug Flow).

Il est clair que dans le cas événtuel d’une Perte de Caloporteur (PERCA), la
prédiction du comportement du systéme de refroidissement d’urgence est essentielle.
De plus, la connaissance de I’écoulement par bouchons de liquide dans des géometries
semblables a celles du systéme d’alimentation d’eau dans un réacteur CANDU est

alors importante pour ’analyse de sireté.

Ainsi, le but de ce travail est d’étudier I’écoulement par bouchons de liquide dans
des systemes géométriquement similaires a celui du systéme de refroidissement
d’urgence d’un réacteur CANDU, et de développer un modele qui peut prédire la

formation de ’écoulement par bouchons ainsi que le comportement.
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2 Revue bibliographique (Chapitre 2)

Un grand nombre de travaux expérimentaux et analytiques ont été effectués dans
le passé pour étudier I’écoulement par bouchons a co-courant. Cependant, il y a

peu des travaux dévoués a étudier des écoulements diphasiques a contre-courant.

Expériences en écoulement par bouchons co-courant dans des conduites

horizontales

Vermulen et Ryan (1971) ont effectué des expériences dans une conduite ayant
un diametre intérieur de 3.75 ¢m. Pour des débits du gaz faibles, ils ont observé
que la perte de pression augmente legerement en augmentant le débit du gaz.
Toutefois, une augmentation de débit du gaz au déla d’une certaine valeur, entraine
I’augmentation abrupte de la perte de pression. Les auteurs ont observé des
fluctuations de pression presque constantes quand le débit du gaz est faible. Pour
un débit de gaz élevé, les fluctuations de pression augmentent; un accoissement du
débit de liquide provoque une augmentation des fluctuations de pression et elles
atteignent leur maximum. Apres ce maximum, toute augmentation de débit du
liquide est suivie par une baisse des fluctuations. Vermulen et Ryan (1971) ont
trouvé que les bouchons de liquide sont longs, i.e., environ de 30 cm a 45 cm et
que leur fréquence est faible. Les auteurs ont également observé que les bouchons
de liquide se propagent a basse vitesse. Cependant, une augmentation du débit
de liquide augmente la fréquence des bouchons de liquide. Contrairement a ce
qui avait été observé pour le débit de liquide, une augmentation du débit de gaz
cause la diminution de la fréquence des bouchons de liquide jusqu’au point ou la

fréquence devient presque constante.

Jepson et Taylor (1993) ont effectué des expériences dans une conduite horizontale
ayant un diametre intérieur de 30 c¢m. Ils ont comparé leur données avec celles
d’autres chercheurs. Les auteurs ont trouvé que la fréquence des bouchons de
liquide diminue en augmentant le diametre de la conduite, ainsi qu’en diminuant
la vitesse superficielle du liquide. Pour de grandes vitesses superficielles du gaz, ils

ont observé une limite de 76 % du taux de vide moyen pour le film de liquide dans
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la partie posterieur du bouchon, ainsi qu’une limite de 62% du taux de vide moyen
dans le corps du bouchon. Pour tous les cas étudiés, une augmentation de diameétre
de la conduite provoque une diminution de toutes ces limites. Le rapport entre
la vitesse de propagation de bouchons et la vitesse du mélange, vt /vy, diminue
continuellement de 2.0 a 1.25 en augmentant la vitesse superficielle du gaz. D’autre
part, ils ont observé aussi que la longeur de bouchons de liquide augmente avec
le diametre de la conduite. La perte de pression augmente avec ’accroissement
des vitesses superficielles du gaz et du liquide jusqu’au point ou les bouchons de
liquide deviennent trés écumants. A ce point-1a, la perte de pression commence &
diminuer. Les auteurs ont également observé que la perte de pression diminue en

augmentant le diametre de la conduite.

Modeéles et corrélations pour les écoulements par bouchons en écoulement

co-courant dans des conduites horizontales

Dukler et Hubbard (1975) ont proposé un modeéle pour prédire la vitesse de
propagation de bouchons, en supposant que le liquide est entrainé par le front
des bouchons; ainsi le liquide s’accélére jusqu’a atteindre la vitesse du bouchon de
liquide pour ensuite se placer a l'arriére de celui-ci. Bien que ce modéle fournisse un
bon apprentissage des mécanismes, trops de parametres sont requis par le modele

afin d’effectuer un calcul.

Taitel et Dukler (1977) ont développé un modéle basé sur des vagues instables
formées sur la surface du liquide stratifié. Ces vagues augmentent leur amplitude
et bloquent le passage de I'air. Cependant, les auteurs ont trouvé que la théorie ne
seralt pas capable de prédire la fréquence de formation de bouchons si I’écoulement

a lentrée du liquide (ou les bouchons de liquide se forment) n’est pas stratifié.

Kordyban (1969) a effectué des expériences sur les écoulements diphasiques dans
une conduite rectangulaire. Il a également développé un modele pour prédire la
transition de 1’écoulement stratifié vers 1’écoulement par bouchons. Ce modeéle
est basé sur l'instabilité de Kelvin-Helmholtz. Il a utilisé ses données expérimen-

tales pour valider le modele. En 1985, Kordyban a montré que la formation de
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I’écoulement par bouchons est die a l'instabilité locale au sommet des vagues,
plutét qu’a instabilité globale de la vague. Toutefois, Kordyban (1985) a conclu
que le dernier modele (1985) est valide pour des fluides ayant une basse tension
de surface; si ce n’est pas le cas, 'auteur a proposé 1’utilisation de son premier
modéle (1969) basé sur l'instabilité de Kelvin-Helmholtz.

Crowley et al. (1992) ont développé un modéle basé sur la théorie d’une vague uni-
dimensionnelle pour prédire la vitesse de propagation. Les auteurs ont également
comparé les prédictions du modele & celles de Taitelet Dukler (1976). Pour de
basses densités de la phase liquide et vitesses faibles du gaz, ce modéle donne
de meilleures prédictions que celles obtenues par d’autres chercheurs (Taitel et
Dukler, 1976). Crowley et al. (1992) ont également étudié le développement, la
décroissance ainsi que l'interaction des vagues par 1'utilisation de la méthode de

caractéristiques.

Expériences en écoulement par bouchons contre-courant dans des con-

duites horizontales

Wallis et Dobson (1973) ont effectué des expériences pour étudier les écoulements
countre-courant et co-courant. Les auteurs ont également étudié la formation de
I’écoulement par bouchons dans le cas ou l’eau était stationnaire. Ils ont observé
que le début de la formation de 1’écoulement par bouchons est atteint, soit en
augmentant les débits du gaz ou du liquide dans le cas ou l’eau s’écoule, soit en

changeant la pente du canal dans le cas ou l’eau est stationnaire.

Chun et al. (1995) ont effectué des expériences pour déterminer la hauteur des
vagues et pour étudier la transition de I’écoulement par vagues ondulatoires vers
I’écoulement par bouchons. Les auteurs ont observé une augmentation legere de la

hauteur non-dimensionnelle de la vague, quand le débit du liquide est augmenté.

Modeéles et corrélations pour ’ecoulement par bouchons contre-courant

dans des conduites horizontales

Johnston (1985) a effectué des expériences en utilisant le kérosene et le chlorure



XVi

de zinc a pression atmosphérique comme fluides de travail. En modifiant le critere
d’instabilité de Taitel et Dukler (1976), Johnston (1985) a proposé un autre critére
d’instabilité. L’auteur a constaté qu’une transition de l’écoulement stratifié a
I’écoulement par bouchons peut étre prédite en utilisant son critere d’instabilité.
La différence entre les données expérimentalles et leurs prédictions obtenues avec
ce critére, était inférieure a +17 %. Pour des inclinaisons legéres de la conduite,
Johnston a observé que le critere d’instabilité est influencé par les forces visqueuses,
les conditions d’entrée et la gravité. Cependant, pour des inclinaisons raides de la

conduite, la stabilité de I’écoulement est affectée essentiellement par la gravité.

Chun et al. (1995) ont développé un critére de transition entre I’écoulement
stratifié et ’écoulement par bouchons en calculant I’énergie totale sur le sommet
de la vague. Les auteurs ont montré que la différence entre les prédictions en

utilisant ce critére et les données experimentales est a l'intérieur de + 8%.
3 Montage Expérimental (Chapitre 3)

La section d’essais est composée dune branche verticale de 2022 mm de longueur
reliée a une branche horizontale de 3327 mm de longueur par un coude en PVC
de 90°. Une bride dans laquelle une obstruction peut étre installée est située dans
la branche horizontale & 1110mm et & 2217 mm du coude respectivement. L’eau
et 'air a pression atmosphérique sont utilisés comme fluides de travail. La section
d’essais est fabriquée de plexiglass transparent pour permettre la visualisation de
I’écoulement. Son diametre intérieur est de 63.5 mm. Les parties principales de la
section d’essais sont : le réservoir supérieur qui sert de systéme de séparation et
de collecte de ’eau entrainée par ’air, le systéme d’injection d’eau qui consiste en
un tube de 63.5mm de diametre intérieur ayant 800 trous de 1 mm percés dans
sa parol et des brides qui permettent sa fixation aux sections d’essais, le réservoir
inférieur qui inclut le systeme d’entrée d’air ainsi que le systeme de décharge
d’eau. Un systéme y est installé pour contréler le niveau de l’eau dans le réservoir
inférieur. Le systeme de controle du niveau est capable de maintenir le niveau
de ’eau constant dans le réservoir pour une grande gamme de débits d’eau. Les

orifices qui ont été fabriqués a partir des plaques d’acier inoxydable de 1.5 mm
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sans chanfrein ont des rapports 3 (= M’—”) de 0.83, 0.77, 0.72 et 0.66.

dconduite

Instrumentation

Le montage expérimental est instrumenté pour mesurer les débits de liquide et
de gaz, leurs températures, ainsi que la pression absolue du systéme. Le débit de
liquide est mesuré en utilisant des débitmetres a turbine de type “Flow Technology”.
Ces débitmetres peuvent couvrir la plage allant de 0.054 & 4.54 m?/h avec une
précision supérieure & =1 % de la pleine échelle. Le débit de gaz est mesuré en
utilisant un groupe de cing rotameétres “Brook” qui couvrent la plage allant de
0.085 & 132.5 m*/h & une pression de 2 bar. La précision des rotametres est
de £2 % de la pleine échelle. La température du gaz est mesurée & ’aide d'un
thermocouple de type K installé pres de ’entrée d’air dans le réservoir inférieur.
La température du liquide est également mesurée et controlée a une température
de 20 & 0.5 °C. La pression absolue dans le réservoir inférieur est mesurée a 1’aide
d’un capteur de pression “Sensotec”. La plage de pression absolue couverte est
de 1 a 1.14 bar avec une précision de +0.25 % de la pleine échelle. Le systéme
de mesure du taux de vide, également utilisé pour la détection de I’écoulement
par bouchons de liquide comprend trois capteurs capacitifs mobiles (Teyssedou
et Tye, 1999). Les sorties des modules de capteur sont connectés a un systéme

d’acquisition des données.
4 Conditions et procédures expérimentales (Chapitre 4)

Deux types d’expériences ont été effectuées; les expériences pour I’écoulement par
bouchons de liquide et les expériences pour la propagation des vagues qui ménent

a la formation de 1’écoulement par bouchons de liquide.

Procédures expérimentales: Commencement de ’engorgement et de

I’écoulement par bouchons de liquide

Pour une taille et une position d’orifice données, le débit du liquide injecté &
I’entrée de la section d’essai est fixé. Le débit du gaz est augmenté jusqu’au point

ou la formation de I’écoulement par bouchons de liquide peut étre observée. Cette
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procédure expérimentale est répétée pour tous les débits de liquide et tous les

orifices étudiés.
Expériences pour la propagation des vagues

Les expériences effectuées pour la caractérisation de la propagation des vagues
ont permis d’obtenir les conditions initiales requises par le modéle proposé pour
prédire la formation de 1’écoulement par bouchons de liquide. Dans ce modéle,
I’amplitude initiale des vagues est utilisée pour partir les calculs. Donc, le but de

ces expériences est d’obtenir 'amplitude des vagues.

Les expériences ont été effectuées dans la méme section d’essais qui avait été
utilisée pour ceux de 1’écoulement par bouchons de liquide. Apres avoir filmé
les expériences avec une caméra numérique opérant a 30 champs/s, une technique
de détection des bonds a été utilisée pour obtenir I’amplitude des vagues. Une
.quantité de colorant bleu a été ajoutée afin d’augmenter le contraste optique des

images collectées.
Conditions Expérimentales

Les expériences de la propagation des vagues ont été effectuées sans utilisation
d’orifice. Une réflexion de lorifice a été simulée en utilisant un coefficient de
réflexion. Ce coefficient a été déterminé comme une fonction simple des débits

partiels & la décharge que des débits d’eau refoulés.
Procédures Expérimentales

Apres avoir fixé le débit de liquide a l’entrée de la section d’essais, le débit du
gaz a €té augmenté jusqu’au point ou les vagues commencent & apparaltre sur
la surface du liquide. Cette procédure a été répétée pour les débits de liquides
suivants : 0.8 m?/h, 1.1 m?*/h, 1.5 m*/h, 1.8 m* /h. Chaque cas a été filmé par la
camera numérique a raison de 30 champs/s pendant 4 min. pour chaque cas. Une
série d’images (champs) a été extraite de chaque filmation en utilisant le logiciel
Adobe Premiere (version 6.0). L’amplitude des vagues a été obtenue en détectant

les bonds dans les images en utilisant une macro de MATLAB et un programme
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5. Résultats expérimentaux (Chapitre 5)

Il est important de noter que pour tous les cas étudiés (avec et sans orifice),
avant d’arriver au début de la formation de ’écoulement par bouchons; au point
d’engorgement, une colonne oscillante est formée dans la branche verticale de la
section d’essais. Cette colonne provoque la formation des vagues dans la branche
horizontale. Quand un orifice est installé dans la branche horizontale, les vagues
se propagent jusqu’a l’orifice et en fonction de la dimension et ’emplacement de
I'orifice ainsi que le débit d’eau. Quand les vagues frappent 1’orifice, une réflexion
partielle de ces vagues se produit. Il faut noter que pour les expériences effectuées
sans orifice, la réflexion a lieu au deuxiéeme coude. Finallement, en amont de
I'orifice, la vague incidente et la vague réflechie interférent. Lorsque ’amplitude
de cette interférence devient similaire au diametre interne de la conduite, il y a un

blocage de ’écoulement causant la formation d’un bouchon.

Nous avons également observé que les vagues peuvent étre dispersées au cours de
leur propagation. Cette observation nous a permis d’utiliser les équations de type

de Boussinesq ou Korteweg—de Vries pour dévélopper notre modéle.

Le point d’engorgement et le début de la formation de I’écoulement par

bouchons

Apres avoir comparé les résultats expérimentaux pour le point d’engorgement avec
ceux du début de la formation de ’écoulement par bouchons, nous avons constaté
qu’ils sont presque identiques. C’est—a—dire que I’engorgement est simultanement
accompagné par la formation de 1’écoulement par bouchons dans la section hori-
zontale. Nous avons également trouvé que pour un débit de liquide donné, la
présence d’un orifice réduit de facon significative le débit du gaz correspondant au
point d’engorgement et au début de la formation de I’écoulement par bouchons.
De plus, nous avons constaté que cette réduction est inversement proportionnelle

au rapport G de l'orifice.



Fréquence des bouchons de liquide

Pour tous les cas étudiés, la fréquence de la formation de bouchons diminue en
augmentant la vitesse superficielle du gaz. Nous avons constaté que, pour un débit
de gaz et un rapport 8 donnés, la fréquence de formation des bouchons est plus
élevée quand l'orifice est installé pres du coude. De plus, cette fréquence augmente

en diminuant le rapport 3.
Taux de vide moyen pour ’écoulement par bouchons

Nous avons observé que le taux de vide pour I’écoulement par bouchons de liquide
atteint une valeur asymptotique de 80% lorsque la vitesse superficielle du gaz est
supérieure & 0.5 m/s. De plus, nous avons trouvé que cette valeur asymptotique
semble étre indépendante de la taille de ’orifice et de sa position par rapport au
coude. Pour les expériences effectuées sans orifice, nous avons constaté qu’il y a
une dispersion importante dans les données. Dans ce cas, la valeur asymptotique
est legerement plus élevée que celle observée lors des expériences effectuées avec
orifice. La dispersion de données est probablement die & la formation de deux
types de bouchons de liquide; dans le premier type, de longs bouchons de liquide
se génerent prés du deuxieme coude, et dans le deuxiéme type, les bouchons courts
de liquide se forment pres du premier coude. Nous avons également trouvé plus
de gaz emprisonné par les bouchons longs de liquide, ce qui explique le haut taux

de vide mesuré lors des expériences effectuées sans orifice.
Vitesse de propagation des bouchons de liquide

Nous avons observé que la vitesse de propagation des bouchons de liquide ne
dépend ni de la taille ni de ’emplacement de orifice par rapport au coude. Nous
avons trouvé que le débit de liquide n’a pas d’influence sur la vitesse de propa-
gation des bouchons de liquide. Nous avons également constaté que la vitesse de

propagation diminue linéairement en augmentant la vitesse superficielle du gaz.
Propagation des vagues en surface libre

Les expériences effectuées pour la caractérisation de la propagation des vagues ont
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été effectuées afin d’obtenir le profile initial des vagues incidentes. Ce profile est
requis comme condition initiale par le modéle. Pour un débit de liquide donné,
le débit de gaz a été augmenté jusqu’au point d’engorgement en faisant attention
de ne pas arriver a I’engorgement. Cette condition des débits, i.e., le débit du gaz
et le débit du liquide, a été gardée constante pendant la prise des films. Aprés
avoir filmé chaque expérience, les images ont été transférées a ’ordinateur. Une
macro de MATLAB pour déterminer les bonds des images et un programme écrit
en MATLAB ont été utilisés pour déterminer ’amplitude des vagues. Aprés avoir
comparé les résultats de quelques méthodes utilisées pour détecter les bonds dans
une image, i.e., Prewitt, Roberts, Laplacian, Canny, Zero-Crossing et Sobel, nous
avons trouvé que la méthode de Sobel donne le meilleur résultat. Donc, nous
avons opté pour cette méthode avec un seuil (threshold) de 0.04 pour effectuer le

traitement numérique des images.
6. Les modéles théoriques

Suivant nos observations reliées au comportement des vagues, nous avons trouvé
qu’il est nécessaire d’utiliser une théorie d’ondes solitaires qui s’appuie sur la dis-
persion de vagues pour décrire le phénomene observé. Nous avons opté pour le
systeme des équations de Boussinesq. Le systeme des équations de Boussinesq est

donné par:

on 0 _
5 t gz [(L+n)u] =0, (1)

et )
ou ou @ 1 *u

5 Yoz Yor  39:00t (2)

ou 7 est ’amplitude de la vague et wu est la vitesse moyenne de propagation dans

la direction z.
7. Modele pour la formation de ’écoulement par bouchons

Nous avons discrétisé les équations 1 et 2 en utilisant le schéma de Péregrine

(1966). La solution numérique a été effectuée en utilisant Az = 0.5 et At = 0.004
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(noter que ces variables sont non-dimensionnelles). L’algorithme consiste dans le
calcul d’une valeur estimative de 7 & partir de la solution de ’équation 1. Par la
suite, on utilise cette valeur estimée pour calculer la vitesse de propagation avec
I’6quation 2. Cette vitesse est utilisée de fagon récursive pour obtenir une valeur
corrigée de 7 a partir de I’équation 1. Cette procédure est répetée dans le temps
et dans l’espace. Les conditions initiales nécessaires pour partir ’algorithme de
calcul sont obtenues & partir des champs (des images) de vagues filmées lors des

expériences.

Nous avons calculé la fréquence de formation des bouchons en supposant que la
fréquence est inversement proportionnelle a la période. Cette période représente
la somme des intervales suivants: T; qui est le temps nécessaire pour que la vague
incidente se propage jusqu’a lorifice, T, qui est le temps nécessaire pour que la
vague incidente soit reflechie par 'orifice, T3, qui est le temps nécessaire pour que

la vague incidente et la vague reflechie produissent une interférence.

Nous avons trouvé que les prédictions du modele sont legérement supérieures aux
données expérimentales. Comme nous avons supposé que les bouchons de liquide
se forment sans délai; c’est—a—dire qu'il n’y a pas de délai entre le temps ou un
bouchon de liquide est formé et le temps ou la vague précurseure se géneére dans
la branche horizontale. Ce délai qui devrait étre ajouté au calcul de période peut

expliquer les valeurs élevées obtenues.

Nous avons calculé la vitesse de propagation des bouchons de liquide en se basant
sur la conservation de la masse. Nous avons contaté que les prédictions du modele
sont legerement supérieures aux données expérimentales. Il faut mentionner que
nous n’avons pas pu prédire ’écoulement qui entre dans le volume de controle.
Nous avons trouvé que ce terme peut expliquer la différence obtenue entre les

prédictions et les données.
8. Conclusion et recommandation (Chapitre 8)

Au cours de cette thése, nous avons présenté les résultats des travaux effectués

dans le but d’étudier la formation de bouchons dans un écoulement contre-courant
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horizontal.

Il est important de noter que pour tous les cas étudiés (avec et sans orifice),
avant d’arriver au début de la formation de 1’écoulement par bouchons; au point
d’engorgement, une colonne oscillante est formée dans la branche verticale de la
section d’essais. Cette colonne provoque la formation des vagues dans la branche
horizontale. Quand un orifice est installé dans la branche horizontale, les vagues
se propagent jusqu’a l’orifice et en fonction de la dimension et ’emplacement de
Porifice ainsi que le débit d’eau. Quand les vagues frappent l'orifice, une réflexion
partielle de ces vagues se produit. Il faut noter que pour les expériences effec-
tuées sans orifice, la réflexion a lieu au deuxieme coude. Finallement, en amont de
lorifice, la vague incidente et la vague réflechie interférent. Lorsque ’amplitude
de cette interférence devient similaire au diametre interne de la conduite, il y a un
blocage de ’écoulement causant la formation d’un bouchon. Nous avons également
observé que les vagues peuvent étre dispersées au cours de leur propagation. Cette
observation nous a permis d’utiliser les équations de type de Boussinesq ou Ko-

rteweg de Vries pour dévélopper notre modele.

Apres avoir comparé les résultats expérimentaux pour le point d’engorgement avec
ceux du début de la formation de ’écoulement par bouchons, nous avons constaté
qu’ils sont presque identiques. C’est—a—dire que l’engorgement est simultanement
accompagné par la formation de 1’écoulement par bouchons dans la section hori-
zontale. Nous avons également trouvé que pour un débit de liquide donné, la
présence d’un orifice réduit de facon significative le débit du gaz correspondant au
point d’engorgement et au début de la formation de l’écoulement par bouchons.
De plus, nous avons constaté que cette réduction est inversement proportionnelle

au rapport 3 de l'orifice.

Pour tous les cas étudiés, la fréquence de la formation de bouchons diminue en
augmentant la vitesse superficielle du gaz. Nous avons constaté que, pour un débit
de gaz et un rapport 0 donnés, la fréquence de formation des bouchons est plus
élevée quand l'orifice est installé pres du coude. De plus, cette fréquence augmente

en diminuant le rapport (.
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Nous avons observé que le taux de vide pour ’écoulement par bouchons de liquide
atteint une valeur asymptotique de 80% lorsque la vitesse superficielle du gaz est
supérieure & 0.5 m/s. De plus, nous avons trouvé que cette valeur asymptotique
semble étre indépendante de la taille de ’orifice et de sa position par rapport au
coude. Pour les expériences effectuées sans orifice, nous avons constaté qu’il y a
une dispersion importante dans les données. Dans ce cas, la valeur asymptotique
est legérement plus élevée que celle observée lors des expériences effectuées avec
orifice. La dispersion de données est probablement die a la formation de deux
types de bouchons de liquide; dans le premier type, de longs bouchons de liquide
se génerent prés du deuxieme coude, et dans le deuxieme type, les bouchons courts
de liquide se forment prés du premier coude. Nous avons également trouvé plus
de gaz emprisonné par les bouchons longs de liquide, ce qui explique le haut taux

de vide mesuré lors des expériences effectuées sans orifice.

Nous avons observé que la vitesse de propagation des bouchons de liquide ne
dépend ni de la taille ni de 'emplacement de 1’orifice par rapport au coude. Nous
avons trouvé que le débit de liquide n’a pas d’influence sur la vitesse de propa-
gation des bouchons de liquide. Nous avons également constaté que la vitesse de

propagation diminue linéairement en augmentant la vitesse superficielle du gaz.

Nous avons également développé un modéle basé sur la théorie de Boussinesq pour
la formation de I’écoulement par bouchons. En se basant sur ce modele, nous avons
calculé la fréquence de formation des bouchons et la vitesse de propagation des
bouchons de liquide. Pour la fréquence de formation des bouchons de liquide,
nous avons trouvé que les prédictions du modele sont legérement supérieures aux
données expérimentales. Comme nous avons supposé que les bouchons de liquide
se forment sans délai; c’est-a-dire qu’il n’y a pas de délai entre le temps ou un
bouchon de liquide est formé et le temps ou la vague précurseure se génére dans
la branche horizontale. Ce délai qui devrait étre ajouté au calcul de période peut

expliquer les valeurs élevées obtenues.

Pour le calcul de la vitesse de propagation des bouchons de liquide, nous avons

constaté que les prédictions du modele sont legerement supérieures aux données
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expérimentales. Etant donné que nous n’avons pas pu calculer ’écoulement qui
entre dans le volume de contréle ou se forme le bouchon, nous avons trouvé que le
manque de ce terme peut expliquer la différence obtenue entre les prédictions et

les données.



xXxXvi

TABLE OF CONTENTS

DEAICALION oottt sas s st a st e Ra bbb bRt a s iv
ACKNOWIEAZEIMENLES ..uvvverrvierisnsssie s ss b ss bbb s b b s s s sb s sssases \
RESUINIE ..ottt bbb e a b a s e bbb e e a b st vi
ADSETACT couveetecr st b st bbb bbb bRt bbb bRt st rt s ix
CoNAEnsE €11 FTANCALS ..t sss s se st st a st st st s s b bas e saenes xil
TADblE Of COMEENES...ucviirtreerieriirssss st b bbb s s s s b s s s b s s s s ssn s sbnsaeen xXxvi
LISt Of FIZUIES sttt s s ss s ssss st s s s s s s s sbsssss s ssssssins XXX
LSt Of TaBIES ..ot ssssss s sssss st ssssssessssssssss st s s s s s sssssssssesssssanes XXX Viil
LiSt Of ADDEIAICES. ivuurriirrrriissiiseessesiisssssssssssssssssssssssssssssssssssesssssssssssssssssessssssssssssssssssssassssessssssns x1
LiSt Of ADDIEVIALIONS oottt s s bbb ss st ss s sbaas xli
LISt Of SYINDOLS ottt s st s b s st s sns xlii
CHAPTER. T .ornnenenreeenesseesssesssssesesasssssssstesessssesessssssssassssssssssssssssssssassssssssssassans 1
1. INTRODUCTION .oicverernierenreresensesersssmsersssssesssssssssssssssssesssssssssssssssssssssrassssssssssssseses 1
1.1 Significance of the Problem .. esssssssssssssssissssssssssens 1
1.2 ODbJectives Of the WOTK .. sssssssss s sssssssssssssssssssssssssssses 1
1.2 OULINE Of the TheSIS sttt sssseses 2
CHAPTER 2.rvnreenennnnnnenessssessssssessssesssssrsssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssasass 4
2. LITERATURE REVIEW ...innssiesmmmesomssssssassssssssssssssssens 4
2.1 Vertical CCEF EXPEIIMENES c..ccirinrirerirerieeeeeesseeiseeisesssecssesssesssenssssssesssssssesssesessssssssssans 5
2.1.1 Pressure Drop in Vertical CCF .. sesissssessssssssssssesns 6
2.1.2 Mean Film Thickness in Vertical CCF ... 10
2.1.3 Other Parameters that Affect Flooding in
VEITICAL CCE ettt nen 11
2.1.4 Vertical CCF through ODbstrUCtiONS. ...comeeienrinrinriines e 13

2.2 Inclined and Horizontal CCE EXDPErIMENtS.....coocmieinrinsinriensnrisssessissessssssssssssses 13



xxXVvil

2.2.1 Pressure Drop in Inclined and Horizontal CCF ......orronnnssinen 14
2.2.2 Other Parameters that Affect the Flooding
in Inclined and Horizontal CCE ... 16
2.2.3 CCF and CCFL in Complex GeOMELTIES .cvumrrmmrrerermermiserseserssenssssssesenss 18
2.2.4 CCF in Vertical-to-Horizontal and Vertical-to-Inclined
Pipes Containing Flow ObStructions ......innrinsenssiesinssensssensionn. 19
2.3 CCFL MODELS ...ttt sassssssssssssssssessasssssssssssassssssssssssasssssssssssssssssssoses 20
2.3.1 CCFL Models for Vertical FIOWS ... ssscsnns 20
2.3.2 Horizontal, Inclined and Vetical-to-Horizontal
CCOFL MOAELS cuuirurrsierisnirnsiesississssssssssssssssssssssssssssssssssssessssssssssssssssssssssssssesssssassses 23
2.4 STUDIES ON HORIZONTAL SLUG FLOW ...nessiesseessesssesssssssessons 27
2.4.1 Co-Current Horizontal Slug Flow Experiments......onnn, 28
2.4.2 Models and Correlations for Co-Current Slug Flow .....ceevcverrenrrnnnne, 31
2.4.3 Counter-Current Horizontal Slug Flow Experiments........ovevvenneee. 36
2.4.4 Models and Correlations for Horizontal
Counter-Current FLOW ... isssessessessessessns 37
CHAPTER 3 ..eeeeeereeeeteeereseesse e ssessssessssessassessesessesassssassassesassssensessssassssesssessesenses 45

3. COUNTER-CURRENT TWO PHASE FLOW

TEST FACILITY ooorceriierenneneneenenisesessesssssssssssssssssssssssssssmssssessssssssasssssssssssssssases 45

3.1 TESE SECEIOM . cuuureerierriiereireetseeis ettt b bbb bbb b bbb 45
3.2 INSEIUMIEIEALION vvverveereisiisesisssie st ss b bt sss s sas st es bbbt s bs bbb saes 46
CHAPTER. 4 ouiiiiiininninsssnseisssessssssssssssssssssssmssssssssssssessssssssssssssssssssssssssssssssssssses 52

4. EXPERIMENTAL CONDITIONS AND

PROCEDURE .ootinrneinnsesiesssesesssssssesssssssssssssssessssssssssassssssassssssssssassssasasssssnes 52
4.1 Flooding and Slugging ExXPeriments ... s 52
4.2 Wave Propagation EXPErimMeEnts ... einississemsssssssessssssssssssessons 54

4.2.1 Experimental Conditions ... 99



4.2.2 Experimental ProCEAUTES ... sessesssssnne 56
CHAPTER 5 .ccevrirnrernnnnnnneeissesssnsssnsssssmsssssssnsssssssssssssssssssssssssssssssssssssssssssssssssssssssassss 68
5. EXPERIMENTAL RESULTS ..ninienseneeiissnssssssessssssssssssssissssses 68

5.1 Slug Flow EXPEriMents. ... riiimrsrsissssssssssssssssssessssesssssssssssssssesssssssesssssssssssssens 68

5.1.1 The Onset of Flooding and the Onset of Slugging.......ocvecrmrvnrrnenns 69

5.1.2 SIUZ FLEQUENCY wurevrrnrrerirrisrisssssssssissssssssssessssssssssesssssssssessssssssssssssssesssssssssssssessssssss 71

5.1.3 Average Void Fraction iissenssssssssessssssssssssssssssssssssssssssns 74

5.1.4 Slug Propagation VEIOCIEY .. ssisssiesisesiesisessssssssesssssssenes 75

5.2 Wave Propagation Experiments Without SIUgZINg.....cccoevevererverernerneiersnnnns 78
CHAPTER 6 .ceeeerrereerienesesessesssssssssssssssssssssesssssssssssssssssssassssssssssssssssssssssssssssssssssss 102
6. THE THEORY BEHIND THE MODEL....nnn 102

6.1 HYPErDOLC WAVES ..ottt ssssesssesesse s sssesssesssessssesssssssessssssssssssssssessaneees 102

6.1.1 The Conitinuity EQUation ... iieississssssssisssssssssessesssssssns 103

6.1.2 The Momentum Conservation EqUation ..., 104

6.1.3 The Energy Conservation EQUation ... 106

6.2 Boundary ConditiOns. . meiiiesississessesssssssssssesssessessssssssessssssesssessssesssesssssesns 107

6.3 DISPEISIVE WAVES...vvvvrerieesiiesiessssisssissssssss s sssssssssss s sssss s ssssssssessssssssasessssssssnesssnessses 111

6.3.1 Linear Dispersive WAaVES .....rniesieessssisssesssssssssssssesssnesssnns 111

6.3.2 Nonlinear Dispersive Waves (Korteweg-De Vries Equation)............ 115

6.3.3 Nonlinear Dispersive Waves (Boussinesq System of Equations).....136

6.3.4 Concluding Remarks on the Korteweg—De Vries and

Boussinesq EQUAtions) . 147
CHAPTER T ooeicecririnienenninessnssssssssasssssssesssssssssssassssessassssssasss st sssssssssssssssssssssssssess 150
7. MODEL FOR THE FORMATION OF SLUGS. ....cccccvvnnnunenvenenns 150

7.1 The SIug FIOW MOAEL .t ssesisse s sesssessssesssssssesssesssesssessssesseses 150

7.1.1 The Governing EQUAtIONS ...orirsisssieesisssssssssssesssssssssssssssssssssnes 150



7.1.2 The Initial and Boundary Conditions...........nm. 152

7.2 The Predictions of the Model..... e 155
7.2.1 SIUE FIEQUEINCY vvvrvereecirsises s sssssssssssssss s sssssssss st sssssssssssssssssssssssases 156

7.2.2 Slug Propagation VEIOCIEY .. sissssssesssssssssssssssssnssnes 157
CHAPTER 8.ttt ssssssssssssssssssssssssessssasessssssssssssssess 176
8. CONCLUSIONS AND RECOMMENDATIONS.....mmnininenens 176
BIBLIOGRAPHY ..ccviinniciisssiimesiisessmissssessssssssssssssssssssssssssoss 180

APPENDICES ...ttt ssssssssssssssssssess 187



Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5
Figure 4.1
Figure 4.2
Figure 4.3
Figure 4.4
Figure 4.5
Figure 4.6
Figure 4.7

LIST OF FIGURES

Flow transitions in vertical counter-current annular flow. ............. 41

Qualitative variations of non-dimensional superficial liquid velocity,
liquid fraction, liquid hold-up and non-dimensional pressure
gradient with non-dimensional superficial gas velocity

(Bharathan et al. , 1983). s 41
Pressure drop variation vs gas flow rate in counter-current flow
with upper plenum injection (Hawley and Wallis, 1982).....ccccu. 42
Idealized pressure profile with the sketch of a stable slug

(Fan €t al. , 1993 ). ccrrimienccreniisinesscsssssiasncssesssssmsssssssssssssssmsssssssssesssssse 43
The description of slug parameters used in Jepson and

TAYIOT (1993)..reeveeiiirmsseseessesesssesssessisssssesesesssssasssesssssss s sssssssssssessssssssss 43
The onset of “slugging” in a 2.5 x 2.5 ¢m? horizontal channel.
(Wallis €f @l. ; 1973)..cooeeecerrermesssisessssmsssseesssssssessssssesssssssssssnanessssssesees 44
TESE FACILIEY. coverveerreeieere sttt s bbb es 48
CCOF' £ESt SECTION. wuurvverrrrinmreissersinessssssssssssssssssessssessssesssssesssessssssesssssessssesssssssesnes 49
Details of the elbow asSembly. ..o 50
Topology of the electrodes. . 51
Void gauges calibration CUIVES. ... 51
Distribution fUNCEIONS. wrrrieriseeriseesisecsmisesssscsssassssssssesssssessses 61
Typical power spectra of void fraction and pressure signals. ....... 62
Reflection coefficient vs. liquid flow rate for orifice 8 = 0.66....... 63

Reflection coefficient vs. liquid flow rate for orifice § = 0.72...... 63
Reflection coefficient vs. liquid flow rate for orifice 8 = 0.77....... 64
Reflection coefficient vs. liquid flow rate for orifice 8 = 0.83...... 64

Reflection coefficient vs. liquid flow rate for orifice § = 1.00...... 65



Figure 4.8

Figure 4.9

Figure 5.1
Figure 5.2
Figure 5.3
Figure 5.4

Figure 5.5

Figure 5.6
Figure 5.7

Figure 5.8

Figure 5.9a

Figure 5.9b

Figure 5.10a
Figure 5.10b
Figure 5.10c

Figure 5.11a

Figure 5.11b

xxx1

Probability of detection vs probablity of false detection for

2 x 2 and 3% 3 operators (Pratt, 1991 ). mnenssssssssessssnnnns 66
Impulse response arrays for 3 x 3 orthogonal differential

gradient edge operators (Pratt, 1991). ..necmmmmmsmmssssasssns 67
Phenomenological reSULS. .. sssesssssssssenns 80
Onset of entrainment above the elbow (Tye, 1998). rrvrvrrrvrrennns 81
Pulsating column in the vertical leg (Tye, 1998). wunrrrerrssnns 81
Wave formed by pulsating column (Tye, 1998)....ccccrrrrrvererernnns 82
Wave formed by pulsating column travels towards the orifice
(TT5€, 199B). coorrerrermirreerermseissssesssessisssssesessesssessssssssssssssaseseesssssssssnssssssssssnsanns 82
Wave reflected from the orifice (Tye, 1998). .oovvccreerrvrmrrsirssnns 83
Wave travelling towards the orifice and wave reflected from

the orifice (TY€, 1998). oot 83
Liquid slug formed in the horizontal leg (Tye, 1998).....cccccommmmrrrrern 84

Ji vs. jg at the onset of flooding and at the onset of slugging
presented by solid and empty symbols respectively,
POSIEION L1ttt sssss st ba s 85

Ji vs. jq at the onset of flooding and at the onset of slugging

presented by solid and empty symbols respectively,

POSIEION 2. ittt siss st sttt s sss st ssnssssessssaness 85
Slug frequency vs. superficial gas velocity, Position 1. 86
Slug frequency vs. superficial gas velocity, Position 2. ... 86
Slug frequency vs. superficial gas velocity for 8 = 1.00. ......co...... 87

Average void fraction vs. superficial gas velocity for 8 = 0.66,

POSIEION Lt oottt e et eeeee e ese st eea e see st e e s sasae s st eeaenesanaerasens 88

Average void fraction vs. superficial gas velocity for 8 = 0.66,
POSIEION 2. 1ottt es st b s ss st bes st 88



Figure 5.11c

Figure 5.11d

Figure 5.11e

Figure 5.11f

Figure 5.11g

Figure 5.11h

Figure 5.111

Figure 5.12a

Figure 5.12b

Figure 5.12¢

Figure 5.13
Figure 5.14a
Figure 5.14b

Figure 5.15

Figure 5.16

XXXl

superficial gas velocity for 8 = 0.72,
POSIEION. Lttt ssesss s s s ssssssssssssssssessesstsssessssssssssanes 89

Average void fraction vs.

Average void fraction vs. superficial gas velocity for § = 0.72,

POSIEION 2. et s s sb s sas s s ssass s sssaes 89

superficial gas velocity for g = 0.77,
POSIEION L sss s sss s st ssssssssssssssassssnnns 90

Average void fraction vs.

superficial gas velocity for 8 = 0.77,
POSIEION 2. oot sssssssssssssssssessssessssssssssssssssssssesssssssssssssssonss 90

Average void fraction vs.

Average void fraction vs. superficial gas velocity for 5 = 0.83,

POSIEION. L et eeeeeseseersesaesesesse e sassesaasssssssesesseaesessassessessssssesessenessesen 91

Average void fraction vs. superficial gas velocity for 8 = 0.83,

POSIEIONL 2. et e ese e eae et et eessseaessesssseseseesessseseneasesenraes 91

Average void fraction vs. superficial gas velocity for
B = 100 ettt 92

Slug propagation velocity vs. superficial gas velocity,
POSIEION L et s ae s sn bbb ae s s s s sees 93

Slug propagation velocity vs. superficial gas velocity,

POSIEION. 2. ottt ssssssses s ssss s sssses s ssssessssssssnenes 93
Slug propagation velocity vs. superficial gas velocity for

B = 1.00. oot sess et sssss s 94
Forces acting on a liquid SIUZ. o csisenenns 95
Interfacial drag term for Position L. 96
Interfacial drag term for Position 2. ... 96

Comparison of edge detection methods: (Sobel(a), Prewitt(b),
Roberts(c), Laplacian(d), Zero-crossing(e), Canny(f))...wwwerunn 97

Comparison of a frame with the output of Sobel’s edge detection
INEENOA. it bbb res 98



Figure 5.17

Figure 5.18

Figure 5.19

Figure 7.1a

Figure 7.1b

Figure 7.1c

Figure 7.1d

Figure 7.2
Figure 7.3

Figure 7.4

Figure 7.5

Figure 7.6

Figure 7.7

Figure 7.8

xxXx11l

Comparison of a frame with the output of Sobel’s edge detection

INEENOM. oottt 99
Comparison of a frame with the output of Sobel’s edge detection
INEEROM. i s ssss bbb b bes 100
Comparison of a frame with the output of Sobel’s edge detection
INEEROM. oottt bbb 101
Comparison of predicted wave propagation with edge detection
data (Q; = 0.8m3/h, Q, = 31.5m3/h, B = 1.00). s 159
Comparison of predicted wave propagation with edge detection
data (Q; = 0.8m?/h, Q, = 31.5m"*/h, B = 1.00)..ccorrrrsrsrrrin 159
Comparison of predicted wave propagation with edge detection
data (Q; = 0.8m?/h, Q, = 31.5m*/h, B = 1.00). e 160
Comparison of predicted wave propagation with edge detection
data (@Q; = 0.8m?*/h, Q, = 31.5m*/h, B = 1.00)..coccrvreresicrn 160
Second forward and backward difference approximation. .............. 161

Prediction of the formation of a slug (6 = 0.66, Position 1,
Q1 =0.8m"/h, Qg = 3L.5M*/R). ceovercrsrerecssrescssessesssicesssssiiens 162

Prediction of the formation of a slug (6 = 0.66, Position 1,
Qi =1.1m*/h, Qg = 22.2M% /R). cctrrecsrecsrssnscsrsesssssssnssssssssin 163

Prediction of the formation of a slug (6 = 0.66, Position 1,
Q1 =1.5m/h, Qy = 15.8M%/R). s csnsscssesssnsesssnes 164

Prediction of the formation of a slug (6 = 0.66, Position 1,
Q1 =1.8m?/h, Qg = 11.4M*/R). cocrrsrrrsrrsssrsessisesssesessinen 165

Comparison of the model prediction with slug frequency data

(B = 0.66, POSIION 1). i sssssssssssssssssnn 166

Comparison of the model prediction with slug frequency data
(B = 0.66, POSIEION 2).ccootsisnsmmessssssmmmsisssssssessseesssssssssssssssssssssns 166



Figure 7.9

Figure 7.10

Figure 7.11

Figure 7.12

Figure 7.13

Figure 7.14

Figure 7.15

Figure 7.16

Figure 7.17

Figure 7.18

Figure 7.19

Figure 7.20

Figure 7.21

Figure 7.22

XXXV

Comparison of the model prediction with slug frequency data
(B = 0.72, Position 1). . e 167

Comparison of the model prediction with slug frequency data
(B = 0.72, POSILION 2). woovvrveeruumnseserermsssssmisssmsesesssesssssssssssmssmssnssssssssssssssssenns 167

Comparison of the model prediction with slug frequency data
(B = 0.77, POSIEION 1), ceeeitrrssrerrererreemsisssssssesssessssssssasssssssssssssssssssssssssssssen 168

Comparison of the model prediction with slug frequency data
(B = 0.77, POSIEION 2). wcoovuverumrrecerresmmmmesmmnsiessessssssssssssmesnsssssssessssssssssssnns 168

Comparison of the model prediction with slug frequency data
(8 = 0.83, POSIEION 1). woovvrsrrsrrrcriimsissssssssnnesssssssssssssssssssssssissssssssssssssssssssssssss 169

Comparison of the model prediction with slug frequency data .
(B = 0.83, POSIEION 2). coovsirrrrsssserrerrerevssmssssssssessssssssssssmsssssssssssssssssssesssssssssnns 169

Comparison of the model prediction with slug frequency data
(B = 1.00). coieerererrreressiesssssmsssssssssesesssssssssssssssssssssssssssssssssssssssss s sssssssssans 170

The slug scheme used for modeling the slug propagation

VEIOCIEY. coveivuririesinesisesies s s s ss s s s b s s bbbt ss e 170

Comparison of the model prediction with data of slug propagation
velocity (8 = 0.66, POSIEION 1)..eimecsminmneccsssssssssssessssssenens 171

Comparison of the model prediction with data of slug propagation
velocity (0 = 0.66, POSItION 2)...reerereinrersiiessensssessssssssssssesssssens 171

Comparison of the model prediction with data of slug propagation
velocity (6 = 0.72, POSIEION 1).ciirerinnnseereessssmmssssssssssesssessnnns 172

Comparison of the model prediction with data of slug propagation
velocity (8 = 0.72, POSIEION 2)..ccoiieinrreeeemsenessessmsesssssseessessasesssees 172

Comparison of the model prediction with data of slug propagation
velocity (8 = 0.77, POSIHON 1).eerreesmmesssmssssssesssssssssennes 173

Comparison of the model prediction with data of slug propagation
velocity (8 = 0.77, POSIEION 2)..iimirimmremiscrseresssmesmsmmmmmsssmnsesessssssssenns 173



Figure 7.23
Figure 7.24
Figure 7.25
Figure 7.26
Figure G.1
Figure G.2
Figure G.3
Figure G.4
Figure G.5
Figure G.6
Figure G.7
Figure G.8
Figure G.9

Figure G.10

XXXV

Comparison of the model prediction with data of slug propagation
velocity (8 = 0.83, POSIEION 1)l crnsssmssssssssssssssssssssssssssssssssssssns 174

Comparison of the model prediction with data of slug propagation
velocity (8 = 0.83, POSIEON 2).rwemmneeresmesmssssssssssssssssssssessssssannee 174

Comparison of the model prediction with data of slug propagation
VELOCIEY (B = 1.00)ummiieeeseemmmsmmmssmmsssssssssssssssssssssssssssssssssssssssssssssssssssssen 175

The comparison of the slug propagation velocity as predicted

by the model with the experimental results......ncen. 175

The formation of slug as modeled for 8 = 0.66, Position 1,
Qi =0.8m"/h, Qy = 315 /hucerererecsereessnecsssessscessiiinesee 279

The formation of slug as modeled for 8 = 0.66, Position 1,
Qr=11m"h, Qg =22.2M? [ huctversmressrrrrssrssssssissessisssssinns 280

The formation of slug as modeled for 3 = 0.66, Position 1,
Q1 =1.5m%/h, Qg = 15.8M7 /R evvterrrcssrrccsrrcssssssmesesssssssssssnen 281

The formation of slug as modeled for 3 = 0.66, Position 1,
Q=18m?/h, Q, = TLAM® [ R ssssssssssssen 282

The formation of slug as modeled for 8 = 0.66, Position 2,
Qi =08m?/h, Qg = 3L.5M? /Rt snsessinessssnissss 283

The formation of slug as modeled for 3 = 0.66, Position 2,
Qr=1.1m%h, Qg = 22.2M7 [ R ccotrrirrecsressrcsssssssesesssssssssinsen 284

The formation of slug as modeled for 3 = 0.66, Position 2,
Q1 =15m"/h, Qg = 158 /R rortirrrrcrsssressssssssisssssessisesi 285

The formation of slug as modeled for 8 = 0.66, Position 2,
Qi =1.8M*/h, Qg = 114 /R oot 286

The formation of slug as modeled for 8 = 0.72, Position 1,
Q1 =0.8Mm%/h, Qg = 3151 /Rt 287

The formation of slug as modeled for § = 0.72, Position 1,
Q1 =1.1m3 /R, Qg = 22210 /R cocrrrcerrssesssssssssssssisssssssisssinn 288



Figure G.11

Figure G.12

Figure G.13

Figure G.14

Figure G.15

Figure G.16

Figure G.17

Figure G.18

Figure G.19

Figure G.20

Figure G.21

Figure G.22

Figure G.23

Figure G.24

XXXV1
The formation of slug as modeled for 8 = 0.72, Position 1,

Q1 =1.5m%/h, Qg = 15.8M7 /R ccooorirrcssrecssrsesssscssisssssnssasnessen 289

The formation of slug as modeled for 3 = 0.72, Position 1,
Q1 =1.8m*/h, Qg = 11.4M* /Rt ceotrrrsesssssnssssissssssssise 290

The formation of slug as modeled for 8 = 0.72, Position 2,
Q1 = 0.8M% /R, Qg = 31.5M? /R s 291

The formation of slug as modeled for 8 = 0.72, Position 2,
Q1 = 1.1m3/h, Qg = 22,23 /R s 292

The formation of slug as modeled for 8 = 0.72, Position 2,
Q= 1.5m?/h, Qg = 15.8M7 /R worvrrsssressssssssessssssssssssssssssssssissssssssssns 293

The formation of slug as modeled for g = 0.72, Position 2,
Qr=1.8m"/h, Qg = 11.4M> /R oot 294

The formation of slug as modeled for G = 0.77, Position 1,
Q1 =0.8m"/h, Qg = 3L5M® /Rt e 295

The formation of slug as modeled for 8 = 0.77, Position 1,
Qr=11m"/h, Qg = 22.2M% /R ccccccctvtrsretsercessee e 296

The formation of slug as modeled for 8 = 0.77, Position 1,
Qr=15m*/h, Qg = 15.8M% /R coorrrrsirrsssesssssssssssssssssssssssssss 297

The formation of slug as modeled for § = 0.77, Position 1,
Q= 1.8m?/h, Qg = 114 M? /Rt orteesssssessssssssesssssssssssssssssssssssss 298

The formation of slug as modeled for 8 = 0.77, Position 2,
Q; = 0.8m?/h, Qg =315 MNP [P ot 299

The formation of slug as modeled for 8 = 0.77, Position 2,
Qi =1.1m"/h, Qg = 22.2M7 [Ru vt sessneessscsssiissenees 300

The formation of slug as modeled for g = 0.77, Position 2,
Q1 =1.5m?/h, Qg = 15.81M% /Rt oot 301

The formation of slug as modeled for G = 0.77, Position 2,
Q1 =1.8m"/h, Qg = 11.AM® /Rt o 302



Figure G.25

Figure G.26

Figure G.27

Figure G.28

Figure G.29

Figure G.30

Figure G.31

Figure G.32

Figure G.33

Figure G.34

Figure G.35

Figure G.36

XXXVl
The formation of slug as modeled for 8 = 0.83, Position 1,

Q1 =08m3/R, Qy = BLEMN® /R oo 303

The formation of slug as modeled for 8 = 0.83, Position 1,
Q1 =1.1m*/h, Qg = 22.2M% /R oot 304

The formation of slug as modeled for G = 0.83, Position 1,
Qi =15mM*/h, Qy = 15.8M% /Rt eortrrersrrrsseerssssssssssssssssssssssinn 305

The formation of slug as modeled for 8 = 0.83, Position 1,
Q= 1.8m?/h, Qg = L1432 /R 306

The formation of slug as modeled for ¢ = 0.83, Position 2,
Q1 =0.8m"/h, Qg = 315N /Rt oo 307

The formation of slug as modeled for G = 0.83, Position 2,
Q1 =1.1m?*/h, Qg = 22.2M% [ cerrrtrreesrressnseessirsssessssssssssssissen 308

The formation of slug as modeled for # = 0.83, Position 2,
QL =15m*/h, Qg = 15.8M% /R ccoorcrrecrsrrcssnnscssressnessssinssessineen 309

The formation of slug as modeled for 3 = 0.83, Position 2,
Q = 1.8m?/h, Qg = TLAT? [ R e 310

The formation of slug as modeled for § = 1.0,
Q= 0.8m?/h, Qy = RS R R 311

The formation of slug as modeled for 8 = 1.0,
Q1= 1.1m°/h, Qg = 22,217 /R oo 312

The formation of slug as modeled for g = 1.0,
Q1 =1.5m%/h, Qg = 1587 /R ccootorrecssrecssnressneessessesssssesssneen 313

The formation of slug as modeled for g = 1.0,
Qi =1.8M"/h, Qp = 11417 /R oo 314



Table 4.1
Table A.1
Table A.2
Table A.3
Table A.4
Table A.5
Table A.6
Table A.7
Table A.8
Table A.9
Table B.1
Table B.2
Table B.3
Table B.4
Table B.5
Table B.6
Table B.7
Table B.8
Table B.9
Table C.1
Table C.2
Table C.3
Table C.4
Table C.5
Table C.6

XXX Viil

LIST OF TABLES

Experimental conditions for the wave propagation. ... 56
The onset of flooding and slugging for 8 = 0.66 Position 1............. 188
The onset of flooding and slugging for 8 = 0.72 Position 1............ 188
The onset of flooding and slugging for 3 = 0.77 Position 1............. 188
The onset of flooding and slugging for 8 = 0.83 Position 1............. 189
The onset of flooding and slugging for 8 = 0.66 Position 2............ 189
The onset of flooding and slugging for G = 0.72 Position 2............ 189
The onset of flooding and slugging for G = 0.77 Position 2.............. 190
The onset of flooding and slugging for # = 0.83 Position 2............. 190
The onset of flooding and slugging for 8 = 1.00. vevercrercnnrirennnne 190
Slug frequency for 8 = 0.66, Position 1. ... 192
Slug frequency for 8 = 0.72, Position 1. ... 194
Slug frequency for B = 0.77, Position 1. ... 197
Slug frequency for B = 0.83, Position 1. ... 199
Slug frequency for G = 0.66, Position 2. ... 200
Slug frequency for G = 0.72, POSItion 2. ... 202
Slug frequency for 8 = 0.77, PoSItion 2. ... 204
Slug frequency for 8 = 0.83, Position 2. ... 206
Slug frequency for 8 = 1.00. s 207
Slug average void fraction for 8 = 0.66, Position 1. 213
Slug average void fraction for 8 = 0.72, Position 1. 215
Slug average void fraction for 8 = 0.77, Position l......n 218
Slug average void fraction for § = 0.83, Position 1. 220
Slug average void fraction for 8 = 0.66, Position 2. 221

Slug average void fraction for § = 0.72, Position 2. 223



Table C.7
Table C.8
Table C.9
Table D.1
Table D.2
Table D.3
Table D.4
Table D.5
Table D.6
Table D.7
Table D.8
Table D.9

Slug average void fraction for § = 0.77, Position 2. 225
Slug average void fraction for B = 0.83, Position 2........iinn 227
Slug average void fraction for 8 = 1.00.....emrneneriseeisenenns 228
Slug propagation velocity for 8 = 0.66, Position 1. ... 234
Slug propagation velocity for G = 0.72, Position 1. ... 236
Slug propagation velocity for G = 0.77, Position 1. ..eercnerrnnee. 239
Slug propagation velocity for 8 = 0.83, Position 1. ...ieeiinnee. 241
Slug propagation velocity for G = 0.66, Position 2. ... 242
Slug propagation velocity for G = 0.72, Position 2. ... 244
Slug propagation velocity for @ = 0.77, Position 2. ...ecereernnnnn. 245
Slug propagation velocity for 8 = 0.83, Position 2. .....enceenn. 246

Slug propagation velocity for 8 = 1.00. . 247



x]

LIST OF APPENDICES

APPENDIX A - THE ONSET OF FLOODING AND

SLUGGING ...ovvvvririiicssimmissssssssssssissssssssssssssssssssssasnssssssssssssss 187
APPENDIX B - THE SLUG FREQUENCY ... s 191
APPENDIX C - THE SLUG AVERAGE VOID FRACTION.....cmnnnnn 212
APPENDIX D - THE SLUG PROPAGATION VELOCITY .....coomuevmmrrrrreceen 233
APPENDIX E - MATLAB PROGRAMS FOR THE WAVE

AMPLITUDE DETECTION ... 252
APPENDIX F - FORTRAN PROGRAMS FOR THE SOLITON

INTERACTION .oovioirvvrisnsnscsssismissssssssisissssssssssssssssssssensss 257

APPENDIX G - MODEL RESULTS
(INTERFERENCE OF THE SOLITONS) .cooveeeevvrrurveresrnece 278



CANDU
CCF
CCFL
DAS
ECC
KdVv
LOCA
PERCA

LIST OF ABBREVIATIONS

Canadian Deterium Uranium reactor
Counter-Current Flow
Counter-Current Flooding Limit
Data Acquisition Syytem
Emergency core Cooling
Korteweg-de Vries

Loss Of Coolant Accident

Perte de Colloporteur

xli



xlii

LIST OF SYMBOLS

a Parameter defined in Equation 2.26

Ao Constant wave amplitude

A Cross sectional area (m?)

A Dimensionless cross sectional area

Co Velocity (m/s)

C Constant, Equations 2.8 and 2.10

C(k) Group velocity (m/s)

Ca Drag coefficient

Cp,er Geometric factor defined in Equation 2.52

C, Interfacial shape coefficient given in Equation 2.33
D Diameter of the tube (m)

Dy Droplet diameter (m)

AFE Net kinetic energy increase over the wave crest (Joules)
f Frequency (Hz)

fi Interfacial friction factor

fo Wall friction factor

Fy Drag force (V)

Fy, Retaining force of the surface tension (V)

J Superficial velocity (m/s)

7% Dimensionless Superficial velocity

F(z,y) Image field

g Gravitational acceleration (m/s?)
G(z,y) Edge gradient

h Height (m)

h Dimensionless height

ho Unperturbed liquid height (m)
H Channel depth (m)

H(z,v) Impulse response arrays

K Parameter defined in Equation 2.24



xliii

K, constant given in Equation 2.42

L Length (m)

Lp Length parameter defined in Equation 2.22

m Constant, Equations 2.8 and 2.10

m Mass flow rate (kg/s)

P, Constant pressure (Pa)

Pp Probability of correct edge detection defined in Equation 4.3a
Pr Probability of false edge detection defined in Equation 4.3b
P, Wetted perimeter (m)

Q Flow rate (m?/h)

tr Edge detection threshold

T Period (s)

T, Surface tension

u Velocity vector (m/s)

U Velocity component in x direction (m/s)

v Velocity component in y direction (m/s)

w Velocity component in z direction (m/s)

W, Workdone by the shear stress on the front surface of

the wave crest (Joules)

Greek Letters

Void fraction
Orifice ratio (_—_ Dor‘i_f'ice/Dtube>
Film thickness (m)

Shallowness parameter

0* Dimensionless film thickness

™

Amplitude parameter

Wave amplitude

Reflection coefficient defined in Equation 4.2
Wave number (m™!)

Wave length (m)

> 3 2 3



Q © & & T xT

)

n

S § D 3

Viscosity (Ns/m?)
Kinematic viscosity (m?/s)
Angular frequency (27/s)
Velocity potential

Density (kg/m?)

Surface tension (N/m)
Noise standart deviation
Shear stress (N/m?)

Phase

Wave function

Inclination angle from the horizontal (Degree)

Dimensionless Groups

Bond number

Froude number

Modified Froude number given in Equation 2.47
Kutateladze number

Reynolds’ number

Weber number

Subscripts and Superscripts

f

g
l

w

Fluid
Gas
Liquid
Water

Dimensional variable

xliv



CHAPTER 1

INTRODUCTION

1.1 SIGNIFICANCE OF THE PROBLEM

In the event of a postulated Loss of Coolant Accident (LOCA) in a CANDU
reactor, the emergency coolant water is injected into the headers and flows through
the feeder pipes into the pressure tubes in the core. The coolant flow, through the
feeder pipes, may be hindered by rising vapour stream which is generated as the
hot fuel and feeder pipes are quenched by the coolant and vaporization takes place
at the quench front. If the vaporization rate is sufficiently high and the differential
pressure driving the flow to the fuel channels is low, counter-current flooding limit
may be reached in various parts of the feeder pipe. These pipes typically contain
vertical, horizontal and inclined sections, as well as, elbows of varying angles. In
some feeders, orifices and/or venturi type flow obstructions are installed for flow
adjustments and measurements; these components may affect substantially the
flooding limit. The occurrence of flooding conditions can impede the penetration
of the emergency coolant into the reactor core and may deteriorate the cooling
conditions of the fuel and fuel channels. Under flooding flow conditions, where
steam produced in the feeders and/or in the fuel channels flows in the direction
opposite to the emergency cooling water, the counter-current flow of steam and
water can give rise to the formation of a slug flow. For safety reasons, slug flow
is an undesirable flow pattern because long lumps of liquid moving at high speed
are transported backwards the steam which reduces substantially the amount of

coolant that can reach the core.
1.2 OBJECTIVES OF THE WORK

During the channel refilling stage of a LOCA, where the emergency coolant flow

is introduced to the channels through the headers and feeders, it is important to
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predict flow characteristics in order to determine whether or not the fuel elements
will overheat. For such a postulated accident, slug flow is one of the possible
flow regimes. Thus, the objective of this research is to study all aspects of slug
flow as they apply to systems having a geometry similar to that seen in the header
feeder system of a CANDU nuclear reactor. These aspects include an experimental
study of slug flow parameters, such as: slug frequency, slug propagation velocity
as well as average void fraction of slugs. Another objective is to study the effect
of orifice type obstructions on the counter-current slug flow, as venturi type flow
obstructions can be installed in some feeders. To investigate this, four different
dimensions of orifice were used. Also, the location of these orifices were changed

to see if the slug flow characteristics would be affected.

The knowledge of the slug flow, in a geometry similar to the header-feeder system
in a CANDU reactor, is important in the safety analysis and the safety analysis
of a system depends on realistic and accurate mathematical models. Therefore,
it is also the aim of this study to develop a phenomenological model to explain
the formation of slugs, as well as to predict the slug propagation velocity and the
slug frequency in order to compare with the data obtained from the experimental
study that has been carried out for this research. Thus, a model is proposed
here to study the formation of slugs. In this model, a concept of interaction
of high amplitude waves travelling in the opposite directions is used. Indeed,
observing many patterns of slug formation in our test section during the slug flow
experiments, we concluded that the main mechanism responsible for the formation
of slugs seems to be the interaction (a kind of head-on collision) between incident

and reflected waves.

It must be pointed out that the work presented in this thesis constitutes a natural
continuation to the counter-current flow research carried out by other students

(Bédard 1997, and Tye 1998) at the Institute of Nuclear Engineering.

1.3 OUTLINE OF THE THESIS

An overall view of the experimental and theoretical studies on counter-current flow



and slug flow in different geometries, with and without blockages, is presented in
Chapter 2. The experimental facility is discussed in Chapter 3. In Chapter 4, the
conditions and procedures for both slug flow and wave propagation experiments
are described. The experimental results of slug flow and wave propagation are
presented in Chapter 5. The wave theory is introduced in Chapter 6. The model,
as well as the comparison of the model predictions with the experimental data, are
discussed in Chapter 7. Finally, Chapter 8 gives conclusions and recommendations

for future works.



CHAPTER 2

LITERATURE REVIEW

The Counter-Current Flow (CCF) and the flooding phenomena, known also as the
Counter-Current Flooding Limit (CCFL), have been studied for several decades.
However, the data in the open literature show huge scattering. Furthermore, the
proposed models for predicting CCFL are not able to completly reproduce the
experimental observations. Some authors identified CCFL with liquid bridging,
surface wave instabilities, inception of droplet entrainment, etc. None of these
phenomena necessarily leads to a net upward liquid flow. The liquid that is en-
trained above the liquid inlet may subsequently flow downward. In general, three
main criteria have been used by different authors for the characterization of the
CCFLs (Tien et al., 1979): a) point of inception of liquid entrainment; b) inception
of liquid film up flow and c) zero liquid penetration. It is important to mention
that, for a given liquid flow rate, these events can occur at significantly different
gas flow rates. The standard definition of the CCFL, and the one used in this
work, is (Bankoff and Lee, 1986): “for a given downward liquid flow the maxi-
mum upward gas flow rate which full liquid delivery out the bottom of the tube is
maintained, corresponds to the counter—current flooding limit.” Thus, the CCFL
is just a limit for the gas flow rate beyond which only partial liquid delivery out
of the lower plenum will occur. This point corresponds to the maximum gas flow

rate for which full liquid delivery still exists.

In the case of a vertical flow, the liquid film flows down smoothly along the tube
wall for small upward gas flow rates in the core region (Fig. 2.1a). As the gas flow
rate is gradually increased, a point is reached (Fig 2.1b) at which large surface
waves are formed; this results in a chaotic flow pattern with some of the liquid
being entrained as droplets by the upward gas flow. Since droplet entrainement

provokes an unbalance between the inlet and outlet liquid flow rates, this condition
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can be used to identify the onset of flooding. As the gas velocity is increased
beyond the flooding point, both the climbing and falling liquid film flows occur
simultaneously; this results in a considerable liquid delivery flow rate reduction
(Fig. 2.1c). Finally, as the gas velocity is further increased, all the liquid will be
carried upward, i.e., complete liquid film flow reversal (Fig. 2.1d). This condition
corresponds to the zero penetration point. Starting from this condition, as the gas
velocity is decreased, the liquid film starts to flow downward (Fig 2.1e). A further
decrease in gas flow rate results in the climbing and falling liquid film flow (Fig.
2.1f). A fully counter-current flow can be reestablished by decreasing the gas flow

rate much below that of the flooding point (Fig. 2.1g).

In this chapter, vertical and horizontal CCFL experiments, as well as some of the
existing models used to predict flooding conditions, are discussed. The experi-
mental part will be presented accordingly to the flow parameters that different
authors have used to represent the CCFL phenomenon. These parameters include
the pressure drop, the mean film thickness and the flooding curves, that is the flow
mapping based on the superficial gas and liquid velocities. In some cases, other
parameters that affect the flooding, such as, the presence of flow obstructions, the

tube diameter, the tube length, the liquid viscosity, have also been studied.

In this chapter, the experimental and theoretical studies on co-current and counter-

current slugging phenomena will be also discussed.

2.1 VERTICAL CCF EXPERIMENTS

The first two parts of this section discuss the experiments carried out to measure
the pressure drop and the mean film thickness in vertical tubes. Besides these
experiments, other experiments also have been conducted to study the parame-
ters that affect CCF in vertical channels. These experiments will be discussed in
Section 2.1.3. The effect of an obstruction on flooding in vertical channels will be

presented in Section 2.1.4.



2.1.1 PRESSURE DROP IN VERTICAL CCF

Bharathan et al.(1979) measured the pressure gradient with three pressure taps.
Two of them installed in the test section and the third one in the lower plenum.
They presented their experimental results qualitatively as shown in Figure 2.2.
The axis of the figure are presented in terms of the dimensionless superficial veloc-
ities, dimensionless pressure gradient and the liquid fraction. The dimensionless

superficial velocity of the k;;, phase is defined as:

1/2 .
Ik = 9 (21)
[(pe — pg) gD]"

where subscript k£ can be g or [ that represents the gas and liquid phases, respec-

tively. The dimensionless pressure gradient is given by:

(2) =50y 22

The authors reported that as the gas velocity is increased up to the flooding point
where a sharp increase in the liquid fraction and the pressure gradient is observed,
large amplitude waves start appearing on the liquid film surface. This explains

the increase in the liquid fraction and the pressure gradient.

Hawley and Wallis (1982) measured the pressure drop under counter-current flow
conditions across a 1.83 m long and 51 mm inside diameter ID test section. They

presented the dimensionless pressure drop which is defined as:

AP

AFT= [9D (o1 — pg)]’

(2.3)
as a function of the dimensionless superficial gas velocity and compared the various
characteristic stages in the pressure gradient variation with the observed stages
of the film flow. At low gas flow rates, (stage a, Figure 2.3) a smooth falling

film is observed in the tube with a correspondingly small pressure gradient. As
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the gas flow rate was increased, a region of increased pressure drop was dbserved
where the gas pulled the water, exiting the tube, into a neck, or contraction, as
shown in Figure 2.3 (stage b). At yet higher gas flow rates, (stage c, Figure 2.3)
the air entering the test section rips droplets from the water exiting the tube.
The entrained droplets are seen to occur only in the lower 10-30 cm of the test
section. The impact of the droplets on the liquid film causes waves to form;
variations are also observed in the film thickness. In the upper portion of the
tube, the film remains smooth. At this stage, a slight pressure rise from that of
stage b is observed. Stage c, however, is unstable and the rough film region grows
successively larger (stage d, Figure 2.3) until it covers the entire length of the
tube, as shown in Figure 2.3 (stage €). In the transition from stage c to stage e,
a sharp increase in the pressure drop across the tube was observed. Hawley and
Wallis (1982) considered stage e to correspond to the onset of flooding. Due to the
nature of the liquid inlet used by these reseachers, which was by overflow at the
top of the tube, the onset of flooding limited the inlet liquid flow and a decrease
in the pressure drop was thus observed (stages f and g, Figure 2.3). It can, again,
be seen from these results that the flooding point corresponds to the point where

a sharp increase in the pressure drop occurs.

Zabaras (1985), Zabaras and Dukler (1988) carried out experiments to measure
the pressure gradient and the film thickness in a pipe of 1.57 m long and 50.8 mm
ID. As working fluids, the authors used air and a solution of NaOH into which
potassium ferrocyanide and ferricyanide were dissolved. They collected the data
for four liquid flow rates: 0.0126, 0.0315, 0.0635 and 0.126 kg/s. They installed a
measuring station on which two film thickness probes and a differential pressure
transducer were mounted. The authors measured the pressure gradient over a
distance of 89 mm with a reluctance differential pressure transducer. The film
thickness probes consist of two parallel wires, and the technique that the authors
used was the variation of the conductivity between the two wires. The two wires are
lacquer-insulated, over one-half of their length, so that the system would respond
to film changes on only one side of the pipe. The authors placed the probes 53

mm apart from each other. They observed a minimum in the pressure gradient
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for increasing gas flow rates beyond the flooding point. The pressure gradient

increases with increasing the liquid flow rates.

Meyer and Giot (1987) conducted experiements not only in a 3 m long pipe of
110 mm ID but also in an annular pipe, by placing a tube with an outer diameter
of 50 mm in the former one. They observed different flooding mechanisms for each
geometry. In the single pipe, they observed that big roll waves, with small ripples
at the top, appear on the liquid film. At first, the distance between the successive
roll waves decreases to remain constant afterwards. Further increases of the air
flow rate do not cause any increase in the amplitude of the waves; droplets are
detached from the crests of the waves and their redeposition occurs below and
above the water injection point. The water collected at the wall of the upper part
of the tube flows toward the water injector until this water flow rate starts to
reverse. Then, the water flow at the lower end of the tube disappears. For still
higher air flow rates, the tube section, located below the water injection, dries
out. In the annular pipe, the roll waves and ripples are located at two sections
where the film flow appears to be highly agitated. The first section is near the
air inlet, covering a range of 30 ¢m, and the other section is located below the
water injection point, covering a range of 15 c¢cm. For a highly increased power
of the centrifugal fan for which they used to obtain the air flow rate, the authors
observed an increase in the length of the lower agitated zone. Further increase in
the power of the fan does not increase significantly the air flow but results in a
rapid dry-out of the tube. They explained this observation by using the shape of
the characteristic curve of the fan linked to the evolution of the flow resistance of
the tube. They presented the pressure drops in the single pipe by the use of non-
dimensional parameters defined in Equations 2.1 and 2.2. They stated that the
same observations had been done for the annular pipe. The authors distinguished
4 regions; in the region of 0 < 57 < 0.3, the pressure drop is small, and in the
region of 0.3 < j5 < 0.4 — 0.45, the pressure drop increases very rapidly at the
beginning of the air-liquid interaction, and in the region of 0.4 —0.45 < j7 < 0.65,
the pressure drop increases less rapidly and reaches a maximum value at the point

where the downward flow vanishes and finally in the region of Jy > 0.65, the



pressure drop decreases sharply during the dry-out of the tube.

Based on their experiments, Lacy and Dukler (1994) reported that the liquid film
undergoes a transition from counter-current to co-current flow inside the liquid
injection. The authors conducted the experiments in a 6.37 m long and 50.8 mm
ID tube by using an aqueous NaCl solution and air as working fluids. A 114 mm
long, porous plastic tube was mounted between two acrylic tubes with the porous
tube’s outer surface surrounded by a liquid filled reservoir. The porous tube was
then mounted to 50.8 mm ID. They measured the film thickness across the liquid
injection by the use of 8 liquid film thickness probes. The authors also measured
the pressure drop across the liquid injection system over a distance of 152 mm
by the use of a reluctance differential pressure transducer. They compared the
pressure drop results with those of Dukler et al.(1984) who measured the average
pressure drop above the location of the liquid injection over a distance of 1.78 m.
The authors concluded that the comparison of the experimental results of Lacy
and Dukler (1994), with those of Dukler et al. (1984), showed that the pressure
drop inside the injection zone is about 50% larger than that above this region,

under similar conditions.

Tye (1998) measured the pressure drop under counter-current flow conditions in a
63.5 mm ID vertical test section by the use of reluctance pressure transducer one
side of which was open to the atmosphere. He observed that the pressure decreases
in the upward direction and the total pressure difference increases with increasing

the gas flow rate.

Vijayan et al.(2002) conducted air-water counter-current flow experiments to study
the pressure drop and liquid film thickness in tubes of 25, 67, and 99 mm ID under
pre-flooding and post-flooding conditions. The authors used water or mercury
filled manometers to measure the pressure drop and a two-pin type of conductance
probe to measure the variation of the liquid film thickness. They observed a churn-
like flow of the liquid before flooding starts taking place, in the cases of 67 and 99
mm ID tubes, and a sudden increase in the pressure drop at the onset of flooding in

all the cases. Since the authors changed the liquid flow rate, due to the diameter
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of the tube, requiring different gas flow rate to provoke flooding, the pressure
gradients cannot be comparable for the three tube diameters. Neverthless, in the
case of 25 mm ID tube, for a given liquid flow rate (0.0278 kg/s), the corresponding
gas flow rate which provoked flooding was approximately 0.0007 kg/s and the
pressure gradient was 0.5 Pa/m and, in the case of 99 mm ID, for a given liquid
flow rate (0.444 kg/s), the corresponding gas flow rate which provoked flooding
was approximately 0.05 kg/s and the pressure gradient was 2.5 Pa/m.

2.1.2 MEAN FILM THICKNESS IN VERTICAL CCF

Hewitt and Wallis (1963) conducted air-water experiments in a 3.125 ¢m ID tube.
The water was injected and extracted through a porous section of the tube wall.
The authors measured the liquid film thickness by using conductance probes lo-
cated at the top and the bottom of the tube. They reported that, at zero gas flow
rate, the liquid film is smooth at the top but that the waves increase in amplitude
down the tube. As the gas flow rate increases, the roughness of the waves grows
and, just below the flooding point, very sharp peaked waves appear. A relatively
small increase in the gas flow rate provokes a flooding condition characterized by
a sudden growth in the liquid film thickness, at the top of the tube, accompanied

by violent flow oscillations.

Dukler et al. (1984) carried out experiments to measure the liquid film thickness
above and below the liquid injector. They observed that the liquid film thickness
below the liquid injection point was constant, with increasing gas flow, until the
flooding point is reached. At the flooding point, depending on the liquid flow rate,
they observed two different flow behaviours. At low liquid flow rates, there is a
step increase in the liquid film thickness whereas, at high liquid flow rates, the
liquid film thickness decreases with increasing the gas flow rate. Above the liquid
injection point, the liquid film thickness increases, with increasing the gas flow
rate, and reaches a maximum value at the flooding point. After this point, the

thickness of the liquid film starts decreasing with increasing the gas flow rate.

Zabaras and Dukler (1988) measured the liquid film thickness, as discussed in
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section 2.1.1. The authors observed that the liquid film thickness decreases with
increasing the gas flow rate, but increases, with increasing the liqud flow rate. The
authors conducted experiments for the same working fluids and the same liquid
flow rates for two different locations of the measurement stations. The probe
station was installed 0.15 m below the liquid injection point and, subsequently
it was placed 1.7 m below the liquid injection point. The authors observed that
the liquid film thicknesses, measured at the first location, is slightly lower than
those measured at the second location. However, they reported the same flow
behaviour for both locations. They also argued that flooding is not necessarily
the condition at which a very drastic increase in the liquid film thickness takes
place; the film thickness may increase monotonicly as a function of gas flow rate
and, after this point, the film thickness decreases with increasing the gas flow rate.
They also observed that flooding conditions occur simultaneously with the liquid

film reversal observed at the liquid injector.

Vijayan et al. (2002) measured the mean liquid film thickness. As explained in
section 2.1.1, they observed a sudden increase in the mean liquid film thickness at
the flooding point, followed by a gradual decrease under post-flooding conditions.
They also found that the increase in the mean liquid film thickness at the flooding
point is much more pronounced in a 25 mm diameter than in a 67 mm diameter
tube. They explained this observation by the formation of large amplitude liquid

waves near the outlet of the test section.

2.1.3 OTHER PARAMETERS THAT AFFECT FLOODING IN
VERTICAL CCF

A number of investigators have shown that flooding conditions depend strongly
on the inlet liquid and gas flow rates. In general, it is observed that, the higher
the inlet liquid flow rate is, the lower the gas flow rate will be required to produce
flooding. Similarly, the higher the inlet gas flow rate is, the lower the liquid flow
rate will be to provoke flooding. It is also shown that parameters, such as: the

entrance/exit geometry, the tube length, the tube diameter, the liquid viscosity
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and the surface tension, have an important effect on the flooding point.

Suzuki and Ueda (1977) reported that flooding occurs due to the interaction be-
tween the waves on the liquid film and the gas stream. They studied the effect of
both the test section geometry and the fluid properties. The authors carried out
the experiments in test sections having IDs of 10, 18, and 28.8 mm and lengths
of 0.5, 1.0, 1.5, and 2.0 m. Fluids, having a viscosity of 9.0 x 1074, 2.0 x 1073,
5.1x107%,1.0x 1072, and 2.4 x 1072 Ns/m? and a surface tensions of 5.5 x 1072
and 4.7 x 1072 N/m, are used to carry out the experiments. They found that,
for a given liquid flow rate, the gas flow rate necessary to provoke flooding in-
creases while increasing the tube diameter and, decreases, while increasing the
tube length. Moreover, the gas flow rate required to produce flooding tends to
increase while increasing the liquid viscosity. However, they could not find any

correlation between the flooding conditions and the surface tension of the fluids.

Hewitt (1989) studied the effect of the tube length and the geometry of the en-
trance and the discharge on the flooding point. He observed that the formation
of large waves near the liquid exit were responsible for provoking flooding. Thus,
he concluded that the exit geometry of the test section, has a strong effect on
the formation of waves, hence, on the flooding. He reported that, if the liquid is
smoothly extracted around the tube periphery (exits without sharp edges), the
waves grow continuously with length, leading to a length effect. In the case 6f
sharp edged exits, or bell-mouth exits, the wave formation leading to the flooding
is controlled near the liquid exit and the flooding occurs at much lower gas flow

rates for a given liquid flow rate.

Monza et al.(2002) conducted experiments in vertical small ID (6, 7, 8, and 9 mm)
tubes using smooth inlet and outlet conditions. The authors used air-water and
air-kerosene as working fluids. They presented the flooding velocities as a function
of liquid Reynolds’ number (Re; = 4T'/v), where I’ = pju,vgd is the mass flow rate
per unit width of surface and v is the kinematic viscosity, and u,vg is the average
horizontal velocity, and ¢ is the film thickness. At low Reynolds’ numbers, the gas

flow rate, at which flooding takes place, is inversely proportional to the liquid flow
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rate or Re;. In this region, they observed a decrease in the gas flow rate necessary
to provoke flooding with decreasing both tube ID and liquid surface tension. At
relatively higher liquid Reynolds’ numbers, the gas flow rate at which flooding
occurs tends to be proportional to Re;. At higher liquid Reynolds’ numbers, the
gas flow rate required to provoke flooding has a tendency to be constant and
independent of the liquid flow rate, but it shows a strong dependency on the tube

diameter, i.e., increases with decreasing the tube ID.

2.1.4 VERTICAL CCF THROUGH OBSTRUCTIONS

Celata et al. (1989) performed counter-current air-water experiments with ob-
structions having perforation ratios (perforation ratio = orifice area/channel area)
ranging from 0.36 to 1.00 and the equivalent diameters of the orifices from 12 to
20 mm. For the obstruction with a flow diameter of 14 mm, they used a complex
equivalent geometry which has the same flow area but four symmetric holes with
a flow diameter of 7 mm each. They reported that, for a given liquid flow rate,
the presence of an obstruction diminishes the amount of gas required to trigger
ﬂooding.. They also reported that the onset of flooding is characterized by a quick
and significant increase in pressure drop across the test channel, which may go up
to 5-6 times the value measured in the absence of flooding. After reaching this

point, the pressure drop decreases as the gas velocity increases.

Tye (1998) carried out experiments to study the effect of obstructions on flooding.
He observed that the gas flow rate, at the flooding point, decreases smoothly while
increasing liquid flow rate. He also reported that, for a given liquid flow rate, the

gas flow rate at the flooding point decreases with decreasing the orifice 3 ratio;
= Dorifice/Dt.ubf:-

2.2 INCLINED AND HORIZONTAL CCF EXPERIMENTS

The problem of counter-current flow, and flooding in horizontal and inclined tubes,

has received little attention compared to vertical counter-current flows. However,
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the CCF and CCFL may take place in horizontal or inclined pipes, as well as, in
more complex geometries such as the combination of a horizontal pipe with a ver-
tical pipe. These geometries are similar to those encountered in CANDU reactors
and, during a postulated lost of coolant accident (LOCA) when the emergency
core cooling water is supplied to the reactor core, CCF may occur. Considering
the importance of these geometries, in this section, the experiments carried out in

such configurations will be discussed in more detail.

This section contains four parts and is devoted to presenting CCF experiments that
have been carried using vertical-to-inclined and vertical-to-horizontal test sections.
The first part presents the pressure drop experiments whereas, the second one
discusses the parameters that influence the flooding conditions. The third part
summarizes some CCF and CCFL, experiments carried out using complex test
sections, and the last part of this section discusses the vertical-to-horizontal and
vertical-to-inclined experiments, carried out with flow obstructions installed in the

horizontal leg.

2.2.1 PRESSURE DROP IN INCLINED AND HORIZONTAL CCF

Lee and Bankoff (1983) studied the flooding in a stratified counter-current steam-
water flow in nearly horizontal and inclined channels. They carried out the pressure
drop experiments, for an inclination angle of 4.5°, with respect to the horizontal
plane. The mass flow rate per unit width was kept constant at 2.19 kg/m s while
the gas flow rate was increased up to the onset of flooding. The liquid inlet
temperature was varied from 39.5°C to 98°C. For a liquid inlet temperature of
39.5°C, they observed that the pressure drop is always in the negative region and
decreases with increasing the vapour flow rate, reaching a minimum and then
slightly increases. For a liquid inlet temperature of 71.3°C, the pressure drop lies
in the negative region for low vapour mass flow rates; as the vapour mass flow rate
increases the pressure drop rises sharply and becomes positive. For a liquid inlet
temperature of 98°C, the pressure drop is in the positive region and increases with

increasing vapour mass flow rate. The authors explained their results by using the
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vapour phase momentum balance given by:

L Wy,i
Tia + T o W,
AP, = pygLsinf + / 2 Iy — / —L 4w, 2.4
g Pgd 0 (H . 5) W, oout Pg (H . 5)2 g ( )

where p, is the gas density, L is the channel length, 6 is the inclination angle,
Tia is the adiabatic shear stress at the liquid-vapour interface, 7,4 is the shear
stress between the vapour and the wall, H is the channel depth, § is the mean film
thickness, and Wy ;, and W, ., are the mass flow rates of vapour at the inlet and
the outlet, respectively. In this equation, the first term on the right hand side is
due to the gravity, the second term is due to the frictional pressure losses and the

last one is due to the pressure gain caused by the deceleration of the flow.

Neglecting the gravity term in this equation, a balance between the frictional loss
term and the pressure gain term is sustained. For the inlet temperature of liquid
at 71.3°C, they argued that, because of the condensation rate, the total pressure
drop is negative in the low steam flow region. However, when the steam flow
approaches the flooding velocity, the frictional loss term rises sharply because of
the built-up of roll waves. Near the flooding point, the total pressure drop exhibits
a sharp increase and becomes positive. For a liquid inlet temperature of 39.5°C,
the counter-current flow behaviour is the same, with the exception of the total
pressure drop that is in the negative region due to the fact the condensation rate
becomes dominant. In contrast to this, for a liquid inlet temperature of 98°C,
the frictional loss term is dominant and the total pressure drop is in the positive
region. The increase in total pressure drop at the low vapour flow rate is low; this

drop increases as the vapour flow rate increases.

Zapke and Kroger (2000) measured the pressure drop of adiabatic gas-liquid

counter-current flow in inclined and vertical ducts with a squared-edged gas inlet
geometry. The duct height and width vary from 50 to 150 mm and from 10 to 20
mm, respectively. They observed that, at low gas flow rates, the two;phase pressure
gradient depends on the gas Reynolds’ number which is a function of the gas

velocity, the gas density, the gas viscosity and the hydraulic diameter. However, at
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higher gas flow rates, they reported that the two-phase pressure gradient depends

on the densimetric gas Froude number (Fr, ), which is defined as:

)
pg.]g

Fry, = ———,
" gk (o — pg)

(2.5)

where j, is the superficial gas velocity, g is the gravitational acceleration and h is
the duct height.

The authors observed that, at low to moderate air flow rates, the data correspond
to the single-phase prediction and are correlated in terms of Reg; this is due to
the fact that large parts of the duct walls are dry during stratified flow and that
there is no significant interaction on the gas-liquid interface. The characteristic
length used to calculate the gas Reynold’s number is the hydraulic diameter. As
flooding is approached, due to the presence of vortices and the wavy interface,
the pressure drop starts to rise. At higher gas flow rates, the pressure drop rises
above the corresponding gas-only single-phase pressure drop, and the gas Froude
number becomes the governing parameter, where the duct height is the important

parameter.

2.2.2 OTHER PARAMETERS THAT AFFECT THE FLOODING
IN INCLINED AND HORIZONTAL CCF

Lee and Bankoff (1983) carried out experiments for steam-water counter-current
flow for two channel depths, 0.038 m and 0.076 m, and, for three inclination an-
gles, 2.9,4.5, and 33.5°, from the horizontal plane. They observed that the flooding
characteristics vary from one geometrical condition to another; when the channel
depth was 0.038 m, and the inclination angles were 4.5° and 33.5°, the onset of
flooding was clearly marked by the formation of water slugs and bridging. Prelimi-
nary to slug formation, a rough thick liquid film develops, with well-developed roll
waves superimposed on the interface, which caused considereable augmentation of
the interfacial shear stress. The water slugs that form at the water exit propagate

backwards with increasing steam flow rate, followed by a rupture of the interface
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and bridging in the middle of the test channel. During the slug propagation, the
flow could be characterized as an ocsillatory plug flow with continous entrainment
of water droplets. However, for relatively high water flow rates, the transition
to flooding takes place very rapidly with a small increase of the steam flow rate
after the formation of water slugs. They argued that it was difficult to distinguish
between the point of slug formation and the flooding threshold. For the channel
depth of 0.076 m, and the inclination angles of 2.9 and 4.5°, roll waves also appear
when the flooding point is approached. Similarly, slugs are formed at the water
exit of the test section; however, the water slugs grow to a height of several times
the mean liquid film thickness and a mist of water droplets is entrained from the
crests of the water slugs. This results in an oscillatory slug flow. Since, in the
former case, flooding occurs abruptly, the gas velocity needed to initiate flooding
is much lower. They observed that, for moderate-inclinations (2.9° and 4.5°) or
nearly horizontal flow, the dimensionless gas flooding velocity generally rises as
the inclination angle decreases. The dimensionless gas flooding velocity is given
by:
1/2

% . Pk
m = . R 2'6
Jmk =I5 | 2Dy, sin 0 (o1 — pg) (26)

where 5, is the modified Wallis parameter, ji is the superficial velocity of the k*"

phase, and D), is the hydraulic diameter.

Moreover, they studied the effect of the liquid inlet temperature and found that
there are small differences between condensing steam-water and fully adiabatic

two-phase flows.

Barnea et al. (1986) carried out experiments in inclined tubes to study the entrance
effect on flooding by using porous and inner tube as liquid injector. For the
porous liquid injector, they observed that flooding resulted from a local disturbance
generated at the liquid entrance. For the inner tube liquid injector, the waves that
form somewhere along the pipe were the main cause to trigger flooding. Beside
their visual observations, they reported that, at low gas flow rates and at small and

moderate inclination angles with respect to the horizontal plane, flooding takes
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place at lower liquid flow rates when the porous wall liquid injector is used. At
higher gas flow rates, the results for both liquid injectors are approximately the
same, with a slight difference in the liquid flow rates required to initiate flooding.
At inclination angles higher than 70°, and for moderate and high inlet liquid rates,

the flooding results are the same for both types of liquid injectors.

2.2.3 CCF AND CCFL IN COMPLEX PIPE GEOMETRY TEST
SECTIONS

Krowlewski (1980) performed experiments for air-water counter-current flow in
vertical-to-horizontal and inclined-to-horizontal pipes, connected by a 90° or a 45°
elbow. The experiments show that the gas flow rate required to provoke flooding
in complex pipe geometries is smaller than that would be needed for a vertical
tube.

Siddiqui et al. (1986) studied the flooding for air-water counter-current flows in a
vertical-to-horizontal pipe connected with a 90° elbow. They carried out experi-
ments by using pipes, having inside diameters ranging from 36.5 mm to 47 mm,
and the horizontal length to diameter ratio ranging from 24 to 95, and elbow ra-
dius of curvatures ranging from square edge to 300 mm. They found that flooding
is provoked by slugging at the hydraulic jump that is formed in the lower leg of the
elbow, close to the bend. Similar to the results of Krowlewski (1980), the superfi-
cial gas velocities necessary to provoke flooding in such a system are much lower
than those required for vertical pipes. They observed that the flooding gas veloc-
ities decrease with increasing both the tube diameter and the bend radius. They
also reported that a slight upward inclination of 0.6° causes flooding at much lower

gas flow rates, in turn an equal downward inclination causes an opposite effect.

Wan and Krishnan (1986) studied the effect of a slight inclination of the lower
leg of the elbow on air-water CCFL, by using vertical-to-horizontal and vertical-
to-slightly inclined pipes. For low liquid flow rates, their results agree quite well
with those of Siddiqui et al. (1986), and with the predictions obtained with the

correlation of Ardron and Banerjee (1986). For low gas flow rates, they observed
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the formation of a hydraulic jump close to the elbow whereas, at higher liqﬁid flow
rates, the formation of slugs at the end of the horizontal pipe and the propagation
of these slugs towards the upstream of the pipe was observed. In general, the
results of Wan and Krishnan (1986), concerning the inclination of the lower leg,

agree quite well with those of Siddiqui et al. (1986).

Wan (1986) performed experiments for counter-current steam and subcooled-water
in a vertical-to-horizontal pipe. He reported that, as observed by Siddiqui et al.
(1986) and Wan and Krishnan (1986) for air-water flow, the flooding occurred

with the formation of water slugs in the horizontal leg.

Kawaji et al. (1989) carried out experiments for air-water counter-current flows in
vertical-to-horizontal and vertical-to-downwardly inclined pipes containing elbows
of varying angles (112.5,135.0 and 157.5°). In vertical-to-horizontal pipes, at low
liquid flow rates, their flooding data were in agreement with those of Siddiqui
et al. (1989) and the predictions obtained with the correlation of Ardron and
Banerjee (1986). At higher liquid flow rates, they observed that the flooding
mechanism changed and, instead of taking place in the horizontal leg due to the
hydraulic jump, it occured in the vertical leg, near the porous liquid injector,
and the correlation failed in predicting the experimental trends. In vertical-to-
downwardly inclined pipes, Kawaji et al. (1989) did not observe any hydraulic
jump in the inclined section and they concluded that, for such a geometry, the
flooding is initiated by slugging at low liquid flow rates and by liquid entrainment

at high liquid flow rates.

2.2.4 CCF IN VERTICAL-TO-HORIZONTAL AND VERTICAL-TO-
INCLINED PIPES CONTAINING FLOW OBSTRUCTIONS

Kawaji et al. (1993) studied the effect of elbows and obstructions on the flooding
mechanism by placing orifices having 3 ratios of 0.55, 0.67, and 0.865 in one of
the horizontal legs of double-vertical, double-horizontal and double-inclined test
sections. They observed that, for a given superficial liquid velocity, the superficial

gas velocity decreases with decreasing orifice 8 ratio.
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Tye (1998) carried out experiments for vertical-to-horizontal counter-current flow
with obstructions having  ratios of 0.55, 0.66, 0.72, 0.77, 0.83, 0.90, and 1.0.
He obtained quite similar results to those of Siddiqui et al. (1986). He observed
that the orifices, having @ ratios of 0.90 and 0.83, have almost no effect on the
flooding point, as compared to the case without an orifice (3 = 1.0). However,
for a constant liquid superficial velocity , the gas superficial velocity required to
provoke flooding decreases with decreasing the G ratio. By comparing the flooding
results obtained in a vertical-to-horizontal test section with those obtained in a
vertical test section, Tye (1998) concluded that, for the same inlet liquid flow rate,
flooding conditions in a vertical-to-horizontal test section are reached at a much
higher inlet gas flow rate than in a vertical test section. The author also observed
a plateau in the partial liquid delivery region. However, such a plateau does not
exist in vetical test sections, as confirmed by Zabaras (1985) who observed that
after the onset of flooding, there is a steep slope in the partial liquid delivery

region.

2.3 CCFL MODELS

A number of analytical and empirical models have been developed for predicting
flooding conditions. Most of the existing models have been developed for vertical
CCF. In this section, CCFL models will be presented for vertical, vertical-to-

horizontal and vertical-to-inclined flows.

2.3.1 CCFL MODELS FOR VERTICAL FLOWS

Models used for predicting the flooding limit can be divided into two categories:
empirical and theoretical. The empirical models will be discussed in the following

paragraphs and some theoretical models will be presented afterwards.

Two of the most popular empirical correlations are due to Wallis (1969) and
to Pushkina and Sorokin (1969); the latter is often referred to as the Kutate-

ladze number correlation. The Wallis correlation is written in terms of the non-
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dimensional superficial velocity of the k" phase given by:

-k

1/2
. Pk .
= | = with  k=1,g. 2.7
T = 2 [gl?(pz—-pg)} I 27)

The Wallis correlation has the general form given as:
e mg P =, (2.8)

where [ represents the liquid phase and g the gas phase, jx is the superficial velocity
of the k! phase, D is the diameter of the tube and m and C are constants that
depend on the geometry of the channel, the inlet conditions, etc.. The value of m

usually lies between 0.8 and 1.0, while C is between 0.7 and 1.0.

The non-dimensional superficial velocity j; represents the balance between inertial
forces and hydrostatic forces. In order to include the effect of surface tension forces,
and to replace the diameter of the tube by a characteristic length, the Kutateladze

number K7 given by:

,02 1/4
Kry, = i —k—} , 2.9
) %[m@rwﬁ 29)

is used with k =, g. The corresponding general form of the correlation based on

the Kutateladze number is given by:

I('r;/g—l-mKr;/2 =C (2.10)

Pushkina and Sorokin (1969) found that for large diameter tubes, the most ap-
propriate values of m and C are m = 0 and C = 1.79. The Wallis correlation is
recommended for small dimeter tubes (less than 50 mm), while the Kutateladze

number correlation seems to be appropriate for larger diameter tubes.

McQuillan and Whalley (1985) presented a single correlation which is less sensitive
to the size of the tube. This correlation is the Kutateladze number as a function of

both Bond (Bo) and Froude (F'r) numbers, as well as, the viscosity ratio between
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the liquid and the water considered as a reference fluid. It is given by the following
formula:
—0.18
Kry = 0.286Bo**° Fr—%2° (1 + :—‘) : (2.11)
where p; is the viscosity of the liquid under consideration and pu,, is the viscosity

of the water. The Bond and Froude numbers are defined as:

Bo = [M] : (2.12)
Fr = % [MJ 1/4. (2.13)

Moreover, McQuillan and Whalley (1985) compiled 2762 flooding data points that
they used to test 17 empirical and 5 theoretical flooding correlations. They found
that, among the five theoretical correlations: separate cylinders (Wallis, 1969),
hanging film (Wallis and Kuo, 1976), potential flow (Imura et al., 1977), separated
flow (Bharathan et al., 1978) and roll wave (Richter, 1981), the modified Bharathan
correlation yielded the best predictions of the experimental data. The Bharathan

correlation is written as:

2fudr?  2fidy?
) - f)]gé
(1—-a)” a

—(1-a), (2.14)

where « is the void fraction, and the wall and interfacial friction factors are f, =
0.005 and f; = fo, +14.6 (1 — )", respectively. McQuillan and Whalley (1985)
eliminated o from the Bharathan correlation, as well as, the interfacial friction

factor by using the dimensionless film thickness given by:
§* = 0.908Re}” (2.15)
for liquid film Reynolds’ numbers less than 2064 and

* 7/12
§* = 0.304Re}' (2.16)
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for liquid film Reynolds’ numbers greater than or equal to 2064. The liquid film
Reynolds’ number, Rey, is defined as:
my

Ref = Pw,U/l )

(2.17)

where riy; is the liquid mass flow rate, P, is the wetted perimeter and y; is the

liquid viscosity.

2.3.2 HORIZONTAL, INCLINED & VERTICAL-TO-HORIZONTAL
CCFL MODELS

Since, for horizontal and inclined pipes, some investigators have observed that
the formation of water slugs is responsible for triggering flooding, several slug
formation models have been developed to predict flooding conditions. Most of
these models are based on the stability analysis of a finite-amplitude wave. Among
others, Kordyban and Ranov (1970) proposed a correlation for CCF having the

following form:

E_*_ Pg 12 gt _ (cotd 12
o ) l—ao 2HkK

1 1/2
[ : 219)
coth(khgy — 0.9) + 0.45 coth™ (khy — 0.9)

where k is the wave number, h, is the gas height, ¥ is the inclination angle of
the channel with respect to the horizontal plane, and j; is a modified Wallis non-
dimensional supeficial velocity given by:

Je = Jk { P r/
b 2gH sin9(p1 — py)

2

with & =1,g. (2.19)

By introducing the most dangerous wave concept (i.e., the wave having the max-
imum amplitude that can be sustained by the flow) into the model of Kordyban
and Ranov (1970), Mishima and Ishii (1980) obtained the following relation:

2

s 2
Jo (&7) I~ 0.344(acot9)"/2, (2.20)
o Pl l -«



24

Ardron and Banerjee (1986) developed a model and compared the predictions
of the model with the data of Siddiqui et al. (1986). The authors assumed a
one dimensional, steady, stratified and incompressible flow. They also neglected
interphase mass transfer and surface tension effects. The pressure variations over
the cross section of each phase were assumed to be due to hydrostatic forces only.
Mass and momentum balance equations were written for the horizontal part of
a tube. Boundary conditions were imposed at the crest of the hydraulic jump
and at the water outlet. It was further assumed that when flooding takes place,
the dimensionless superficial gas velocity at the crest of the hydraulic jump was
given by: 0.2c*/2j,, while the critical flow condition (da/dz — oo) was satisfied at
the water outlet. The balance equations were solved analytically and a system of
algebraic equations was then obtained. The results, obtained from the numerical
solution of this system of algebraic equations, were then fit to yield the following

flooding correlation:

j2V/2 = 1.444 — 0.004Lp cosh [Lpqu (jl*l/z)T] , (2.21)

where p = 0.057, ¢ = —0.020, » = 0.70, and

Lp= _’z(ﬁ?_, (2.22)
where n = 0.2, and
_ 1/2
Re* = 2 {QQ_(EI_P_‘Q} , (2.23)
Vg Pg

y 1/2
K=" (3-”-) : (2.24)

Vi \ Pt

and L is the distance between the crest of the hydraulic jump and the liquid outlet.

The range of parameters for which this correlation is recommended are given as:
1 < Lp <16,

0.6 < K <1.8,
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The predicted results using the correlation given by the Equation 2.21 differs from
the numerical solution of the system of equations by less than 2%. It should be
noted that this model does not apply for an inclination higher than the critical
one, as described in the previous section. Furthermore, Andron and Banerjee’s
model fails to account for the observed effect of the radius of curvature of the
bend on the flooding limit. For a downward inclination, the flow is supercritical
in the lower limb, i.e., the average liquid velocity is higher than the propagation

velocity of small surface waves (Fr > 1), this model is not valid in this case.

Having conducted experiments in vertical-to-horizontal and vertical-to-inlined pipes,
as discussed in section 2.2.3, Kawaji et al. (1989) proposed a slugging correlation

for low liquid flow rates, that is written as:

. : . 1/2
Jo o 3 _ 45 [ag Dcosﬁ(m_ﬂ_gl} , (2.25)
o 1l —«o Pg

where ¢ is the inclination angle and

o= (1—%)2. (2.26)

Here, the liquid film thickness § can be written by use of the Wallis correlation:

0 +2/3
75 = 0.0635, /3, (2.27)

For high liquid flow rates, Kawaji et al. (1989) proposed a correlation based on

the liquid entrainment and carryover of droplets; the correlation has the following

form:

, (2.28)

Jg i 2 [gDa(pi—pg]"?
a l—-a /3

a V3 | pyCasin 3
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where the drag coefficient, Cy, is calculated by using the correlations applicable

to a solid sphere, that is:

24/R6d Red <1
Cy= { (24/Req)(1 4 0.15Re3%7) 1 < Req <1000 (2.29)
0.44 1000 < Req > 2% 10°

where Req = pg(vg +v1)Da/pg, and Dy is the droplet diameter which is calculated
by using the Weber number given by:

9
. PLY; Dd
—-————‘O_ .

We (2.30)

Tye (1998) developed a model to predict the flooding point in a test section con-
taining vertical and horizontal legs using an extension of a model for the inception
of entrainment applied at the crest of the hydraulic jump. He used the Ishii and
Grolmez (1975) criterion for the inception of entrainment at the crest of the hy-
draulic jump. This criterion is based on the balance of drag and surface tension

forces along the crest of a wave, that is:

Fd _>_Fcr> (231)

where Fj is the drag force acting on the wave crest and F, is the retaining force

of the surface tension. The drag force on the wave crest is calculated as:

2
Fy= CdAn”~—"2”L, (2.32)
where A is the wave length, v, is the relative velocity between the gas and the
liquid phases (v, = vy, — v;), n is the wave amplitude, and the drag coeficient is
given by an analogy to the drag deformed particles and is considered to be close
to one (Cyq ~ 1).

The retaining surface tension force is estimated as:
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F, = CsA\o, (2.33)
where C; is an interfacial shape coefficient. Ishii and Grolmes (1975) suggested
using a value lower or equal to 0.77 for this coefficient; Cs < 0.77.

Substituting equations 2.32 and 2.33 into equation 2.31, he obtained the entrain-

ment criterion as follows,

[

PgVs > Cso

2 Cy-

<

n (2.34)
Starting with a guessed gas velocity, equation 2.34 is solved and the gas velocity is
updated, until the inequality which defines the point of inception of entrainment

is satisfied.

Tye (1998) also took into account the influence of the various size orifices on the
flooding point by adding a correction term to calculate the liquid velocity. He

named this term as an orifice offset height, and it is given by:

_1-6D

where @ is the orifice ratio and D is the inside diameter of the tube.

Tye (1998) compared the predictions of the model for both cases, with, and with-
out an orifice placed in the horizontal leg with his experimental data, as well as
with data of other investigators, among others, Siddiqui (1986), Kawaji (1991),
Adron and Banerjee (1986) . The model predictions are, in general, in very good

agreement with the experimental results.

2.4 STUDIES ON HORIZONTAL SLUG FLOW

The information on counter-current slug flows is very scarce or even nonexistent.
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However, in this section, the experimental and theoretical studies carried out for

co-current and counter-current slug flow in horizontal pipes will be presented.

2.4.1 CO-CURRENT HORIZONTAL SLUG FLOW EXPERIMENTS

Vermeulen and Ryan (1971) carried out experiments for slug flows in a 3.75 cm
ID pipe, using air-water at atmospheric pressure conditions. They used two dif-
ferential pressure transducers to determine the pressure gradient and the pressure
fluctuations in the slug flow. The slug velocity, and the frequency, were determined
by using photoconductive cell and electronic counter, as well as, a stopwatch. At
higher flow rates they used the pressure data to determine the slug velocity and
frequency. They found that there is a strong influence of the gas flow rate on the
overall pressure drop rather than the liquid flow rate. At low air flow rate, the
increase in pressure drop is quite small and linear; however, an increase in the
gas flow rate causes the pressure drop to increase quite rapidly. Moreover, the
authors also observed that, at low gas flow rates, the magnitude of pressure fluc-
tuations was almost constant with increasing water flow rates. At high gas flow
rates, increasing the water flow rate causes a maximum in pressure fluctuations; a
further increase in the water flow rate causes the pressure fluctuations to decrease.
Vermeulen and Ryan (1971) observed that the angle of tube inclination, within +7
degrees from the horizontal level, has little effect on the slug velocity. Similar to
the pressure drop results, at low gas flow rates, increasing the water flow rate has
an insignificant effect on slug velocity. At high gas flow rates, however, a maximum
slug velocity is reached by increasing water flow rates, after which, a decrease is
observed. At low gas and liquid flow rates, the slugs are long, about 30 to 45 c¢m,
moving at a low velocity and their frequency is also low. An increase in the water
flow rate increases the slug frequency, though increasing the gas flow rate causes a
decrease in the slug frequency upto a point after which the slug frequency becomes
almost constant. They observed a gradual change in slug frequency curves when
the pipe was placed horizontally, however, the frequency curves became steeper

when the pipe was inclined.
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Fan et al. (1993) performed pressure drop experiments caused by the passage of
stable and unstable slugs in a horizontal gas-liquid flow. Dukler and Hubbard
(1975), Ruder et al. (1989) suggested that the stability of a slug requires that the
picking up the liquid ahead of the slug should be balanced with liquid shed from
the back. When the rate of accumulation of liquid into the slug exceeds the rate
at which liquid is shed from the tail, the slug grows. As the liquid is lost from the
tail, at a greater rate than it can be accumulated in the front, the slug decays.
The phenomena is shown in Figure 2.4. The pressure profiles, associated with the
passage of a slug, were measured using a pizoresistive pressure transducer. Fan
et al. (1993) compared the experimental data with a model that considers the
pressure drop as the sum of the contributions from the hydraulic jump in the front
of the slug, the wall drag in the body of the slug, and a sudden change in the
velocity of the liquid in the rear of the slug. They found that the average pressure
drop increases with increasing the gas velocity. However, for high gas velocities,

the average pressure drop increases with increasing the liquid velocity.

Andresussi et al. (1993) used local (optical) and cross-sectional (conductance)
probes to characterize air-water slug flows under atmospheric conditions in hor-
izontal 31 and 53 mm ID pipes. From local measurements, they obtained the
radial void fraction distribution, the size of the dispersed bubbles and the aera-
tion of the liquid layer under the Benjamine bubble. The cross sectional hold-up
measurements allowed them to determine the slug lengths, frequencies, as well as,
the length of the highly aerated mixing zone in the slug front. They compared
the measured values of the liquid film hold-up at the tail of the slug and the slug
frequency with the predictions of the model given by Dukler and Hubbard (1975).
They found that measured slug lengths are quite independent of the flow rates.
The length of the highly aerated mixing zone in front of the slug is large and,
at high mixture velocities, can be extended up to one-half of the slug length. At
intermediate mixture velocities (5m/s < V,,, < 10m/s), there is a void gradient
along the slug, whereas, at high mixture velocities, the aeration in the front and

the tail of the slug is almost constant.
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Jepson and Taylor (1993) collected data on slug frequency, slug length, liquid hold-
up, translational slug velocity, as well as, pressure gradient for air-water flow in a
30 ¢m ID horizontal pipe. The authors used fast response pressure transducers,
placed at 13.9 and 38.1 m from the mixer outlet, to measure pressure drop over
a slug body, slug frequency, and slug translational velocity. The slug hold-up was
measured, and the slug length was estimated, by the use of v densitometer. The
authors compared their data, with those collected by others, using small diameter
ID tubes. As the pipe diameter is increased, the superficial liquid velocity should
also be increased to attain slug flow. Figure 2.5 shows the slug parameters used
in the article Jepson and Taylor(1993). Their observations can be summarized as

follows:

e The slug frequency decreases with increasing the pipe diameter, as well as,

with decreasing the superficial liquid velocity.

e The liquid film hold-up is limited to 24% as the superficial gas velocity is
increased. However, at low superficial gas velocities, an increase in the super-
ficial liquid velocity increases the film hold-up. As the superficial gas velocity
increases, the limit in the liquid slug hold-up increases upto 38%. For all the
cases tested, an increase in the pipe diameter causes a decrease in these limits.
At lower superficial gas velocities, an increase in the superficial liquid velocity

increases the slug hold-up.

e The ratio of the translational velocity to the mixture velocity, V;/V,,, de-
creases continuously from 2.0 at low superficial gas velocities to 1.25 at high

superficial gas velocities.
e The slug length increases with increasing the pipe diameter.

e The pressure gradient increases, with increasing the superficial gas and liquid
velocities up to a point, where the slugs become extremely frothy. At this
point, the pressure gradient starts decreasing. The authors explained that

this drop is due to the high degree of aeration. Also, the pressure gradient
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decreases, with increasing the pipe diameter, due to the fact that the frictional

pressure drop decreases with increasing the pipe diameter.

2.4.2 MODELS AND CORRELATIONS FOR CO-CURRENT
SLUG FLOW

The first realistic model of slug flow was developed by Dukler and Hubbard (1975).
In the model, they assumed that liquid is scooped up at the slug front, accelerates
to the slug velocity and then passes back through the slug. Even though this model
provides a good understanding of the mechanisms that govern the formation of

slugs, the model requires many parameters in order to perform the calculation.

Taitel and Dukler (1977) developed a model based on unsteady waves formed
on a stratified film blocking the passage of the air to predict the slug frequency.
However, they found that the theory is not able to predict the frequency if the

flow in the liquid entry region, where slugs are formed, is not stratified.

Nicholson et al. (1978) proposed a model to predict the pressure gradient, lig-
uid volume fraction, and slug length after having modified the model of Dukler
and Hubbard (1975). Still, their model needs several empirical correlations. The
physical phenomena behind their model is explained as: when unstable waves on
the surface of the liquid phase grow in amplitude, they succeed in closing off, or
bridging, the entire cross section of the pipe to form a slug of liquid. This slug
is immediately accelerated by the gas behind it to an average stable translational
velocity. Since the velocity of a liquid particle within the slug is lower than the
observed translational velocity of the overall slug, there is a constant mass flux
moving through the main body of the slug. Liquid is added to the slug at its lead-
ing edge from the preceding liquid film and, simultaneously, the liquid is dropped
off or shed at the back of the slug to create a new liquid film beneath the propelling
gas bubble (Benjamin bubble). As a result of wall shear stress, the liquid, in the
trailing film, begins to decelarate immediately upon being shed. The deceleration

continues until either a succeeding slug scoops up the film or a stable velocity is
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reached, which is maintained by interfacial shear at the boundary between the film
and the gas bubble above it. The length of the liquid slugs becomes stable when
the liquid pick-up rate, at the leading edge, becomes equal to the liquid shedding
rate at the slug tail.

They found that, in the low pressure gradient region, the predicted pressures are
higher than the measured values. They explained that these differences are due
to the fact that the model does not include any specific provision for the observed
behaviour of the elongated bubble (Benjamin bubble), at the end of the slug, which
penetrates back into the liquid slugs. The presence of this bubble might reduce
the frictional pressure gradient in the liquid slug over the penetration length.
In general, the predicted values of pressure gradient agree well with the data.
Moreover, they calculated the liquid volume fraction with the available frequency
data, and the predictions of the model are in good agreement with the data. They

found that slug lengths are quite sensitive to the small changes in the frequency.

Kordyban (1969) carried out two-phase flow experiments in a horizontal rectan-
gular channel. The author, also, filmed the experiments with a camera capable
of collecting 64 frames per second. Moreover, he developped a model and used
the experimental data in the model to estimate the transition from stratified to
slug flow. The model requires the liquid depth, the wave length and the height
of waves. He measured the liquid level and wave height by the use of platinum
wire liquid level gauges which operate on the principale of variation of electrical
conductivity with the water level between the two parallel wires. The author also
used a 3 needle gauge for liquid level calibrations. The pressure fluctuations and
the aerodynamic pressure over the waves were measured by a strain gauge type
transducer at the pressure taps located at the top wall of the channel. He used a
band pass filter for spectral analysis of the waves and pressure fluctuations. As a
result, he obtained spectral density as a function of frequency by using a variable
band pass filter between the signal output and the voltmeter. Finally, he calcu-
lated the wave length from the peaks of the spectral density curves. The wave

length is written as which has the following form:
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c+ w

A
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(2.36)

where fis the frequency that corresponds to the peak value of the spectral density
and ¢ + u; is the the wave speed. In presence of a liquid flow, the velocity is
calculated as:

1/2
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(2.37)

where o, is the surface tension of the liquid and & is the wave number.

Kordyban (1969) measured the wave height and the aerodynamic pressure over the
waves by the use of an oscillograph, connected simultaneously to the liquid level
gauge and the pressure transducer. In the oscillograph record, the low pressure
peak corresponds to the crest of the wave, while a high pressure peak correspond to
the back side of the wave. The total wave height, that was the height from trough
to crest, was determined from the record of the oscillograph and the calibration
curves for the liquid level gauges. The aerodynamic pressure, at the back of the
wave, was calculated from the oscillograph recording; it represents the difference
between the low pressure peak, near the crest of the wave, and the high peak
falling at the back side of the wave. He used the pressure measurements in the
calculation of Jeffreys’ §; coefficient which is a criterion for the wave growth. This

coefficient is calculated as follows:

o P2
& pg (ug — C)Q ak (2.38)

Jeffreys (1925) argued that §8; should be lower than unity and probably below 0.5;
Kordyban (1969) found §; ~ 0.6. He concluded that a high value of the coefficient
indicates a rapid growth of waves and that was the case he observed from the

photographs.

The wave speed was determined by measuring the position of the wave crest at

successive values of time. The values were taken from one reel of the 64 frames
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per second film. However, he could not find any other works to compare with his
data.

Kordyban (1969) proposed that the transition to slug flow takes place due to a
type of Kelvin-Helmholtz instability, i.e., the instability which occurs when the
suction, due to aerodynamic pressure at the wave crest, overcomes the downward

acceleration of the wave, which is given by:

(’U,g - ’u[,)2 .

gpl_Pg+ o1 k< PiPg

(2.39)
kpi+pg  pr+pg pL+ pg

Contrary to the usual case of Kelvin-Helmoltz instability, the author proposed the

amplitude dependent instability which has the following form:

FgE 2 Pg g1 8277
— — > 1—=—= —— =, 2.40
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where 7 is the wave amplitude, F;, and F; are given by:

Fy = kncothk (hy +1n) — 1/2Ic2772 coth? k (hi +1m),
F, = kncoth k (hy —n) + 1/2k*n* coth® k (hy — n).

Taking into account that there is a limit for deep-water waves to attain a maximum
height, Kordyban (1969) proposed a limiting amplitude for waves to be described
as:

kncothk (n+h;) — 1.

The author argued that deep-water waves were responsible for the formation of

the slugs. Then he suggested that the transition to slug flow takes place when

1
s g _ , 2.41
(g — )" 2 Pg k coth (khy —0.9) + 0.45 coth” (khg —0.9) ( )
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Kordyban (1969) compared the predictions of his theory with the known flow
pattern maps, i.e., Baker(1954), Schicht(1969). He concluded that there was a

good agreement between the predictions of the theory and the flow patterns.

Kordyban (1985) carried out a photographic study allowing him to observe that,
prior to the slug formation, small waves appear on the crest of large waves, and
that a slug results from the rapid growth of one of these waves, which are of
wavelet type. He proposed that the appearance of these wavelets is related to the
initiation of a Kelvin-Helmholtz flow instability. Thus, slugs form as a result of
local instabilities at the wave crest, rather than the instability of the whole wave;

in this case the author obtained the following instability criterion,

Lﬂg, (2.42)

(p1 = pg) g = Kepgv
’ " (hg — )

where K. is a constant, having a value larger than unity, and he estimated this
value to be 1.80, h, is the mean depth of air passage, and v is the velocity where
the amplitude of the wave is 7. The author concluded that, for a liquid of smaller
surface tension, this mechanism is still valid, but for a liquid of greater surface
tension, it might be possible that the instability of the whole wave would take

place before the formation of the wavelets at the crest.

Tronconi (1990) developed a model to predict the slug frequency by assuming
that the slug frequency is one half of the frequency of the unstable wave precursor
of slugs. Taking the proportionality constant in the model of Mishima and Ishii
(1980) to be of 1/2, he obtained an equation for slug frequency given by:

w=06122% (2.43)

pi hg
He compared the predictions of this equation with the available data. He found
that a decrease in pipe diameter results in an increase in the slug frequency. More-
over, he observed a maximum in the frequency at low gas flow rates in small di-

ameter pipes. This might be associated with the laminar-turbulent transition of



36

the gas flow in the inlet region. The prediction of the model for intermittent flow,
in very small tubes, is limited by the liquid surface tension. He found that the
influence of liquid viscosity is weak when the stratified liquid flow is turbulent at
the entrance. However, he observed a noticeable increment in the frequency when

the liquid viscosity is increased up to 50 x 107 Pas.

Crowley et al. (1992) used the one-dimensional wave theory to predict the tran-
sition velocity. They compared the predictions of the model with those of Taitel
and Dukler (1976). For low gas densities and velocities, their model was able to
predict better the experiments. The comparison of the predictions of the model
with the experimental data, obtained for different working fluids, including hydro-
carbons, water, and Freon, having higher gas densities (=~ 15— 30 kg/m?), shows a
good capability of this model in predicting the experiments. Crowley et al. (1992)
also extended their analysis by using the method of characteristics to simulate the
wave growth, the wave decay and the wave interaction. They explained the for-
mation of slugs as follows: when a new slug is formed, an additional pressure drop
between the upstream and downstream side of the slug, is required. This pressure
feeds back to the inlet of the pipe by acoustic waves through the gas (which travel
upstream) provoking a change in the inlet conditions. This new “disturbance”

eventually rises to form a slug and the cycle repeats.

2.4.3 COUNTER-CURRENT HORIZONTAL SLUG FLOW
EXPERIMENTS

Wallis and Dobson (1973) conducted experiments for co-current, as well as, counter-
current air-water slug flow in a horizontal channel. They also investigated the
slugging phenomena under stationary water conditions. They observed that the
onset of slugging is reached in several ways, by increasing the air or water flow
rates or by changing the channel slope. Once slugging is initiated, the liquid flow
rate in the channel drops dramatically and the water is carried over by the exhaust
air (flooding). The void fraction data obtained for co-current and counter-current
flow fell very close to those obtained with stationary water (Figure 2.6). They

found that the transition from stratified to slug, or plug flow in a horizontal rect-
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angular channel, occurs at a value of relative velocity between the phases given
by:

(v — 1) = 0.5y/ghy (91 = py) /5. (2.44)

Assuming that vy > v; in stratified flow, they approximated the results with a

relationship given by:

ji = 0.5a"/2. (2.45)

Chun et al. (1995) conducted experiments to measure the wave height and in-
vestigate the transition criterion from wavy to slug flow in horizontal air-water
counter-current flows. They used two different test section geometries: a 0.05 m
ID and 8.28 m long pipe, and a 0.1 x 0.1 m cross-sectional area and 7.98 m in
long duct. They measured the height of waves and the depth of water by attach-
ing rulers to the test sections at 7 locations for the pipe and 11 locations for the
square duct. They repeated the experiments five times to obtain average values.
They observed a slight increase in the dimensionless wave height, /D, when the

water flow rate is increased.

2.4.4 MODELS AND CORRELATIONS FOR HORIZONTAL
COUNTER-CURRENT FLOW

Johnston (1985) carried out experiments using Kerosene and a zinc chloride solu-
tion as working fluids flowing counter-currently in three different diameter pipes,
having inclinations ranging from horizontal to 18°. He also modified the instability
criterion of Taitel and Dukler (1976) to compare it with his data. He proposed a

stability criterion given by:

o o (2.46)

- F U; (dzz/dz‘o} .
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where F'is a modified Froude number given by:

F = \foal (0= )T, (2.47)

le - 2
= =\/1- (2R —1)". .
T \/1 (2h — 1) (2.48)

and

Here, C> = (1 —h;/D) is a parameter reflecting the position of the interfacial
boundary, and A; is the non-dimensional cross-sectional area of the liquid phase

calculated as:

m=u%p-wywﬁpn+@a~n¢m4m—n1, (2.49)

and Zg is the non-dimensional cross-sectional area of the gas phase given by:

Ay =0.25 {cos"l (2h1 —1) = (2R — 1) \/1 — (2h — 1)2J : (2.50)

Based on this stability criterion and the experimental study, the author concluded
that:

e A transition from stratified to slug flow in counter-current flows can be pre-
dicted with a stability criterion which is based on the growth and collapse of

interfacial waves.

e The experimental results show that the stability criterion is less than 17% to

that expected from theoretical considerations.

e At fairly gentle inclinations (horizontal to 1.8°) this criterion is influenced
by: viscous forces, inlet conditions and gravity. At steeper inclinations, the
stability was predominantly affected by the gravitational force; the larger the

inclination, the larger the stability number.
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Johnston (1985) also observed that, as the inclination of the test section increases,
the gravity tends to suppress the growth of the choking wave, thereby making the

system more stable.

Chun et al. (1995) developed a transition criterion for a horizontal air-water
counter-current slug flow, using a total energy balance over a wave crest. This
balance can be expressed by the sum of the increase of the net kinetic energy over
the wave crest (AEk ) and the work done by the shear stress on the front surface

of the wave crest (W;). They obtained the following transition criterion:

. plgthp,C'r‘ \/m —1 (2 51)

Vg, er = Pg 4/7r+fi_1 )

where the geometric factor Cp o, is given as:

32 Dner (Diyg\’ 2hy
Cpop =14 =20 (L9 1-22), 2.52
per =1 5 S7 <D1m> ( D) (2.52)

and (Dp, 4/ D;,A,l)2 is the ratio of hydraulic diameters of gas and liquid, p, and p;

are the densities of gas and liquid, respectively, and hy is the gas height. The

gas-liquid interfacial friction factor f; is given by:

fi = 0.01(3X)08+X)/4, (2.53)

and X is calculated as:

. 2/3 2
s Ur 1/3 Dy,
X =0.02 <\/g_D> Re, <——D T Dh.,l) . (2.54)

Here, v, = vy — vy is the relative velocity between the phases, g is the gravitational

constant, and 7 is the wave amplitude.
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They compared the predictions of the model with their experimental data. They
showed that the predictions of the wave height model were in good agreement with
the data, while the agreement between the predictions based on the transition

criterion with the data were within +8%.

As has already been shown that the co-current slug flow has been widely stud-
ied; co-current slug flow experiments have been carried out to measure the slug
frequency, the void fraction, the slug propagation velocity, the pressure drop and
pressure fluctuations over the slug. Among other researchers, Taitel and Dukler
(1977), Kordyban (1969), Crowley et al. (1992) developed models to predict the
transition from stratified to co-current slug flow. These investigators, also, with
the others, such as, Dukler and Hubbard (1975), Nicholson et al. (1978), devel-
oped models to predict the characteristic parameters of the co-current slug flow;
i.e., the slug frequency, the slug propagation velocity, etc.. However, the amount
of available information regarding the counter-current horizontal slug flow is so
rare. Wallis and Dobson (1973), Chun et al. (1995) performed experiments and
Johnston (1985) and Chun et al.(1995) developed models to study the transition

from stratified or wavy to counter-current slug flow.

This review shows that slugging in co-current flows occurs due to the Kelvin-
Helmbholtz instability. This is not necessary the case for counter-current flows in
pipes containing obstructions. Thus, it is our intention to perform counter-current
slug flow experiments in a geometry similar to a typical feeder pipe encountered
in CANDU nuclear power reactors, i.e., vertical-to-horizontal connected with an
elbow, including flow obstructions in the horizontal leg. It is also, the aim of this
research to develop a model for the formation of a slug in a counter-current flow,
taking into account the flow obstructions. Since, to the best of author’s knowledge,
no studies has been carried out for the counter-current slug flow in such a geometry,
the predictions of the model will be compared only with the experiments carried
out for this research. In the following chapters, the experiments performed to
study the charateristic parameters of a slug will be discussed. Next, the model

and the predictions of the model will be presented.



Figure 2.1: Flow transitions in vertical counter-current annular flow.
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Figure 2.3: Pressure drop variation vs. gas flow rate in counter-current flow
with upper-plenum injection (Hawley and Wallis, 1982).
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CHAPTER 3

COUNTER-CURRENT TWO PHASE FLOW
TEST FACILITY

The CCF test facility, shown in Figure 3.1, can support vertical test sections, as
well as, test sections containing vertical and horizontal legs. This system consists
of a constant head water tank, a pump, a calming section, a bank of water turbine-
type flow meters and air rotameters, and the test section. The water flow rate,
supplied to the test section by the pump connected to the constant head water
tank, is controlled in two steps: a coarse control that is done using a set of valves
and a by-pass circuit at the pump outlet, and a fine control that is done using a set
of two different size parallel needle valves, located close to the test section. During

the experiments, the temperature of the water is kept constant at 2040.5°C.

3.1 TEST SECTION

Figure 3.2 shows a schematic diagram of the CCF test section. The test assembly
consists of an upper and a lower plenum, and vertical and horizontal legs connected
by an elbow. The test section, that has a geometry similar to a typical feeder pipe
encountered in CANDU nuclear power reactors, consists of 2.02 m long vertical
and 3.30 m long horizontal legs. The horizontal leg contains flanges in which an
orifice may be placed. The vertical and horizontal legs are connected by an opaque
90° PVC elbow. These legs are centered in the elbow by two Plexiglas collars and
are sealed using O-rings; Figure 3.3 shows the details of this assembly. In order to
allow flow visualization, both the vertical and the horizontal legs are manufactured
from 63.5 mm ID transparent Plexiglas tubes. The vertical leg is supported by
an aluminum [-beam and the test section is positioned vertically, using adjustable
supports. The horizontal leg is also supported by an aluminum I-beam using 6

adjustable supports. The horizontally placed I-beam is supported by 3 adjustable
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tubular steel legs bolted to the floor. The major parts of the test section are:

o The upper plenum: is used as a two-phase flows collector/separator system.

e The porous wall water injector: consists of a 63.5 mm [.D. tube with 800,
1 mm holes on the wall.

o The lower plenum: contains the liquid outlet including a water level control
system and the air inlet system. The level control system consists of a 3.45
kPa (0.5 psid) differential pressure transducer, used as a liquid level trans-
ducer. The level control system is capable of maintaining the water level in

the lower plenum constant (£1 cm) through a wide range of liquid flow rates.

o The orifices: are made of 1.5 mm thick stainless steel plates without a cham-
fered edge. Orifices with 3 ratios (= Dorifice/Drube) of 0.83, 0.77, 0.72, and

0.66 have been used to carry out the present experiments.

Flanges located at two axial positions in the horizontal leg are used to insert orifices
of different sizes. The water is injected in the upper part of the test section, just
below the upper plenum (see Figure 3.2). Filtered air obtained from the mains
of the laboratory is used as the gas phase. The air is injected through the lower
plenum. The level of the water is kept constant by using the level controller in
the lower plenum within 1 c¢m under all transient flow conditions encountered
during the experiments. The dimensions of the test section, as well as the location

of the flanges, are given in Figure 3.2.

3.2 INSTRUMENTATION

The test section is instrumented to measure the inlet liquid and gas flow rates, inlet
flow temperatures, absolute pressures, and void fractions. The liquid flow rate is
measured using “Flow Technology” turbine flow meters covering a range of 0.05
to 4.54 m?/h having an accuracy better than 1% of the reading. The gas flow rate
is measured using a set of five “Brooks” rotameters, covering a range of 0.085 to
132.5 m® /h + 2% of the full scale, at an outlet pressure of 2 bar. The temperature
of the air is measured using a K-type thermocouple installed near the air entrance

to the lower plenum (Figure 3.1). The absolute pressure in the lower plenum



47

is measured using a 1.4 bar “Sensotec” pressure transducer with an accuracy of
0.25% of full scale. The void fraction measurement system, also used as the slug
detection system, consists of three mobile capacitance probes (Teyssedou and Tye,
1999). Each probe consists of two electrodes manufactured using a 0.06 mm thick
metallic foil deposited on a Plexiglas collar; the topology of these probes is shown
in Figure 3.4. It is important to note that, with the proposed arrangement of
the electrodes, one of them is connected to ground and is simultaneously used
as a Faraday electrostatic shield for the second one. Each void probe, with its
associated electronics module and anti-alias filters, was calibrated under steady
state conditions. For the calibration, a small test section 0.15 m in length, with
the same ID, wall thickness, and material (Plexiglas) as that used for the CCF test
section shown in Figure 3.2 where the probes were finally installed, was used. Due
to the extent of the slugs observed in some experiments and to the formation of a
highly perturbed region close to the elbow in other experiments, the position of the
probes with respect to the elbow, as well as the distances between the probes were
not the same for all the experiments. The following distances between the probes
were used during the experiments: 0.20, 0.35, and 0.40 m while the distance of
the first probe to the elbow was maintained constant at 0.19 m. The calibration
curve of the three probes are shown in Figure 3.5. With the optimization of
the geometry of the electrodes used for each probe, it was possible to obtain an
almost linear response of the apparatus for void fractions of up to 70%. The
scattering of the calibration points for each probe is quite possibly due to the fact
that it was almost impossible to manufacture electrodes having exactly the same
geometry. The position of the probes installed in the horizontal leg with respect
to the elbow, is shown in Figure 3.2. The output of these modules, as well as
the output of the pressure transducer located in the lower plenum, are connected
to a Data Acquisition System (DAS). The DAS has a 16-bit analog to digital
conversion unit, and is connected to a PC. The DAS is capable of collecting 66 000
data points (13200 x 5 Channels) per run with a sampling time of 20 ms. In
order to minimize the amount of data, and to avoid aliasing of the signals, the
sampling time was selected after a careful analysis of the void signals using a HP

spectrum analyzer.
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CHAPTER 4

EXPERIMENTAL CONDITIONS
AND PROCEDURES

This chapter is divided into two parts. The first part describes the experimental
conditions and procedures used to carry out flooding and slugging experiments.
The second part presents the conditions and the procedures used to carry out
experiments that were devoted to the characterization of the wave propagation
under counter-current flow conditions. These experiments provided data on the
initial wave propagation conditions required to model the slug formation in the
horizontal leg. The experimental results are given in Chapter 5, while the wave

model is presented in chapter 7.

4.1 FLOODING AND SLUGGING EXPERIMENTS

The range of the inlet liquid flow rate changes from 0.4 to 2.5 m”/h and the inlet
gas flow rate changes from 0 to 29 m*/h. The corresponding superficial velocities
are 0.035 - 0.219 m/s and 0 — 2.543 m/s, respectively, where the superficial velocity

of k-phase is defined as:
Jk = @
A 9
where Qy is the volumetric flow rate of phase k and A is the cross section area of
the tube.

The B ratios (= Dorifice/Dtuve) of the orifices, used in this research, are 0.83,
0.77, 0.72, and 0.66. Each of these orifices is first inserted at Position 1 and then
at Position 2 in the horizontal leg (see Figure 3.2). Some experiments were also

conducted without orifices.

For a given orifice size (8 =0.66, 0.72, 0.77, and 0.83) and position in the horizontal

leg, as well as a given inlet liquid flow rate, the gas flow rate was slowly increased
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increased up to the moment that a difference between the inlet and delivered lig-
uid flow rates was observed. These flow conditions were considered as the point
of onset of flooding. Moreover, it should be noted that the onset of flooding was
determined as the intersection point between the curve fittings of full and partial
liquid delivery data (Bédard, 1997). Simultaneously, the visual observation of the
flow, in conjunction with the void fraction signals produced by the slug detector
probes, permitted the onset of slugging in the horizontal leg to be determined.
After reaching the onset of flooding and slugging conditions, the inlet gas flow
rate was increased in order to cover the entire partial liquid delivery region. Fur-
thermore, for each orifice the experiments were repeated for inlet liquid flow rates

ranging from 0.4 to 2.5 m®/h.

For each pair of liquid and gas flow rates, the signals produced by three slug
detector probes, as well as the signal produced by the pressure transducer used to
measure the absolute pressure in the lower plenum, were collected simultaneously.
After having finished the experiments, these signals were post processed using
a FORTRAN program that allows the Fast Fourier Transform (FFT), the mean
value of the void fraction and pressure signals, the Probability Density Function
(PDF) and the cross—correlation of the signals to be determined. The calibration
curve presented in Figure 3.5, in conjunction with the normalized response of each
void fraction probe, were used to determine the average void fraction at different
locations in the horizontal run. The cross—correlation and the distance between

the electrodes were used to calculate the slug propagation velocity.

The capability of the hardware and software used to collect and treat the data
was determined according to the following procedure. A function generator was
connected to one of the channels of the DAS. Sinusoidal signals, covering a range
of 0.2 to 5.0 Hz and having a constant amplitude of 4 Volt peak to peak (Vp—p),
were applied to one of the DAS channels and collected with a sampling rate of
20 ms. A two channel “Gould” digital oscilloscope (100 Ms/s) and a “Fluke” fre-
quency counter were simultaneously used to monitor the incoming signals to the

DAS. The collected signals were then numerically mixed with a Gaussian noise,
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normal distribution. The mixed signals were treated by the FFT software and
the intensity of the noise was subsequently increased up to a level that the funda-
mental frequency of the sinusoidal signal was not able to be detected by the FFT
processor. Figure 4.1 shows the distribution function of a void fraction signal col-
lected during an experiment carried out using an orifice having a 3 ratio of 0.77
installed at Position 1 in the horizontal leg (see Figure 3.2). The same figure also
shows the distribution function of a 0.2 Hz sinusoidal signal, after being mixed
with a Gaussian noise having an amplitude of 30 Vp — p. This noise amplitude
represents the upper limit where the peak of the fundamental frequency, produced
by the signal generator, can still be detected. Under this limiting condition, it
was determined that the Signal to Noise Ratio (SNR) of the technique used to
treat the data, is ~ 18 dB (= 20log(30/4)), for a constant and the same coupling
impedance. The spectra of both the void fraction and pressure signals, obtained
from the same experiment, ie., 8 = 0.77, @ = 1.1 m*/h and Q, = 16.8 m?/h,
are shown in Figure 4.2. It is interesting to note the similarity that exists in
the frequency components of these two signals. In both cases, the predominant

frequency of the slugs is close to 0.2 Hz.

4.2 WAVE PROPAGATION EXPERIMENTS

Wayve propagation experiments were performed, in order to obtain the initial con-
ditions required by the slug model that will be discussed in detail in Chapter 7.
During these experiments, a digital video SONY-DCR-TRV17 camera, with a cir-
cular polarizer (COKIN Polarizer V-30), was used to collect images of travelling
waves. An edge detection technique was then used to obtain the wave amplitude.
At the end of this chapter, the general concept of the edge detection technique

will be discussed .

A Carl Zeiss 30 mm objective was installed in the camera. This camera has an
optical zoom of 10x and a numerical zoom of 120x. The camera was placed at a
distance of 85 cm from the test section. A photo-flood with a blue spectra lamp

was used as the illumination source.
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was used as the illumination source.

The wave propagation experiments were carried out using the same test section
that was used to carry out the slug flow experiments. In order to increase the
optical contrast of the liquid film, a blue dye (625 ml of concentrated dye mixed to
3.785 1 of water) was added to the inlet water. A very low and constant flow rate

of dye was used, in such a way that the overall water flow rate was not perturbed.

4.2.1 EXPERIMENTAL CONDITIONS

Since the wave amplitudes obtained from these experiments would be used as the
initial conditions for the wave propagation model, the wave propagation experi-
ments were carried out without any obstruction. The reflections from the orifice
were simulated using a reflection coefficient. The reflection coefficient is obtained
by using simple physical relation from optics. For this calculation, the incident
wave is replaced by inlet liquid flow rate, and the transmitted and the reflected
waves are replaced by partial liquid delivery and reflected liquid flow rates, respec-
tively. The conservation of energy in optics gives the value of unity to the sum of
the reflection and transmision coefficients. For the present research, the conser-
vation of mass was taken into account. Defining the transmision coefficient, as a
ratio of partial liquid delivery to full liquid delivery, one can write the reflection

coefficient as follows:

= full liquid delivery — partial liquid delivery

full liquid delivery (4.2)

Equation 4.2 is also used for the calculation of the reflection coefficient in the case
of the without obstruction, since the incident waves are reflected from the second
elbow (see Figure 3.2). The partial liquid delivery data used in this equation were
obtained from the Bédard’s Master’s thesis (1997). Note that Bédard’s experi-
mental conditions were reproduced to carry out these calculations. It must be
also pointed out that the partial liquid delivery is a function of the gas flow rate
(Bédard, 1997). Figures 4.3 — 4.7 show the reflection coefficient as a function of

the inlet liquid flow rate and the orifice G ratio.
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Table 4.1 summarizes the matrix of the experimental conditions used to carry out
this part of the work. These experimental conditions are given as a function of
the inlet liquid and gas volumetric flow rates and the corresponding superficial

velocities.

Table 4.1 Experimental conditions for the wave propagation.

:6 Ql,inlet Qg jl,inlet jg jl,del‘ivery
(m’/h) | (m’/h) | (m/s) | (m/s) (m/s)
1.0 0.8 31.503 0.070 2.763 0.0605
1.0 1.1 22.227 0.096 1.950 0.0830
1.0 1.5 16.626 0.132 1.458 0.1127
1.0 1.8 11.376 0.158 0.998 0.1380

4.2.2 EXPERIMENTAL PROCEDURES

For a given inlet liquid flow rate, the gas flow rate was increased until disturbed
waves were seen to occur at the surface of the flowing water. This procedure
was then repeated for the entire flow rates given in Table 4.1. Each case was
recorded with the digital camera. The Adobe Premiere software (version 6.0) was
then used to extract a series of individual frames from each recorded film. An
edge detection macro of Matlab, in conjugation with a program written in Matlab
(given in Appendix E), were used to obtain the wave amplitude information from

each frame.

It was observed that the so-called Sobel 3 x 3 operator was better than the other
edge detector operators, i.e., Roberts, Prewitt, Log, Zero-Crossing, and Canny, as
well as, the edge detection macro that we wrote based on the Gaussian Distri-
bution. The performance of some edge detectors has been studied by William
Pratt (1991) and the comparison of these detectors taken from his study are
demonstrated in Figure 4.8. In these figures, the signal-to-noise ratio is defined as
SNR = (h/0,)?, where his the edge height and o,, is the noise standard deviation.

The edge detection threshold can be scaled linearly with the signal-to-noise ratio
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under the condition that Pr = 1 — Pp, where Pp is the probability of correct edge
detection and Pp is the probability of false edge detection. These probabilities
can be given as follows:

Pp =/ p(Gledge)dG, (4.3a)
t

r

Pr = / p(G|no — edge)dG. (4.3b)
t

an

where tr is the edge detection threshold and p(Gledge) and p(G|no— edge) are the
conditional probability densities of the edge gradient G(j, k).

For an image with a SNR=100, the threshold is about 10% of the peak gradient
value. In the figure, it is apparent that the capability of the edge detection increases
as signal-to-noise ratio (SNR) increases, and Sobel and Prewitt 3 x 3 operators are
superior to the Roberts 2 x 2 operators. The Prewitt operator is better than the
Sobel operator for a vertical edge whereas, for a diagonal edge, the Sobel operator

is superior.

The edge gradient generation is one of the techniques used to detect edges in an
image. This is a first order derivative edge detection and there are two fundamental

methods for generating first order derivative edge gradients:
e orthogonal gradient generation: generates the gradients in two orthogonal
directions in an image,
e edge template gradient generation: uses a set of directional derivatives.

Since it is easier and efficient to use the orthogonal gradient generation, only the
first method is used for this research, and this will be described in the following

paragraphs.

The gradient along the line normal to the edge slope can be computed in terms of

the derivatives along orthogonal axes according to the following equation:
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Gloy) = @) oy OF@Y) o

= 5 sind, (4.4)

where F(z,y) is an image field.

The generation of an edge gradient G(j, k) in the discrete domain can be described
in terms of a row edge gradient Gg(j, k) and a column edge gradient G¢ (3, k).
Thus, the spatial gradient can be computed as:
. . 2 . 2 1/2
G(j.k) = {[Gr(j, B + GeG, B} (4.5)
There are several ways to generate the discrete gradient. The simplest of all is
to form the difference of pixels along rows and columns in the image. The row

gradient is defined as:
and the column gradient is:

Ge(j, k) = F(j, k) — F(G+1,k). (4.7)

Diagonal edge gradients can be obtained by forming differences of diagonal pairs of
pixels and this is the basis of ROBERTS cross-difference operator which is defined

as:

GG.K) = {616 RF +1G:60F ) (48)
where G1(J, k) and G2(j, k) are given by:
Gi(3, k) =F(5,k)— F(3+1,k+1) (4.9)
and
Gs(3,k) = F(3,k+1)— F(5+1,k). (4.10)

The other way to generate the discrete gradient is to form the pixel difference in

a way that the row and column gradients become:

Gr(j, k)= F(G,k+1) — F(j, k—1) (4.11)
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and

The disadvantage of this method is that the separated pixel difference gradient
generation method is highly sensitive to small luminance fluctuations in the im-
age. Therefore, another technique is used to avoid this problem. Two dimensional
gradient formation operators can be used to perform differentiation in one coordi-
nate direction and perform spatial averaging in the orthogonal direction. Prewitt
has introduced a 3x3 pixel edge gradient operator described by the pixel numbering

convention which can be represented as:

Ao Ay Ay
A7 F(j,k) Az
As As Ay

The row and column edge gradients are defined as:

) 1
Gr(j k) = K+2 [(Az + KAz + Ay) — (Ao + KA7 + Ag)) (4.13)
and
) 1
Ge(d k) = 3 (Ao + KA, + As) — (As + K As + Ag)], (4.14)
where K = 1.

The Sobel edge detector differs from the Prewitt edge detector in that the values
of north, south, east and west pixels are doubled, i.e., K = 2. The motivation for
this weighing is to give equal importance to each pixel in terms of its contribution

to the spatial gradient.

Consequently, the row and the column gradients can be expressed by the convo-

lution relationships:
Gr(J, k) = F(j,k) © Hr(4, k) (4.15)

and
G()‘(j,k) = F(J’ k) ®H()'(j’ k): (416)
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where Hg(j,k) and Hc (g, k) are 3 x 3 row and column impulse response arrays,

and they are defined for several cases in Figure 4.9.

The finite convolution can be written as:

Sl Kl

GG,k)= > > F(mn)H(m,n). (4.17)

m=j—1n=k—1

After forming the edge gradient in the manner discussed above, the important
step is to compare the gradient to a threshold value to determine if an edge exists.
In the Matlab Edge Detection Macro, the threshold value is calculated, based
on the RMS estimate of noise. For this research, after obtaining an idea of the
threshold value from this estimate, several threshold values were tested beyond
this calculated RMS value, and the best one was chosen as a threshold. This value

was entered as a constant (=0.04) and used to treat all the frames collected for

the experiments.



Probability Density

1.0

0.9

0.8

0.7

0.6

05

0.4

0.3

0.2

0.1

0.0

Amplitude

Figure 4.1: Distribution functions.

F T T T ld) [ B T T T T 3
— — Distribution, 1o o o) Distribution, 1o
0.2 Hz sinusoidal o % O Experimental data
" signal with added oy Q11 m3/h T
Gaussian noise o Qg=16.8 m3/h
$=0.77 (Position 1)
10 20 30 40 50 60 70 80 90

61



1 .00 T T T T T T T T T

® @
el
2075k —— Void fraction signal |
Ey Q1.1 m'h
< Q=168 m'h
o 050 B=0.77 (Position 1)
N
=
€ 025 . 1
o
=
000 1 | 1 1 1 | 1 1
1.00 T T T T T T T T T
(b)
0.75 F —— Pressure signal -
Q=1.1mh
Q=168 m’h

(=0.77 (Position 1)

o
N
(3,

Normalized Amplitude

Il 1

o
o
o

b
o

01 02 03 04 05 06 07 08 09 10

Frequency (Hz)

Figure 4.2: Typical power spectra of void fraction and pressure signals.



Reflection Coefficient (y)

Reflection Coefficient (y)

0.7

0.6

05

0.4

03

0.2

0.1

0.0

Figure 4.3: Reflection coefficient vs. inlet liquid flow rate

0.7

06

05

04

03

0.2

0.1

0.0

Figure 4.4: Reflection coefficient vs. inlet liquid flow rate

® Position 1
O Position 2

1 2

Liquid Flow Rate (m3mh)

for orifice 3=0.66.

® Position 1
o Position 2

1
Liquid Flow Rate (m3/h)

for orifice =0.72.

63



Reflection Coefficient (y)

Reflection Coefficient (y)

0.7

06

05

04

03

0.2

0.1

0.0

Figure 4.5: Reflection coefficient vs. inlet liquid flow rate

07

0.6

05

0.4

03

0.2

0.1

0.0

Figure 4.6: Reflection coefficient vs. inlet liquid flow rate

® Position 1
o Position 2

1 2
Liquid Flow Rate (m3/h)

for orifice 3=0.77.

]

1

® Position 1
O Position 2

1
Liquid Flow Rate (m3/h)

for orifice 3=0.83.

2

64



Reflection Coefficient (y)

07

0.6

05

0.4

03

0.2

0.1

0.0

Figure 4.7: Reflection coefficient vs. inlet liquid flow rate

1
Liquid Flow Rate (m3/h)

for orifice f=1.0.

2

65



1.0

Roberts vertical

0.8

Roberts diagonal

Sobel diagonal &
Sobel vertical & Prewitt vertical

0.4 Prewitt diagonal

0.2

0.0 | I | |
0.0 0.2 0.4 0.6 0.8 1.0
PF
(a) SNR = 10.0
1.0 — Sobel diagonal &
Prewitt vertical
0.8 —
Sobel vertical &
Prewitt diagonal Roberts diagonal
e 0.6 —
0.4 — Roberts vertical
0.2 +—
0.0 | I | |
0.0 0.2 0.4 0.6 0.8 1.0
PF
(b) SNR = 1.0

Figure 4.8 Probability of detection versus probability of false detection
for 2 x 2 and 3 x 3 operators (Pratt, 1991).



Operator

pixel difference

seperated pixel difference

Roberts
Prewitt
Sobel
Frei — Chen !
242

W

1

0

V2 0
1 0

Row Gradient

67

Column Gradient

L [-1 -1 2
z| 0 o o0
11 1]
(-1 —2 -1
io 0 0
12 1]

Figure 4.9: Impulse response arrays for 3 x 3 orthogonal differential gradient
edge operators (Pratt, 1991).



68

CHAPTER 5

EXPERIMENTAL RESULTS

The results obtained for the slug flow and the wave propagation experiments are
presented in this chapter. The slug flow experimental results including the average
void fraction, the slug frequency, the slug propagation velocity and a comparison
between the onset of flooding and the onset of slugging are presented in the first
part of this chapter. Afterwards, the results obtained from the wave propagation

experiments will be discussed.

5.1 SLUG FLOW EXPERIMENTS

Four different orifices without chamfered edges and having 3 ratios of 0.66, 0.72,
0.77 and 0.83 were used to carry out the CCF slugging experiments. The exper-
iments were repeated by changing the position of the orifices with respect to the
elbow in the horizontal leg; these positions are indicated as Position 1 and Posi-
tion 2 in Figure 3.2. Experiments were also carried out without orifices installed
in the horizontal leg. The data have been analysed in order to obtain the onset of
flooding and slugging, the slug propagation velocity, the slug frequency, and the

average void fraction as a function of both the liquid and gas superficial velocities.

It is important to point out that, for all the cases studied, it was visually observed
that, for a given liquid flow rate, a hydraulic jump forms in the horizontal leg and
propagates towards the elbow as the gas flow rate is increased. A further increase
in the gas flow rate causes the hydraulic jump to enter into the elbow and liquid
droplets are entrained above the elbow in the vertical leg. Under this condition,
the flooding takes place and it is simultaneously accompanied by the formation
of slugs in the horizontal leg. Once the flooding is triggered, a pulsating column
is formed in the vertical leg. This pulsating column, under the same onset of

flooding conditions, subsequently provokes high amplitude waves that travel along
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the horizontal leg toward the orifice. This visual observation is schematically pre-
sented in Figure 5.1. The waves that are formed close to the elbow, and propagate
downstream in the horizontal leg are then partially reflected by the orifice. Figure
5.2 shows the entrained droplets above the elbow, i.e., the onset of entrainment,
and Figure 5.3 shows the formation of a pulsating column in the vertical leg. Fig-
ures 5.4 and 5.5 show a wave, produced by the pulsating column and traveling
downstream toward the orifice. These waves travel along the horizontal leg and,
depending on the orifice size, a partial reflection occurs at the orifice (Figure 5.6).
Figure 5.7 shows a photo of two waves traveling in opposite directions, with the
reflected wave produced by the orifice located at Position 1 in the horizontal leg.
Incident and reflected waves travelling in opposite directions are able to interact
mutually , i.e., wave interference occurs. Each time an incident wave interacts
constructively with a reflected one, and the resulting amplitude becomes equal to
the tube ID blocking the passage of the gas; a slug of liquid is then formed (Figure
5.8).

5.1.1 THE ONSET OF FLOODING AND THE ONSET OF
SLUGGING

The first part of this section discusses the comparison of the onset of flooding and
that of slugging, whereas the second and the third parts discuss the effect of the
size of the obstruction and its location with respect to the elbow on the onset of
flooding and the onset of slugging. The last part of this section is devoted to the
presention of the results obtained from the experiments carried out without any

obstruction installed in the horizontal leg.

Figures 5.9a-b show the comparison of the onset of flooding and that of slugging
data for obstructions having 8 ratios of 1.0, 0.83, 0.77, 0.72, and 0.66. These
results are also presented in Appendix A in the form of tables. The onset of
flooding results presented in these figures were taken from Bédard (1997). For his
research, he used the same test section that we have used to carry out the slugging
experiments. In these figures, the solid and the empty symbols correspond to

the experiments conducted for flooding and slugging, respectively. Figure 5.9a
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shows the results for the cases where the obstructions were installed at Position
1, and Figure 5.9b shows those for Position 2. As can be observed, with the
exception of the experiments carried out without an orifice (8 = 1.0), the points
that correspond to the onset of flooding and slugging seem to be quite close. It
is important to mention that some of the experimental points do not appear in
Figures 5.9a. and 5.9b. because they are hidden by points corresponding to the
same values of superficial velocities. Thus, when an orifice is installed in the
horizontal leg, and for the conditions used during the present experiments (both
the liquid and the gas flow rates are kept constant for each experiment), flooding
is simultaneously accompanied by the formation of slugs in the horizontal leg.
Siddiqui et al. (1986) and Kawaji et al. (1991) have observed that at high liquid
flow rates a hydraulic jump formed in the horizontal leg close to the elbow and

that flooding was caused by slugging which simultaneously occured at this point.

Figures 5.9a and 5.9b also show that for a constant value of the superficial gas
velocity, the required liquid flow rate necessary to provoke flooding and /or slugging
decreases by increasing the severity of the obstruction. As discussed in the previous
section, the constructive interaction between the incident and the reflected waves
depends on their amplitudes; thus, the greater the severity of the obstruction
the higher will be the amplitude of the reflected waves. This may explain the
fact that, for a constant superficial liquid velocity, the gas flow rate necessary
(i.e., gas superficial velocity) to form the slugs decreases as the severity of the
obstruction increases. The interaction between the incident and reflected waves
maintains the formation of slugs over almost the entire partial liquid delivery
region. Approaching zero liquid penetration conditions, the thickness of the liquid
film is considerably reduced, diminishing the propagation of high amplitude waves

up to a point where the formation of slugs completely disappears.

A comparison of Figures 5.9a and 5.9b shows that both the onset of flooding and
the onset of slugging seem to be independent of the location of the orifice with
respect to the elbow. Similarly to Siddiqui et al. (1986) and Kawaji et al. (1993),

before flooding starts taking place, the formation of a hydraulic jump close to the
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elbow has been observed. When the gas flow rate is subsequently increased, the
hydraulic jump moves toward the elbow and flooding occurs immediately after
the hydraulic jump disappears inside the elbow. Wan and Krishnan (1986) and
Siddiqui et al. (1986), for low liquid flow rates in a horizontal test section, observed
that flooding occurred when the hydraulic jump was dragged towards the elbow.
Kawaji et al. (1991), however, observed that for moderate liquid flow rates, the
location of the hydraulic jump moves towards the exit of the horizontal pipe,
away from the elbow. Under such a condition, they observed that the flooding

mechanism changes to slugging occuring close to the end of the horizontal pipe.

For the experiments carried out without an orifice installed in the horizontal leg a
slight difference between flooding and slugging conditions is observed (see Figures
5.9a-b). Similarly to the experiments carried out with an orifice installed in the
horizontal leg, the onset of flooding is accompanied by the formation of a pulsating
column in the vertical leg. The waves produced by the pulsating column now travel
downstream to the second elbow located close to the lower plenum (see Figure 3.2).
Due to the distance that separates the two elbows, the reflected waves from the
second elbow are in general of very low amplitude. Diminishing the amplitude of
the incident and reflected waves prevents a constructive interference having the
required amplitude for bridging the pipe to occur. By increasing the gas flow
rate above that required to produce flooding, it is, however, observed that two
different kinds of slugs start forming in the horizontal leg. The first kind are very
short ones that form close to or even inside the first elbow. The second kind of
slugs are very long (occupying almost 2/3 of the horizontal leg) and are formed
immediately upstream of the second elbow (close to the lower plenum). Therefore,
it is apparent that the hydrodynamic mechanisms that govern the formation of
slugs when an orifice is installed in the horizontal leg are different than those when

there is no orifice installed in the horizontal leg.

5.1.2 SLUG FREQUENCY

The slug frequency as a function of the gas and liquid superficial velocities is deter-
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mined for each orifice size and position with respect to the elbow by post-processing
the signals produced by the electrodes with the use of a FORTRAN program that
allows Fast Fourier Transform (FFT) to be determined. The normalized spectra
obtained after processing the signals are analyzed and the first highest peak en-
countered within each spectral record is considered as the predominant frequency
of the slugs. It is important to remark that, for very low frequencies, the first peak
obtained from the FF'T also corresponded to the same frequency determined by

timing the formation of the slugs using a chronometer.

Figures 5.10a-1 show the best fits of the predominant slug frequency as a function
of the superficial gas velocity. It should be noted that the experimental conditions
and determined slug frequencies are also presented in Appendix B. In general, it
is observed that for both positions and for all the orifices tested, the frequency
decreases with increasing superficial gas velocity. It can also be seen that for a
given superficial gas velocity and a given orifice @ ratio, the slug frequency is much
higher if an orifice is located closer to the elbow, for example Position 1 in Figure
3.2. Furthermore, the predominant slug frequency increases with decreasing orifice

0 ratios.

As discussed before, it was observed that the slugs are formed by a constructive
interference between waves that propagate in opposite directions. Large ampli-
tude waves are generated by a pulsating column that forms above the elbow after
reaching the onset of flooding condition. These waves are partially reflected by
the orifice; thus, the mutual interaction of the incident and the reflected waves
brings about the bridging of the tube. This type of wave interaction can explain
the fact that the predominant frequency decreases both with increasing superficial
gas velocity and the size of the orifice. The increase in the superficial gas veloc-
ity increases the amount of entrained liquid, thus reducing the water level in the
channel. In turn, the increase in the orifice size decreases the probability that the
waves will be reflected. As the incident waves travel along the horizontal leg, their
amplitude gradually decreases; thus, when the orifice is located farther away from

the elbow, the probability of the incident and reflected waves to bridge the tube
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decreases and results in a lower slugging frequency.

Figure 5.10i shows the predominant slug frequency for the experiments carried
out without orifice (8 = 1.0). Two different regions are distinguished in this
figure. The first region, where most of the data are concentrated, shows a quite
low frequency that decreases with increasing superficial gas velocity. These data
points correspond to quite long slugs that form at the second elbow located closer
to the lower plenum (see Figure 3.2). It is apparent that the slug frequencies in
this region are coherent with those observed for the orifice having the highest g
ratio (=0.83). The second region, characterized by a huge scattering in the data,
corresponds to very short, high frequency, slugs that are formed closer to or even
inside the first elbow (Figure 3.2). Most of these slugs were detected by one of the

void probes that was kept at a constant and short distance from this elbow.

In the open literature, there is no available slug frequency data that have been
collected for vertical-to-horizontal counter-current flow with orifices installed in
the horizontal leg. Most of the existing studies are concerned with slugging in co-
current two-phase flows. A comparison of the present data with those presented
for co—current flows by Dukler and Hubbard (1975), for superficial gas velocities
lower than 2 m/s, shows a similar trend, i.e., the slug frequency decreases with
increasing superficial gas velocity. For superficial gas velocities higher than 2 m/s,
however, their data shows that the slug frequency increases at a very low pace with
increasing J,. It is important to remark that the slug frequencies obtained during
the present work are much lower than those obtained by Dukler and Hubbard.
There are several reasons for this difference: Dukler and Hubbard used a much
smaller tube ID, they applied much higher liquid flow rates and the experiments
were carried out under co-current flow conditions. In a similar study, Jepson and
Taylor (1993) have shown that increasing the tube inside diameter decreases the
slug frequency, because a higher inside diameter decreases the probability of a
wave to bridge the tube. Note that Jepson and Taylor carried out the experiments
for co-current flows at a much higher superficial velocities than those used in the

present work, i.e., 2 < J; <14 m/s.
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5.1.3 AVERAGE VOID FRACTION

The average void fraction (= AV,/AViota) as a function of the gas and liquid
superficial velocities is determined for each orifice size and position with respect
to the elbow as follows: the signals produced by the electrodes are normalized and
then the calibration curves given in Figure 3.5 are used to obtain void fraction
values. These values are averaged in time. Figure 5.11a-i show the average void
fraction as a function of the superficial gas velocity for all the cases studied. The
same figure also shows the regression lines of the data. For all the cases studied,
a single function having the form given by a + be™!®, was used to fit the data.
It should be also noted that the experimental conditions and the average void
fraction are presented in Appendix C. Except for the experiments carried out
without orifice (Figure 5.111), it can be observed that for superficial gas velocities
higher than 0.5 m/s an almost unique asymptotic value of the average void fraction
close to 80% is reached. This asymptotic value seems to be independent of the size
of the orifice and its position with respect to the elbow. This constant value can
be explained by a complex relationship of slug frequency, slug length and slug void
content. As a matter of fact, it has been observed that, for a given superficial gas
velocity, the lower the @ ratio the higher the slug frequency. In addition, orifices
having small 3 ratios produce shorter slugs with a much higher void content. The
relationship between these factors results in a time average void fraction which is
almost constant for all the orifices tested during the present study. For superficial
gas velocities lower than 0.5 m/s, it has been observed that both the frequency
of the slugs and the length of the slugs increases. In general, very low superficial
gas velocities correspond to quite high inlet liquid flow rates (Bédard, 1997) which
in turn provoke the formation of quite long slugs. It must be pointed out that
during this work the slug lengths were not measured; thus, the aforementioned
analysis is based on visual observations of the phenomena (the experiments were
recorded with a video camera that allowed us to view the experiments in slow
motion reducing, in this way, any “subjective” appreciation of some of the features
described in the thesis).



75

Figure 5.11i shows the average void fraction obtained for the experiments carried
out without an orifice. In general, a huge scattering in the data is observed; the
asymptotic value (if there is any) seems to be slightly higher than that observed
for the experiments carried out with an orifice installed in the horizontal leg. The
scattering in the data is due to the fact that, as has been mentioned before, two
different types of slugs are formed when there is no orifice installed in the pipe:
very long slugs generated closer to the second elbow and very fast shorter ones
formed quite close to the first elbow. The fact that longer slugs trap more gas,
l.e., more void content, may explain the higher average void fraction observed for
this case ($=1.0). It is important to note that similar trends were observed by
Wallis and Dobson (1973) and Woods and Hanratty (1996) who conducted the
experiments in a 0.095 m ID, 26.5 m long pipe with air and water flowing co-
currently. Moreover, Wallis and Dobson found that the void fraction was also

independent of the liquid flow rate, and as has been observed in the present work.

5.1.4 SLUG PROPAGATION VELOCITY

As has been mentioned in the experimental conditions and procedures (Section
4.1), the slug propagation velocities were determined by cross-correlating the sig-
nals produced by the slug detection probes in conjunction with the distance be-
tween these probes. For the present experiments, three probes were placed at
different locations between the elbow and the first flange used to install the orifice
(Position 1 in Figure 3.2). Due to the extent of the slugs observed in some ex-
periments and to the formation of a highly perturbed region close to the elbow in
other experiments, the position of the probes with respect to the elbow, as well as
the distances between the probes were not the same for all the experiments. The
following distances between the probes were used during the experiments: 0.20,
0.35, and 0.40 m while the distance of the first probe to the elbow was maintained
constant at 0.19 m. Due to the thickness of the probes (Teyssedou and Tye, 1999)
it is quite difficult, if not impossible, to determine the effective distance between
them. In all the cases, it has been considered that this distance cannot be de-

termined with an accuracy better than a half of the thickness of a probe, i.e.,
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12 mm.

The data on the slug propagation velocity as a function of the superficial gas
velocity, @ ratios, and liquid flow rates are shown in Figures 5.12a-c as well as
are given in Appendix D in the form of tables. For the range of the experimental
conditions, it is, in general, observed that the slug propagation velocity depends
on neither the orifice’s size nor the position of the orifice with respect to the elbow.
It is also observed that the liquid flow rate does not affect the slug propagation
velocity. Further, the slug propagation velocity decreases, almost linearly, with
the superficial gas velocity and this trend can be shown with a simple best fit of
the data by using a simple linear regression curve given by Vs = 0.821 — 0.151 J,.
It is important to mention that this regression is valid for the experimental data

obtained with an orifice installed in the horizontal leg at both locations.

A balance of pressure forces (assuming that frictional forces between the slug and
the pipe are much smaller than the pressure forces, the frictional forces between
the slug and the pipe are neglected ) shows that the driving force that keeps the slug
moving is a function of the pressure difference between the slug head and tail (see
Figure 5.13). . Assuming the atmospheric pressure Pytn, (considered as constant)
acts on the slug head, then the slug movement must be controlled by the effective
pressure exerted by the air on its tail, ;. In turn, this pressure is equal to the gas
pressure at the lower plenum (see Figure 3.2) minus the pressure drop essentially
due to the interfacial drag at the liquid-gas interface. At this point, it is important
to consider the fact that during the whole slugging process, a non negligible amount
of liquid is still delivered (the region before reaching the zero liquid penetration
point in Figure 5.1). This liquid flows downstream towards the lower plenum,
passing through the orifice which fixes its height in this region, i.e., liquid content
in the slug tail. Furthermore, in the slug tail region, the interfacial friction depends
on the relative velocity of the two phases flowing counter-currently. Data collected
by Bédard (1997) for the entire partial liquid delivery region up to the zero liquid
penetration point, was used to evaluate the product of the interfacial area per unit

length and the square of the relative velocities between the phases; the results are
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shown in Figures 5.14a,b. It is apparent that this product, which should control
the interfacial drag and consequently the driving force applied to the slug, increases
with increasing superficial gas velocity. Orifices having 3 ratios of 0.66, 0.72, and
0.77 are characterized by almost the same interfacial drag. However, for 8 = 0.83,
a substantial difference is observed for superficial gas velocities lower than 1.5 m/s.
There are two possible reasons for this departure. First, it is important to mention
that these conditions (i.e., higher 3 ratios and low gas flow rates) correspond
to the highest inlet liquid flow rates applied during the experiments; thus, the
delivered liquid flow rate was much higher and consequently the collection method
used was less accurate. Even though a systematic error introduced in the liquid
collection procedure can explain the jump observed for a superficial gas velocity
close to 1.5 m/s, it cannot entirely explain the results presented in Figure 5.14a-
b. It is important to mention that the interfacial area per unit length (A in
Figures 5.14a-b) as well as the cross-sectional areas occupied by the phases are
calculated based on the liquid height that corresponds to the minimum value
required for a given orifice to allow the liquid to pass trough. For higher 3 ratios,
however, the interfacial area calculated in this way as well as the cross-sectional
area occupied by each phase becomes unrealistic; thus, the results presented in
Figure 5.14 must be considered only as qualitative. As has already been mentioned,
due to the fact that the amount of delivered liquid greatly increases with decreasing
gas flow rate (Bédard, 1997), the results shown in Figure 5.14 can be affected
by the precision of the measurements carried out under such flow conditions. In
general, Figure 5.14 can be used to show the fact that the drag force exerted by the
liquid on the gas phase in the slug tail region, increases with increasing superficial
gas velocity. Consequently, increasing the superficial gas velocity, increases the
interfacial friction pressure losses, that in turn reduces the effective driving force
applied to the slug. The same figure also shows that the interfacial drag force seems
to be almost independent of the orifice size and its position in the horizontal leg.
This observation can be used to explain the fact that for a given superficial gas
velocity a unique slug propagation velocity, independent of the orifice size and
position, is observed in Figure 5.12. In addition, an increase in the gas pressure

loss reduces the driving force acting on the slug; thus, the slug propagation velocity
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must decrease with increasing superficial gas velocity as shown in Figure 5.12. It
is important to mention that similar trends were observed by Jepson and Taylor

(1993) for higher superficial gas velocities in co-current two-phase flows.

In Figure 5.12c, it is interesting to observe two different regions of slug propagation
velocity, as it was observed for the predominant frequency for the experiments
without obstruction. As discussed in Section 5.1.2, the formation of two types of
slug observed for experiments carried out without an orifice (8 = 1.00) conjunction
with the drag force in the slug tail zone can be used explain the phenomena in

this region.

5.2 WAVE PROPAGATION EXPERIMENTS WITHOUT SLUGGING

Wave propagation experiments were carried out without any obstructions installed
in the horizontal leg. These experiments were devoted in obtaining the profile of
incidents waves. These profiles are required as initial conditions for the model that
is presented in Chapter 7. For a given liquid flow rate, the gas flow rate is slowly
increased close to the onset of flooding conditions, by taking care that flooding does
not occur. These flow conditions, i.e., inlet and gas flow rates (for flow conditions,
see Section 4.2.1 and Table 4.1), are then kept constant while a sequence of video
films of the flow are collected. The details of the experimental conditions and
procedures were presented in Section 4.2. After filming each experiment, the
images were transfered to the computer. A MATLAB edge detection macro and
a program written in MATLAB were used to detect the wave amplitudes. The
MATLAB programs are given in Appendix E. As explained in Section 4.2.2, the
Sobel edge detection technique was considered to be the most appropriate. Since
the macro of this edge detection technique can be found in the MATLAB package,

it is not given in Appendix E.

Figure 5.15 shows the comparison of several edge detection methods, i.e.; So-
bel, Prewitt, Roberts, Laplacian, Zero-Crossing and Canny. The Sobel, Prewitt,
Roberts and Canny edge detection techniques obtain the edges at those points

where the gradient of the image is maximum. The Laplacian and Zero-Crossing
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methods find edges by looking for zero-crossings after the filteration of the image.

Figures 5.16 — 5.19 show the comparison of typical edge detection results with
the photographic image of the flow that corresponds to the same image frame
used to determine the wave profile. The corresponding experimental conditions
are given in the figures. The length of the edge detection region is 63.5 ¢m, and
it corresponds to the distance between the labels across which the edge detection
technique was applied. This distance corresponds to the length that can be cap-
tured by the video camera without introducing any noticeable deformation to the
image; otherwise, the aspect ratio of the image started to be altered. It is inter-
esting to see the performance of the edge detection. These figures are taken as a
basis for providing the initial conditions to the model which will be presented in

the next chapter.
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Figure 5.1: Phenomenological results.
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Entrained droplet

Figure 5.3: Pulsating column in the vertical leg (Tye, 1998).
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Figure 5.4: Wave formed by the pulsating column (Tye, 1998).

o
RN

Figure 5.5: Wave formed by the pulsating column traveling towards the
orifice (Tye, 1998).
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Figure 5.6: Wave reflected from the orifice (Tye, 1998).

Wave travelling Wave reflected
towards the orifice from the orifice

Figure 5.7: Wave travelling towards the orifice and wave reflected
from the orifice (Tye, 1998).
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Water flow
direction

Figure 5.8: Liquid slug formed in the horizontal leg (Tye, 1998).
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Figure 5.10.a-f: Predominant slug frequency vs. superficial gas velocity.



Predominant Frequency (Hz)

87

0.20
0.15

0.40

B p=0.83 (g) B p=0.83 (h)
0.35 — Position 1 N Position 2
0.30 — —
0.25 & -

0.10
0.05
o_ool|||||||||| | I I
00 05 10 15 20 25 3.0 00 05 10 15 20 25 3.0
Superficial Gas Velocity (m/s) Superficial Gas Velocity (m/s)
__ 1.00
i B . B=1.0 ()
§ 0.80 — A —
S ol 2 ]
T 0.60 Apan —
o N
ol “ '
T 040 A —
£ i A A )
£ A
S 020 - A -
e | -
% 0.00 L

00 05 10 15 20 25 3.0
Superficial Gas Velocity (m/s)

Figure 5.10.g-i: Predominant slug frequency vs. superficial gas velocity.



1.0

B LI B AL AL I I
L O Data h
: Regression T
08 [ -
S I &——%—‘3’—&—6&—@—@—@—5 ]
g P ]
T 06 —
e’ i ]
g | :
§s 0.4 -
2 : ]
02| -
00 L v v L e e
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Superficial Gas Velocity (m/s)

Figure 5.11a: Average void fraction vs. superficial gas velocity,
for 3 = 0.66, Position 1.

1.0 e

O Data
Regression

0.8
@ e @ ©° °

®© a
W

0.6

0.4

Average Void Fraction

0.2

LA S S L B B L L BB B B

e by b b ey e gy

0_0....I....l....I..,.l....]....
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Superficial Gas Velocity (m/s)

Figure 5.11b: Average void fraction vs. superficial gas velocity,
for 8 = 0.66, Position 2.



o

- O Data b

i Regression :

0.8 - -

5 L ]
E 0.6 ¢ -
kel L 4
> :
9 04l .
g B i
< : ]
0.2 -
ool v v v v e ]

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Superficial Gas Velocity (m/s)
Figure 5.11c: Average void fraction vs. superficial gas velocity,
for 8 = 0.72, Position 1.

1.0

LA A L NN SO I

L © Data 4

L Regression | -

0.8 |- °8.0 o —

5 [ 5° ° °° ]
B ; o/ oo© 8 ]
£ os | N
3 :
> r il
® 04 N
2 . ]
02+ —
ool v v e e e s e ]

0.0 0.5 1.0 1.5 2.0 25 3.0

Superficial Gas Velocity (m/s)

Figure 5.11d: Average void fraction vs. superficial gas velocity,
for 8 = 0.72, Position 2.



1.0 et

[ ]
r O Data 1
: Regression :
5 8o 000 o PR, o o o, —-
. 27"’ ° o o, ©° ]
g 0.6 booo °© °° o ° o ﬂ
u_ N - —
- - 4
& L B
> C ]
9 04 .
g | :
< [ ]
02 |- -
0.0 L 1 R I R B
0.0 0.5 1.0 1.5 20 25 3.0

Superficial Gas Velocity (m/s)

Figure 5.11e: Average void fraction vs. superficial gas velocity,
for 8 = 0.77, Position 1.

1.0 T T

© Data
Regression

0.8

T T T T T T T

0.

0.6

0.4

s b by e by

Average Void Fraction

0.2

L I A B B B B B

o b e b e b b e e b

0.0
0.0 0.5 1.0 1.5 2.0 25 3.0

Superficial Gas Velocity (m/s)

Figure 5.11f: Average void fraction vs. superficial gas velocity,
for 3 = 0.77, Position 2.



1.0

LN S B B B R B B B B ) B S B B B BN B S S SR S S S S|

- 4
L O Data E
- Regression |-
0.8 2 —
S r N o o R Q B
B i @ ]
E 0.6 - L © ° —
- o E

T
3 L ]
$ o4l ]
§ i ]
< C 1
02 —
ool v v ]

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Superficial Gas Velocity (m/s)

Figure 5.11g: Average void fraction vs. superficial gas velocity,
for 8 = 0.83, Position 1.

1.0

LA ERL A S Bt N AN BN R S B BN N B B SR SR S BN B S UL R SR B

O Data
—— Regression

0.8

0.6

0.4

Average Void Fraction

0.2

LA R A A L L B B ) L N B R

v b e b e b by

0‘0llll[llIl’lkhllllLAlllllllllA
0.0 0.5 1.0 1.5 2.0 25 3.0

Superficial Gas Velocity (m/s)

Figure 5.11h: Average void fraction vs. superficial gas velocity,
for 8 = 0.83, Position 2.



1.0

Average Void Fraction

0.8 - .
06 ]
0.4 [ -
02 F .
B [ ] Data 7
: Regression ]
ool vt v v
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Superficial Gas Velocity (m/s)

Figure 5.11i: Average void fraction vs. superficial gas velocity,
for 3 = 1.00.



1.0 —r—r—r— ]

r o p=0.66 |1

~ foa o @8 o o g=o.72 1
? . o a p=0.77 |]
;E, 0.8 r G AOCO o < o p=083 |
2 I ‘ ]
% 06 | ]
S U0 ]
5 i ]
% 0.4 [ ]
r Best Fit i

x L V,=0.821-0.151 J, ]
g r ]
a 02 ]
ool v v v ]

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Superficial Gas Velocity (m/s)

Figure 5.12a: Slug propagation velocity vs. superficial gas velocity,

Position 1.

1.or....,..|.,....,....,...._...J

i © p=066 | ]

i o p=0.72 | ]

Q) = a =077 |
E - <O p=0.83 | A
8 o ]
> L 4
c L N
.o - b
§ 0.4 | Best Fit ]
& r V,=0.821-0.151J, E
a [ ]
g) . .
& 0.2 N s
0.0 _, PSRN S NS SN WU VAN NN ST SN WA S (SN SN ST SO SN GUNNNY SO VAN U S N ST S ._
0.0 0.5 1.0 1.5 20 25 3.0

Superficial Gas Velocity (m/s)

Figure 5.12b: Slug propagation velocity vs. superficial gas velocity,

Position 2.



94

TE”‘o.a'— ]
= i ]
S i . ]
o 06 HE .
T 0 I A :
[e] L d 4
-
8)04'_ ee o 7
§ T ) '
L ° _
%, r . . :
(—50.2: z‘. 5
L ..".o..O .‘000 i
i °ge 0.'.!33'0' ]
o‘o U S N SR SR | PR R S S SR R R SR
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Superficial Gas Velocity (m/s)

Figure 5.12c: Slug propagation velocity vs. superficial gas velocity,
for 8 = 1.00.



95

J A
Slug head, L—’_, Slug tail,
high void l low liquid
content contth

- 0 0 8803t "

i i out
—mgj

Figure 5.13: Forces acting on a liquid slug.



1.0 — —— —
| o b66p1 i
o b72p1
A b77p1
08 - | o bssp1 -
™ I ]
E 0.6 - -
N? 04 - (o N = —
< oo 0
L N o © < o apg ]
< ASO
02 e OO0 A 5 -
a,a A 6 o0
o j
T:ca L ocf% o
00 L 1 ' | ' | L | L | L 1 L
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Superficial Gas Velocity (m/s)
Figure 5.14a Interfacial drag term for Position 1.
1.0 — —
0.8 —
N"; I |
E 06 -
< o 8
2 r oo o go ]
¢ ¢ o 0o ° o .
°:<>: 04 oo o o OAD -
L a 4o i
a o
02 a °° =
a AAA% PaN Clg
o i
T wongg°o 008
00 L I L | L | L 1 L | L 1 L

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Superficial Gas Velocity (m/s)

Figure 5.14b Interfacial drag term for Position 2.



Edge detection region

97

Water flow direction —  » - Air flow direction

0.06

h (m)

0.02 —
0.00

X e

0.06
0.04 —
0.02

h (m)

0.00

0.06

0.02

h (m)

R —

0.00

0.06

h (m)

0.00

0.04 —j//_\_w\
0.02

0.06

h (m)

0.04 ~ﬂ\/_/&\_/_,//—%/———/\
0.02 -

0.00

0.06
0.04
0.02

h (m)

0.00
0.0

0.1 0.2 0.3 0.4 0.5 0.6
Axial Position (m)

(2)

(b)

(©)

(d)

(e)

®
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(Laplacian (d), Zero-cross (e), Canny (f)).
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Figure 5.16: Comparison of a frame with the output of Sobel's edge detection method.
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CHAPTER 6

THE THEORY BEHIND THE MODEL

In this chapter, several water wave theories will be discussed in order to enlighten
the basic concepts of the model which will be presented in Chapter 7. The wa-
ter waves can be divided into two categories: hyperbolic and dispersive. In the
first section of this chapter, hyperbolic waves without making any distinction of
linearity and nonlinearity will be discussed. In the second section, the dispersive
waves which give birth to solitons will be presented; these theoretical aspects are

important for the model developed during this research.

6.1 HYPERBOLIC WAVES

Hyperbolic waves are formulated mathematically in terms of partial differential
equations. The equations used to describe this type of waves depend only on the
form of the equations, independently, whether explicit solutions can be obtained.
In this group, dissipative type of waves can also be found. Since the dissipation
arises from a physical system that incoparates some frictional behaviour, such as
fluid viscosity, dissipative term will be discussed in the next section after presenting

the momentum equation.

A prototype for hyperbolic waves is often taken to be the wave equation given by:

8280 )
—5%:; = C6V~(ﬂ, (61>
with
o 9° ox 0?
V= Smt et o

If the waves propagate along z axis, we can write
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51;— - Co-a'; = 0, (62&)
O  9p _

Under this classification of hyperbolic waves, one can also identify linear and non-
linear waves. Since the hyperbolic waves are not relevant to this study, the linear
and nonlinear hyperbolic waves will not be discussed in too much detail. Never-
theless, in the following sections, the equations that describe hyperbolic waves will
be discussed. In general, these are the equations of hydrodynamics: the continuity
equation, the momentum equation, and the energy equation. Depending on the

cases studied, these equations are used in combination of two or three.

6.1.1 THE CONTINUITY EQUATION

The continuity principle, known as well as the mass conservation equation, ex-
presses the conservation of matter, i.e., fluid matter in a given space cannot be
created or destroyed. In the case of an incompressible homogeneous fluid, the

continuity principle can also be expressed by the conservation of volume.

The mass conservation equation gives a relationship between the velocity (u), the
density (p), the space coordinates (z, y, z) and time (¢). Thus, the continuity

equation can be written in the differential form as:

g—/t) + V- (pu) = 0. (6.3)

If the choice of coordinates is the right-handed rectangular Cartesian system, the

nabla operator and the fluid velocity can be expressed in the following form:

o o0 0
V"(b})é’&:ﬁ})a

u = (u,v, w).
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6.1.2 THE MOMENTUM CONSERVATION EQUATION

The momentum principle expresses the relationship between the applied forces
(F) on a unit volume of matter of density p and the inertia forces of this unit
volume of matter, as it is given by Newton’s Second Law. The inertia forces are
due to the natural tendency of bodies to resist any change in their motion. On
the other hand, we can distinguish two types of applied forces in fluid mechanics:
body forces, which are more or less the same for all fluid particles and have their
source exterior to the fluid, and local forces, which are the forces exerted on a fluid

element by other nearby fluid elements.

To cause the motion of a constant mass m, or more generally, to change the state of
an existing motion, it is necessary to apply to this mass a force (F'), which causes
an acceleration du/dt such that F = m(du/dt). Here, the mass (m) corresponds
to that of a unit of volume of fluid; therefore, m = p. Hence, the fundamental
equation of momentum has the form F = p(du/dt). The three components along
the three coordinate axes z, y, z are p(du/dt), p(dv/dt), p(dw/dt), respectively.
Two types of inertia forces may be distinguished, depending on the type of accel-
eration or elementary motion considered: (1) local acceleration which corresponds
to a variation of the translation velocity or the derivative of velocity with respect
to time and (2) convective acceleration which corresponds to a variation of veloc-
ity associated to the deformation and rotation of a fluid particle, i.e., derivative
of velocity with respect to space. The local acceleration characterizes any un-
steady motion resulting from a change in the translatory motion of a fluid particle
imposed by external forces F, whereas the convective acceleration characterizes
any nonuniform flow resulting from any linear or angular deformation, or from a
change in the rotation of fluid particles, imposed by the external forces F. The

components of the acceleration term can be given by:

<8u ou ou 8u>
P\ 7z tugzz tvg +w4o |,
z Y



105

(6.4)

tuz- + v

ow ow ow ow
P\ ot Oz Oy Yoz )

Body forces result from an external field (such as gravity) which acts on each
element of the considered volume in a given direction. In some studies, such as
tidal motion and oceanic circulation, the gravity acceleration must be considered
as radial. In the case of gravity action, the body force per unit of volume is simply
equal to the fluid weight pg, where g is the acceleration due to the gravity. This
force is independent of the motion. Taking the vertical axis z as positive upward
along the normal to the earth’s surface, the components z, y, z of the gravity force
are: 2, = —0(pgz)/0x = 0, Q, = —0(pgz)/0y = 0, Q, = —0(pgz)/0z = —pg,
and 2 = gz.

Local forces result from forces acting on the outside of the considered volume. In
the case of a fluid particle, they are caused by molecular forces. They decrease
very quickly away from the boundaries of the particle of fluid, and their action is
limited to a very thin layer. In practice, if the fluid is a continuous medium, this
layer can be considered infinitesimally thin. The local forces can be divided into
two: (1) normal forces — due to pressure, and (2) shearing forces — due to viscosity.
These two kinds of forces also exist within the particle, but are always balanced

in pairs and their sum is zero.

Pressure forces result from the normal components of the molecular forces near the
boundary of the considered volume. However, shear stresses are present because
of fluid viscosity and are caused by the transfer of molecular momentum. The
friction force (7) is assumed to be proportional to the coefficient of viscosity ()

and the rate of angular deformation; thus, friction forces can be expressed as:

<82u ?u  H%u
w

= 2. 6.
0z t oy + 832> uV'u (6.5)

The momentum conservation equation is obtained by equating the applied forces

to the inertia force for a unit volume of fluid. Different forms of the momentum
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equation corresponding to a number of cases are encountered in hydrodynamics.
The Navier-Stokes equations are used to represent most of the problems encoun-
tered in fluid mechanics. They are second-order differential equations because of
the frictional terms, and nonlinear because of the convective inertia term. The

components of the Navier-Stokes are given by:

Inertia Forces Applied Forces
Local Convective Pressure Gravity Friction
acceleration acceleration
~ N % ~ ~ ~ - % ~
Ju N uc’?u N Ju n ou Op n 3*u n 3*u n 0%u
— —tv—tw— | =—5=
ot oz Oy 0z oz H\ oz 0y?  0z*
ov N v N v N v op N &%v N 0%v N 0%v
—tu—tv—twr— | =—%

P\ bt ox dy z Oy F\ 822 oy? 0z
8w+u8w+v8w+1 ow dp n 32w+82w+82w
PR —_— _ v — _— e —

P\ 5t oz Oy 0z z ry H\ 922 oy?  0z?

6.1.3 THE ENERGY CONSERVATION EQUATION

The energy conservation equation expresses the fact that the rate of change of
total internal energy in an infinitesimal volume must be balanced by the heat flux,
the heat generation, and the heat lost in the considered volume and the workdone

to/by the volume.

Alternatively, for water waves of an adiabatic flow, the mechanical energy equa-
tion can be expressed as a balance between the rate of change of the mechanical
energy and the flow of energy transported by the velocity field, together with the
contribution from the rate of work of pressure forces. Thus, the energy equation

can be written in the following form:

o (1 1
3~t<§pu-u+pﬂ>+v~{u(ipu-uﬂLPﬂﬂ)}~0- (6.7)
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Since the energy equation is not used for the development of the present model,

further details in the energy equation will not be introduced in this document.

6.2 BOUNDARY CONDITIONS

The boundary conditions will be presented under two categories: kinematic and
dynamic. The kinematic conditions require a statement that the moving surface is
a surface of the fluid; that is, it is always composed of fluid particles. The bottom
condition is a special case for the kinematic conditions, under which the movement
of the fluid particles are defined by the solid boundary. The kinematic conditions
do not involve the action of forces, however, the dynamic condition does. The
dynamic condition is also defined at the free surface by writing a pressure balance

equation.

Kinemtic Condition

The free surface is represented by:
z = h(z,y,t),
which can also be written in the form,

z — h(z,y,t) = 0. (6.8)

A surface F(z,y,z,t) = constant, which moves with the fluid, so that it always

contains the same fluid particles, must satisfy:

DF
— =0. 6.9
Here, D 8 L) E) E)
—=—d4u—+tv—tw. (6.10)

Dt ot oz Jy 0z

From Equations 6.8 and 6.9, we have:

—; [z —h(=z,3,8)] =0 (6.11)
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Equation 6.11 is the kinematic condition which is satisfied by those fluid particles
that move with the fluid surface. Knowing that
Dz
Dt

we can write the kinematic condition as follows:

w, (6.12)

w

oh Oh  Oh
=5 <u—x- + v—> on z=h(z,y,t). (6.13)

Equation 6.13 shows that the evaluation of h(z,y,t) is necessary to define the
velocity field.

Bottom Condition

In the same manner, for an inviscid fluid, the bottom kinematic condition con-
stitutes a boundary that is defined as a surface that moves with the fluid. The

impermeable bed of the channel can be represented by:

z = b(z,y,t),
or
2z —b(z,y,t) =0. (6.14)
For a fluid surface, we can write:
D [z —b(z,y,t)] = 0. (6.15)

Dt

Thus, the bottom kinematic condition can be expressed, in a similar way to the
free surface kinematic condition, in the following form:

ob ( ob ob
w =

=5 + ug- +v5§> on z=b(z,y,t). (6.16)
If the bottom surface, b, does not depend on z and y, and for a steady flow,

Equation 6.16 becomes:

8
Il
o

w=20 on

(6.17)
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Dynamic Condition

In the absence of the viscous forces, the dynamic condition can be derived from

the momentum equation given in the following form:

2 (u)=~VP+F, (6.18)

where F is the body force represented by a conservative force field: F = —pVQ2
for some potential function Q(z,y,z,t), where the negative sign is used to show
that the force is directed to the region where the gradient of the potential function
decreases. Thus, for an incompressible fluid with p = constant, the momentum

equation is given by:

Du P
D = -V (—; + Q) . (6.19)
From Equations 6.12 and 6.19, we have,
ou P
E-&-(wV)u_—V(;—}-Q). (6.20)
Knowing that
(u-V)u=V1u~u~u><qu, (6.21)

2

for an incompressible, irrotational and potential flow, where V x u = 0, we can

write the momentum equation in the following form:

Ju 1 P

In the case of potential flow, we can also associate the velocity to a potential

function, that is:

u=Vop,

where ¢ is the velocity potential. Thus, the momentum equation is expressed as:
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0 1 P
é‘t‘(VQO)—*'V-z‘U-u— -V (; +Q> . (623)
Expressing () = gz, where g is the gravitational acceleration, and z is measured

positive upwards, the momentum equation becomes,

op 1 P
V<E+§u«u+p+gz>—0. (6.24)

The integration of Equation 6.24 gives:

op 1 P _

where f(t) is an arbitrary function of integration.

For a dynamic boundary condition, considering that the pressure at the surface
is equal to the atmospheric pressure, P = P, on z = h(z,y,t), the continuity of

pressure requires that,

dp 1 P, _
E+§u~u+7+gh—f(t) on

w
I
&

(6.26)

It is supposed that, somewhere (as |z, y| — 00), the fluid is stationary with P = P,

and h = h, = constant; thus, the following equation is obtained:
P,
ft) = > + gho.

Finally, the momentum conservation equation is written as:

%—f+—;-u-u+g(h~ho)=0 on z=h. (6.27)

This equation constitutes the surface-pressure condition.
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All the boundary conditions derived in this section will be used in the following
section for the derivation of nonlinear dispersive wave equations: the Korteweg—de

Vries equation and the Boussinesq system of equations.

6.3 DISPERSIVE WAVES

Dispersive waves can be defined through a dispersion relation whenever oscilla-
tions in space are coupled with oscillations in time. This means that they involve
wave packets where the wave velocity is a function of frequency. Contrary to the
hyperbolic waves, the dispersive waves are based on solutions rather than on a
particular equation. Depending on these solutions, one can distinguish linear and
nonlinear dispersive waves. In the following sections, boundary conditions, lin-
ear and nonlinear water waves, particularly solitons pertaining to the nonlinear

dispersive wave family, will be discussed in details.

6.3.1 LINEAR DISPERSIVE WAVES

For convenience, we will use n(z,y,t) instead of h(z,y,t), which was used in the
derivation of boundary conditions in Section 6.2. Here, 7 is the deviation of water
surface from the undisturbed water level (ho = const). Thus, the relation between

n and h can be given by:
h:n+ho- (6.28)

For small perturbations on water surface, initially at rest, n(z,y,t) and ¢(z,y, z,t)
are small; therefore, the governing equations may be linearized. Substituting the
velocity potential into Equation 6.13, the linearized free surface condition can be

obtained as:

on 0Oy
ot 09z’ (6.29)

and from Equation 6.27, the dynamic condition is written as:
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Op .
5 T am=0. (6.30)

Equations 6.29 and 6.30 can be arranged in a way that 7(z, y,t) can be eliminated

from these equations. The resulting equation takes the following form:

Fp | Oy
5z 9%,

=0 on z = h,. (6.31)

For an inviscid, incompressible flow, the use of velocity potential in the continuity

equation leads to the Laplace’s equation given in the following form:

8‘2 32 2
Lo f+ng=o, 0< 2z < h. (6.32)

From Equation 6.16, for the case that the bottom surface is independent of time,
that is z = b(z,y), the bottom condition, as a function of the velocity potential,

is expressed as:
Op _ 0Ob ob

After obtaing a solution for ¢, the surface is calculated from the dynamic condition

given by the Equation 6.30, that yields:

1 0¢
t)=———(x,¥,2 = ho, t). 6.34
n(z,y,t) 5ot (z,y ) (6.34)
Notice that starting from here, the following vectorial notations will be used:
x = (z,y) and k = (ks, k), the dependency on z, if there is any, will be shown
explicitly. In the case of water waves, the waves propagate horizontally; thus, the

elementary sinusoidal solutions take the following form:
n = Aeilkx—wt) (6.35)

and
¢ = Z(2)elkx—wt), (6.36)
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where k is the wave number, w is the frequency and A is the amplitude. In the

elementary solution, k, w and A are constants.

These equations represent an oscillatory behaviour in z, y and ¢ but not in 2. From
Laplace’s equation, the form of ¢, given by Equation 6.36, is a solution provided

that Z(z) satisfies the following equation:

Z'-kZ=0, k=[k=(K+k)"2 (6.37)

For a water channel of constant depth h,, the boundary condition on z = 0 requires
that Z'(z) = 0. Hence
Z « cosh kz.

From Equations 6.34 to 6.36, the following equation is obtained:

A=""2(0), (6.38)

where A is the amplitude of 7. Thus, the amplitude of ¢ is obtained as:

_1g , coshkz
Z(z) = w  coshkh (6.39)
Finally, Equation 6.36 becomes:
_ 19 4 cosh B2 iex—ur)
L Acosh khs © ' (6.40)
Alternatively, this equation can be written in the following form:
o(z,y,z,t) = Apetllex—wt) (6.41)

where A, = — (ig/w) A (cosh k (z) / cosh kho).

From Equations 6.31 and 6.40, we obtain the dispersion relation in the following
form:
w? — gk tanh kho = 0,



114

and its solution is,

w = v/ gk tanh kh,. (6.42)

In general, the dispersion relation may be obtained from the real roots of the

following equation:

w = f(k). (6.43)

There can be a number of such solutions, with different functions f(k) (the so-
called, modes). In linear problems, the modes can be superposed to make up a

complete solution. The real part of the solution of Equation 6.41 is given as:
R =|As| cosb. (6.44)

where 0 = k-x — wt is the phase. Any particular phase surface, moving with
normal velocity w/k in the direction of k, propagates with a speed, called the

phase velocity. This velocity is given by:

CcC =

=€

i, (6.45)

where fi is the unit vector in the k direction. For any particular mode w = f(k),
the phase velocity is a function of k. This means that, as time evolves, the differ-
ent component modes disperse, with the result that a single concentrated hump
disperses into a whole oscillatory train of waves having different wave numbers,
and each traveling with its own speed. However, the wave packet propagates with

a group velocity. The group velocity is given by:

(6.46)

In a similar sense, the energy also propagates with the group velocity. It is the
group velocity which plays the dominant role in propagation phenomena. On the
other hand, for hyperbolic waves, where the dispersion is assumed not to take place,

the group velocity and the phase velocity are the same and equals to a constant.

Here, it is worth to mention about the gravity waves, since the speed of gravity

waves will be used for the non-dimensionalization of the velocity field in the KdV
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and the Boussinesq equations. Gravity waves belong to the family of water waves,
under which two categories are found: gravity and capillary waves. The important
parameter, used to classify water waves is the critical wave length, A.., which is
defined as:

2

1/2
Aer = 2 (i>
gp

where g is the gravitational acceleration, o is the surface tension, and p is the water
density. When the wave length of waves is larger than this critical value, they are
called “Gravity Waves”; when the value is smaller than this critical value, the
. surface tension becomes dominant and they are categorized under the “Capilary

Waves”.

For shallow water, where the wavelength is much greater than the depth of the
channel (kh, < 1), we can write tanhkh, ~ kh,, which leads to the following
formulas for the phase velocity and group velocity (see Equations 6.45 and 6.46):

2
c= ¥ Vhok /ahs (6.47)

k k
and
B dw 1 2ghok

= — = ———— = /gho.
dk 2 ./gh.k> g

C(k) (6.48)

Since the two velocities (group and phase) are the same, and they are independent
of k, the waves are not dispersive. Therefore, we can conclude that gravity waves

are not dispersive due to the outcome of Equations 6.47 and 6.48.

6.3.2 NONLINEAR DISPERSIVE WAVES (KORTEWEG-DE VRIES
EQUATION)

The balance between the nonlinearity and the dispersion leads to the existence of

solitons!

Before discussing solitons, the description of solitary waves and the historical de-

velopment of solitons will be presented.
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A solitary wave was first observed on the Edinburgh to Glasgow canal by J. Scott
Russell in 1834. After his initial observation, Russell performed a number of
laboratory experiments to investigate the nature of solitary waves by dropping a
weight at one end of a water channel. He found that the volume of water displaced
was the volume of water in the wave and, by careful measurement, he showed that

the wave moved at a speed, c,, given by:
¢ =g(ho+a), (6.49)

where h, is the undisturbed depth of the water, and a is the amplitude of the
wave. From this equation, it is clear that higher waves (that is, larger a) travel
faster. He also performed experiments to generate waves of depression by raising
the weight from the bottom of the channel. He found, however, that an initial
depression became a train of oscillatory waves whose lengths increased while their

amplitudes decreased with time.

Assuming that the wavelength of a solitary wave is greater than the depth of the
undisturbed water (long wave, or shallow water assumption; § = ho/A — 0),
Boussinesq (1871) and Rayleigh (1876) attempted to give a mathematical descrip-
tion to the solitary wave. As a result, they confirmed the speed of the wave
given by Russell’s formula (6.49) and also showed that the wave profile could be

represented by the sech® function.

Thus, a solitary wave which is the result of the observation that gravity waves
having permanent shape and considerable amplitude, can propagate on the surface
of the water. It has a hump profile over the surface and drops smoothly back to
undisturbed surface level far ahead and far behind the wave. This is an example
of a stable nonlinear wave solution; it does not become multi-valued and has a

permanent shape. This type of wave propagates at a constant speed.

On the other hand, when more than one solitary wave appear in the solution, they
are called solitons. In another word, a soliton becomes a solitary wave when it is

infinitely separated from all other solitons.

A soliton, however, is not precisely defined, but it is used to describe any solution
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of a nonlinear equation or system which (i) represents a wave having permanent
shape, (ii) is localized, decaying or becoming constant at infinity, and (iil) may
interact strongly with other solitons so that after the interaction it retains its
shape, almost as if the principle of superposition were valid. Zabusky and Kruskal
(1965) were the first researchers who named these kinds of waves as “solitons”
to emphasize that a soliton shows a :“particle” nature after a collision, keeping
its initial shape after the collision. However, they observed that solitons were

phase-shifted after a collision.

A packet of waves of nearly the same wave lengthes propagates with the group
velocity, however, the individual components in the wave packet move through the
packet with their phase velocity. High-wave components of a general solution travel

faster than the short-wave components, and, thereby, the components disperse.

In contrast to dispersion, non-linearity leads to the concentration of a disturbance.
The balance between the dispersive effects (8°u/8z?) and the concentrating effects

(uBu/Ox) leads to the existence of the solitary wave.

In 1895, Korteweg and de Vries developed a theory for weakly nonlinear and
dispersive right moving solitons traveling in a shallow water. Before giving the
Korteweg—de Vries (KdV) equation and the expansion of this theory to the left
and right moving solitons (Boussinesq equation), two important parameters which
are used in the derivation of KdV and Boussinesq equations will be introduced.
The first parameter is known as the amplitude (¢ = a/h,), and the second one
is shallowness (0 = ho /). The amplitude parameter is given by the ratio of the
wave amplitude to the water depth, and the shallowness parameter is given by the

ratio of the water depth to the wavelength. The equations given below are derived
from Johnson (1997).

For the derivation of the Boussinesq and KdV equations, it is convenient to
non-dimensionalise and scale the continuity and momentum eqautions as well
as the boundary conditions. The non-dimensionalisation is carried out using

convenient length and time scales. The parameters that will be used for non-
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dimensionalisation and scaling are: the undisturbed water depth, h,, and the
wavelength of surface waves. In order to define a time scale, a suitable velocity
scale is needed. Since the long wave approximation is used for the derivation
of Boussinesq and KdV equations, the propagation of long waves will be consid-
ered; this leads to the use of the speed of gravitational waves, which is given by
(gho)l/ 2 The characteristic speed, i.e., the speed of gravitational waves, and the

wavelength, A, define a typical time associated with the horizontal wave propaga-
tion, this is A/ (gho)l/z.

It should be noted that the non-dimensional x and y are measured in the units
of the wave length, A, whereas the non-dimensional z is measured in the units
of the undisturbed water depth, h,. The characteristic speed, i.e., the speed of
gravity waves, ¢, = (gho)l/ 2, is used to define the scale for the horizontal velocity
components, v and v, but the vertical veiocity component, w, is treated differently,
so that the continuity equation is consistent with the boundary conditions. Thus,

the vertical velocity component is scaled with (gho)"/* ho/A.

The surface wave, itself, leads to the introduction of a further parameter a, which

is a typical wave amplitude. The free surface, 2 = h(z,y,t), can be written as:
z(z,y,t) = h(z,y,t) = ho + an(z, y, t), (6.50)

where the function n(z,y,t) is a non-dimensional quantity. The bottom surface

can be written as, z(z,y,t) = b(z,y,t) and it is constant.

Note that in order to simplify the mathematical notation, in the rest of this thesis
the dimensional variables will be identified by a prime (’). In turns, variables with-
out a prime will be considered as non-dimensional quantities. The non-dimensional

variables used for the derivation of the governing equations are:

1 t/

Y z
U b Ul il Wl Al swoe: (6.51)

o’ (A/Vgho)’

Furthermore, two additional conversion of variables for both scaling and uni-

directional transformation of the conservation equations will be also introduced.
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In order to maintain the homogenity of the notation, please note that the variables
will be kept unchanged.

u v w’

— ——— 6.52
gh,o, /__gho’ w (h,o ,_—gho//\)’ ( )

The pressure is given by:
P'(z',y,2'\t') = P, + pg (ho — 2) + pghop(z’,y', 7', 1), (6.53)

where P, is the atmospheric pressure (=constant), pg (ho — z) is the hydrostatic
pressure distribution. The pressure scale, pgh, is based on the pressure at the.
depth, h,. The pressure variable, p(z’,y’,2’,t'), is a measure of the deviation

from the hydrostatic pressure distribution.

Rewriting Equation 6.53 at the free surface, 2/(z’,y’,t') = ho + an, we have

a
P'(z' ¢,/ t')— P, = —-pghoﬁ—n + pghop(z’, v/, 2, t'), (6.54)

or

0 = pgho (p(z',y/,2',t') —en). (6.55)
The non-dimensionalisation of this equation leads to:

p(z,y,2,t) —en = 0. (6.56)

From Equations 6.50 and 6.51, the free surface of the liquid is obtained as:

hez = ho (1 + hin> . (6.57)

Dividing Equation 6.57 by h,, we obtain the non-dimensional free surface as:

Z=1+(a/h0)77a
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Knowing that € = a/ho, we can write

z=1+en. (6.58)

Similarly, the bottom surface can be expressed as:
(6.59)

z = const,

where the contant corresponds to a dimensional constant value divided by ho.
For an inviscid flow, from the Euler’s equation, the momentum equation in the z
direction is written as follows:

/ / / / /
ou ou ,0u ,0u ) __op (6.60)

, — e
p(@t’+u8x’+v8y’+w 52/ o’

This equation can be written in terms of non-dimensional variables in the following

form:

o 0(co 0 (pcs
Aeot) | GOe)  dlea) ke Dl 100en)

d(hoz) p 0(A\z)

ou Ju Ju Ju dp
— — — _— = - 6.62
ot tu oz tv Jy Yoz ox ( )
Similarly, the momentum equation in the y direction is written as:
v v v v Op
— = — — ==, 6.63
ot TV Ve T e T Ty (6.63)
The dimensional form of the momentum equation in the z direction is written as:
ow’ 0w’ 0w , 0w’ op’
=—— 6.64
”(at/ Ty YUy TV 5y 57 (6.64)

This equation can be written in terms of non-dimensional variables in the following

form:
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(,\ w)+cou (™ w)+cov (™ w)—i-cokw (,\ w)
) ({—\-t) 9 (\z) 9 (A\y) A 0(ho2)
10 (pcip
"—"—;-5((}‘;5)‘ (6.65)
The simplification of this equation yields,
b_) dw  ow dw Oow) _0p
A ot oz oy  0z) Oz
> 0 0 0 o 0
2 (W, 00,0 oY) 9P
) (Bt +u8x+v8y+8z> 55’ (6.66)

where § = ho /.

From Equations 6.62, 6.63, and 6.66, the components of the non-dimensional mo-

mentum equation are in the following form:

Du _ 0p Dv _ 0Op »Dw _ 9p
Dt 9z’ Dt = Oy’ g Dt 092’ (6.67)

where

For an incompressible, irrotational and inviscid flow, the continuity equation writ-

ten in primary variables, i.e., Equation 6.3, can be written as follows:

o o ouw

and in the non-dimensional form is obtained as:

O(cou)  O(cov)  O(Msw)
o0) T o0y | Bher)

or

ou Ov Ow
a-F'é—g;—i-'é;—O. (6.69)
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The surface kinematic condition, from Equation 6.13, can be written in the fol-

lowing non-dimensional form:

Coho 0 (ho + an) 9 (ho +an) 9 (ho + an)
w= +cou———— F oV —
A ) (%t) 9 (A\x) 9 (\y)
Coho Co 9 (;;—ZGT))

N ‘A‘“a(g—n) N Cf”—“—a (gyn>

or

Finally, we have

_. (o o1 91 _
w—e(at-i-uax—l—vay) on z=1+en, (6.70)

whereas the dynamic condition, in the non-dimensional form, has already been

obtained from Equation 6.56 as:
p=E€n on z=1+en. (6.71)

The bottom condition, similarly to the surface kinematic condition, from Equation

6.17, in non-dimensional form yields:

w=0 on z=0. (6.72)

As Equations 6.70 and 6.71 show, the vertical velocity component, w, and the
pressure, p, at the free surface, where z = 1+ ¢€n, are proportional to . Ase — 0,
w — 0, p — 0, and there is no disturbance at the free surface. Thus, a set of
scaled variables will be defined in a way that they will be consistent with both the
boundary conditions and the governing equations. Please note that in order to
maintain the homogenity of the notation, after scaling variables, we will use the

same notation. Therefore, the scaled variables are given as follows:

p — Ep, U — €U, v —ev and w — ew. (6.73)

Then, the momentum equation in the z direction is given by:



O(euw) _  O(ep)
ot Yoz Oy tew 9z or

9 (eu) 4 0 (eu) 4 €v8 (eu)
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Thus, the component of the momentum equation in the x direction can be written

as:

- T € +v—+ w4 = "5

ou a_u ou ou\  Op
ot Yoz Ty Vo

Finally, Equation 6.74 becomes
Du Op

s

where we redefine the operator D /Dt as follows:

Dv_ o
Dt 0Oy’
and
52_1.)._“_’__,@
Dt 0z

The contunity equation is obtained in the following form:

0 (eu) n 0 (ev) n 0 (ew)

Ox Oy 8z 0

The scaled form of this equation becomes:

@+Qﬁ+a_w_o
dr 8y 9z

(6.74)

(6.75)

(6.76)

(6.77)

(6.78)

(6.79)

From Equation 6.70, we have the kinematic condition given in the following form:
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_on on  on _
w= o +e€ <u-é—£ +vbz> on z=1+4en. (6.80)
From Equation 6.71, the dynamic condition is:

p=n on z=1+en. (6.81)

The bottom condition simply yields,

w
Il
e

w=0 on

(6.82)

Assuming that the problem is independent of the y direction, the following equa-
tions will be derived for the x and z variables. In order to obtain a balance between
the nonlinearity and the dispersion, the square of the shallowness () and ampli-
tude (¢) parameters are chosen to be of the same order, namely, 6> = O(e) as
e — 0. Thus, a second scaling of variables is necessary. Please note that in order
to maintain the homogenity of the notation, after scaling variables, we will use the
same notation. Therefore, the region of interest is defined by scaling the following
independent variables:
) ) gl/?

-z, t— gl_ﬁt’ W= . (6.83)

The momentum equation in the z direction is given by:

ou ou el/? ou Op
ety e | = (6.84)
0 (7i7t) 0(smz) 0 52} 0 ()
Alternatively, Equation 6.84 can be written as:
ou ou ou dp

Similarly, the momentum equation in the 2z direction is given by:
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e1/? el/2 ) el/?

The simplification of Equation (6.86) leads to the following equation:

ow ow ow\|  Op
€ {E +e (ua + wgﬂ =3, (6.87)

Substituting Equation 6.83 into Equation 6.78, the contunity equation is obtained

in the following form:

oew | O(Fv)

0 () bz ’
or w8
U w
Fra e 0. (6.88)

From Equation 6.80, the kinematic condition can be written as:

1/2
55/ wz&(iggt) +€u3(;2m) on z=1+en. (6.89)
Simplifying Equation 6.89, we have,
w= % + Eu%. (6.90)
The dynamic condition is,
p=n on z=1+4en, (6.91)
Since the bottom condition does not change, then:
w=0 on z=0. (6.92)

The outcome of this transformation is to replace 6> by € in the momentum equa-
tion, namely, in the z direction. The next step is to seek a first approximation for

the governing equations, as € — 0.
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The momentum equation in the z direction and the dynamic condition at the free
surface lead to,
p(z,z,t) =n(z,t), 0<z<1 (6.93)

The momentum equation in the x direction becomes:

ou dp
—_— =, 6.
ot oz (6.94)
After taking the derivation of Equation 6.93 with respect to z, and substituting it
into Equation (6.94), we have:
ou on
%= g (6.95)

From Equation 6.88, the integration of the continuity equation over z yields:

ou

w= 2o, (6.96)
which also satisfies the bottom condition, that is, w(z)’zro = 0.
The kinematic condition in conjunction with Equation 6.96 yield,
an ou
%= 9 (6.97)
From Equations 6.95 and 6.97, the wave equation is obtained in the following form:
Pn  0%n
52 P 0. (6.98)

As it has been already mentioned, the KdV equation has a particular interest for
representing the right moving waves. Therefore, retaining the waves moving only

in the +z direction, we can introduce a new variable such that:
E=1x—t (6.99)

However, an asymptotic expansion, which is based on the classical wave equation
with high order non-linear and dispersive terms, leads to oscillations in the solution

as t (orz) — 0o. Thus, defining the new variables as follows:

E=z—t=0(1), and T=et=0(1), (6.100)
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one can expect that the solution will be stable. Please note that in order to
maintain the homogenity of the notation, after uni-directional transformation of
the variables, we will use the same notation. The transformation, i.e., Equation

6.100, will be applied to the governing equations, by using the following identities:

o€ o/ or or
U T e -

Thus, for any dependent variable, i.e, s, we can write the total differential as:

Os 0s 0t  0OsOT

5z 0tox | ot oz

and

ds _ 050  Bsor

5 " ocot | orot

The introduction of the change of variables into the momentum equation results

in:
Ju Ju ou Ju Op
8§+€<8T+ 8§+w8 )— 3 (6.101)
for the x component, and
B'w ow ow ow op
6[ 8§ ( +ua—€+ )] ——a, (6102)
for the z component.
The continuity equation is given by:
ou Ow
£ + o 0, (6.103)
with the kinematic condition,
an an on
= —— Z = 1 .
w 3§+ ( +u 85) on +en, (6.104)
and the dynamic condition
p=n on z=1+en, (6.105)
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as well as the bottom condition
w=0 on z=0. (6.106)

The solution given as an asymptotic expansion must satisfy the limit conditions.
Here, the asymptotic expansion is defined with respect to the parameter, €, as

follows:
g€, 7 z8) ~ D €Mqnl€,7,2), M€, TiE) ~ Y EMn(€,7), (6.107)
n=0 n=0

where ¢, represents u, w and p. This equation satisfiesu — 0, w — 0, and p — 0

with € — 0.

Therefore, the momentum equation in the z direction, in which we substitute the

€ expansion up to the first order in €™ can be written in the following form:

0 1o} o 0 .
(_80_“2_61_“1_“) te (50_“9_1_51&4____) +e (%o +elug +..)

o€ o or or
ou ou ou , Ou
00 | 19U 0 1 0770 4 (177
x(e 5E +e€ o€ +...>+€(€ wo + € w1+...)(6 52 +e€ 92 +>
- (s"%—? +el%—9§i+...>. (6.108)

The leading order is obtained as:

ou 15)
o Bt po) _
( 8§+8€> 0

or 5 5
Uo Po
—_—= 6.109
and the next order term is:
ouy Oug Oug Oug Op1 _
8( 5E + 5 +U08§ +w082 + 8§>_0’
or simply, 5 5 5 5 5
Tl I T e R ) (6.110)

5 | or 5e W, t e
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Similarly, the momentum equation in the z direction is written in the following

form:
Ow
£ (—so%—? — elaigl - ) + €2 (60%1_39 +el% + ) + &% (®uo + e'us +...)
ow ow ow ow
oY% 1% 2 (.0 1 o“%o 19%1
x(e o +e o +...>+e (e®wo +e'wy +...) <e s +e o +>
- — (eo%p} +e"%2}+...>. (6.111)
The leading order is obtained as:
()
or a
;f =0, (6.112)

and the next order term is as follows:

s(—%ntapl):(),

10/d 0z
or simply, 5 5
wo _ Op1
5 0z (6.113)

The application of the asymptotic expansion solution to the continuity equation

results in:

ou ou ow ow
o Y%0 1 1 0 0 1 1
<5 ——ag +e€ _85 —) + <8 ———iz + € P +) =0, (6.114)

where the leading order is obtained as:

ou ow
o220, Z70Y _
E<8§+82) 0,

or
8u0 8100 .



130

and the next order term is:
3'&1 87.01
\€<-_8§ +———az ) =0,

du | dw
0& 0z

or simply,
= 0. (6.116)

The same expansion solution is used to determine the kinematic condition, that

is:

(Eo’wo + eluu + )

(—50% _aom ) +e (50% 4ot om +)

o0& o or or
Ono on;
+e (%0 +&'uy +...) (EOF&: +€la—§1 + ) , (6.117)

where the leading order is obtained as:

0
gl (wo+ ﬂ) =0,

0§
or 5
_ 90
wo = B (6.118)
and the next order term is written as follows:
ony Ono Ono .
ff(tul—i—a€ p uo@f =0,
or simply,
wi =~ O O (6.119)

e T ar e

The application of the asymptotic expansion to the dynamic condition gives:
(%0 +e'pr+...) = ("7 +e'm —...) . (6.120)
The leading order is obtained as:

EO (PO - T]O) = Oa
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or
Do = No- (6.121)
The next order term is as follows:
e(pr—m) =0,
or simply,
pL =11 (6.122)

Finally, the bottom condition is given by:
(e%wo + €'wy +...) =0. (6.123)
Thus, the leading order and the first order terms are obtained, respectively, as:
wo = 0, (6.124)

and
w; = 0. (6.125)

The leading order results can be summarized as follows:

6’uO 8p0 8p0 3’&0 6’11)0

s = =0 e =0 6.126
8 "9 8z 0 e tar 7Y (6.126)
for momentum and mass conservation equations,
0
po=mn and  wo= -2 z=1, (6.127)
2
for dynamic and kinematic conditions, and
w=0 on z =0, (6.128)

for the bottom condition.

Equations 6.126, 6.127, and 6.128 yield the following conclusion:

Po = To, Uo = Mo, Wo = —Z—F4+ 0<2z<l1. (6.129)
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The boundary conditions, i.e., dynamic and kinematic, need to be investigated in
more detail for z = 1 4+ en. Therefore, by using Taylor expansions of u, w and
p, the two boundary conditions with z = 1 4 en are rewritten when € — 0, lLe.,

z — 1, in the following form:

o 2
Po + eno—gg +ep1 = no +em + O(e7), (6.130)
and
Owg - Ono om Ono Ono 2
wo +Eno 55 +ew; = E 68& +€<8T + uo 3¢ + O(e”). (6.131)

From Equation 6.110, the first order term for the the z component of the momen-

tum equation is given by:

ou; Oug Oug Oug _ Op;
oe t oy TUuogE twogs = 5 (6.132)

and the z component of the momentum equation is,

Owg _ Op
% = o (6.133)
We can also write the next order term for the continuity equation as:
8u1 8101
— =0. 6.134
5 - (6.134)
with the boundary conditions from Equation 6.130,
0
b1+ no% = on z=1, (6.135)
and from Equation 6.131,
wy +7708w0 __9m + 9o + 9o on z=1. (6.136)

92 o9 L ar "¢

Also, the bottom condition is given by:

w
|
o

(6.137)

w; =0 on



From Equations 6.126 and 6.129, we obtain

8u0_0 _6@_0 6100__@_9_
oz oz - '

Equations 6.129 and 6.133 lead to:

or

where F is an arbitrary integral function.
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(6.138)

(6.139)

In order to obtain the arbitrary integral function F, the dynamic condition on

z =1 is applied to Equations 6.135, 6.138 and 6.139. Thus, the arbitrary integral

function is given by:

1%,
2 9£2°
and from Equations 6.139 and 6.140, the pressure is given by:

F=m+

_lyy 2y 9m
p1—2(1 %) oez T

Since Oug/0z = 0, Equations 6.132 and 6.134 lead to

%__%__apl_au%r Oug
8z 86 o8E  or e

Substituting Equations 6.141 and 6.129 into Equation 6.142, we have

Owi _ _Our __9m _ 1 (1—22) o Ono O
Bz B¢ ac 2V %) e T e T M

or

_ on . Ono o 13 1 48%n
w) = <—(9?+E+770§§—+§—3§—; Z+€Z 852

The surface boundary condition (z = 1) yields

(6.140)

(6.141)

(6.142)

(6.143)

(6.144)
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8771 8?70 87]0 1 8 o 1 8 o
On the other hand, from Equations 6.136 and 6.138, we also have
__om 8770 ono
e = =58 + 5 + 205 (6.146)

Since Equation 6.145 must be equal to Equation 6.146, equating these equations
gives: )
Ono O | 18°no

28 + 3n 03§ +§—3§3

= 0. (6.147)
This equation is known as the Korteweg—-de Vries equation (KdV). The dispersion
relation can also be obtained for Equation 6.147. Knowing that

0 0 0r O Ot

O€ ~ 5wk ' BtoE
and

9 _90x oa

or Oz dr  Otor’
we can write Equation 6.147 in terms of z and ¢ under the following form, where
x and t are non-dimensional scaled variables:

1/0 0 Ono  16°no
2 l:g (a + 5‘5) 7701 + 310 p 3 527 =0. (6.148)

Since we are interested in a linear dispersion relation, the non-linear term 7o (910/0x)

in Equation 6.148 is neglected, then:

Ono O € 8o
Ox ot 6 Ox3

~0. (6.149)

At this point, a back transformation by using Equation 6.83 can be carried out.
This back transformation allows us to write the equations in terms of the non-

dimensional values of z and t as, that is:

gl/2 cl/2
= t— =t (6.150)

r —
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Substituting these variables into Equation 6.149, we obtain:
oo o

(7)o (7)o

o | O  0*Fmo _
5z "ot T 6 g 0

or

(6.151)

In order to get a solution by using primary variables (z/, t'), a second back trans-
formation is required. For this back transformation, the following variables are
used: " . )

= T t— 3, and n— 1 (6.152)

Substituting these variables into Equation 6.151, we obtain:

(Lo (E)om g () o'
Hos " (x)er 16

or
ono 1 9mo 02X 0%y _
ox! ¢, Ot 6 hZ 0z’

(6.153)

Since 0 = ho /A, Equation 6.153 becomes

g  1on,  108°m
5J+E§W+EW=O' (6.154)

Since the amplitude is given by,
no = A exp (ik'z’ —iw't’),
Equation 6.154 takes the following form:
ik + 51— (—i) + % (i)' =0,

or it can be written as:

W' =cok' — écok’:’. (6.155)
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For the dispersive correction term, that is (1 / 6) (33776 /0x’ 3) in Equation 6.154,

with the use of (877’ Jot" ~ —c,0n' /0’ ), which is obtained after substituting
Equations 6.35 and 6.40 into Equation 6.2, we have

omo . Om _1_0%m
ot! °oz’ 60t dz'2

=0. (6.156)

This equation is obtained for the waves propagating only in the +z direction.
In order to describe the waves moving in both directions, we have to derive the

conservation equations as it was proposed by Boussinesq (1872).

6.3.3 NONLINEAR DISPERSIVE WAVES (BOUSSINESQ SYSTEM
OF EQUATIONS)

In this section, the Boussinesq system of equations will be derived at the surface
of the liquid.Afterwards, the same system of equations will be averaged over the
height of a channel. In his pioneering study of solitary waves, Boussinesq (1872)
found that the assumption of e = O(6%) < 1 provides a well balanced role between
e and ¢ for solitary waves to exist. Therefore, while deriving the Boussinesq system
of equations, the asymptotic expansion will be applied to ¢ instead to €. The
derivation of the equations presented in this section is based on the study of Wu
(1998). Thus, the following non-dimensional variables will be used rather than

what was presented before in Section 6.3.2 (Equations 6.51 and 6.52).

/ / /

n w 2
— — — — 6.157
1 h’ v Co 14 CoN’ ( )

where we use the same notation as before, that is the prime used to identify dimen-
sional (primary) variables. Considering once again a potential flow, u = Vg where
@ is the velocity potential function, the non-dimensional velocity components in
the z and z directions can be written in terms of the velocity potential as:

0 (coAp) 9 (coAp)

Coll = ——— > ColW = ———t

a(\z) ’ 8 (hoz) ’
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or 5 5
oY —5-19%
5 w=190 57

The free surface of the liquid can be expressed as:

u =

(6.158)

22, ) = ho(1 +n(z, 1)),

which means that dimensional value of n’ is measured in the same units oh hs.

Thus, the non-dimensional form of the free surface of the liquid is given as:
2(z,t) =1+ n(x,t). (6.159)

The continuity equation in a non-dimensional form is written as:

9 (cou) 0 (cow)

50a) (ko)

or

ou Ow
60— + — =0. .160
p + 5% (6.160))

We can also write the continuity equation in terms of the velocity potential as:

2
¥

Oz?

2

Q,
D,

AS)

62

+——=0. (6.161))

2

o))

z

The non-dimensional momemtum equation in the z direction is given by:

9 (cou) 0 (cou)
o(2e) 009

+ CowQ_(_CiL_)_ — _.1 a (,chp) ,
9 (hoz) p 0(A\x)

or

ou Ou ., Ou  Op
Similarly, the non-dimensional momentum equation in the z direction becomes:
9 (cow) . ua(cow) . wa(cow) _ _l@(,ocgp)
3(%0 °7 0 (\x) °7 0 (hoz) p O (hoz)’
o 0 0 0 0
T 4w 46710 = 51 2R (6.163)

ot oz 0z 0z
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The free surface condition can be written as:

o QM) | B(han)
] (Cit) 8 (Az)
or 5 5
_ 50, 5 00
w=20 5t + 6u8x. (6.164)
For the bottom condition, we have
w = 0. (6.165)

Assuming that the pressure at the surface is equal to the atmospheric P’ = P,,
the dynamic boundary condition is given by:
/

P, = P, + pgh, (1 - ;—) + pghop, with 2 =ho(1+n))

then:
p(z, 2, 1)y, =1 (6.166)

As discussed before, the equations will be averaged over the heigth of the channel.

The continuity equation (Equation 6.160) can be averaged in the following form:

I+n ou I4n ow

Rewriting this equation at the integral boundaries by using the Leibnitz theorem

for the first term, we have

o I+n 877
(5% /o udz — 5;9—;11,

+w|,_ —w| _ =0 (6.168)

z=14n z=1+n

Substituting the free surface and bottom boundary conditions, i.e., Equations
6.164 and 6.165, into Equation 6.168 the following equation is obtained:

8 [14n [ on on  son _
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Rearranging Equation 6.169, the continuity equation becomes:

%g +}585 [(1+n)a]=0, (6.170)
where 4 = @(z,t) is the average value of the velocity component u, that is:
1 1+n
U= 30/, udz. (6.171)

From Equation 6.162, the momentum equation in the z direction at the free liquid

surface can be written as follows:

ou ou 1 {.0n on ou op
z=14n z=14n z=1+4n z=14n z=1+4n
(6.172)
Rearranging this equation, we have:
ou dan ou ou on Ou Op
z=14n z=1+4n z=1+n z=1+4n z=14n

The material derivative at the free liquid surface can be given by:

.8 .0 -
D= 5 —l—u%, where = u(z, z,t)

—a(z,t), (6.174)

z=1+n
Note that 4 represents the velocity component of the fluid particles that move

with 7; thus, @ is independent of n and z.

Therefore, the £ component of momentum equation is written as:

D= —— : (6.175)

In the same manner, from Equation 6.163, the momentum equation in the z di-

rection can be written at the free liquid surface in the following form:

ow ow 1 (.0On  _On ow _ .,0p
o "oz o < Bt +5ax”> =
z=14n z=1+4n z=1+4n z=14n z=14n

(6.176)
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Rearranging Equation 6.176, we have

ow
ot

0n 0w
ot 0z

ow
s

ox

Op
B |
=0 0z

z=1+4n z=14n z=1+4n z=1+4n z=14n

(6.177)

Taking into account that the fluid particles move with 7, w becomes independent
of z; thus, @ = w(zx, z,t)l = 10(z,t). Under this condition, substituting the
z=1+4

material derivatives (Equation 6.174) into Equation 6.176, the following momen-

tum equation in the z direction is obtained:

(6.178)

z=14n

From Equation 6.164, the liquid free surface condition can be also written in the
following form:
% = 6Dn. (6.179)

Substituting this equation into Equation 6.178, we have

(6.180)

z=1+4n

From the dynamic boundary condition (Equation 6.166) the pressure gradient in

the x direction, at the liquid free surface is given by:

Op dp On _On
ox + <8z 833) oz (6.181)
z=1+n z=1+4n
Rearranging this equation, we have
Op _(9p0n on
2=14n z=14n

Substituting Equations 6.180 and 6.182 into Equation 6.175, the following equation

is obtained:

)y O
e = 0D . (6.183)
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The next step consists in obtaining the momentum equation averaged over the
height of the channel. This means that Equation 6.183 should be averaged over the
height of the channel (z). Before introducing further derivations, it is convenient
to consider the material derivative averaged over the channel height, which can be
written as:

D= %+a%. (6.184)
Substituting Equation 6.184 into Equation 6.170, the continuity equation is ob-

tained as follows:
@
oz’

In order to obtain a convergent solution, that is n — 0 and v — 0 and taking into

Dn=—(1+n) (6.185)

account that for a potential flow u = Vg with 2z ~ 1, the following second order

asymptotic series expansion for the velocity potential is proposed:

(1) g g O
o(z,2,t;0) = Z 6" 2" =0 (x, t; ). (6.186)
“— (2n!) Ox?
writing 6.186 explicitly leads to
(=1) o o 8 4
o(z,z,t,0) = po(x,t;0) + ~—=26"2" —= o (z,t;0) + O(6*). (6.187)

2 Oz?

Subsituting Equation 6.187 into Equation 6.158, the u(z, z,t) velocity component
can be written as:

2

u(z, z,t) = ﬂ wo(z,t;0) + (;96%2 9

pp 5 57 wo(z,t;0) +O(6%)] . (6.188)

Writing this equation at the free liquid surface where 2 =1 +n and u # f(n), we

obtain:

X _ 0 , (1) o 2 O . 4
Introducing a new variable, ug(z,t) = dypo(z,t;0)/0z into Equation 6.189, the

velocity component u(z,t) at the free liquid surface becomes:
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u(z,t) = uo(z,t) + %52 (1+4n) %uo(x, t) + O0(8%). (6.190)

Note that this equation can be also written as:

oo

i(z,t) = ) 6*" Anuo(a, t), (6.191)

n=0
where A,, are the operators that apply on ug and they have the following forms:

2

-1 5 O
A0=1, Al‘:(——z(l—F'f])-

5 5o et (6.192)

An equation for ug can be also written similarly to Equation 6.191 in the following

form:

uo(z,t) = Y 6% Jni(,t). (6.193)
n=0
where J,, are the operators that apply on 1.

Substituting Equation 6.191 into Equation 6.193, the following equation is ob-

tained:

(e ] oo
uo(z,t) = » Y 6, Apuo(x, 1), (6.194)
n=0m=0

By keeping only second order terms, this equation is written as:

UO(:L‘,t) = J()A()U()(x, t) + 62J1A0u0(:c,t) + 52J0A1’U,0(:L‘, t) + 0(54) (6195)

It is obvious that in order to verify this identity, the operators must be:
Jodo =1, J1Ag + JoAy =0, (6.196)

which results in:
Jo=1, J = —A;. (6.197)

Starting from Equation 6.187, a similar mathematical treatment can be carried

out to write the averaged velocity, @(x,t). Such a treatment yields:
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0 -/ 1 4 o
u(x,t) = —a—i(po(x,t; o)+ ( 5 )5‘ ( /0 zzdz) 5x73<p0(:c,t; ) + O(6%).

1+mn
(6.198)
Rearranging this equation, we obtain:
.9 oy, (F1) 51 2 0° . 4
Rewriting Equation 6.199 in terms of ug, we have
_ _ (1) o 2 O° 4
w(z,t) = uo(zx,t) + 5 " (1+mn) 52 uo(z,t) + 0(d67%). (6.200)
Alternatively, this equation can be written as:
a(z,t) = >  8*"Bnuo(z,t), (6.201)
0
with 1) o
Bo =1, B, = T(l'l‘ﬂ) 52 (6202)

Also, it is easy to see that By = 1/3 A;. The zero order term of the velocity
component, u(z, z,t), can be written in terms of the averaged velocity, @(z,t) in

the following form:

uo(x,t) = Y " Knii(z, t). (6.203)

n=0

Substituting Equation 6.201 into Equation 6.203, we obtain the following equation:

uo(z,t) = Y 6" K, Bnuo(z, t). (6.204)

n=0m=0

Explicitly, this equation can be written as:

uo(z,t) = KoBouo(z,t) + 62K Bouo(z,t) + 52KgBlu0(x, t) + 0(54) (6.205)
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Therefore, the following conditions must be satisfied,
KoBy =1, K By + KoB; =0, (6.206)
which results in
Ky =1, K, =—-B,. (6.207)

From Equations 6.191 and 6.203, the following equation for the velocity compo-
nent, u, at the free surface is obtained:

i(z,t) = Y 6P ALK (). (6.208)

n=0,n’=0

This equation can be explicitly written as:

i(z,t) = AoKot(z,t) + 62 Ao K 11i(z,t) + 6 A Koti(z, t) + O(6%). (6.209)

By using Equations 6.192, 6.202 and 6.207, then Equation 6.209 can be written in

the following form:
(e, t) = @z, 1) + 52§A1ﬁ(m, £) + 0(5%). (6.210)

Subsituting the value of A, from Equation 6.192, we obtain the relationship be-
tween the velocity component at the free liquid surface and the average value of

the same velocity component, that is:

2

Wz, t) = a(z,t) — 6°2 (1 +n)’

~t(z,t) + O(6Y). (6.211)

In order to obtain Equation 6.183 in terms of averaged terms, the relation between

two material derivatives can be established as:

Di, — Di

D@-a)+ (D - D) i (6.212)
Subsituting Equation 6.211 into the first term on the right hand side of Equation
6.212, we obtain the following equation:

82
ox?

D(@-a)=D <—59% 1 +n)? =a(z,t) + O(é“)) : (6.213)
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which results in
0

1 D) = -
D(a—u)= —§5~ 1 +17)° Déi—zﬂ(x,t) -

Since D = 8/t + u(9/0x), Equation 6.214 becomes:

P PN I SRS PO DO I

D(i—a)= 35 (1+mn) 5% 5 ~t(z,t) 35 {Gt (1+n) } amzu(az,t)
1w 9 1, (8, o] & 4
36 (1+mn) Lo ~t(z,t) 3(5 u{a (1+mn) ] 8x2u(m’t)+0(5)

Rearranging the terms in Equation 6.215, we have:

& 2 2 0u(z,t) 8 _ 4
: u(m,t)+35 (1+mn) P u(z,t)+0(0%).

ox?
(6.216)

D(a—a)=—%69(1+n)2[7

Knowing that D=8 +46, and D =0, + 40, we can write the second term on

the right hand side of Equation 6.212 in the following form:
0

(D- D)u= (@ - ) 5. (6.217)
Subsituting Equation 6.211 into Equation 6.217, we obtain the following equation:
P 1, y 0% _ ol
Substituting Equation 6.211 into Equation 6.218 in the place of @, we have
= ~ 1 2 2 82
(D - D) i=— 26 (1+n) 55u(e1)
X 9 a(z,t) — 521 (1+7n) ﬁg-fa(x t) +0(6*)| . (6.219)
oz | " g T Gt o

The second term inside the bracket can be neglected, otherwise the equation be-
comes highly non-linear. Thus, Equation 6.219 becomes:

Wi

(2. ) 2 a(n,t) + O(6Y). (6.220)

, ) O
6 (1+n) 5

(o-t)u=-tra s
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Substituting Equations 6.216 and 6.220 into 6.212, we obtain the following equa-
tion: )

Da— Du = —552 (1+4n)* Fla] + 0(8%), (6.221)
where F[@] is given by:
02 _ 0% _0 _ o _ 0% _
By the use of Equation 6.211, the right hand side of Equation 6.183 can be written

in terms of averaged operators in the following form:

Flu)=D

vrs O [0 8 1, , 8 _ 9
"D g =0 {aﬁ“ax 30 (L+m) 32:2“833}
o 8 1, , 8 _ 8]  on
X [g-i-u%_gfg (1+mn) axgua—x}nxa. (6.223)

By neglecting higher order non-linear terms, i.e., the last terms in the brackets,

Equation 6.221 becomes:

s O pma O 4
0°D naxn—é D naxn+0(5 ). (6.224)
By using the continuity equation (Equation 6.185), the D?n = DDn term can be
written as:
D>n=D|-(1 +n)@ (6.225)
Oox |’
which results in N 5
32 — guouw H oY
Dn=(1+n) 52 D (1+n)D3x’ (6.226)
or
D*n = —(1+n)Glal, (6.227)
with G[a] given by: .
Gla) =D du\ (ou\’ (6.228)
= Oz ox ) '

Substituting Equations 6.221, 6.222, 6.227 and 6.228 into Equation 6.183, we ob-

tain the following equation:

— 8 1 ) 2 - 9 — 8
Du+ 2L = £ (L+n)° Fla] +6* (1 +n) Gla] x

o1
- 5o (6.229)



147
Noting that F[a] = 0G[@]/dz, we can write:
on 6> 1 0 [(1

Da+ 4 = e

8z 3 1+noz +)’ G[ﬁl] : (6.230)

The substitution of Equation 6.228 into Equation 6.230 and writing D explicitly

80_ _ou (o)’ .

(6.231)

results in:

pu _du oOp & 1 8 .
'§+%%+%‘31+ME%LW)

(&)

Note that, on the right hand side of this equation, there is only one linear term,
ie., 62/3(8%/0z%)(8/8t)u. Thus, by neglecting higher order non-linear terms,
the following equation is obtained:

ou _ouw on &
3

o?
5t "oz " or 3 0a2

Using Equations 6.51, 6.52 and 6.157, we can write the dimensional form of this
equation as follows:
a_u/ + a_u,_ + ?l/ h2 &’ v,
ot " “or " ox T 3 ox2or

and the dimensional form of the continuity equation (Equation 6.170) is also ob-

(6.233)

tained as follows: Iy 5
aZ/ + 57 [(ho )] =0, (6.234)

6.3.4 CONCLUDING REMARKS ON THE KORTEWEG-DE VRIES
AND BOUSSINESQ EQUATIONS

In this section, the derivation of the KdV equation from the Boussinesq system will
be discussed. We will start with non-dimensional continuity and Boussinesq equa-
tions as given in the previous section. The non-dimensional continuity equation is

given by:
on

%+ 210+ = (6.235)
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The non-dimensional Boussinesq equation (Equation 6.232) for § = 1 yields:

ou  _ouw onp 1 & _
‘5{ + ’U;% + 5.’1_3 = é‘—“—8$2 atu, (6236)

where both z and 7 are measured in the same units of h,.

As it is mentioned before, the KdV equation is obtained only for the waves moving
in one direction. This allows us to use the uni-directional approximation which
can be given by 8/0t = —9/0z for non-dimensional variables. On the other hand,

we have already shown that 0/0t = —c,0/0x for the dimensional z and ¢.

Taking into account this approach, the system of equations (Equations 6.235 and

6.236) can be written, respectively, in the following form:

on ou 0O , _
3z 52 T 52 (na) =0 (6.237)

and

ou 1o on

1
=4 = 6.238
Ox + 20x Or 3023 ( )
This system suggests that there is a relation between v and 7, and it can be written

as follows: )

o ,
Oz oz?

where «, 3, and v are unknown constants. If we substitute Equation (6.239) into

i=fm~n+ta—+P=zs+" + -, (6.239)

the system of equations (Equation 6.237 and 6.238), we obtain that this system is

self-consistent with o« = 0, 3 = 1/6, v = —1/4. Therefore, we can write:

n (6.240)

and

ou _On

10°n 1 on
ou 16 1 9n 241
5z 8z 692 26z (6.241)

Substituting Equations 6.240 and 6.241 into Equation 6.235, we obtain:

0 0 3 0 16°

——— =0, 6.242
ot Oz r 6 0x? (6.242)
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where we neglect the highly non-linear dispersive terms. This is the KdV equation
written in the laboratory frame of reference. This equation can be rewritten for
the moving frame by use of the same transformation proposed in Equation 6.100,
with € = 1. This leads to the following equation:
on 3 On 10 _

5 + '2-7]5—5‘ + 65? =0, (6.243)

which results in the same equation given by Equation 6.147.

In the next chapter, the model based on these concepts and these equations will

be presented.
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CHAPTER 7

MODEL FOR THE FORMATION OF SLUGS

The aim of this reasearch is to develop a phenomenological model capable of
predicting the formation of slugs in a test section containing both a vertical and
a horizontal leg in which an obstruction is placed. Visual observations of the

counter-current slug flow were relied on to guide us in the model development.

The first section of this chapter gives the equations and the approximations used in
the model, as well as, the initial and the boundary conditions. The second section
presents the predictions of the model and comparison with the experimental data

already presented in Chapter 5.

7.1 THE SLUG FLOW MODEL

The development of the proposed model is based on visual observations of the slug
formation phenomena in a test section containing an obstruction in the horizontal
leg. As discussed in Chapter 5, the formation of slugs are caused by the inference
of two waves which propagate in opposite directions. Thus, the model development
is focused on the wave theory, in particularly the soliton theory. In the following
section, a model based on the soliton theory will be presented. Afterwards, the
initial and the boundary conditions determined from the frame images collected

under the experimental conditions described in Section 4.2, will be presented.

7.1.1 THE GOVERNING EQUATIONS

In the previous chapter, the KdV and the Boussinesq equations were derived for
right moving, and left and right moving waves, respectively. However, the slug

model requires a solution of two solitons moving in opposite directions. For such
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a model, the KdV equation becomes insufficient since it is uni-directional. Instead
in order to gain more control on the equations and robust numerical stability,
the Boussinesq system of equations, and a solution described by Whitham (1974;
Chapter 13, Section 11) and Peregrine (1966) are proposed. This solution com-
prises a combination of mass and momentum equations. The proposed technique
solves the mass and the momentum equations separately, instead of solving them

together as it is the case for the Boussinesq equation (Equation 6.232).

The same nondimensional variables defined in Section 6.3.2. are used in this

chapter. Thus, the continuity equation is written in the following form:

-gt—n-}-%[(l—}-n)u]:& (7.1)

If we measure z in the units of h,, and t in the units of h,/co, from Equation
6.233, we can write:

ou ou Qg_l Pu

5 Vs tor T 39520t

(7.2)

Note that u represents the average velocity over a plane normal to the wave prop-

agation direction (see Section 6.3.3).

Peregrine (1966) studied numerically the KdV equation as well as the mass and
momentum consevation equations for a unidirectional propagation of a soliton.
He found that straightforward finite difference approximations were stable for the
KdV equation and unstable for the separate form of the conservation equations.
He proposed a numerical scheme for the conservation of mass and momentum
equations. Therefore, this numerical scheme has been used for solving the present
model. The continuity equation is initially used to calculate the amplitude for an
advanced time step. Then, this amplitude is used to solve the momentum equation
which yields the averaged horizontal velocity. Substituting this horizontal velocity

into the continuity equation, a new corrected amplitude is obtained.

Please note that the time steps will be denoted by j, and the space steps by 7 and *

denotes non-corrected amplitude values. Therefore, the continuity equation used
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to calculate the wave amplitude 7] ;,, is given as:

Mi+1 ~ Mg 1, . Uit1,j — Ui—1,5 Mi+1,5 — Mi—1,5
e Y + 1 + _ NP 1' . 3 ) + L . 3 3 —_—
At ) (m,3+1 +77:J) ZAJS Ui,j 2A:12
(7.3)
The discretized momentum equation is written as:
Uil —Uij o Uikt = Yimly + Ui = Uim1g
At I 4Az
N M1, j41 ~ Tietj+1 T k1,5 = Ti—1,j
4Azx
o Ui = 2 U Ui+ 28 — Ui (7.4)
3 Az?At '

and the discretized form of the continuity equation required to obtain the corrected
wave amplitude 7; ;1 is written as:
Yitl,j+1 — Yim1,j+1 + Uit1,j — UYi-1,j

4Azx

1 Mit1,j — Mi—1,j
+ 5 (ui,j+1 +um~) JQACE 1 =0. (7.5)

Mg+l Mg
At

+ (1 +m5)

The FORTRAN program used for solving this system of equation as well as to

predict the interference of the two solitons, is given in the Appendix F.

7.1.2 THE INITIAL AND BOUNDARY CONDITIONS

As already mentioned above, the initial conditions are obtained from the frames of
the films collected during the wave propagation experiments. The conditions and
the procedure used for these experiments have been given in Section 4.2. After
processing the images using the edge detection technique, the profile of a probable

incident wave is saved and then prepared as an input file for the soliton program.

In this program, the values of Az and At are taken as 0.5 and 0.004 respectively.
Since the ratio of Az to At gives the propagation velocity of the perturbations, the
values for Az and At have been chosen after some comparisons of the predictions
of the model with the frame images. Such a comparison is given in Figures 7.1-

7.4. The frame images presented in these figures were obtained from an experiment
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carried out under the following condition: Q; = 0.80m?*/h, Q, = 31.50m*/h and
G = 1.0. Figures 7.1a-d show the propagation of a wave with time, i.e, t; = 0.033 s,
to = 0.133s , etc. Each figure shows a frame image above and a figure below in
which a comparison of the edge detection result with the prediction the model has
been presented. In these figures, the edge detection result and the prediction of the
model have been presented in the non-dimensional form, i.e., [(ho + 1) — ho]/ho),
where h, is the average liquid height. It is interesting to observe the similarity
that exists between the predictions of the model and the wave profiles obtained
from the film frames. The photos in Figures 7.1c-d also show a number of two or
three wave components of the packet. Thus, it is visually observed that while a
wave packet starts propagating along the tube, a wave packet decomposition takes
place, i.e., waves with different frequencies in the wave packet starts moving at
their own speeds. Therefore, the wave components of the packet starts moving at
a lower pace than the wave packet. Finally, they are separated from the packet

keeping the number of the wave components in the wave packet constant.

The boundary conditions were obtained from the forward and backward difference
approzimations that were applied to the space derivative on the first and last nodes
of the discretized space respectively. The generalized form of the second forward

difference approximation is expressed as:

dy _ =3yt 4y —ys
dCL' T=T1 2A.’17
d’y Y1 — 292 + 43
= 7.6
dl‘2 =z (A.’D‘z) ( )
whereas the backward difference is expressed by:
d_y _ Yn-2— 4yn—1 + 3Yn
d:c T=Ty, N 2AI
dgy Yn—2 = 2Yn—1 + Yn
= , . 7.7
dZL'Q T=xTy (A:z:l) ( )

A general form of the forward and backward schemes, discretized in space and in
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time is shown in Figure 7.2. Thus, the wave amplitude at the first node results in:

1 At . 1 At
N (duo,j —u3,;j — 31“4)} M1 =M~ 5 A Ul (4m2,5 — m3,5 — 3m, ;)

1At 1
T 2hz (1 i §ﬂ1,j> (4un,j —usj = 3ur;). (7.8)

and at the last node yields:

1 At «
1+ 7 x5 Btny = 4tn—,; + un—z,j)} M, j+1
1 At
=g = 5 Ay U (3,5 = 4n—1,j + n—2,5)

1 At 1
B EZ_II-I <1 + §nn,j> (3un’j - 4’11,”_1,]' + un—‘l,j)_. (79)

In the same manner, the boundary conditions for the averaged horizontal velocity

at the first node is written as:

2 1 At 2 1 At
1+ SAZE 3 Agtld | Uit + —W‘F 9 Ag UL | Y2+l

1 3 At 2 At
=\ A Taagt ) ut m*&z“w =

1 1 At N
+ 3A£L"" U1"1 Tth +771;j+1)
At 1A
N (772,3 +772,J+l> ZA_ (7741 +7747J+1) (7.10)

and at the last node a similar approach yields:

1 1 1 At 1 1 At
(5 TR T zm“nd) BnH1 = (3—5 * 15%) Un=tit
3Az2 ' 4Az ™) ™ T \3Ag2 T Ag W) M

PGS S V' SV V- )
3A$2 4 Ax n,J n—2,j 4 Az Mn,j nn,)-I—l

At . 1 At
t o (g + i) = 75, (a2 + o gia) - (711)
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The explicit form of the corrected wave amplitude at the first node can be written

as:
M+ = M5~ ii—i (u1,5 +u1,41) (4n2,5 — 3,5 — 3m1,5)
- i—ﬁ—i— (14 m ;) (dus,j —u3 j — 3uy j) +4us j —us j — 3uyj (7.12)
and at the last node results in:
Mg+l = Nn,j = 411% (Un,j + Un,j+1) (3Mn,j = 4Mn—1,5 + Tn—2,5)

1 At
~ 1Ay Lt ) (Bunj = dtn—1j + Un2,j) + 3unj — dtn—1j + Un—2,5. (7.13)

Equations 7.6 and 7.7 are solved by using the limit conditions given by Equations
7.8-7.13.

7.2 THE PREDICTIONS OF THE MODEL

As it was discussed in Section 5.2, and shown in Figures 5.4-5.8, the slugs are
formed as a result of the interference of the two waves. This observation has
also been used to formulate a model for slug formation. These figures guided us
to conclude that the slug formation phenomenon takes place by following three

steps;

1. An incident wave formed by the pulsating column propagates towards the
orifice; thus, in the model a soliton whose profile was taken from the image
frame was generated. It propagates towards the obstruction. Here, it should
be noted that, the obstructions were placed at different locations in the hori-
zontal leg in order to investigate the effect of the orifice location on the slug
formation dynamics (Chapter 5). The locations of the flange for accomadat-
ing the obstructions are 1.1 m (Position 1) and 2.2 m (Position 2) away from
the first elbow (see Figure 3.2). Moreover, for the case without obstruction a

3.3 m long horizontal test section was simulated.

2. A partial reflection of the incident wave takes place at the orifice. The reflec-

tion of the wave was carried out by using a coefficient given by Equation 4.2
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(see Section 4.2.1). Moreover, the profile of this reflected wave was obtained

whenever the incident soliton hit the obstruction.

3. The last step provides us the interference of the two solitons traveling in

opposite directions.

In the program, for a given liquid flow rate, the initial profile of the incident wave
is kept as constant; then the reflected wave is added to the incident one. In reality
this step is a combination of the first and the second steps. Ultimately, this last
step is achieved whenever the incident soliton interfere with the reflected one. We
assume that a slug forms whenever an interaction occurs and the amplitude of this
interaction reaches the inside diameter of the pipe. Therefore, further calculations

are not required.

Some typical results are presented in Figures 7.3 - 7.6. Other results are shown in
Figures G-1 G-36 in Appendix G.

7.2.1 SLUG FREQUENCY

The frequency for the formation of slugs is calculated due to the sequential pe-
riodicity of the interference of the two waves as shown in the Figures 7.3 - 7.6.
Thus, we assume that whenever an incident wave propagates towards the orifice
and is reflected back from the orifice leading an interference, this phenomenon
takes place sequentially, and puts a upper limit on the frequency. This means that
each slug will be followed immediately by a new slug precursor. It is obvious that
this is not realistic. We should expect to see a time delay between the formation
of a slug and a slug precursor. It is clear that this time delay should be added to

the calculated period. The total lag time can be given by:
T =T, +T +Tp, (7.14)

where T; is the time interval necessary for an incident wave to propagate up to
the orifice, T, is the time interval necessary for an incident wave to be reflected,

T;» is the time interval for the incident and the reflected waves to interfere.
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Since the time delay between the formation of successive incident waves is not
known, this delay is not taken into account in Equation 7.14. Consequently, this

will affect the frequehcy calculation which is obtained as:

f=a (7.15)

= 7
Since the frequency is inversely proportional to the period, an increase in the
period will result in a decrease in the frequency. That is why we stated that the
predicted frequency should be considered as the upper frequency limit; thus in

reality a lower frequency should be expected.

Figures 7.7 to 7.15 show the frequency comparison of the predicted frequencies with
the experimental data presented in Chapter 5 (for 3 ratios and orifice positions

with respect to the elbow).

These figures show that the model can predict the results quite well, in particular
for the experiments carried out with the orifice placed at Position 2. The difference
between predicted and measured frequencies are possible due to the time delay
between a slug and its precursor wave, that was not included in these simulations.
However, it should be noted that the model predicts a frequency jump at the
highest superficial gas velocity. This can be explained by the fact that the taller
is the wave, the faster it travels. Consequently, this results in a shorter time
necessary for taller waves to reach the obstruction. In turn, this affects the first
term in the period equation (Equation 7.14). As this term becomes smaller, the
period also becomes smaller. Consequently, the frequency becomes higher. As
shown by the figures presented in the in Appendix G, the wave profiles obtained
for @; = 0.8 m? /h, which corresponds to highest gas flow rate, are the most

pronounced compared to those obtained for other inlet liquid flow rate conditions.

Moreover, it must be emphasized that the time period, T, was obtained from slugs
generated by precursor waves that correspond to experiments carried out without
orifices. It must be expected a difference if the precursor waves are obtained with

orifices.
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7.2.2 SLUG PROPAGATION VELOCITY

Figure 7.16 shows a scheme of a slug used for the calculation of the slug propagation
velocity. Taking into account the velocity distribution shown in this figure, the
slug propagation velocity is calculated from a mass conservation equation that

yields:
v Ay v Ay —v3 A3

A )

where u is the velocity of center of volume, v, and v, are the horizontal velocity

(7.16)

components of the flow in the slug. A;, A, are the corresponding flow cross-
sectional areas; vs3 is the horizontal velocity component of the flow that enters into

the control volume and Aj is its corresponding cross-section area.

In order to calculate the slug propagation velocity using Equation 7.16, we used
the predicted averaged horizontal velocity component for v; and the gravitational
wave velocity (given by the equation 6.49) for ve. Since we do not know the
horizontal velocity component of the flow that enters into the control volume, we
did not take it into acount in Equation 7.16. Consequently, higher velocity values
must be expected from the calculations. These results are shown in Figures 7.17 -
7.26. The comparison shows that the model predictions follow the same tendency
as that observed from the experiments (Figure 7.26). Moreover, it should be noted
that these predictions depend on neither the position nor the obstruction size as

shown by the experimental data.

To the best of the author’s knowledge, there is no such a work neither experimental
nor theoretical on the characterization of slugs in vertical to horizontal counter-
current flow with obstructions. Thus, the present model was compared only with
the counter-current slug flow experimental results obtained by using the same

experimental facility (Onder, 1998).
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Figure 7.1a.b: Comparison of predicted propagation waves with edge detection data

(0,=0.8m*/h, 0, =31.5m*/h, B=1.0).
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" Time=0.330 s
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Figure 7.1c.d: Comparison of predicted propagation waves with edge detection data

(0,=0.8m* /h,0, =31.5m° /b, f=1.0).



161

J+1 :\; f; :j+1
J J

1 2 3 N2 N1 N
Axial position (i)

Figure 7.2 Forward and backward difference approximation.
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Figure 7.3: Prediction of the formation of a slug (8 = 0.66, Position 1,
Q. = 0.8m*/h, Q, = 31.5m?/h).
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Figure 7.4: Prediction of the formation of a slug (3 = 0.66, Position 1,

Ql = 1.1m3/h, Qg = 22.2 mB/h).
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Figure 7.5: Prediction of the formation of a slug (8 = 0.66, Position 1,
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Figure 7.6: Prediction of the formation of a slug (8 = 0.66, Position 1,
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

The comparison of the experimental results of Zabaras (1985) with those of Tye
(1998) shows that the partial liquid delivery region, i.e., from the onset of flooding
to the zero penetration point, in vertical tubes is much smaller than in vertical-
to-horizontal ones. Therefore, the study of the partial liquid delivery in vertical-
to-horizontal tubes becomes important. Since the slugging phenomena occur in
this flow region, their comprehension is absolutely required. Moreover, it must be
pointed out that slugging conditions correspond to intermittent emergency cooling
of the reactor core. Thus, a better understanding of the slugging phenomena in
pipes having the same geometry as the header-feeder system in CANDU reactors

will help to improve safety analysis.

In this thesis, a model has been presented to predict the formation of a slug in
a tubular test section containing both a vertical and a horizontal leg in which an
obstruction is placed. Contrary to the concept of the formation of a co-current
slug, based on the Kelvin-Helmholtz instability, counter-current slugs, in the test
section described as above, are formed as a result of the interference of two solitons.
The model is based on the visual observations of the phenomena that can be
summarized as follows: starting at the flooding point, a pulsating column forms in
the vertical leg; this pulsating column provokes the formation of high amplitude
waves in the elbow. These waves propagate downstream in the horizontal leg
until they reach the orifice. At this location, they are partially reflected backward
towards the elbow. When an incident and a reflected waves encounter one to
the other, a constructive interference takes place. This interference provokes a
sudden increase in the amplitude that can reach the inside diameter of the pipe.
Under such a condition it has been visually observed that a slug is formed in the

horizontal leg. It is important to mention that the continuos pulsating column
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in the vertical leg maintains the generation of incident waves in the horizontal
leg. During the experiments, it was also visually observed that two or three wave
components of the packet can start lagging with respect to the wave front. Along
the tube, these components start moving at a lower pace than the wave packet.
Finally, they are separated from the packet keeping the number of the components

in the wave packet constant.

Such observations guided us to use the Korteweg—de Vries (KdV) or Boussinesq
type of equations in the model because of their dispersive character. On the other
hand, the KdV equation cannot be used for this kind of system because of its
uni-directional nature that do not agree with our visual observations. Therefore,
a solution that allows us to calculate two solitons propagating in the opposite
directions was retained for this work. Thus, instead of using only one equation
which is a combination of conservation of mass and momentum, as is the case of
Korteweg—de Vries equation, we use a set of mass and momentum equations as

proposed by Boussinesq.

Peregrine (1966) has numerically studied the KdV equation as well as the mass and
momentum consevation equations for a uni-directional propagation of a soliton.
He found that straightforward finite difference approximations were stable for the
KdV equation and unstable for the separate form of the conservation equations.
Thus, he proposed a numerical scheme for the conservation of mass and momentum
equations. Therefore, this numerical scheme has been used for solving the present
model. The continuity equation is initially used to calculate the amplitude for an
advanced time step. Then, this amplitude is used to solve the momentum equation
which yields the averaged horizontal velocity. Substituting this horizontal velocity

into the continuity equation, the corrected amplitude is finally obtained.

It must be pointed out that, the initial conditions for the present model are ob-
tained from the image frames collected during the wave propagation experiments.
After processing the images with an edge detector, the profile of a probable in-
cident wave is saved and then prepared as an input file for the soliton program.

The boundary conditions are obtained from the second forward and backward
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difference approximations as have been discussed in Chapter 7.

To the best of author’s knowledge, there is no such a study in the open literature,
for slug flows in a test section containing both vertical and horizontal legs with
obstructions. For this reason, the predictions of the model have been compared
with the only available data, the data obtained in the course of this study, using
the experimental set up as described in Chapter 3. These results include the
slug frequency and the slug propagation velocity. The predicted slug frequency is
obtained from the period-frequency relation, and the period is considered as the
time delay between the formation of a slug precursor wave and the formation of
a slug itself. As has been discussed in Chapter 7, this period consists of three lag
times; first one is the propagation time of the incident wave up to the obstruction,
the second lag time is the propagation time of the reflected wave up to the location
where this wave is feedbacked to the program as an initial condition for the second
execution of the program with two solitons, and the third one is the propagation
time of two solitons up to the location where they can interfere with each other.
These calculations are based on the assumption that a sequential periodicity exists,
i.e., whenever an incident wave propagates to the orifice and is reflected from the
orifice, it leads to an interference of the two solitons resulting in the formation of
slugs, but this is obviously not realistic. Moreover, we should expect to see a time
delay between the formation of a slug and its precursor wave and this time delay
should be added to the calculated period which will decrease the slug frequency.
As has been discussed in Chapter 7, this time delay was not taken into account;
this fact may explain the differences observed between the model predictions and
the experimental data. Moreover, it must be emphasized that the time period was
obtained from slugs generated by precursor waves that correspond to experiments
carried out without orifices. It must be expected a difference if the precursor waves

are obtained with orifices.

The slug propagation velocity has been calculated based on the mass conservation
equation. The comparison between the model predictions and the data shows that

the model is able to predict the experimental trends. In particular, the predictions
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confirm the experimental observation that the slug propagation velocity depends

on neither the position nor the size of the obstruction.

The predictions of the model are, in general, close to the experimental results.
However, there are some other aspects that should be included if a more elaborated
approach to the slug formation would be carried out. Some of these aspects are

recommanded for future studies:

1. It must be noted that the proposed model does not include dissipation terms.
It could be interesting to add an appropriate dissipation term to the Boussi-
nesq equation. The viscosity may affect the frequency since this term may

cause the solitons to slow down, by changing their amplitude.

2. An experimental study should be performed to establish a physical relation
between the frequency of the pulsating column in the vertical leg and the
formation of high amplitude waves in the horizontal leg. This study may help
to determine the time delay between slug precursor waves and introduce it
into the model. It is expected that this information will help in calculating a

more realistic slug frequency.

3. An experimental work should be carried out to validate the dispersion relation
of surface waves in counter-current two phase flows. This study may help to

justify the equations used to model the dispersive water waves.
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APPENDIX A

THE ONSET OF FLOODING
AND SLUGGING

The onset of flooding and the onset of slugging are presented in this appendix in
the form of a table. The tables are arranged according to the orifice 3 ratio and the
position of the orifice with respect to the elbow. The data obtained for experiments
carried out without obstruction are also presented. The onset of flooding data are
obtained from the Master’s thesis of Bédard (1997).

The first column of the tables, presents the superficial liquid velocity (m/s) whereas
the second and the third columns correspond to the superficial gas velocities nec-

essary to initiate flooding and slugging conditions, respectively.
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Table A.1 The onset of flooding and slugging for G = 0.66, Position 1.

Ql, inlet Qg, inlet _flood Qg, inlet _slug jl, inlet jg, inlet_flood jg, inlet _slug

(m?/h) (m?/h) (m?/h) (m/s) (m/s) (m/s)
0.8 10.77 10.48 0.0702 0.9447 0.9194
1.1 5.50 6.31 0.0964 0.4824 0.5533
1.5 1.91 1.90 0.1316 0.1675 0.1665
1.8 0.53 2.53 0.1578 0.0465 0.2216
2.1 0.13 2.11 0.1842 0.0114 0.1847

Table A.2 The onset of flooding and slugging for 8 = 0.72, Position 1.

Ql,'inlet Qg,’inlet_flood Qg,inlet_slug jl, inlet _jg,inlet_flood jg,'inlet._slug

(m?/h) (m?/h) (m?/h) (m/s) (m/s) (m/s)
0.4 27.27 25.93 0.0351 2.3919 2.2740
0.5 23.11 22.83 0.0439 2.0270 2.0027
0.8 15.80 15.60 0.0702 1.3859 1.3689
1.1 8.45 10.13 0.0964 0.7412 0.8200
1.5 5.08 5.20 0.1316 0.4456 0.4159
1.8 1.91 1.83 0.1578 0.1675 0.1478
2.1 0.60 0.35 0.1842 0.0529 0.0287

Table A.3 The onset of flooding and slugging for 3 = 0.77, Position 1.

Ql, inlet Qg, inlet _flood Qg, inlet _slug jl, inlet jg, inlet _flood jg, inlet _slug

(m?/h) (m’/h) (m?/h) (m/s) (m/s) (m/s)
0.8 19.99 19.72 0.0702 1.2025 1.7296
1.1 13.71 13.52 0.0964 0.6859 1.1861
1.5 7.82 8.13 0.1316 0.4640 0.7133
1.8 5.29 4.16 0.1578 0.1859 0.3655
2.1 2.12 2.61 0.1842 0.0930 0.2284
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Table A.4 The onset of flooding and slugging for # = 0.83, Position 1.

Ql, inlet Qg, inlet _flood Qg, inlet _slug jl, inlet jg, inlet _flood jg, inlet _slug

(m’/h) (m?/h) (m?/h) (m/s) (m/s) (m/s)
1.1 15.80 12.63 0.0964 1.3859 1.4842
1.5 10.97 8.22 0.1316 0.9622 1.1074
1.8 7.82 8.13 0.1578 0.6859 0.7214
2.1 4.87 5.27 0.1842 0.4272 0.4628
2.5 1.27 1.27 0.2193 0.1114 0.1116

Table A.5 The onset of flooding and slugging for 3 = 0.66, Position 2.

Ql, inlet Qg, inlet _flood Qg, inlet _slug jl, inlet jg, inlet _flood jg, inlet _slug

(m?/h) (m?/h) (m?/h) (m/s) (m/s) (m/s)
0.5 16.85 16.74 0.0439 1.4780 1.4687
0.8 10.56 10.49 0.0702 0.9262 0.9207
1.1 5.92 6.30 0.0964 0.5193 0.5529
1.5 2.12 2.11 0.1316 0.1859 0.1847
1.8 0.66 2.52 0.1578 0.0579 0.2215
2.1 0.11 2.11 0.1842 0.0096 0.2768

Table A.6 The onset of flooding and slugging for G = 0.72, Position 2.

Ql, inlet Qg, inlet_flood Qg, *infe:t_slug jl, inlet jg, inlet_flood jg, inlet_slug

(m?/h) (m? /R) (m?/h) (m/s) (m/s) (m/s)
0.8 15.80 16.92 0.0702 1.3859 1.4842
1.1 9.39 10.53 0.0964 0.8236 0.9242
1.5 5.29 5.21 0.1316 0.4640 0.4576
1.8 2.33 2.12 0.1578 0.2044 0.1855
2.1 0.66 3.39 0.1842 0.0579 0.2751
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Table A.7 The onset of flooding and slugging for 8 = 0.77, Position 2.

Ql, inlet Qg, inlet_flood Qg, inlet _slug jl, inlet jg, inlet_flood jg, inlet_slug

(m?/R) (m/h) | (m’/h) (m/s) (m/s) (m/s)
0.8 18.94 16.96 0.0702 1.3859 1.4842
1.1 13.70 12.47 0.0964 0.8236 0.9242
1.5 8.03 10.21 0.1316 0.4640 0.4576
1.8 5.71 6.82 0.1578 0.2044 0.1855
2.1 2.76 3.42 0.1842 0.0579 0.2751

Table A.8 The onset of flooding and slugging for 8 = 0.83, Position 2.

Ql,inlct Qg,'inlet_flood Qg,‘inlet,_slug jl,'inlet jg,inlet._flood jg,inlet_slug

(m?/h) (m?/h) (m?/h) (m/s) (m/s) (m/s)
1.1 15.80 15.53 0.0964 0.8236 0.9242
1.5 10.56 11.67 0.1316 0.4640 0.4576
1.8 7.40 8.78 0.1578 0.2044 0.1855
2.1 4.24 6.84 0.1842 0.0579 0.2751
2.5 1.38 2.95 0.2193 0.0579 0.2751

Table A.9 The onset of flooding and slugging for G = 1.00.

Ql, inlet Qg, inlet_flood Qg, inlet _slug jl) inlet jg, inlet_flood jg, inlet_slug

(m?/R) (m’/h) (m?/h) (m/s) (m/s) (m/s)
1.2 15.14 21.91 0.1053 1.3280 1.9221
1.4 12.99 19.94 0.1228 1.1394 1.7493
1.6 10.61 14.99 0.1403 0.9306 1.3149
1.7 9.08 13.01 0.1491 0.7964 1.1109
1.8 8.68 12.01 0.1579 0.7613 1.0530
2.0 6.49 9.03 0.1754 0.5693 0.7916
2.2 4.99 7.04 0.1930 0.4377 0.6170
24 2.60 5.04 0.2105 0.2281 0.4422
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APPENDIX B

THE SLUG FREQUENCY

This appendix presents the slug frequency data in a table form. The tables are
arranged according to the orifice 3 ratio and the position of the orifice with respect
tio the elbow. The data for experiments carried out without obstruction are also

presented.

The first and the second columns of the tables, present the volumetric flow rates of
liquid and gas (m?/h), respectively. The third and the fourth columns correspond
to the superficial velocities of liquid and gas (m/s), respectively. The last column

corresponds to the slug frequency in Hz.



Table B.1 Slug frequency for § = 0.66, Position 1.

192

Ql,inlet Qg,inlet jl,inlet jg,inlet Frequency

(m? /) (m /) (m/s) (m/s) (Hz)
0.8 4.2081 0.0702 0.3691 0.2880
0.8 6.3036 0.0702 0.5529 0.2770
0.8 8.3979 0.0702 0.7366 0.2760
0.8 10.4820 0.0702 0.9194 0.2700
0.8 12.5684 0.0702 1.1024 0.2580
0.8 14.6525 0.0702 1.2852 0.2430
0.8 16.7320 0.0702 1.4676 0.2020
0.8 18.8092 0.0702 1.6498 0.1990
1.1 4.2081 0.0960 0.3691 0.2800
1.1 6.3081 0.0960 0.5533 0.2790
1.1 8.3979 0.0960 0.7366 0.2900
1.1 10.4888 0.0960 0.9200 0.2400
1.1 12.5775 0.0960 1.1032 0.2400
1.1 14.6627 0.0960 1.2861 0.2200
1.1 16.7445 0.0960 1.4687 0.2150
1.1 18.8241 0.0960 1.6511 0.2100
1.5 1.8983 0.1316 0.1665 0.2950
1.5 3.9983 0.1316 0.3507 0.2900
1.5 6.0972 0.1316 0.5348 0.2800
1.5 8.1881 0.1316 0.7182 0.2850
1.5 10.2791 0.1316 0.9016 0.2640
1.5 12.3586 0.1316 1.0840 0.2420
1.5 14.4427 0.1316 1.2668 0.2100
1.5 16.5199 0.1316 1.4430 0.1960
1.5 18.6006 0.1316 1.6315 0.1800
1.8 2.5264 0.1579 0.2216 0.2850
1.8 4.6288 0.1579 0.4060 0.2830
1.8 6.7231 0.1579 0.5897 0.2800
1.8 8.8175 0.1579 0.7734 0.3050
1.8 10.9084 0.1579 0.9568 0.2640
1.8 12.9970 0.1579 1.1400 0.2210




Table B.1 Slug frequency for 3 = 0.66, Position 1.

Ql,inlet Qg,inlet jl,inlet jg,inlet Frequency

(m®/h) (m?/h) (m/s) (m/s) (Hz)
2.1 2.1057 0.1842 0.1847 0.3400
2.1 4.2047 0.1842 0.3688 0.2950
2.1 6.3024 0.1842 0.5528 0.3080




Table B.2 Slug frequency for G = 0.72, Position 1.
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Ql,inlet Qg,inlet jl,inlet jg,inlet Frequency

(m?/h) (m?/h) (m/s) (m/s) (Hz)
0.4 11.4773 0.0350 1.0067 0.2830
0.4 13.5534 0.0350 1.1888 0.2120
0.4 15.6272 0.0350 1.3707 0.2170
0.4 17.6976 0.0350 1.5523 0.2150
0.4 19.7646 0.0350 1.7336 0.2000
0.4 21.8111 0.0350 1.9131 0.1490
0.4 23.8701 0.0350 2.0937 0.1575
0.4 25.9257 0.0350 2.2740 0.1343
0.4 27.9790 0.0350 2.4541 0.1312
0.5 10.4261 0.0440 0.9145 0.2660
0.5 12.5022 0.0440 1.0966 0.1660
0.5 14.5738 0.0440 1.2783 0.2170
0.5 16.6431 0.0440 1.4598 0.2300
0.5 18.7100 0.0440 1.6411 0.2000
0.5 20.7725 0.0440 1.8220 0.1680
0.5 22.8326 0.0440 2.0027 0.1510
0.5 24.8893 0.0440 2.1831 0.1425
0.5 26.9427 0.0440 2.3632 0.1312
0.5 28.9925 0.0440 2.5430 0.1282
0.8 11.4682 0.0702 1.0059 0.2180
0.8 13.5432 0.0702 1.1879 0.2050
0.8 15.6067 0.0702 1.3689 0.2000
0.8 17.6703 0.0702 1.5499 0.2000
0.8 19.7339 0.0702 1.7309 0.1575
0.8 21.7940 0.0702 1.9116 0.1510




Table B.2 Slug frequency for 8 = 0.72, Position 1.
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Ql,inlet Qg,inlet jl,inlet jg,inlet Frequency

(m?/h) (m?*/h) (m/s) (m/s) (Hz)
1.1 3.1535 0.0960 0.2766 0.3017
1.1 5.2433 0.0960 0.4599 0.2500
1.1 7.2715 0.0960 0.6378 0.2655
1.1 9.3488 0.0960 0.8200 0.2575
1.1 11.4682 0.0960 1.0059 0.2430
1.1 13.5432 0.0960 1.1879 0.2000
1.1 15.6067 0.0960 1.3689 0.2310
1.1 17.6703 0.0960 1.5499 0.1800
1.1 19.7339 0.0960 1.7309 0.2050
1.5 2.7225 0.1316 0.2388 0.2425
1.5 4.8100 0.1316 0.4219 0.2830
1.5 6.8406 0.1316 0.6000 0.2716
1.5 8.9805 0.1316 0.7877 0.2289
1.5 11.0509 0.1316 0.9693 0.2310
1.5 13.1270 0.1316 1.1514 0.2255
1.5 15.1872 0.1316 1.3321 0.2000
1.5 17.2542 0.1316 1.5134 0.2050
1.5 19.3177 0.1316 1.6944 0.1575
1.8 3.7954 0.1579 0.3329 0.3000
1.8 5.8954 0.1579 0.5171 0.2800
1.8 7.9955 0.1579 0.7013 0.3050
1.8 10.0921 0.1579 0.8852 0.2580
1.8 12.1853 0.1579 1.0688 0.1950
1.8 14.2762 0.1579 1.2522 0.2020
1.8 16.3637 0.1579 1.4353 0.2170
1.8 18.4478 0.1579 1.6181 0.2180




Table B.2 Slug frequency for 8 = 0.72, Position 1.

196

Ql,inlet Qg,'inlet jl,inlet jg,inlet Frequency

(m/h) m37h) | (m/s) (mys) (Hz)
2.1 3.3929 0.1842 0.2976 0.2197
2.1 4.5307 0.1842 0.3974 0.2900
2.1 6.6331 0.1842 0.5818 0.3000
2.1 8.7513 0.1842 0.7676 0.2990
2.1 10.8275 0.1842 0.9497 0.1900
2.1 12.9207 0.1842 1.1333 0.2200
2.1 15.0105 0.1842 1.3166 0.2000



Table B.3 Slug frequency for G = 0.77, Position 1.
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Ql,inlet Qg,inlet jl,inlet jg,inlet F‘requency

(m?/h) (m’/h) (m/s) (m/s) (Hz)
0.8 7.3080 0.0702 0.6410 0.2319
0.8 9.3830 0.0702 0.8230 0.2255
0.8 11.4602 0.0702 1.0052 0.2510
0.8 13.5329 0.0702 1.1870 0.2260
0.8 15.6033 0.0702 1.3686 0.2170
0.8 17.6703 0.0702 1.5499 0.1660
0.8 19.7190 0.0702 1.7296 0.1255
0.8 21.7769 0.0702 1.9101 0.1800
0.8 23.8325 0.0702 2.0904 0.1425
1.1 11.4682 0.0960 1.0059 0.2170
1.1 13.5226 0.0960 1.1861 0.1950
1.1 15.5919 0.0960 1.3676 0.1340
1.1 17.6566 0.0960 1.5487 0.1500
1.1 19.7190 0.0960 1.7296 0.1536
1.5 8.1323 0.1316 0.7133 0.2471
1.5 10.2095 0.1316 0.8955 0.2170
1.5 12.2845 0.1316 1.0775 0.1880
1.5 14.3549 0.1316 1.2591 0.2300
1.5 16.4230 0.1316 1.4405 0.2000
1.5 18.4877 0.1316 1.6216 0.1975
1.9 2.0886 0.1666 0.1832 0.1587
1.9 4.1670 0.1666 0.3655 0.2319
1.9 7.7424 0.1666 0.6791 0.2686
1.9 9.8185 0.1666 0.8612 0.2340
1.9 11.8752 0.1666 1.0416 0.2050
1.9 13.9376 0.1666 1.2225 0.2500




Table B.3 Slug frequency for 8 = 0.77, Position 1.
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Ql,inlet Qg,inlct jl,inlet jg,inlet Frequency

(m?/h) (m?/h) (m/s) (m/s) (Hz)
2.1 1.2210 0.1842 0.1071 0.1800
2.1 2.6040 0.1842 0.2284 0.3500
2.1 4.6846 0.1842 0.4109 0.2500
2.1 6.7562 0.1842 0.5926 0.2563
2.1 8.8289 0.1842 0.7744 0.1831
2.1 10.8970 0.1842 0.9558 0.1648
2.1 12.9526 0.1842 1.1361 0.1830
2.1 16.2212 0.1842 1.4228 0.1739
2.3 0.8391 0.2017 0.0736 0.1434
2.3 2.0932 0.2017 0.1836 0.1526
2.3 3.1387 0.2017 0.2753 0.2045
2.3 5.2205 0.2017 0.4579 0.2502
2.3 7.3034 0.2017 0.6406 0.2869
2.3 9.3830 0.2017 0.8230 0.2289
2.3 11.4602 0.2017 1.0052 0.1831
2.3 13.5329 0.2017 1.1870 0.1983




Table B.4 Slug frequency for 8 = 0.83, Position 1.
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Ql,inlet Qg,inlet jl,'inle:t jg,inlet Frequency

(m?/h) (m?/h) (m/s) (m/s) (H=)
1.1 16.9212 0.0960 1.4842 0.1495
1.1 19.0224 0.0960 1.6685 0.1404
1.5 4.2263 0.1316 0.3707 0.1965
1.5 6.3309 0.1316 0.5553 0.2050
1.5 8.4344 0.1316 0.7398 0.2680
1.5 10.5356 0.1316 0.9241 0.2000
1.5 12.6242 0.1316 1.1073 0.1580
1.5 14.7174 0.1316 1.2909 0.1575
1.5 16.8072 0.1316 1.4742 0.1340
1.8 4.0188 0.1579 0.3525 0.2000
1.8 6.1246 0.1579 0.5372 0.1905
1.8 8.2246 0.1579 0.7214 0.1830
1.8 10.3178 0.1579 0.9050 0.1745
1.8 12.4145 0.1579 1.0889 0.1650
2.1 3.1717 0.1842 0.2782 0.2080
2.1 9.2763 0.1842 0.4628 0.2170
2.1 7.3810 0.1842 0.6474 0.2593
2.1 9.4833 0.1842 0.8318 0.2575
2.1 11.5719 0.1842 1.0150 0.1650
2.1 13.6663 0.1842 1.1987 0.1575
2.5 1.2723 0.2192 0.1116 0.1404
2.5 3.3815 0.2192 0.2966 0.2255
2.5 5.4873 0.2192 0.4813 0.2300
2.5 7.5919 0.2192 0.6659 0.2500
2.5 9.6931 0.2192 0.8502 0.1500
2.5 11.7920 0.2192 1.0343 0.2000
2.5 13.8875 0.2192 1.2181 0.1700




Table B.5 Slug frequency for 3 = 0.66, Position 2.
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Ql,‘inlet Qg,inlet jl,’inlet jg,z'nlet Frequency

(m?/h) (m?/h) (m/s) (m/s) (Hz)
0.5 6.3081 0.0440 0.5533 0.1344
0.5 8.4036 0.0440 0.7371 0.1343
0.5 10.4968 0.0440 0.9207 0.1220
0.5 12.5878 0.0440 1.1041 0.1160
0.5 14.6741 0.0440 1.2871 0.1038
0.5 16.7445 0.0440 1.4687 0.0915
0.5 18.8241 0.0440 1.6511 0.0915
0.5 20.9002 0.0440 1.8332 0.0793
0.8 4.2081 0.0702 0.3691 0.0824
0.8 6.3081 0.0702 0.5533 0.1404
0.8 8.3979 0.0702 0.7366 0.2868
0.8 10.4968 0.0702 0.9207 0.1160
0.8 12.5775 0.0702 1.1032 0.1190
0.8 14.6627 0.0702 1.2861 0.1038
0.8 16.7445 0.0702 1.4687 0.0885
0.8 18.8241 0.0702 1.6511 0.0854
1.1 2.0989 0.0960 0.1841 0.0946
1.1 4.2081 0.0960 0.3691 0.0213
1.1 6.3036 0.0960 0.5529 0.2228
1.1 8.3979 0.0960 0.7366 0.2471
1.1 10.4888 0.0960 0.9200 0.1251
1.1 12.5775 0.0960 1.1032 0.1251
1.1 14.6525 0.0960 1.2852 0.1038
1.1 16.7320 0.0960 1.4676 0.0946




Table B.5 Slug frequency for § = 0.66, Position 2.
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Ql,inlet Qg,inlet jl,inlfet jg,inlet F‘requency

(m?/h) (m?/h) (m/s) (m/s) (Hz)
1.5 2.1057 0.1316 0.1847 0.0122
1.5 4.2081 0.1316 0.3691 0.1495
1.5 6.3036 0.1316 0.5529 0.0701
1.5 8.3979 0.1316 0.7366 0.2594
1.5 10.4820 0.1316 0.9194 0.1220
1.5 12.5684 0.1316 1.1024 0.1160
1.5 14.6525 0.1316 1.2852 0.1007
1.5 16.7320 0.1316 1.4676 0.0946
1.8 2.5253 0.1579 0.2215 0.0213
1.8 4.6254 0.1579 0.4057 0.0335
1.8 6.7231 0.1579 0.5897 0.2777
1.8 8.8175 0.1579 0.7734 0.2564
1.8 10.9084 0.1579 0.9568 0.1038
1.8 12.9868 0.1579 1.1391 0.1038
1.8 15.0709 0.1579 1.3219 0.1038
2.1 2.1092 0.1842 0.1850 0.0275
2.1 3.1558 0.1842 0.2768 0.0213
2.1 4.2081 0.1842 0.3691 0.1648
2.1 5.2570 0.1842 0.4611 0.2563
2.1 6.3024 0.1842 0.5528 0.2899
2.1 7.3479 0.1842 0.6445 0.2746




Table B.6 Slug frequency for 8 = 0.72, Position 2.
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Ql,inlet Qg,inlet jl,inlet jg,inlet Frequency

(m*/h) (m*/h) (m/s) (m/s) (Hz)
0.8 6.3731 0.0702 0.5590 0.1255
0.8 8.4914 0.0702 0.7448 0.1281
0.8 10.6074 0.0702 0.9304 0.1160
0.8 12.7097 0.0702 1.1148 0.1190
0.8 14.8166 0.0702 1.2996 0.1800
0.8 16.9212 0.0702 1.4842 0.1922
0.8 19.0224 0.0702 1.6685 0.0824
0.8 21.1202 0.0702 1.8525 0.0701
1.1 4.2275 0.0960 0.3708 0.1068
1.1 6.3309 0.0960 0.5553 0.0824
1.1 8.4355 0.0960 0.7399 0.2685
1.1 10.5367 0.0960 0.9242 0.1098
1.1 12.6254 0.0960 1.1074 0.2411
1.1 14.7186 0.0960 1.2910 0.1098
1.1 16.8084 0.0960 1.4743 0.0030
1.1 18.8947 0.0960 1.6573 0.0824
1.5 5.2171 0.1316 0.4576 0.1425
1.5 7.2977 0.1316 0.6401 0.1373
1.5 9.3761 0.1316 0.8224 0.1340
1.5 11.4511 0.1316 1.0044 0.1340
1.5 13.5226 0.1316 1.1861 0.1000
1.5 15.5919 0.1316 1.3676 0.1300
1.5 17.6566 0.1316 1.5487 0.0790




Table B.6 Slug frequency for 8 = 0.72, Position 2.
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Ql,inlet Qg,inlet jl,inlet jg,inlet Frequency

(m?/h) (m?/h) (m/s) (m/s) (Hz)
1.8 2.1149 0.1579 0.1855 0.2899
1.8 4.2240 0.1579 0.3705 0.1160
1.8 6.3264 0.1579 0.5549 0.1745
1.8 8.4287 0.1579 0.7393 0.2746
1.8 10.5276 0.1579 0.9235 0.1160
1.8 12.6254 0.1579 1.1074 0.1340
1.8 14.7186 0.1579 1.2910 0.1068
1.8 16.8084 0.1579 1.4743 0.1007
1.8 18.8947 0.1579 1.6573 0.0600
2.1 3.1375 0.1842 0.2752 0.1500
2.1 5.2171 0.1842 0.4576 0.1650
2.1 7.2122 0.1842 0.6327 0.1434




Table B.7 Slug frequency for 8 = 0.77, Position 2.

204

Ql,inlet Qg,inlet jl,inlet jg,inlet Frequency

(m®/h) (m?/h) (m/s) (m/s) (Hz)
0.8 9.4400 0.0702 0.8280 0.1129
0.8 11.5297 0.0702 1.0113 0.1050
0.8 13.6059 0.0702 1.1934 0.1000
0.8 15.6865 0.0702 1.3759 0.1100
1.1 5.2524 0.0960 0.4607 0.1129
1.1 7.3479 0.0960 0.6445 0.1170
1.1 9.4400 0.0960 0.8280 0.1500
1.1 11.5297 0.0960 1.0113 0.1000
1.1 13.6024 0.0960 1.1931 0.1000
1.1 15.6865 0.0960 1.3759 0.0950
1.1 17.7649 0.0960 1.5582 0.1038
1.5 3.1603 0.1316 0.2772 0.1234
1.5 5.2604 0.1316 0.4614 0.1170
1.5 7.3536 0.1316 0.6450 0.1340
1.5 9.4400 0.1316 0.8280 0.1420
1.5 11.5297 0.1316 1.0113 0.0867
1.5 13.6059 0.1316 1.1934 0.1000
1.8 3.1581 0.1579 0.1855 0.0061
1.8 5.2558 0.1579 0.3705 0.1129
1.8 7.3502 0.1579 0.5549 0.1312
1.8 9.4400 0.1579 0.7393 0.1098
1.8 11.5297 0.1579 0.9234 0.1038
1.8 13.6161 0.1579 1.1074 0.0915
1.8 14.7186 0.1579 1.2910 0.0488
1.8 16.8084 0.1579 1.4743 0.0183
1.8 18.8446 0.1579 1.6573 0.0213




Table B.7 Slug frequency for 8 = 0.77, Position 2.

205

Ql,inlet Qg,inlet jl,inlet jg,inlet Frequency

(m?/h) (m?/h) (m/s) (m/s) (Hz)
2.1 3.1558 0.1842 0.2768 0.1490
2.1 9.2524 0.1842 0.4607 0.1000
2.1 7.3479 0.1842 0.6445 0.1000
2.1 9.4400 0.1842 0.8280 0.1080
2.1 11.5297 0.1842 1.0113 0.0950
2.1 13.6161 0.1842 1.1943 0.0600
2.1 15.6979 0.1842 1.3769 0.1000
2.1 17.7786 0.1842 1.5594 0.0915
2.5 7.2521 0.2192 0.6361 0.0950
2.5 9.3237 0.2192 0.8178 0.1000




Table B.8 Slug frequency for 8 = 0.83, Position 2.
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Ql,inlet Qg,inlet jl,inlet jg,inlet Frequency

(m*/h) (m*/h) (m/s) (m/s) (Hz)
1.1 9.3089 0.0960 0.8165 0.3723
1.1 11.1604 0.0960 0.9789 0.2655
1.1 16.6305 0.0960 1.4587 0.2533
1.1 17.4297 0.0960 1.5288 0.1464
1.5 3.7486 0.1316 0.3288 0.1282
1.5 5.6013 0.1316 0.4913 0.1617
1.5 7.4539 0.1316 0.6538 0.1495
1.5 9.2826 0.1316 0.8142 0.1770
1.5 11.1296 0.1316 0.9762 0.0214
1.5 12.9720 0.1316 1.1378 0.0214
1.8 4.9081 0.1579 0.4305 0.0702
1.8 6.8485 0.1579 0.6007 0.1740
1.8 8.7844 0.1579 0.7705 0.0397
1.8 10.7123 0.1579 0.9396 0.0580
1.8 12.6174 0.1579 1.1067 0.1495
2.1 6.8483 0.1842 0.6007 0.0610
2.1 8.7850 0.1842 0.7705 0.0366
2.1 10.7128 0.1842 0.9396 0.0793
2.1 12.6172 0.1842 1.1067 0.1556
2.5 2.9517 0.2192 0.2589 0.1495
2.5 3.9265 0.2192 0.3444 0.0885
2.5 4.9024 0.2192 0.4300 0.0702
2.5 7.8085 0.2192 0.6844 0.0793
2.5 10.2141 0.2192 0.8959 0.0763
2.5 12.4715 0.2192 1.0939 0.0092




Table B.9 Slug frequency for 3 = 1.00.
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Ql,inlet Qg,inlet jl,'inlet jg,'inlet Frequency

(m?/h) (m?/h) (m/s) (m/s) (Hz)
1.2 21.9140 0.1053 1.9221 0.0153
1.2 23.9062 0.1053 2.0969 0.0183
1.3 20.9413 0.1140 1.8368 0.0244
1.3 22.8896 0.1140 2.0073 0.0457
1.3 24.8468 0.1140 2.1794 0.0153
1.4 19.9441 0.1228 1.7493 0.0183
1.4 20.9179 0.1228 1.8348 0.0183
14 21.8896 0.1228 1.9200 0.0213
1.4 22.8590 0.1228 2.0050 0.0244
1.4 23.8529 0.1228 2.0922 0.0183
1.4 24.8190 0.1228 2.1769 0.0427
1.5 17.9696 0.1316 1.5762 0.0610
1.5 18.9468 0.1316 1.6619 0.0183
1.5 19.9218 0.1316 1.7474 0.0153
1.5 20.8946 0.1316 1.8327 0.0183
1.5 21.8896 0.1316 1.9200 0.0183
1.5 22.8590 0.1316 2.0050 0.0244
1.6 14.9913 0.1403 1.3149 0.0153
1.6 15.9730 0.1403 1.4010 0.0153
1.6 16.9524 0.1403 1.4869 0.0183
1.6 17.9496 0.1403 1.5744 0.0183
1.6 18.9258 0.1403 1.6600 0.0244
1.6 19.9218 0.1403 1.7474 0.0671




Table B.9 Slug frequency for 8 = 1.00.
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Ql,inlet Qg,inlet jl,inlet jg,inlet Frequency
(m*/h) (m’ /) (m/s) (m/s) (Hz)
1.7 13.0069 0.1491 1.1409 0.0244
1.7 13.9919 0.1491 1.2273 0.0183
1.7 14.9747 0.1491 1.3135 0.0518
1.7 15.9730 0.1491 1.4010 0.0457
1.7 16.9524 0.1491 1.4869 0.0153
1.7 17.9297 0.1491 1.5727 0.0183
1.7 18.9258 0.1491 1.6600 0.0457
1.7 19.8996 0.1491 1.7454 0.0213
1.7 20.8946 0.1491 1.8327 0.0275
1.8 12.0064 0.1579 1.0531 0.0183
1.8 12.9925 0.1579 1.1396 0.0549
1.8 13.9764 0.1579 1.2259 0.0274
1.8 14.9747 0.1579 1.3135 0.0183
1.8 15.9552 0.1579 1.3995 0.0794
1.8 16.9336 0.1579 1.4853 0.0549
1.8 17.9297 0.1579 1.5727 0.0579
1.9 10.0275 0.1666 0.8795 0.0641
1.9 11.0181 0.1666 0.9664 0.1220
1.9 12.0064 0.1666 1.0531 0.0457
1.9 13.0069 0.1666 1.1409 0.0579
1.9 13.9919 0.1666 1.2273 0.0427
1.9 14.9747 0.1666 1.3135 0.0275
1.9 15.9730 0.1666 1.4010 0.0153
1.9 16.9524 0.1666 1.4869 0.0153
1.9 17.9297 0.1666 1.5727 0.0275




Table B.9 Slug frequency for 8 = 1.00.
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Ql,inlet Qg,inlet jl,inlet jg,inlet Fl‘equency

(m’/h) (m?/h) (m/s) (m/s) (Hz)
2.0 9.0248 0.1754 0.7916 0.0396
2.0 10.0169 0.1754 0.8786 0.0457
2.0 11.0059 0.1754 0.9653 0.1739
2.0 12.0064 0.1754 1.0831 0.2441
2.0 12.9925 0.1754 1.1396 0.2868
2.0 13.9764 0.1754 1.2259 0.0641
2.0 14.9747 0.1754 1.3135 0.5035
2.0 15.9552 0.1754 1.3995 0.0183
21 8.0220 0.1842 0.7036 0.0488
2.1 9.0248 0.1842 0.7916 0.0610
2.1 10.0164 0.1842 0.8786 0.1495
2.1 11.0059 0.1842 0.9653 0.0701
2.1 12.0064 0.1842 1.0531 0.0610
2.1 13.0069 0.1842 1.1409 0.0549
2.1 13.9919 0.1842 1.2273 0.2319
2.1 14.9747 0.1842 1.3135 0.0183
2.1 15.9730 0.1842 1.4010 0.5066
2.1 16.9524 0.1842 1.4868 0.5066
2.1 17.9297 0.1842 1.5727 0.3143
2.1 18.9258 0.1842 1.6600 0.0397




Table B.9 Slug frequency for 8 = 1.00.
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Quintet Qg,inlet Jiindet Jg inlet Frequency

(m?/h) (m?*/h) (m/s) (m/s) (Hz)
2.2 7.0348 0.1930 0.6170 0.1220
2.2 8.0398 0.1930 0.7052 0.1709
2.2 9.0248 0.1930 0.7916 0.0549
2.2 10.0164 0.1930 0.8786 0.0579
2.2 11.0059 0.1930 0.9653 0.6103
2.2 12.0064 0.1930 1.0531 0.1953
2.2 12.9925 0.1930 1.1396 0.0915
2.2 13.9764 0.1930 1.2259 0.1098
2.2 14.9747 0.1930 1.3135 0.1007
2.2 15.9552 0.1930 1.3995 0.5219
2.2 16.9524 0.1930 1.4869 0.4272
2.2 17.9297 0.1930 1.5727 0.5219
2.2 18.9258 0.1930 1.6600 0.7812
2.3 6.0432 0.2017 0.5301 0.0549
2.3 7.0426 0.2017 0.6177 0.0732
2.3 8.0398 0.2017 0.7052 0.1251
2.3 9.0348 0.2017 0.7925 0.1038
2.3 10.0275 0.2017 0.8795 0.2197
2.3 11.0181 0.2017 0.9664 0.0519
2.3 12.0064 0.2017 1.0531 0.0579
2.3 13.0069 0.2017 1.1409 0.0549
2.3 13.9919 0.2017 1.2273 0.0549
2.3 14.9747 0.2017 1.3135 0.3479
2.3 15.9730 0.2017 1.4010 0.1770
2.3 16.9713 0.2017 1.4886 0.6042




Table B.9 Slug frequency for 3 = 1.00.
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Q1 inlet Qg,inlet Ji inlet Jginlet Frequency

(m?/h) (m?/h) (m/s) (m/s) (Hz)
2.4 5.0415 0.2105 0.4422 0.0549
2.4 6.0432 0.2105 0.5301 0.1465
2.4 7.0426 0.2105 0.6177 0.3906
2.4 8.0398 0.2105 0.7052 0.0824
2.4 9.0348 0.2105 0.7925 0.1678
2.4 10.0275 0.2105 0.8795 0.0579
2.4 11.0181 0.2105 0.9664 0.0488
2.4 12.0064 0.2105 1.0531 0.0549
2.4 13.0069 0.2105 1.1409 0.0458
2.4 13.9919 0.2105 1.2273 0.5890
2.4 14.9747 0.2105 1.3135 0.0396
2.4 15.9730 0.2105 1.4010 0.0488
2.5 4.0377 0.2192 0.3542 0.0610
2.5 5.0415 0.2192 0.4422 0.0702
2.5 6.0432 0.2192 0.5301 0.1007
2.5 7.0426 0.2192 0.6177 0.0671
2.5 8.0398 0.2192 0.7052 0.0549
2.5 9.0348 0.2192 0.7925 0.0549
2.5 10.0275 0.2192 0.8795 0.1983
2.5 11.0181 0.2192 0.9664 0.1617
2.5 12.0064 0.2192 1.0531 0.0885
2.9 13.0069 0.2192 1.1409 0.0824
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APPENDIX C

THE SLUG AVERAGE VOID FRACTION

The average void fraction obtained from the third electrode is presented in this
appendix in the form of a table. The tables are arranged according to the orifice
0B ratio and the position of the orifice with respect tio the elbow. The data for

experiments carried out without obstruction are also presented.

The first and the second columns of the tables, present the volumetric flow rates of
liquid and gas (m?®/h), respectively. The third and the fourth columns correspond
to the superficial velocities of liquid and gas (m/s), respectively. The last column

corresponds to the average void fraction.



Table C.1 Slug average void fraction for 8 = 0.66, Position 1.

213

Ql,inlet Qg,inlet jl,inlet jg,inlet Void Fraction

(m?/h) (m?/h) (m/s) (m/s) (=)
0.8 4.2081 0.0702 0.3691 0.7078
0.8 6.3036 0.0702 0.5529 0.7045
0.8 8.3979 0.0702 0.7366 0.6829
0.8 10.4820 0.0702 0.9194 0.6894
0.8 12.5684 0.0702 1.1024 0.6865
0.8 14.6525 0.0702 1.2852 0.6763
0.8 16.7320 0.0702 1.4676 0.6786
0.8 18.8092 0.0702 1.6498 0.6649
1.1 4.2081 0.0960 0.3691 0.7108
1.1 6.3081 0.0960 0.5533 0.7010
1.1 8.3979 0.0960 0.7366 0.6872
1.1 10.4888 0.0960 0.9200 0.6784
1.1 12.5775 0.0960 1.1032 0.6838
1.1 14.6627 0.0960 1.2861 0.6794
1.1 16.7445 0.0960 1.4687 0.6667
1.1 18.8241 0.0960 1.6511 0.6716
1.5 1.8983 0.1316 0.1665 0.6392
1.5 3.9983 0.1316 0.3507 0.7011
1.5 6.0972 0.1316 0.5348 0.7005
1.5 8.1881 0.1316 0.7182 0.6807
1.5 10.2791 0.1316 0.9016 0.6717
1.5 12.3586 0.1316 1.0840 0.6815
1.5 14.4427 0.1316 1.2668 0.6774
1.5 16.5199 0.1316 1.4430 0.6654
1.5 18.6006 0.1316 1.6315 0.6671




Table C.1 Slug average void fraction for § = 0.66, Position 1.
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Ql,inlet Q_q,'inlf:t jl,inlet jg,'i'n.lf:t Void Fraction

(m/h) mijh) | mfs) | (mfs) (-)
1.8 2.5264 0.1579 0.2216 0.6888
1.8 4.6288 0.1579 0.4060 0.6851
1.8 6.7231 0.1579 0.5897 0.6925
1.8 8.8175 0.1579 0.7734 0.6815
1.8 10.9084 0.1579 0.9568 0.6828
1.8 12.9970 0.1579 1.1400 0.6883
2.1 2.1057 0.1842 0.1847 0.6730
2.1 4.2047 0.1842 0.3688 0.6775
2.1 6.3024 0.1842 0.5528 0.6785




Table C.2 Slug average void fraction for 8 = 0.72, Position 1.
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Ql,inlet Qg,i'nlet jl,inlet jg,i'nlet Void Fraction

(m®/h) (m*/h) (m/s) (m/s) )
0.4 11.4773 0.0350 1.0067 0.6932
0.4 13.5534 0.0350 1.1888 0.6904
0.4 15.6272 0.0350 1.3707 0.6873
0.4 17.6976 0.0350 1.5523 0.6891
0.4 19.7646 0.0350 1.7336 0.6891
0.4 21.8111 0.0350 1.9131 0.7025
0.4 23.8701 0.0350 2.0937 0.6969
0.4 25.9257 0.0350 2.2740 0.6454
0.4 27.9790 0.0350 2.4541 0.6375
0.5 10.4261 0.0440 0.9145 0.6871
0.5 12.5022 0.0440 1.0966 0.6790
0.5 14.5738 0.0440 1.2783 0.6945
0.5 16.6431 0.0440 1.4598 0.6734
0.5 18.7100 0.0440 1.6411 0.6723
0.5 20.7725 0.0440 1.8220 0.6806
0.5 22.8326 0.0440 2.0027 0.6989
0.5 24.8893 0.0440 2.1831 0.6082
0.5 26.9427 0.0440 2.3632 0.6382
0.5 28.9925 0.0440 2.5430 0.6305
0.8 11.4682 0.0702 1.0059 0.6872
0.8 13.5432 0.0702 1.1879 0.6799
0.8 15.6067 0.0702 1.3689 0.6926
0.8 17.6703 0.0702 1.5499 0.6928
0.8 19.7339 0.0702 1.7309 0.6828
0.8 21.7940 0.0702 1.9116 0.6968




Table C.2 Slug average void fraction for 8 = 0.72, Position 1.
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Q1 intet Qg inlet Jinlet Jg,intet | Void Fraction

(m?/h) (m?*/h) (m/s) (m/s) (-)
1.1 3.1535 0.0960 0.2766 0.7057
1.1 5.2433 0.0960 0.4599 0.6964
1.1 7.2715 0.0960 0.6378 0.6757
1.1 9.3488 0.0960 0.8200 0.5071
1.1 11.4682 0.0960 1.0059 0.5142
1.1 13.5432 0.0960 1.1879 0.6746
1.1 15.6067 0.0960 1.3689 0.6828
1.1 17.6703 0.0960 1.5499 0.6647
1.1 19.7339 0.0960 1.7309 0.6827
1.5 2.7225 0.1316 0.2388 0.6735
1.5 4.8100 0.1316 0.4219 0.6852
1.5 6.8406 0.1316 0.6000 0.6755
1.5 8.9805 0.1316 0.7877 0.6833
1.5 11.0509 0.1316 0.9693 0.6978
1.5 13.1270 0.1316 1.1514 0.6961
1.5 15.1872 0.1316 1.3321 0.6525
1.5 17.2542 0.1316 1.5134 0.6617
1.5 19.3177 0.1316 1.6944 0.6599
1.8 3.7954 0.1579 0.3329 0.6527
1.8 5.8954 0.1579 0.5171 0.6772
1.8 7.9955 0.1579 0.7013 0.6885
1.8 10.0921 0.1579 0.8852 0.6756
1.8 12.1853 0.1579 1.0688 0.7030
1.8 14.2762 0.1579 1.2522 0.6708
1.8 16.3637 0.1579 1.4353 0.6569
1.8 18.4478 0.1579 1.6181 0.6864




Table C.2 Slug average void fraction for G = 0.72, Position 1.
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Ql,«inlet Qg,inlet jl,inlet. jg,inlet Void Fraction
(m?/h) (m’/h) (m/s) (m/s) (=)

2.1 0.3272 0.1842 0.0287 0.5974

2.1 3.3929 0.1842 0.2976 0.6548

2.1 4.5307 0.1842 0.3974 0.6770

2.1 6.6331 0.1842 0.5818 0.6769

2.1 8.7513 0.1842 0.7676 0.6702

2.1 10.8275 0.1842 0.9497 0.6814

2.1 12.9207 0.1842 1.1333 0.7038

2.1 15.0105 0.1842 1.3166 0.6704




Table C.3 Slug average void fraction for 8 = 0.77, Position 1.
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Ql,inlet Qg,'inlet jl,inlet jg,inlet Void Fraction

(m?/h) (m*/h) (m}/s) (mys) (-)
0.8 9.2205 0.0702 0.4579 0.6534
0.8 7.3080 0.0702 0.6410 0.7936
0.8 9.3830 0.0702 0.8230 0.7683
0.8 11.4602 0.0702 1.0052 0.7241
0.8 13.5329 0.0702 1.1870 0.7423
0.8 15.6033 0.0702 1.3686 0.7407
0.8 17.6703 0.0702 1.5499 0.7431
0.8 19.7190 0.0702 1.7296 0.7303
0.8 21.7769 0.0702 1.9101 0.6737
0.8 23.8325 0.0702 2.0904 0.6509
1.1 7.3091 0.0960 0.6411 0.7305
1.1 9.3909 0.0960 0.8237 0.7173
1.1 11.4682 0.0960 1.0059 0.7532
1.1 13.5226 0.0960 1.1861 0.7551
1.1 15.5919 0.0960 1.3676 0.6983
1.1 17.6566 0.0960 1.5487 0.7043
1.1 19.7190 0.0960 1.7296 0.6359
1.5 6.0562 0.1316 0.5312 0.6994
1.5 8.1323 0.1316 0.7133 0.6899
1.5 10.2095 0.1316 0.8955 0.7656
1.5 12.2845 0.1316 1.0775 0.7515
1.5 14.3549 0.1316 1.2591 0.7289
1.5 16.4230 0.1316 1.4405 0.6754
1.5 18.4877 0.1316 1.6216 0.6816
1.9 2.0886 0.1666 0.1832 0.6717
1.9 4.1670 0.1666 0.3655 0.7360
1.9 7.7424 0.1666 0.6791 0.7190
1.9 9.8185 0.1666 0.8612 0.7275
1.9 11.8752 0.1666 1.0416 0.7513
1.9 13.9376 0.1666 1.2225 0.7549




Table C.3 Slug average void fraction for 8 = 0.77, Position 1.
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Q1 inlet Qg inlet Jlintet Jg,intet | Void Fraction

k) | ey | mis) | (mp) )
2.1 1.2210 0.1842 0.1071 0.6656
2.1 2.6040 0.1842 0.2284 0.6756
2.1 4.,6846 0.1842 0.4109 0.7094
2.1 6.7562 0.1842 0.5926 0.7193
2.1 8.8289 0.1842 0.7744 0.7197
2.1 10.8970 0.1842 0.9558 0.7540
2.1 12.9526 0.1842 1.1361 0.7563
2.1 16.2212 0.1842 1.4228 0.7223
2.3 0.8391 0.2017 0.0736 0.6986
2.3 2.0932 0.2017 0.1836 0.7089
2.3 3.1387 0.2017 0.2753 0.7470
2.3 5.2205 0.2017 0.4579 0.7470
2.3 7.3034 0.2017 0.6406 0.7321
2.3 9.3830 0.2017 0.8230 0.7196
2.3 11.4602 0.2017 1.0052 0.7601
2.3 13.5329 0.2017 1.1870 0.7495




Table C.4 Slug average void fraction for ,8 = 0.83, Position 1.
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Ql,inlet Qg,'inlet jl,'inlet jg,inlet Void Fraction

(m?/h) (m?/h) (m/s) (m/s) (=)
1.1 16.9212 0.0960 1.4842 0.7182
1.1 19.0224 0.0960 1.6685 0.6914
1.5 4.2263 0.1316 0.3707 0.6436
1.5 6.3309 0.1316 0.5553 0.7046
1.5 8.4344 0.1316 0.7398 0.6319
1.5 10.5356 0.1316 0.9241 0.6679
1.5 12.6242 0.1316 1.1073 0.7008
1.5 14.7174 0.1316 1.2909 0.6943
1.5 16.8072 0.1316 1.4742 0.7388
1.8 4.0188 0.1579 0.3525 0.6178
1.8 6.1246 0.1579 0.5372 0.6893
1.8 8.2246 0.1579 0.7214 0.6814
1.8 10.3178 0.1579 0.9050 0.6697
1.8 12.4145 0.1579 1.0889 0.7095
2.1 3.1717 0.1842 0.2782 0.5615
2.1 5.2763 0.1842 0.4628 0.6123
2.1 7.3810 0.1842 0.6474 0.6869
2.1 9.4833 0.1842 0.8318 0.6950
2.1 11.5719 0.1842 1.0150 0.7687
2.1 13.6663 0.1842 1.1987 0.7396
2.5 1.2723 0.2192 0.1116 0.5220
2.5 3.3815 0.2192 0.2966 0.5929
2.5 5.4873 0.2192 0.4813 0.6197
2.5 7.5919 0.2192 0.6659 0.7029
2.5 9.6931 0.2192 0.8502 0.6878
2.9 11.7920 0.2192 1.0343 0.7477
2.5 13.8875 0.2192 1.2181 0.6916




Table C.5 Slug average void fraction for 8 = 0.66, Position 2.
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Ql,inlet Qg,inlet jl,inlet jg,inlet Void Fraction

(m?/h) (m?/h) (m/s) (m/s) (=)
0.5 6.3081 0.0440 0.5533 0.6973
0.5 8.4036 0.0440 0.7371 0.7096
0.5 10.4968 0.0440 0.9207 0.7046
0.5 12.5878 0.0440 1.1041 0.7055
0.5 14.6741 0.0440 1.2871 0.7159
0.5 16.7445 0.0440 1.4687 0.7135
0.5 18.8241 0.0440 1.6511 0.7265
0.5 20.9002 0.0440 1.8332 0.7321
0.8 4.2081 0.0702 0.3691 0.6841
0.8 6.3081 0.0702 0.5533 0.6815
0.8 8.3979 0.0702 0.7366 0.7077
0.8 10.4968 0.0702 0.9207 0.7078
0.8 12.5775 0.0702 1.1032 0.7115
0.8 14.6627 0.0702 1.2861 0.7102
0.8 16.7445 0.0702 1.4687 0.7165
0.8 18.8241 0.0702 1.6511 0.7296
1.1 2.0989 0.0960 0.1841 0.6245
1.1 4.2081 0.0960 0.3691 0.6553
1.1 6.3036 0.0960 0.5529 0.6861
1.1 8.3979 0.0960 0.7366 0.7110
1.1 10.4888 0.0960 0.9200 0.7097
1.1 12.5775 0.0960 1.1032 0.7135
1.1 14.6525 0.0960 1.2852 0.7153
1.1 16.7320 0.0960 1.4676 0.7228




Table C.5 Slug average void fraction for @ = 0.66, Position 2.
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Ql,inlet Qg,inlet jl,inlet jg,inlet Void Fraction

(m?/h) (m?/h) (m/s) (m/s) (=)
1.5 2.1057 0.1316 0.1847 0.6178
1.5 4.2081 0.1316 0.3691 0.6695
1.5 6.3036 0.1316 0.5529 0.6926
1.5 8.3979 0.1316 0.7366 0.7056
1.5 10.4820 0.1316 0.9194 0.7032
1.5 12.5684 0.1316 1.1024 0.7141
1.5 14.6525 0.1316 1.2852 0.7182
1.5 16.7320 0.1316 1.4676 0.7241
1.8 2.5253 0.1579 0.2215 0.6409
1.8 4.6254 0.1579 0.4057 0.6613
1.8 6.7231 0.1579 0.5897 0.6765
1.8 8.8175 0.1579 0.7734 0.7115
1.8 10.9084 0.1579 0.9568 0.5331
1.8 12.9868 0.1579 1.1391 0.7109
1.8 15.0709 0.1579 1.3219 0.5551
2.1 2.1092 0.1842 0.1850 0.6266
2.1 3.1558 0.1842 0.2768 0.6531
2.1 4.2081 0.1842 0.3691 0.6358
2.1 5.2570 0.1842 0.4611 0.6517
2.1 6.3024 0.1842 0.5528 0.6820
2.1 7.3479 0.1842 0.6445 0.6954




Table C.6 Slug average void fraction for § = 0.72, Position 2.

223

Ql,inlet Qg,inlet jl,inlet. jg,inlet Void Fraction

(m®/h) (m*/h) (m/s) (m/s) =)
0.8 6.3731 0.0702 0.5590 0.7367
0.8 8.4914 0.0702 0.7448 0.7739
0.8 10.6074 0.0702 0.9304 0.8056
0.8 12.7097 0.0702 1.1148 0.7947
0.8 14.8166 0.0702 1.2996 0.7595
0.8 16.9212 0.0702 1.4842 0.7947
0.8 19.0224 0.0702 1.6685 0.7916
0.8 21.1202 0.0702 1.8525 0.8060
1.1 4.2275 0.0960 0.3708 0.7376
1.1 6.3309 0.0960 0.5553 0.6832
1.1 8.4355 0.0960 0.7399 0.7803
1.1 10.5367 0.0960 0.9242 0.7766
1.1 12.6254 0.0960 1.1074 0.8004
1.1 14.7186 0.0960 1.2910 0.7973
1.1 16.8084 0.0960 1.4743 0.7540
1.1 18.8947 0.0960 1.6573 0.7835
1.5 5.2171 0.1316 0.4576 0.6729
1.5 7.2977 0.1316 0.6401 0.7844
1.5 9.3761 0.1316 0.8224 0.7828
1.5 11.4511 0.1316 1.0044 0.8053
1.5 13.5226 0.1316 1.1861 0.7831
1.5 15.5919 0.1316 1.3676 0.7948
1.5 17.6566 0.1316 1.5487 0.7609




Table C.6 Slug average void fraction for 3 = 0.72, Position 2.
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Q1 intet Qg,inlet Jlinlet Jg,inlet Void Fraction

(/) | iRy | mfs) | (mgs) -)
1.8 2.1149 0.1579 0.1855 0.6626
1.8 4.2240 0.1579 0.3705 0.6638
1.8 6.3264 0.1579 0.5549 0.7045
1.8 8.4287 0.1579 0.7393 0.7641
1.8 10.5276 0.1579 0.9235 0.7971
1.8 12.6254 0.1579 1.1074 0.8169
1.8 14.7186 0.1579 1.2910 0.7944
1.8 16.8084 0.1579 1.4743 0.7783
1.8 18.8947 0.1579 1.6573 0.7612
2.1 3.1375 0.1842 0.2752 0.7079
2.1 5.2171 0.1842 0.4576 0.7081
2.1 7.2122 0.1842 0.6327 0.7726




Table C.7 Slug average void fraction for 8 = 0.77, Position 2.
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Ql,inlet Qg,‘inlet jl,inlet jg,inlet Void Fraction

(m’/h) (m?/h) (m/s) (m/s) (=)
0.8 9.4400 0.0702 0.8280 0.8083
0.8 11.5297 0.0702 1.0113 0.7907
0.8 13.6059 0.0702 1.1934 0.7839
0.8 15.6865 0.0702 1.3759 0.7739
1.1 5.2524 0.0960 0.4607 0.7857
1.1 7.3479 0.0960 0.6445 0.7804
1.1 9.4400 0.0960 0.8280 0.8021
1.1 11.5297 0.0960 1.0113 0.7655
1.1 13.6024 0.0960 1.1931 0.7374
1.1 15.6865 0.0960 1.3759 0.7061
1.1 17.7649 0.0960 1.5582 0.8137
1.5 3.1603 0.1316 0.2772 0.7713
1.5 9.2604 0.1316 0.4614 0.7546
1.5 7.3536 0.1316 0.6450 0.8074
1.5 9.4400 0.1316 0.8280 0.8043
1.5 11.5297 0.1316 1.0113 0.7846
1.5 13.6059 0.1316 1.1934 0.8098
1.8 3.1581 0.1579 0.1855 0.7250
1.8 5.2558 0.1579 0.3705 0.7066
1.8 7.3502 0.1579 0.5549 0.7739
1.8 9.4400 0.1579 0.7393 0.8227
1.8 11.5297 0.1579 0.9234 0.7722
1.8 13.6161 0.1579 1.1074 0.7762
1.8 14.7186 0.1579 1.2910 0.6311
1.8 16.8084 0.1579 1.4743 0.7842
1.8 18.8446 0.1579 1.6573 0.7040




Table C.7 Slug average void fraction for G = 0.77, Position 2.
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Ql,inlet Qg,’inlet jl,'i'n,let jg,inlet Void Fraction

(m?/h) (m?/h) (m/s) (m/s) (=)
2.1 0.9451 0.1842 0.0829 0.6166
2.1 3.1558 0.1842 0.2768 0.7201
2.1 9.2524 0.1842 0.4607 0.6962
2.1 7.3479 0.1842 0.6445 0.7605
2.1 9.4400 0.1842 0.8280 0.8009
2.1 11.5297 0.1842 1.0113 0.8144
2.1 13.6161 0.1842 1.1943 0.8028
2.1 15.6979 0.1842 1.3769 0.7930
2.1 17.7786 0.1842 1.5594 0.7442
2.5 7.2521 0.2192 0.6361 0.7714
2.5 9.3237 0.2192 0.8178 0.7930




Table C.8 Slug average void fraction for G = 0.83, Position 2.
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Ql,inlet Qg,inlet jl,’inlet. jg,'inlct Void Fraction

(m?/h) (m*/h) (m/s) (m/s) (=)
1.1 9.3089 0.0960 0.8165 0.6727
1.1 11.1604 0.0960 0.9789 0.7303
1.1 16.6305 0.0960 1.4587 0.6136
1.1 17.4297 0.0960 1.5288 0.6658
1.5 3.7486 0.1316 0.3288 0.6664
1.5 5.6013 0.1316 0.4913 0.7266
1.5 7.4539 0.1316 0.6538 0.7380
1.5 9.2826 0.1316 0.8142 0.6721
1.5 11.1296 0.1316 0.9762 0.7252
1.5 12.9720 0.1316 1.1378 0.7673
1.8 4.9081 0.1579 0.4305 0.6788
1.8 6.8485 0.1579 0.6007 0.7053
1.8 8.7844 0.1579 0.7705 0.7081
1.8 10.7123 0.1579 0.9396 0.6580
1.8 12.6174 0.1579 1.1067 0.6749
2.1 6.8483 0.1842 0.6007 0.6636
2.1 8.7850 0.1842 0.7705 0.7060
2.1 10.7128 0.1842 0.9396 0.6994
2.1 12.6172 0.1842 1.1067 0.7144
2.5 2.9517 0.2192 0.2589 0.5118
2.5 3.9265 0.2192 0.3444 0.6026
2.5 4.9024 0.2192 0.4300 0.5946
2.5 7.8085 0.2192 0.6844 0.6484
2.5 10.2141 0.2192 0.8959 0.7526
2.5 12.4715 0.2192 1.0939 0.7270




Table C.9 Slug average void fraction for § = 1.00.
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Ql,i1llet Qg,inlet jl,inlet jg,i'nlet Void Fraction

(m?/h) (m?/h) (m/s) (m/s) (=)
1.2 21.9140 0.1053 1.9221 0.8538
1.2 23.9062 0.1053 2.0969 0.8687
1.3 20.9413 0.1140 1.8368 0.9189
1.3 22.8896 0.1140 2.0073 0.9242
1.3 24.8468 0.1140 2.1794 0.8755
1.4 19.9441 0.1228 1.7493 0.7854
1.4 20.9179 0.1228 1.8348 0.8647
1.4 21.8896 0.1228 1.9200 0.7240
1.4 22.8590 0.1228 2.0050 0.9293
14 23.8529 0.1228 2.0922 0.8647
14 24.8190 0.1228 2.1769 0.8983
1.5 17.9696 0.1316 1.5762 0.9360
1.5 18.9468 0.1316 1.6619 0.9279
1.5 19.9218 0.1316 1.7474 0.9232
1.5 20.8946 0.1316 1.8327 0.9088
1.5 21.8896 0.1316 1.9200 0.8707
1.5 22.8590 0.1316 2.0050 0.8556
1.6 14.9913 0.1403 1.3149 0.7475
1.6 15.9730 0.1403 1.4010 0.8122
1.6 16.9524 0.1403 1.4869 0.7133
1.6 17.9496 0.1403 1.5744 0.9148
1.6 18.9258 0.1403 1.6600 0.7053
1.6 19.9218 0.1403 1.7474 0.7946




Table C.9 Slug average void fraction for 8 = 1.00.
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Ql,inlet Qg,inlet jl,inlet jg,inlet Void Fraction
(m?/h) (m?/h) (m/s) (m/s) (=)
1.7 13.0069 0.1491 1.1409 0.6100
1.7 13.9919 0.1491 1.2273 0.7810
1.7 14.9747 0.1491 1.3135 0.9157
1.7 15.9730 0.1491 1.4010 0.9114
1.7 16.9524 0.1491 1.4869 0.8143
1.7 17.9297 0.1491 1.5727 0.8777
1.7 18.9258 0.1491 1.6600 0.8909
1.7 19.8996 0.1491 1.7454 0.8922
1.7 20.8946 0.1491 1.8327 0.7251
1.8 12.0064 0.1579 1.0531 0.8374
1.8 12.9925 0.1579 1.1396 0.9077
1.8 13.9764 0.1579 1.2259 0.9116
1.8 14.9747 0.1579 1.3135 0.7671
1.8 15.9552 0.1579 1.3995 0.9193
1.8 16.9336 0.1579 1.4853 0.9371
1.8 17.9297 0.1579 1.5727 0.9358
1.9 10.0275 0.1666 0.8795 0.9186
1.9 11.0181 0.1666 0.9664 0.9130
1.9 12.0064 0.1666 1.0531 0.8922
1.9 13.0069 0.1666 1.1409 0.6884
1.9 13.9919 0.1666 1.2273 0.9113
1.9 14.9747 0.1666 1.3135 0.6874
1.9 15.9730 0.1666 1.4010 0.6694
1.9 16.9524 0.1666 1.4869 0.6812
1.9 17.9297 0.1666 1.5727 0.6355




Table C.9 Slug average void fraction for 8 = 1.00.
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Ql,inlet Qg,inlet jl,inlet jg,inlf:t Void Fraction

(m"/h) (m"*/h) (m/s) (m/s) (=)
2.0 9.0248 0.1754 0.7916 0.6871
2.0 10.0169 0.1754 0.8786 0.6939
2.0 11.0059 0.1754 0.9653 0.6192
2.0 12.0064 0.1754 1.0531 0.6466
2.0 12.9925 0.1754 1.1396 0.6166
2.0 13.9764 0.1754 1.2259 0.7731
2.0 14.9747 0.1754 1.3135 0.7652
2.0 15.9552 0.1754 1.3995 0.7179
2.1 8.0220 0.1842 0.7036 0.7186
2.1 9.0248 0.1842 0.7916 0.7451
2.1 10.0164 0.1842 0.8786 0.7743
2.1 11.0059 0.1842 0.9653 0.5751
2.1 12.0064 0.1842 1.0531 0.6285
2.1 13.0069 0.1842 1.1409 0.7349
2.1 13.9919 0.1842 1.2273 0.7783
2.1 14.9747 0.1842 1.3135 0.7634
2.1 15.9730 0.1842 1.4010 0.7645
2.1 16.9524 0.1842 1.4868 0.8320
2.1 17.9297 0.1842 1.5727 0.7530
2.1 18.9258 0.1842 1.6600 0.7313




Table C.9 Slug average void fraction for 8 = 1.00.
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Q1 intet Qg,intet T inlet Jginlet Void Fraction

mifn) | (mim) | mis | Gwjs) )
2.2 7.0348 0.1930 0.6170 0.8199
2.2 8.0398 0.1930 0.7052 0.8361
2.2 9.0248 0.1930 0.7916 0.7969
2.2 10.0164 0.1930 0.8786 0.8507
2.2 11.0059 0.1930 0.9653 0.7999
2.2 12.0064 0.1930 1.0531 0.7750
2.2 12.9925 0.1930 1.1396 0.8228
2.2 13.9764 0.1930 1.2259 0.8784
2.2 14.9747 0.1930 1.3135 0.8711
2.2 15.9552 0.1930 1.3995 0.8488
2.2 16.9524 0.1930 1.4869 0.8478
2.2 17.9297 0.1930 1.5727 0.7591
2.2 18.9258 0.1930 1.6600 0.8145
2.3 6.0432 0.2017 0.5301 0.6253
2.3 7.0426 0.2017 0.6177 0.5309
2.3 8.0398 0.2017 0.7052 0.4585
2.3 9.0348 0.2017 0.7925 0.5169
2.3 10.0275 0.2017 0.8795 0.7164
2.3 11.0181 0.2017 0.9664 0.5775
2.3 12.0064 0.2017 1.0531 0.5991
2.3 13.0069 0.2017 1.1409 0.6283
2.3 13.9919 0.2017 1.2273 0.6023
2.3 14.9747 0.2017 1.3135 0.6583
2.3 15.9730 0.2017 1.4010 0.6377
2.3 16.9713 0.2017 1.4886 0.6682




Table C.9 Slug average void fraction for 8 = 1.00.

232

Ql,inlet Qg,{inlet jl,inlet Jg.inlet Void Fraction

(m?/h) (m?*/h) (m/s) (m/s) (=)
2.4 5.0415 0.2105 0.4422 0.5009
2.4 6.0432 0.2105 0.5301 0.5746
2.4 7.0426 0.2105 0.6177 0.6776
24 8.0398 0.2105 0.7052 0.6031
2.4 9.0348 0.2105 0.7925 0.4502
2.4 10.0275 0.2105 0.8795 0.6020
2.4 11.0181 0.2105 0.9664 0.5899
2.4 12.0064 0.2105 1.0531 0.5855
2.4 13.0069 0.2105 1.1409 0.6356
2.4 13.9919 0.2105 1.2273 0.6923
2.4 14.9747 0.2105 1.3135 0.6447
2.4 15.9730 0.2105 1.4010 0.6496
2.5 4.0377 0.2192 0.3542 0.4602
2.5 5.0415 0.2192 0.4422 0.5999
2.5 6.0432 0.2192 0.5301 0.6141
2.5 7.0426 0.2192 0.6177 0.6171
2.5 8.0398 0.2192 0.7052 0.6765
2.5 9.0348 0.2192 0.7925 0.6642
2.5 10.0275 0.2192 0.8795 0.6905
2.5 11.0181 0.2192 0.9664 0.6137
2.5 12.0064 0.2192 1.0531 0.6125
2.5 13.0069 0.2192 1.1409 0.6063
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APPENDIX D

THE SLUG PROPAGATION VELOCITY

The slug propagation velocity is presented in this appendix in the form of a table.
The tables are arranged according to the orifice 8 ratio and the position of the
orifice with respect tio the elbow. The data for experiments carried out without

obstruction are also presented.

The first and the second columns of the tables, present the volumetric flow rates of
liquid and gas (m?®/h), respectively. The third and the fourth columns correspond
to the superficial velocities of liquid and gas (m/s), respectively. The last column

corresponds to the slug propagation velocity.



Table D.1 Slug propagation velocity for 3 = 0.66, Position 1.
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Ql,inlet Qg,inlet jl,'inlet jg,inlet VeIOCity

(m?/h) (m?/h) (m/s) (m/s) (m/s)
0.8 4.2081 0.0702 0.3691 0.7142
0.8 6.3036 0.0702 0.5529 0.6940
0.8 8.3979 0.0702 0.7366 0.7329
0.8 10.4820 0.0702 0.9194 0.7813
0.8 12.5684 0.0702 1.1024 0.6756
0.8 14.6525 0.0702 1.2852 0.6410
0.8 16.7320 0.0702 1.4676 0.6100
0.8 18.8092 0.0702 1.6498 0.5000
1.1 4.2081 0.0960 0.3691 0.6940
1.1 6.3081 0.0960 0.5533 0.7352
1.1 8.3979 0.0960 0.7366 0.7812
1.1 10.4888 0.0960 0.9200 0.7352
1.1 12.5775 0.0960 1.1032 0.7142
1.1 14.6627 0.0960 1.2861 0.6097
1.1 16.7445 0.0960 1.4687 0.7142
1.1 18.8241 0.0960 1.6511 0.5681
1.5 1.8983 0.1316 0.1665 0.7352
1.5 3.9983 0.1316 0.3507 0.7142
1.5 6.0972 0.1316 0.5348 0.7813
1.5 8.1881 0.1316 0.7182 0.8928
1.5 10.2791 0.1316 0.9016 0.6578
1.5 12.3586 0.1316 1.0840 0.6410
1.5 14.4427 0.1316 1.2668 0.6097
1.5 16.5199 0.1316 1.4430 0.6097
1.5 18.6006 0.1316 1.6315 0.6097




Table D.1 Slug propagation velocity for 8 = 0.66, Position 1.
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Ql,'inlet Qg,'i,nlet. jl,inlet jg,inlet VelOCity

(m?/h) (m?/h) (m/s) (m/s) (m/s)
1.8 2.5264 0.1579 0.2216 0.6756
1.8 4.6288 0.1579 0.4060 0.6940
1.8 6.7231 0.1579 0.5897 0.7813
1.8 8.8175 0.1579 0.7734 0.7813
1.8 10.9084 0.1579 0.9568 0.6250
1.8 12.9970 0.1579 1.1400 0.6410
2.1 2.1057 0.1842 0.1847 0.6940
2.1 4.2047 0.1842 0.3688 0.7142
2.1 6.3024 0.1842 0.5528 0.7813




Table D.2 Slug propagation velocity for 8 = 0.72, Position 1.
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Ql,inlet Qg,inlet jl,inlet jg,inlet VelOCity

(m?/h) (m?/h) (m/s) (m/s) (m/s)
0.4 11.4773 0.0350 1.0067 0.6140
0.4 13.5534 0.0350 1.1888 0.5932
0.4 15.6272 0.0350 1.3707 0.5932
0.4 17.6976 0.0350 1.5523 0.5556
0.4 19.7646 0.0350 1.7336 0.5147
0.4 21.8111 0.0350 1.9131 0.5224
0.4 23.8701 0.0350 2.0937 0.5224
0.4 25.9257 0.0350 2.2740 0.4605
0.4 27.9790 0.0350 2.4541 0.4605
0.5 10.4261 0.0440 0.9145 0.6604
0.5 12.5022 0.0440 1.0966 0.6250
0.5 14.5738 0.0440 1.2783 0.5932
0.5 16.6431 0.0440 1.4598 0.5833
0.5 18.7100 0.0440 1.6411 0.5738
0.5 20.7725 0.0440 1.8220 0.5303
0.5 22.8326 0.0440 2.0027 0.5224
0.5 24.8893 0.0440 2.1831 0.4795
0.5 26.9427 0.0440 2.3632 0.4605
0.5 28.9925 0.0440 2.5430 0.4375
0.8 11.4682 0.0702 1.0059 0.6481
0.8 13.5432 0.0702 1.1879 0.6250
0.8 15.6067 0.0702 1.3689 0.5738
0.8 17.6703 0.0702 1.5499 0.5303
0.8 19.7339 0.0702 1.7309 0.5147
0.8 21.7940 0.0702 1.9116 0.4930




Table D.2 Slug propagation velocity for 8 = 0.72, Position 1.
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Ql,inlet Qg,inlet jl,inlet jg,inlf:t VelOCity

(m?/h) (m?/h) (m/s) (m/s) (m/s)
1.1 3.1535 0.0960 0.2766 0.7292
1.1 5.2433 0.0960 0.4599 0.7292
1.1 9.3488 0.0960 0.8200 0.6604
1.1 11.4682 0.0960 1.0059 0.6481
1.1 13.5432 0.0960 1.1879 0.6481
1.1 15.6067 0.0960 1.3689 0.6140
1.1 17.6703 0.0960 1.5499 0.5385
1.1 19.7339 0.0960 1.7309 0.5224
1.5 2.7225 0.1316 0.2388 0.7292
1.5 4.8100 0.1316 0.4219 0.7292
1.5 8.9805 0.1316 0.7877 0.7292
1.5 11.0509 0.1316 0.9693 0.6731
1.5 13.1270 0.1316 1.1514 0.6481
1.5 15.1872 0.1316 1.3321 0.6364
1.5 17.2542 0.1316 1.5134 0.5833
1.5 19.3177 0.1316 1.6944 0.5303
1.8 1.6851 0.1579 0.1478 0.7955
1.8 3.7954 0.1579 0.3329 0.7292
1.8 5.8954 0.1579 0.5171 0.7955
1.8 7.9955 0.1579 0.7013 0.8750
1.8 10.0921 0.1579 0.8852 0.6731
1.8 12.1853 0.1579 1.0688 0.6604
1.8 14.2762 0.1579 1.2522 0.6140
1.8 16.3637 0.1579 1.4353 0.5469
1.8 18.4478 0.1579 1.6181 0.5556




Table D.2 Slug propagation velocity for 8 = 0.72, Position 1.
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Ql,inlet Qg,inle:t jl,inlet jg,inlet VelOCity

(m?/h) (m?/h) (m/s) (m/s) (m/s)
2.1 3.3929 0.1842 0.2976 0.7609
2.1 4.5307 0.1842 0.3974 0.7292
2.1 6.6331 0.1842 0.5818 0.8750
2.1 10.8275 0.1842 0.9497 0.6604
2.1 12.9207 0.1842 1.1333 0.6731
2.1 15.0105 0.1842 1.3166 0.6604




Table D.3 Slug propagation velocity for 8 = 0.77, Position 1.
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Ql,inlet Qg,'inlet jl,inlet jg,'inlet VelOCity

(m’/h) mijh) | (mjs) | (m]s) (m/s)
0.8 5.2205 0.0702 0.4579 0.5147
0.8 7.3080 0.0702 0.6410 0.4861
0.8 9.3830 0.0702 0.8230 0.5469
0.8 11.4602 0.0702 1.0052 0.7292
0.8 13.5329 0.0702 1.1870 0.6140
0.8 15.6033 0.0702 1.3686 0.6482
0.8 17.6703 0.0702 1.5499 0.6250
0.8 19.7190 0.0702 1.7296 0.5303
0.8 21.7769 0.0702 1.9101 0.5395
0.8 23.8325 0.0702 2.0904 0.5147
1.1 7.3091 0.0960 0.6411 0.6482
1.1 9.3909 0.0960 0.8237 0.6364
1.1 11.4682 0.0960 1.0059 0.6863
1.1 13.5226 0.0960 1.1861 0.6604
1.1 15.5919 0.0960 1.3676 0.6035
1.1 17.6566 0.0960 1.5487 0.5738
1.1 19.7190 0.0960 1.7296 0.5384
1.5 6.0562 0.1316 0.5312 0.7140
1.5 8.1323 0.1316 0.7133 0.7000
1.5 10.2095 0.1316 0.8955 0.6862
1.5 12.2845 0.1316 1.0775 0.7000
1.5 14.3549 0.1316 1.2591 0.6363
1.5 16.4230 0.1316 1.4405 0.6140
1.5 18.4877 0.1316 1.6216 0.5645
1.9 2.0886 0.1666 0.1832 0.8537
1.9 4.1670 0.1666 0.3655 0.8537
1.9 9.8185 0.1666 0.8612 0.6731
1.9 11.8752 0.1666 1.0416 0.6863
1.9 13.9376 0.1666 1.2225 0.6604




Table D.3 Slug propagation velocity for 8 = 0.77, Position 1.
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Ql,inlet Qg,«inlet jl,finlet jg,‘inlet VeIOCity

(m?/h) (m?/h) (m/s) (m/s) (m/s)
2.1 1.2210 0.1842 0.1071 0.7292
21 2.6040 0.1842 0.2284 0.7447
2.1 4.6846 0.1842 0.4109 0.7450
2.1 6.7562 0.1842 0.5926 0.7292
2.1 8.8289 0.1842 0.7744 0.7292
2.1 10.8970 0.1842 0.9558 0.6731
2.1 12.9526 0.1842 1.1361 0.6731
2.1 16.2212 0.1842 1.4228 0.6250
2.3 0.8391 0.2017 0.0736 0.7954
2.3 2.0932 0.2017 0.1836 0.7954
2.3 3.1387 0.2017 0.2753 0.7292
2.3 5.2205 0.2017 0.4579 0.7954
2.3 9.3830 0.2017 0.8230 0.6731
2.3 11.4602 0.2017 1.0052 0.6731
2.3 13.5329 0.2017 1.1870 0.6250




Table D.4 Slug propagation velocity for 8 = 0.83 Position 1.
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Ql,inlet Qg,inlet jl,inlet jg,inlet VelOCity

(m?/h) (m?/h) (m/s) (m/s) (m/s)
1.1 16.9212 0.0960 1.4842 0.8750
1.1 19.0224 0.0960 1.6685 0.7955
1.5 4.2263 0.1316 0.3707 0.7955
1.5 6.3309 0.1316 0.5553 0.7955
1.5 8.4344 0.1316 0.7398 0.7292
1.5 10.5356 0.1316 0.9241 0.7447
1.5 12.6242 0.1316 1.1073 0.7000
1.5 14.7174 0.1316 1.2909 0.6863
1.5 16.8072 0.1316 1.4742 0.6481
1.8 4.0188 0.1579 0.3525 0.7954
1.8 6.1246 0.1579 0.5372 0.8750
1.8 8.2246 0.1579 0.7214 0.7292
1.8 10.3178 0.1579 0.9050 0.6731
1.8 12.4145 0.1579 1.0889 0.6731
2.1 3.1717 0.1842 0.2782 0.7955
2.1 9.4833 0.1842 0.8318 0.7447
2.1 11.5719 0.1842 1.0150 0.7143
2.1 13.6663 0.1842 1.1987 0.6731
2.5 1.2723 0.2192 0.1116 0.8537
2.5 3.3815 0.2192 0.2966 0.7955
2.5 7.5919 0.2192 0.6659 0.7955
2.5 9.6931 0.2192 0.8502 0.7292
2.5 11.7920 0.2192 1.0343 0.7292
2.5 13.8875 0.2192 1.2181 0.6863




Table D.5 Slug propagation velocity for 8 = 0.66, Position 2.
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Ql,inlet Qg,inlet Jinlet Jg,inlet Velocity
(m?/h) (m?*/h) (m/s) (m/s) (m/s)
0.5 8.4036 0.0440 0.7371 0.7352
0.5 14.6741 0.0440 1.2871 0.6579
0.5 16.7445 0.0440 1.4687 0.5952
0.5 18.8241 0.0440 1.6511 0.5556
0.5 20.9002 0.0440 1.8332 0.5100
0.8 6.3081 0.0702 0.5533 0.6756
0.8 8.3979 0.0702 0.7366 0.6940
0.8 10.4968 0.0702 0.9207 0.6579
0.8 14.6627 0.0702 1.2861 0.5952
0.8 16.7445 0.0702 1.4687 0.6579
0.8 18.8241 0.0702 1.6511 0.5814
1.1 4.2081 0.0960 0.3691 0.7142
1.1 6.3036 0.0960 0.5529 0.6940
1.1 8.3979 0.0960 0.7366 0.6410
1.1 12.5775 0.0960 1.1032 0.6756
1.1 14.6525 0.0960 1.2852 0.6090
1.1 16.7320 0.0960 1.4676 0.6250
1.5 4.2081 0.1316 0.3691 0.7142
1.5 6.3036 0.1316 0.5529 0.6579
1.5 8.3979 0.1316 0.7366 0.6756
1.5 12.5684 0.1316 1.1024 0.7142
1.5 14.6525 0.1316 1.2852 0.6410
1.5 16.7320 0.1316 1.4676 0.6250




Table D.5 Slug propagation velocity for 8 = 0.66, Position 2.
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Q1 inlet Qg intet Ji,intet Jg,inlet Velocity

(m?/h) (m?/h) (m/s) (m/s) (m/s)
2.1 4.2081 0.1842 0.3691 0.7813
2.1 5.2570 0.1842 0.4611 0.6940
2.1 6.3024 0.1842 0.5528 0.7352
2.1 7.3479 0.1842 0.6445 0.7142




Table D.6 Slug propagation velocity for 8 = 0.72, Position 2.
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Q1 inlet Qg inlet Jiinlet Jg,inlet Velocity
mifh) | Geim) | s | Gmis) | (mfs)
0.8 6.3731 0.0702 0.5590 0.6731
0.8 14.8166 0.0702 1.2996 0.6731
0.8 16.9212 0.0702 1.4842 0.6140
0.8 19.0224 0.0702 1.6685 0.5833
0.8 21.1202 0.0702 1.8525 0.5556
1.1 14.7186 0.0960 1.2910 0.7292
1.1 16.8084 0.0960 1.4743 0.6250
1.1 18.8947 0.0960 1.6573 0.7292
1.5 5.2171 0.1316 0.4576 0.7000
1.5 9.3761 0.1316 0.8224 0.6731
1.5 11.4511 0.1316 1.0044 0.7000
1.5 13.5226 0.1316 1.1861 0.6481
1.5 15.5919 0.1316 1.3676 0.5932
1.5 17.6566 0.1316 1.5487 0.5385
1.8 4.2240 0.1579 0.3705 0.7778
1.8 6.3264 0.1579 0.5549 0.7292
1.8 8.4287 0.1579 0.7393 0.7292
1.8 10.5276 0.1579 0.9235 0.6731
1.8 12.6254 0.1579 1.1074 0.6731
1.8 16.8084 0.1579 1.4743 0.6481
1.8 18.8947 0.1579 1.6573 0.6034
2.1 3.1375 0.1842 0.2752 0.7778
2.1 5.2171 0.1842 0.4576 0.7292
2.1 7.2122 0.1842 0.6327 0.6863




Table D.7 Slug propagation velocity for 8 = 0.77, Position 2.
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Ql,'inlet Qg,inlet jl,inlet jg,'inlet VelOCity

(m?/h) (m?*/h) (m/s) (m/s) (m/s)
0.8 11.5297 0.0702 1.0113 0.7447
0.8 13.6059 0.0702 1.1934 0.6604
0.8 15.6865 0.0702 1.3759 0.6035
1.1 9.4400 0.0960 0.8280 0.7447
1.1 11.5297 0.0960 1.0113 0.6731
1.1 13.6024 0.0960 1.1931 0.6604
1.1 15.6865 0.0960 1.3759 0.6364
1.1 17.7649 0.0960 1.5582 0.6035
1.5 3.1603 0.1316 0.2772 0.7609
1.5 5.2604 0.1316 0.4614 0.7609
1.5 7.3536 0.1316 0.6450 0.7143
1.5 9.4400 0.1316 0.8280 0.6863
1.5 11.5297 0.1316 1.0113 0.7143
1.5 13.6059 0.1316 1.1934 0.7000
1.8 11.5297 0.1579 0.9234 0.7292
1.8 13.6161 0.1579 1.1074 0.7292
1.8 14.7186 0.1579 1.2910 0.6731
1.8 16.8084 0.1579 1.4743 0.7292
1.8 18.8446 0.1579 1.6573 0.6731
2.1 3.1558 0.1842 0.2768 0.7778
2.1 5.2524 0.1842 0.4607 0.7609
2.1 7.3479 0.1842 0.6445 0.7292
2.1 9.4400 0.1842 0.8280 0.7292
2.1 11.5297 0.1842 1.0113 0.7000
2.1 13.6161 0.1842 1.1943 0.6482
2.1 15.6979 0.1842 1.3769 0.7000
2.1 17.7786 0.1842 1.5594 0.6250
2.5 7.2521 0.2192 0.6361 0.7000
2.5 9.3237 0.2192 0.8178 0.8140




Table D.8 Slug propagation velocity for 8 = 0.83, Position 2.
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Ql,«inlet Qg,inlet jl,inlet jg,inlet VeIOCity
mi/h) | k) | (mfs) | (m)s) (m/s)
1.1 9.3089 0.0960 0.8165 0.6969
1.1 11.1604 0.0960 0.9789 0.6559
1.1 16.6305 0.0960 1.4587 0.5868
1.1 17.4297 0.0960 1.5288 0.5868
1.5 3.7486 0.1316 0.3288 0.8577
1.5 5.6013 0.1316 0.4913 0.7433
1.5 7.4539 0.1316 0.6538 0.6969
1.5 9.2826 0.1316 0.8142 0.6559
1.5 11.1296 0.1316 0.9762 0.61944
1.5 12.9720 0.1316 1.1378 0.5868
1.8 4.9081 0.1579 0.4305 0.7433
1.8 6.8485 0.1579 0.6007 0.7433
1.8 8.7844 0.1579 0.7705 0.6969
1.8 10.7123 0.1579 0.9396 0.6559
1.8 12.6174 0.1579 1.1067 0.6194
2.1 6.8483 0.1842 0.6007 0.7433
2.1 8.7850 0.1842 0.7705 0.6969
2.1 10.7128 0.1842 0.9396 0.6559
2.1 12.6172 0.1842 1.1067 0.1556
2.5 2.9517 0.2192 0.2589 0.7433
2.5 4.9024 0.2192 0.4300 0.7433
2.5 7.8085 0.2192 0.6844 0.7964




Table D.9 Slug propagation velocity, for 5 = 1.00.
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Ql,i'nlet Qg,‘inlet jl,inlet jg,inlet VeIOCity
(m’/h) (m?/h) (m/s) (m/s) (m/s)
1.2 21.9140 0.1053 1.9221 0.8538
1.2 23.9062 0.1053 2.0969 0.8687
1.3 20.9413 0.1140 1.8368 0.9189
1.3 22.8896 0.1140 2.0073 0.9242
1.3 24.8468 0.1140 2.1794 0.8755
1.4 19.9441 0.1228 1.7493 0.7854
1.4 20.9179 0.1228 1.8348 0.8647
1.4 21.8896 0.1228 1.9200 0.7240
1.4 22.8590 0.1228 2.0050 0.9293
1.4 23.8529 0.1228 2.0922 0.8647
1.4 24.8190 0.1228 2.1769 0.8983
1.5 17.9696 0.1316 1.5762 0.9360
1.5 18.9468 0.1316 1.6619 0.9279
1.5 19.9218 0.1316 1.7474 0.9232
1.5 20.8946 0.1316 1.8327 0.9088
1.5 21.8896 0.1316 1.9200 0.8707
1.5 22.8590 0.1316 2.0050 0.8556
1.6 14.9913 0.1403 1.3149 0.7475
1.6 15.9730 0.1403 1.4010 0.8122
1.6 16.9524 0.1403 1.4869 0.7133
1.6 17.9496 0.1403 1.5744 0.9148
1.6 18.9258 0.1403 1.6600 0.7053
1.6 19.9218 0.1403 1.7474 0.7946




Table D.9 Slug propagation velocity, for 8 = 1.00.
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Ql,inlet Qg,inlet jl,inlet jg,inlet Velocity
(m?/h) (m?/h) (m/s) (m/s) (m/s)
1.7 13.0069 0.1491 1.1409 0.6100
1.7 13.9919 0.1491 1.2273 0.7810
1.7 14.9747 0.1491 1.3135 0.9157
1.7 15.9730 0.1491 1.4010 0.9114
1.7 16.9524 0.1491 1.4869 0.8143
1.7 17.9297 0.1491 1.5727 0.8777
1.7 18.9258 0.1491 1.6600 0.8909
1.7 19.8996 0.1491 1.7454 0.8922
1.7 20.8946 0.1491 1.8327 0.7251
1.8 12.0064 -0.1579 1.0531 0.8374
1.8 12.9925 0.1579 1.1396 0.9077
1.8 13.9764 0.1579 1.2259 0.9116
1.8 14.9747 0.1579 1.3135 0.7671
1.8 15.9552 0.1579 1.3995 0.9193
1.8 16.9336 0.1579 1.4853 0.9371
1.8 17.9297 0.1579 1.5727 0.9358
1.9 10.0275 0.1666 0.8795 0.9186
1.9 11.0181 0.1666 0.9664 0.9130
1.9 12.0064 0.1666 1.0331 0.8922
1.9 13.0069 0.1666 1.1409 0.6884
1.9 13.9919 0.1666 1.2273 0.9113
1.9 14.9747 0.1666 1.3135 0.6874
1.9 15.9730 0.1666 1.4010 0.6694
1.9 16.9524 0.1666 1.4869 0.6812
1.9 17.9297 0.1666 1.5727 0.6355




Table D.9 Slug propagation velocity, for 8 = 1.00.
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Ql,inlet Qg,inlet jl,inlet jg,'inlet VelOCity

(m?/h) (m?/h) (m/s) (m/s) (m/s)
2.0 9.0248 0.1754 0.7916 0.6871
2.0 10.0169 0.1754 0.8786 0.6939
2.0 11.0059 0.1754 0.9653 0.6192
2.0 12.0064 0.1754 1.0531 0.6466
2.0 12.9925 0.1754 1.1396 0.6166
2.0 13.9764 0.1754 1.2259 0.7731
2.0 14.9747 0.1754 1.3135 0.7652
2.0 15.9552 0.1754 1.3995 0.7179
2.1 8.0220 0.1842 0.7036 0.7743
2.1 11.0059 0.1842 0.9653 0.5751
2.1 12.0064 0.1842 1.0531 0.6285
2.1 13.0069 0.1842 1.1409 0.7349
2.1 13.9919 0.1842 1.2273 0.7783
2.1 14.9747 0.1842 1.3135 0.7634
2.1 15.9730 0.1842 1.4010 0.7645
2.1 16.9524 0.1842 1.4868 0.8320
2.1 17.9297 0.1842 1.5727 0.7530
2.1 18.9258 0.1842 1.6600 0.7313
2.2 7.0348 0.1930 0.6170 0.8199
2.2 8.0398 0.1930 0.7052 0.8361
2.2 9.0248 0.1930 0.7916 0.7969
2.2 10.0164 0.1930 0.8786 0.8507
2.2 11.0059 0.1930 0.9653 0.7999
2.2 12.0064 0.1930 1.0531 0.7750
2.2 12.9925 0.1930 1.1396 0.8228
2.2 13.9764 0.1930 1.2259 0.8784
2.2 14.9747 0.1930 1.3135 0.8711
2.2 15.9552 0.1930 1.3995 0.8483
2.2 16.9524 0.1930 1.4869 0.8478
2.2 17.9297 0.1930 1.5727 0.7591
2.2 18.9258 0.1930 1.6600 0.8145




Table D.9 Slug propagation velocity, for 8 = 1.00.
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Ql,inlet Qg,inlet jl,inlet jg,inlet VelOCity

(m?/h) (m?/h) (m/s) (m/s) (m/s)
2.3 6.0432 0.2017 0.5301 0.0570
2.3 7.0426 0.2017 0.6177 0.2450
2.3 8.0398 0.2017 0.7052 0.1059
2.3 9.0348 0.2017 0.7925 0.0970
2.3 10.0275 0.2017 0.8795 0.2197
2.3 11.0181 0.2017 0.9664 0.0590
2.3 12.0064 0.2017 1.0531 0.0490
2.3 13.0069 0.2017 1.1409 0.0490
2.3 13.9919 0.2017 1.2273 0.0490
2.3 14.9747 0.2017 1.3135 0.1370
2.3 15.9730 0.2017 1.4010 0.5200
2.3 16.9713 0.2017 1.4886 0.6250
24 5.0415 0.2105 0.4422 0.0490
24 6.0432 0.2105 0.5301 0.0508
24 7.0426 0.2105 0.6177 0.2083
24 8.0398 0.2105 0.7052 0.1580
24 9.0348 0.2105 0.7925 0.1580
24 10.0275 0.2105 0.8795 0.0570
2.4 11.0181 0.2105 0.9664 0.1290
24 12.0064 0.2105 1.0531 0.0690
24 13.0069 0.2105 1.1409 0.0540
2.4 13.9919 0.2105 1.2273 0.5890
24 14.9747 0.2105 1.3135 0.0496
2.4 15.9730 0.2105 1.4010 0.0650




Table D.9 Slug propagation velocity, for 8 = 1.00.
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Ql,inlet Qg,inlet jl,inlet jg,inlet VeIOCity

(m*/h) (m*/h) (m}s) (m/s) (m/s)
2.5 4.0377 0.2192 0.3542 0.0600
2.5 5.0415 0.2192 0.4422 0.0600
2.5 6.0432 0.2192 0.5301 0.0950
2.5 7.0426 0.2192 0.6177 0.1812
2.5 8.0398 0.2192 0.7052 0.1780
2.5 9.0348 0.2192 0.7925 0.0580
2.5 10.0275 0.2192 0.8795 0.1490
2.5 11.0181 0.2192 0.9664 0.0880
2.5 12.0064 0.2192 1.0531 0.0650
2.5 13.0069 0.2192 1.1409 0.1100
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APPENDIX E

MATLAB PROGRAMS FOR THE
WAVE AMPLITUDE DETECTION

The Matlab program presented here is able to read photos from existing TIFF
sequential files and returns the edges of the water free surface as a function of
the axial position. The main Matlab program includes two sub-programs; one of
which is the Matlab macro for the edge detection (edgedetec.m), and the other
one is to obtain smooth egdes (photo.m). The main Matlab program is presented
first with typical input and output file names; the subprogram photo.m is also
included in this appendix. Since edgedetec.m is a Matlab macro and can be found

anywhere, it is not given in this appendix.



MAIN PROGRAM

clear all
=1

for d=1:9
s=[‘ql11qg12000’ int2str(d) ‘.tif’];
img=imread(s);
K = rgb2gray(img);
BW=edgedetec(K,‘sobel’,0.04);
[dist,y]=photo(BW);
t=[‘q11’ int2str(j) ‘.txt’];
fid=fopen(t,'w’);
z=[dist;y];
fprintf(fid,*
fclose(fid);
=i+

end

for d=10:99
s=[‘ql11qgl200’ int2str(d) *.tif’];
img=imread(s);
K = rgh2gray (img);
BW=edgedetec(K,‘sobel’,0.04);
[dist,y]=photo(BW);
t=[‘q11’ int2str(j) ‘.txt’];
fid=fopen(t,'w’);
z=|[dist;y];
fprintf(fid,
fclose(fid);
=it

end
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for d=100:999
s=[‘al11qgl20’ int2str(d) ‘.tif’];
img=imread(s);
K = rgh2gray(img);
BW=edgedetec(K,‘sobel’,0.04);
[dist,y]=photo(BW);
t=['qll’ int2str(j) .txt’];
fid=fopen(t,W’);
z=[dist;y];
fprintf(fid,*
fclose(fid);
J=i+L

end

for d=1000:4952;
s=[‘qll1qgl?2’ int2str(d) “.tif’];
img=imread(s);
K = rgb2gray(img);
BW=edgedetec(K, ‘sobel’,0.04);
[dist,y]=photo(BW);
t=[‘ql1’ int2str(j) ‘.txt’];
fid=fopen(t,‘w’);
z=|[dist;y];
fprintf(fid,*
fclose(fid);
=it

end
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MATLAB SUBPROGRAM RETURNS SMOOTH EDGES

function [dist,amp]=photo(BW)

img=BW,
if isa(img, ‘unit8’) | isa(img,‘unit16’)
img=im2double(img);

end

asizevert=size(img,1);
asizehor=size(img,2);

imgdouble=double(img);

al=142.31597;
a2=170.31597;
b=-0.0036039012;

for i=1:asizehor

fl=al+b*i;
f2=a2+b*i;
f3=round(f1);
f4A=round(f2);

sum=0;
count=0;

for rows=£3:f4;
if imgdouble(rows,i) == 1
sum=sum-+rows;
count=count+1;
end
end

if count ==
average =f4;
else
average=sum/count;
end



256
totaver(i)=0.0635*(f4-average)/ (f4-f3);
end

pi=3.1415927;

£=0.05;
coefl=1+0.7*(2*pi*f*1)+((2*pi*f*1)?) /4;
coef2=2*((2*pi*f*1)? /4-1);
coef3=1-0.7*(2*pi*f*1)+((2*pi*f*1)?) /4;
coefd=((2*pi*f*1)?)/4;

output(1)=totaver(1);
output(2)=totaver(2);

for i=3:asizehor
output(i)=(1/coefl)*(coefd*(totaver(i)+2*totaver(i-1)+totaver(i-2))-...

coef2*output(i-1)-coef3*output(i-2));
end vskip -0.05cm i=17:300;

j=1:284;
dist=0.002258*(j-1);

amp=output(i);

return
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APPENDIX F

FORTRAN PROGRAMS FOR
THE SOLITON INTERACTION

A Fortran program is written to predict the interaction of two trains of soliton and
to visualize the formation of slugs. Here, the main program and the subroutines

are included.
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MAIN PROGRAM

PROGRAM Solitoninteraction

IMPLICIT NONE

CHARACTER*T position

INTEGER .. beta,qlinlet,p,nnew,m,nstart,nend,delinc,n1,n2,i

INTEGER, PARAMETER :: temp=1500,nm=>50

REAL .o delx,coef,averl,aver2,x,d,wl,w2,w3,z14,z15, &
z16,2z1,22,23,24,25,26,2111,2222,2333,z1a,z2a, &
z3a,z4a,zda,z6a,z12,z13

REAL(4),DIMENSION (temp):: hin,h,y1,y2
REAL,DIMENSION(temp) :: etl,et2,et3
REAL,DIMENSION(nm) : timel

DOUBLE PRECISION,DIMENSION (temp) :: w,et,wnew,etnew,es,z
DOUBLE PRECISION,DIMENSION (nm,temp) :: printw,printet
DOUBLE PRECISION,DIMENSION (temp,temp) :: l,u

CALL clearl (position,beta,qlinlet,nl,n2nnew,hin h,y1,y2,el,ela,
e2,e2a,ed,etl,et2,et3,ql,z,qla,q2,q2a,q2b,w,et,
wnew,etnew es,timei,printw,printet,l,u)

CALL clear2 (averl,aver2,x,d,wl,w2,w3,z14,215,216,z1,22,23,z4,25,
26,2111,2222,2333,z1a,22a,23a,z4a,25a,26a,212,213)

CALL entree(position,coef,delx,beta,qlinlet)

CALL decision (position,nnew,n1,n2,m nstart,nend,delinc)
CALL filein(y1,y2,hin,h)

CALL initialboundary(nnew,hin,h,averl,aver2,w,et)

CALL solution(nnew,m,nstart,nend,delinc,w,et,printw,printet,p,timei)
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CLOSE(1)
CLOSE(2)

CALL writeinfile(position,beta,qlinlet,p)
CLOSE(3)
CALL fileop(delx,p,printw,printet, timei,nnew)

END
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SUBPROGRAMS

SUBROUTINE clearl (position,beta,qlinlet,n1,n2 nnew,hinh,y1,y2,el ela,
e2,e2a,e3,etl,et2,et3,q1,z,qla,q2,q2a,q92b,w,et,
wnew,etnew,es,timei, printw,printet,l,u) IMPLICIT NONE

CHARACTER*7 position

INTEGER .. beta,qlinlet,nnew,nl,n2,i,j
INTEGER, PARAMETER :: temp=1500,nm=>50

REAL(4),DIMENSION(temp):: hin,h,y1,y2
REAL,DIMENSION(temp) :: etl,et2,et3
REAL,DIMENSION (nm) : timei

DOUBLE PRECISION,DIMENSION (temp) . w,et,wnew,etnew,es,z
DOUBLE PRECISION,DIMENSION (nm,temp) :: printw,printet
DOUBLE PRECISION,DIMENSION (temp,temp) :: 1,u

position="’
beta=0
glinlet=0
nl=0
n2=0
nnew=>0

DO i=1,temp
hin(i)=0.0
h(i)=0.0
y1(1)=0.0
¥2(1)=0.0
et1(i)=0.0
et2(1)=0.0
et3(i)=0.0
2(1)=0.0
w(i)=0.0
et(1)=0.0
wnew(1)=0.0
etnew(i)=0.0



es(i)=0.0
ENDDO

DO i=1,nm
timei(i)=0.0
ENDDO

DO i=1,nm
DO j=1,temp
printw(i,j)=0.0
printet(i,j)=0.0
ENDDO
ENDDO

DO i=1,temp
DO j=1,temp
1(1,j)=0.0
u(i,j)=0.0
ENDDO
ENDDO

END SUBROUTINE
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SUBROUTINE clear2 (averl,aver2,x,d,wl,w2,w3,z14,2z15,216,z1,22,23,24,25,
26,2111,2222,2333,z1a,z2a,2z3a,z4a,z5a,26a,212,213)

IMPLICIT NONE

REAL :: averl, aver2,x,d,wl,w2,w3,z14,215,216,21,22,23,24,25,26, &
z111,2z222,2333,z1a,z2a,z3a,z4a,z5a,z6a,212,213

aver1=0.0
aver2=0.0
x=0.0
d=0.0
w1=0.0
w2=0.0
w3=0.0
z14=0.0
z15=0.0
z16=0.0
z1=0.0
z2=0.0
z3=0.0
z4=0.0
z5=0.0
z6=0.0
z111=0.0
z222=0.0
z333=0.0
z1a=0.0
z2a=0.0
z3a=0.0
z4a=0.0
z5a=0.0
z6a=0.0
z12=0.0
z13=0.0

END SUBROUTINE



SUBROUTINE entree (position,coef,delx,beta,qlinlet)

IMPLICIT NONE
CHARACTERX*T7 position
INTEGER :: beta,glinlet
REAL . delx, coef

WRITE(*,*) ‘Please Enter the Position;(posl,pos2,sobt)’

READ*, position

WRITE(*,*) ‘Please Enter the reflection coefficient’

READ*, coef

WRITE(*,*) ‘Please Enter the deltax (changes due to the photo)’
READ*, delx

WRITE(*,*) ‘Please Enter the beta ratio (66;72;77;83;10)’
READ#*, beta

WRITE(*,*) ‘Please Enter the inlet liquid flow rate(8;11;15;18;21)’
READ#*, glinlet

END SUBROUTINE
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SUBROUTINE decision (position,nnew,nl,n2,m,nstart,nend,delinc)

IMPLICIT NONE
CHARACTER*7 position

INTEGER :: delinc,n1,n2,m nnew nstart,nend

INTEGER,PARAMETER :: npholposl=212,npho2pos1=212,npos1=487, &
m1=20000,nstart1=15000,nend1=18000

INTEGER,PARAMETER :: npholpos2=292 npho2pos2=292,npos2=972, &
m2=50000,nstart2=29000,nend 2=33000

INTEGER,PARAMETER :: npholsobt=292,npho2sobt=292,nsobt=1459, &
m3=100000,nstart3=58000,nend3=61000 )

IF (position == ‘posl’.or. position == ‘pos2’.or. &

position == ‘sobt’) THEN

SELECT CASE (position)

CASE(‘posl’)
nnew=nposl
nl=npholposl
n2=npho2posl
m=ml
nstart=nstartl
nend=nend1
delinc=100

CASE(‘pos2’)
nnew=npos2
nl=npholpos2
n2=npho2pos2
m=m2
nstart=nstart2
nend=nend2
delinc=100

CASE(‘sobt’)
nnew=nsobt
nl=npholsobt
n2=npho2sobt
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m=m3
nstart=nstart3
nend=nend3
delinc=100

END SELECT

ENDIF

END SUBROUTINE
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SUBROUTINE filein(y1,y2,hin,h,averl,aver2,n1,n2,nnew)

IMPLICIT NONE

INTEGER o 1,nl,n2 nnew
REAL :: averl,aver2
REAL,DIMENSION (nnew) :: y1,hin,y2,h
CHARACTER inf1*15

CHARACTER inf2*15

WRITE(*,*) ’Please Enter the Input Filename’
READ(*,3000) infl
WRITE(*,*) ’Please Enter the Input Filename’
READ(*,3000) inf2

3000 format(alb)

OPEN(1,flle=inf1)
OPEN (2,file=inf2)

DO i=1nl
READ(1,5) y1(i),hin(i)
ENDDO

5 FORMAT (£7.5,17x,6.4)
averl=hin(1)

DO i=2nl
averl=AMIN1(averl,hin(i))
ENDDO

DO i=nl+1,nnew
hin(i)=averl

ENDDO

DO i=1n2
READ(2,5) y2(i),h(i)
ENDDO

aver2=h(1)



DO i=2,n2
aver2=AMAX1 (aver2,h(i))
ENDDO

DO i=n2+1 nnew
h(i)=averl
ENDDO

END SUBROUTINE
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SUBROUTINE initialboundary(nnew,hin,h,averl,aver2,w,et,coef)

IMPLICIT NONE

INTEGER o L,k,nnew

REAL .2 averl,aver2,d,wl,w2,w3,coef
REAL,DIMENSION(nnew) :: y1,hin,y2,hetl,et2et3
REAL,PARAMETER o dx=0.5

DOUBLE PRECISION,DIMENSION (nnew) :: w,et
CHARACTER infl1*15

CHARACTER inf2*15

d=1./(3.*dx*dx)

DO i=1,nnew
etl(i)=(hin(i)-averl)/averl
ENDDO

k=0

DO i=nnew,1,-1

k=k+1
et2(k)=coef*(hin(i)-averl)/averl

ENDDO

DO i=1nnew
et3(i)=(h(i)-aver2)/aver2
ENDDO

DO i=1nnew
wl=etl(i)-(1/4.)%et1(i)**2
w2=-(et2(i)-(1/4.)*et2(i)**2)
w3=-et3(i)
w(i)=wl+w2+w3
et(i)=etl(i)+et2(i)+et3(i)

ENDDO

END SUBROUTINE
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SUBROUTINE solution(nnew,m,nstart,nend,delinc,w,et,printw,printet,p, timei)

IMPLICIT NONE

INTEGER :: 1,j,k,p,ip,delinc,m,nnew,nstart,nend
INTEGER, PARAMETER :: r=0,nm=50,tempo=1500
REAL .2 averl,aver2,d,wl,w2,w3,coef,x,d,wl,w2,w3,

z14,215,216,z1,22,23,24,25,26,2111,2222,2333,
zla,z2a,z3a,z4a,zba,z6a,212,z13
REAL,DIMENSION (nnew) :: etl,et2,et3
REAL,DIMENSION(nm) :: timei

REAL,PARAMETER . dx=0.5,dt=0.004,rad=0.03175,gr=9.81
delt=0.0000333

DOUBLE PRECISION,DIMENSION (nnew) :» w,et,wnew,etnew,es,z

DOUBLE PRECISION, DIMENSION (nm,nnew) :: printw,printet

DOUBLE PRECISION, DIMENSION(tempo,tempo) :: 1,u

CHARACTER inf1*15
CHARACTER inf2*15

d=l-/(3.*dx*dX) ‘ e —
! time step increment

es(1)=(et(1)+(-0.5*(dt/dx)*w(1))* (4. *et(2)-et(3)-3.*et(1))+ &
(-0.5%(dt/dx)*(1.+0.5%et(1)))* (4.*w(2)-w(3)-3.*w(1)))/ &
(1.40.25% (dt /dx)* (4. *w(2)-w(3)-3.¥w(1)))

es(nnew)=(et(nnew)+(-0.5*(dt/dx)*w(nnew))* &
(3.*et(nnew)-4.*et(nnew-1)+et(nnew-2))+ &
(-0.5*%(dt/dx)*(1.40.5%et(nnew))) * &
(3.*w(nnew)-4.*w(nnew-1)+w(nnew-2)))/ &
(1.40.25*%(dt/dx)*(3.*w(nnew)-4.*w(nnew-1)+w(nnew-2)))

DO i=2nnew-1
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es(i)=(et(1)+(-0.5*(dt/dx)*w(i))*(et(i+1)-et(i-1))+ &
(-0.5%(dt/dx)*(1.40.5%et (1)) *(w(i+1)-w(i-1)))/ &
(1.40.25*%(dt /dx )* (w(i+1)-w(i-1)))

ENDDO

' LU composition

1(1,1)=0.5%(1.42./(3.*dx*dx)-0.5%(dt /dx)*w(1))
u(1,2)=0.5%(-2./(3.*dx*dx)+0.5*%(dt/dx)*w(1)) /1(1,1)

DO i=2nnew-1
1(1,i-1)=(-d-0.25*(dt /dx)*w(i))
1(1,1)=(2.*d+1.)-1(1,i-1) *u(i-1,1)
u(i,i+1)=(-d+0.25*(dt/dx)*w(i))/1(i,i)
ENDDO

l(nnew,nnew-1)=-d-0.25*(dt/dx)*w(nnew)
l(nnew,nnew)=d+0.5+0.25*(dt/dx)*w(nnew)- &
l(nnew,nnew-1)*u(nnew-1,nnew)

! RHS of the matrix and multiplication of the inverse of the lower part of
! the matrix (obtaining z)

z1=(1.-1./(3.*dx*dx)+0.75* (dt /dx)*w(1))*w(1)
z2=(2./(3.*dx*dx)-(dt/dx)*w(1))*w(2)
z3=(-1./(3.*dx*dx)+0.25*(dt/dx)*w(1))*w(3)
z4=0.75*(dt/dx)*et(1)+0.75%(dt/dx)*es(1)
z5=(dt/dx)*et(2)+(dt/dx)*es(2)
26=0.25%(dt/dx)*et(3)+0.25%(dt/dx)*es(3)
z111=0.5*(z1+2z2+23+24-25+26)
z(1)=z111/1(1,1)

DO i=2nnew-1
z12=(1.42./(3.*dx*dx))*w(i)
z13=(-1./(3.*dx*dx)+0.25*(dt/dx)*w(i))*w(i-1)
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z14=(-1./(3.*dx*dx)-0.25*(dt/dx)*w(i))*w(i+1)
z15= 0.25%(dt/dx)*et(i-1)+0.25*(dt/dx)*es(i-1)
z16= 0.25*(dt/dx)*et(i+1)+0.25%(dt/dx)*es(i+1)
2222=212+213+214+215-z16
z(1)=(2222-1(i,i-1)*z(i-1)) /1(i,1)

ENDDO

zla=(1.-1./(3.*dx*dx)-0.75*(dt/dx)*w(nnew))*w(nnew)
z2a=(2./(3.*dx*dx)+(dt/dx)*w(nnew))*w(nnew-1)
z3a=(-1./(3.*dx*dx)-0.25%(dt/dx)*w(nnew))*w(nnew-2)
z4a=0.75*(dt/dx)*et(nnew)+0.75*(dt /dx)*es(nnew)
zba=(dt/dx)*et(nnew-1)+(dt/dx)*es(nnew-1)
z6a=0.25%(dt/dx)*et(nnew-2)+0.25*(dt/dx)*es(nnew-2)
z333=0.5% (zla+z2a+z3a-z4a+z5a-z6a)
z(nnew)=(2333-1(nnew,nnew-1)*z(nnew-1))/l(nnew,nnew)

! Back Substitution

DO i=nnew-1,1,-1
wnew (i)=z(i)-u(i,i+1)*wnew(i+1)
ENDDO

etnew(1)=et(1)+(-0.25*(dt/dx)*(w(1)+wnew(1)))* &
(4.*%et(2)-et(3)-3.*et(1))+(-0.25%(dt/dx)*(1.4et(1)))* &
((4.*w(2)-w(3)-3.*w(1))+(4.*wnew(2)-wnew(3)-3.*wnew(1)))

etnew(nnew)=et(nnew)+(-0.25%(dt/dx)*(w(nnew)+wnew(nnew)))* &
(3.*et(nnew)-4.*et(nnew-1)+et(nnew-2))+ &



(-0.25%(dt/dx)*(1.+et(nnew)))* &
((3.*w(nnew)-4.*w(nnew-1)+w(nnew-2))+ &
(3. *wnew(nnew)-4.*wnew(nnew-1)-+wnew(nnew-2)))

DO i=2nnew-1
etnew(i)=et(i)+(-0.25%(dt/dx)*(w(i)+wnew(i)))* &
(et(i+1)-et(i-1))+(-0.25%(dt/dx)*(1.+et(1)))* &
((w(i+1)-w(i-1))+(wnew(i+1)-wnew(i-1)))
ENDDO

IF (j > = nstart .and. j <= nend) THEN
IF (mod(j,delinc) == r) THEN
p=p+1
timei(p)=(j-1)*delt
DO i=1,nnew
printw(p,i)=wnew (i)
printet(p,i)=etnew(i)
ENDDO
ENDIF

ENDIF

DO i=1,nnew
w(i)=wnew(i)
et(i)=etnew(i)

ENDDO

ENDDO

END SUBROUTINE
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SUBROUTINE writeinfile(position,beta,qlinlet,p)

IMPLICIT NONE

CHARACTER*12 inf,ext
CHARACTER*7 position

INTEGER :: beta,qlinlet,p,i
OPEN (UNIT=3,FILE="filelst.txt’,STATUS="‘unknown’)

[F (position == ‘pos1’.OR. position == ‘pos2’.OR. &
position == ‘sobt’) THEN

SELECT CASE (position)
CASE(‘posl’)

SELECT CASE (int(beta))
CASE (66)
SELECT CASE (int(qlinlet))
CASE(8)
inf="‘q1-08b66’
CASE(11)
inf=°‘q11b661’
CASE(15)
inf=‘q15b661’
CASE(18)
inf=‘q18b661’
CASE(21)
inf=‘q21b661’
END SELECT
CASE (72)
SELECT CASE (int(qlinlet))
CASE(8)
inf="‘q08b721’
CASE(11)
inf=‘q11b721’
CASE(15)
inf="‘q15b721’
CASE(18)
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inf=‘q18b721’
CASE(21)
inf=q21b721’
END SELECT
CASE (77)
SELECT CASE (int(qlinlet))
CASE(8)
inf="‘q08b771’
CASE(11)
inf=‘q11b771’
CASE(15)
inf=°‘q15b771’
CASE(18)
inf=‘q18b771’
CASE(21)
inf="‘q21b771’
END SELECT
CASE (83)
SELECT CASE (int(qlinlet))
CASE(8)
inf=‘q08b831’
CASE(11)
inf=‘q11b831’
CASE(15)
inf=‘q15b831’
CASE(18)
inf=‘q18b831’
CASE(21)
inf=‘q21b831’
END SELECT
END SELECT
CASE(‘pos2’) :
SELECT CASE (int(beta))
CASE (66)
SELECT CASE (int(glinlet))
CASE(8)
inf="q08b662’
CASE(11)
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inf='q11b662’
CASE(15)
inf='q15b662’
CASE(18)
inf=‘q18b662’
CASE(21)
inf=‘q21b662’
END SELECT
CASE (72)
SELECT CASE (int(glinlet))
CASE(8)
inf=‘q08b722
CASE(11)
inf=‘q11b722’
CASE(15)
inf—‘q15b722’
CASE (18)
inf=‘q18b722’
CASE (21)
inf=‘q21b722’
END SELECT
CASE (77)
SELECT CASE (int(qlinlet))
CASE (8)
inf='q08b772’
CASE(11)
inf=‘q11b772’
CASE (15)
inf='q15b772’
CASE (18)
inf='q18b772’
CASE(21)
inf="q21b772’
END SELECT
CASE (83)
SELECT CASE (int(glinlet))
CASE(8)
inf=‘q08b832’
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CASE(11)
inf=‘q11b832’
CASE (15)
inf=‘q15b832’
CASE(18)
inf=‘q18b832’
CASE (21)
inf=q21b832’
END SELECT
END SELECT
CASE(‘sobt’)

SELECT CASE (int(qlinlet))

CASE(8)
inf=‘q08b10’
CASE(11)
inf=°‘q11b10’
CASE(15)
inf="‘q15b10’
CASE(18)
inf=‘q18b10’
CASE(21)
inf=‘q21b10’
END SELECT
END SELECT
END IF

ext = ‘.txt’

DOi=1p
IF (i <10 ) THEN
WRITE(3,21) inf,i,ext
ELSEIF (i >= 10) THEN
WRITE(3,22) inf,i,ext
ENDDO

21 FORMAT(a6,i1,a4)
92 FORMAT (a6,i2,24)

END SUBROUTINE
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SUBROUTINE fileop(delx,p,printw,printet, timei,nnew)

IMPLICIT NONE

INTEGER p,J,l,ip,nnew,k
INTEGER, PARAMETER :: nm=50

REAL = delx,x

REAL,DIMENSION(nm) :: timei

DOUBLE PRECISION, DIMENSION (nm,nnew) :: printw,printet
CHARACTER*24 a,outf

OPEN (UNIT=4,FILE="filelst.txt’,STATUS="old’)
J=4

DO i=1,p

=j+1

READ(4,*) a

WRITE(*,*) a

outf=a

OPEN (UNIT=j,FILE=outf,STATUS="‘unknown’)
ENDDO

k=4
DO ip=1,p
x=-delx
k=k+1
DO i=1nnew
x=x-+delx
WRITE(k,10) timei(ip),x,printw(ip,i),printet(ip,i)
ENDDO
ENDDO

10 FORMAT (2(2x,8.5),2(2x,f10.7))
END SUBROUTINE
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APPENDIX G

MODEL RESULTS
(INTERFERENCE OF TWO SOLITONS)

This Appendix presents the results of simulations for the interaction of two soli-
tons. These results are presented graphicaly. Each figure set includes four figures.
Each figure set is arranged according to the orifice 3 ratio and the position of the

orifice with respect to the elbow.

The first figure in the set shows the incident wave, where the initial profile is taken
from the edge detection procedure. The second figure of each setcorresponds to
the incident wave at the orifice location. The third figure in each set is the initial
condition used to run the program in order to obtain a backward propagating

soliton. The last figure in the set shows the final interaction of the two solitons.
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Figure G.23 The formation of slug as modeled for 8 = 0.77, Position 2,

Q=15m*/h, Q, =15.8m*/h
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Figure G.24 The formation of slug as modeled for 3 = 0.77, Position 2,

Q=18m*/h, Q, =11.4m"/h
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Figure G.25 The formation of slug as modeled for 3 = 0.83, Position 1,

Q1 =0.8m?/h, Q, =31.5m?/h
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Figure G.26 The formation of slug as modeled for 3 = 0.83, Position 1,

Qi =1.1m3/h, Q, =22.2m%/h
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Figure G.27 The formation of slug as modeled for 8 = 0.83, Position 1,

Q1 =1.5m%/h, Q, = 15.8m*/h
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Figure G.28 The formation of slug as modeled for § = 0.83, Position 1,

Q=18m?/h, Q, =11.4m*/h
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Figure G.29 The formation of slug as modeled for G = 0.83, Position 2,
Q. =0.8m%/h, Q, =31.5m*/h
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Figure G.31 The formation of slug as modeled for g = 0.83, Position 2,

Q=15m?/h, Q, =15.8m?/h
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Figure G.32 The formation of slug as modeled for 3 = 0.83, Position 2,
Q=18m?/h, Q, =11.4m*/h
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Figure G.33 The formation of slug as modeled for 3 = 1.0, Q; = 0.8 m?*/h,

Q, = 31.5m?/h
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Figure G.34 The formation of slug as modeled for 3 = 1.0, Q; = 1.1 m?*/h,
Qg =222m*/h
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Figure G.35 The formation of slug as modeled for 3 = 1.0, Q; = 1.5m?®/h,

Q, =15.8m*/h
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Figure G.36 The formation of slug as modeled for 8 = 1.0,Q; = 1.8m*/h,



