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ABSTRACT 

 The aim of this study is to develop a hybrid process which combines with 
coagulation, flocculation and flotation process in a hydroclone for water treatment 
process.  The development is for characterization the hydrodynamics of this process and 
to find the optimum condition for water treatment process.   

 The hydrodynamics characterization study is carried out by the numerical 
simulation (Computational Fluid Dynamics) and experimental work by Doppler 
ultrasound velocimetry technique to study the hydrodynamics for the further research.    
The results are used for validating the oil droplet experimental technique and to be the 
basis knowledge to explain the phenomena in the hybrid process.  Laser diffraction 
technique is involved for determining the micro bubbles size and also study on the 
parameter affects to the size. 

 The experimental work of a developed hybrid pilot plant is studied with synthesis 
raw water and natural river water.  The objective of this study is to apply this hybrid 
process for the water treatment.  The parameters have been varied in many operating 
conditions to indicate the separation and the water treatment phenomena such as raw 
water characteristic, coagulant - flocculant type and concentration, air fraction and inlet 
flow rate. 
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ABSTRACT 

L'objectif de cette étude est de développer un procédé hybride qui combine à la 
coagulation, la floculation et le procédé de flottation dans un hydroclone pour réaliser le 
traitement de l'eau. Le développement sert à déterminer la caractérisation 
hydrodynamique ainsi que les conditions optimales pour réaliser le traitement de l'eau. 

L'étude de caractérisation hydrodynamique est réalisée à l’aide d’une simulation 
numérique (Computational Fluid Dynamics). Le travail expérimental a été réalisé à l’aide 
de la technique dite de l'échographie Doppler afin d’étudier l'hydrodynamique. Les 
résultats ont servi à valider la technique expérimentale « méthode de la goutte d’huile » et 
les connaissances de base expliquant les phénomènes du procédé hybride. La technique 
de diffraction du laser est utilisée pour déterminer la taille des micro-bulles ainsi que les 
paramètres qui affectent leur taille. 

Le travail expérimental sur le développement d'un pilot hybride est étudié avec de 
l'eau synthèse et de l'eau naturelle. L'objectif de cette étude est d'appliquer ce procédé 
hybride pour le traitement de l'eau. Différents paramètres tels que les caractéristiques de 
l'eau brute,  le type et la concentration de coagulant et de floculant, la fraction de l'air et le 
débit d'entrée, ont été modifiés à plusieurs reprises afin d'en déterminer les effets sur le 
procédé hybride. 
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RESUME DE LA THESE 

L’hydrocyclone est un appareil utilisé pour séparer deux phases sous l’effet d’un 
écoulement tourbillonnaire générant une accélération centrifuge, avec pour exemple la 
séparation de particules solides dans un fluide.  Les avantages de l'hydrocyclone résident 
dans sa facilité d'entretien et d'exploitation. C'est donc une solution économique qui 
utilise en outre un espace réduit.    

Les systèmes conventionnels de traitement de l’eau sont composés d'une unité 
principale, puis des étapes de coagulation et floculation.  Ces systèmes agrègent les 
matières en suspension sous forme de flocs qui seront ensuite séparés de l’eau claire.  Les 
méthodes de séparation telles que la décantation/sédimentation ou de flottation du floc  
ainsi que les techniques de filtration permettent d'éliminer la turbidité dans l’eau.  La 
désinfection au chlore ou à l’ozone est ensuite proposée pour éliminer les microbes.  Pour 
diminuer la turbidité de l’eau, les procédés traditionnels utilisent plusieurs installations de 
tailles conséquentes. 

Dans le domaine de l’ingénierie de l’environnement, l’hydrocyclone n’est pas 
encore largement utilisé. Dans le monde industriel, il est utilisé par Véolia pour la 
séparation de micro-sable utilisé comme nucléase de la coagulation – floculation, avant 
d’être introduit dans le système de traitement d’eau (Procédé ACTIFLO).  

Différents projets de recherche utilisent des hydrocyclones pour séparer les agrégats 
de coagulant et particules qui sont appelés « flocs » afin de diminuer la quantité de floc à 
traiter avant l'étape de décantation.  Toutefois, dans le domaine de l’ingénierie de 
l’environnement, l'utilisation de l’hydrocyclone est encore limitée en raison de la moindre 
compréhension des phénomènes intervenants à l’intérieur de l’hydrocyclone. 

Cette étude à pour objectif de créer un nouveau procédé de traitement d’eau appelé 
procédé « Hybride » en combinant quatre procédés : la coagulation, la floculation, la 
flottation et la séparation des flocs par le vortex qui est le mécanisme principal de 
l’hydrocyclone.  Toutes les étapes du procédé se produisent successivement dans le même 
réacteur hybride.  De cette façon, le nombre et la taille du réacteur sont diminués. 

Concept du procédé d’hybride 

Ce procédé est un procédé de traitement d’eau.  Il vise à combiner trois procédés 
coagulation, floculation, et flottation au sein d’un hydrocyclone. 

Dans la partie inférieure de hydrocyclone, trois entrées sont utilisées pour 
l’injection du débit d’entrée d’eau brute, du débit de coagulant et de l’entrée d’eau 
pressurisée.  Les deux premières entrées sont réalisées tangentiellement à la paroi du 
cyclone.  Le gradient de vitesse est contrôlé à la paroi par le débit d’alimentation d’entrée.  
Dans cette zone, la coagulation et la floculation sont attendues ; les particules colloïdales 
seront déstabilisées et agglomérés.  La présence dans cette zone de microbulles obtenues 
par dépressurisation servira de support de floculation et conduira à la formation de flocs 
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aérés ; ces derniers plus légers que l’eau à traiter seront entraînés au centre de 
l’hydrocyclone sous l’effet de la force centrifuge. Ils poursuivront ensuite comme indiqué 
sur la figure (a) leur croissance et leur séparation dans la zone centrale de l’hydrocyclone 
où règnent de faibles taux de cisaillement.  

Micro bubble from 
Dissolved Air Flotation

Raw waterCoagulant

Separation 
by vortex flow

 

Figure (a) Principe de fonctionnement du procédé hybride 

Le procédé hybride a été étudié depuis 2004 par plusieurs chercheurs.   

Puprasert (2004) a étudié la faisabilité d’un procédé hybride de traitement des eaux.  
Un hydrocyclone de 5 cm a été utilisé comme réacteur et testé sur une suspension de 
bentonite et de coagulante EM470. 

L’eau brute et la solution de coagulant ont été injectées tangentiellement dans 
l’hydrocyclone.  En même temps, l’eau pressurisée a été introduite en partie basse de 
l’hydrocyclone, dans le sens vertical.  L’eau pressurisée entre dans l’hydrocyclone à la 
pression atmosphérique et l’air saturé devient des microbulles au point d’entrée 
d’alimentation de l’hydrocyclone.  Il a été constaté en condition statique, que ce procédé 
pouvait produire des flocs chargés de microbulles à l’intérieur.  

Siangsanun (2006) a aussi étudié le procédé Hybride d’hydrocyclonage avec 
coagulation floculation et flottation.  Son but était de pouvoir faire fonctionner le procédé 
en continu à l’aide de 1mg/L de bentonite en suspension dans l’eau du robinet. Pour 
assurer un fonctionnement en continu, différents paramètres ont été modifiés et étudiés : 

- La géométrie du réacteur hydrocyclone (cylindrique et conique) 
- Le type de coagulant polymérique 
- Le débit et la vitesse du débit d’entrée  

Il a été constaté que la configuration conique n’était pas optimale ; celle-ci 
permettait d’obtenir à faible débit un vortex établi sur toute la hauteur de l’hydrocyclone 
mais elle conduisait dans la plupart des situations à une coalescence des bulles générées 
par dépressurisation. 
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Bamrungsri (2008) a étudié deux parties principales du procédé hybride. Elle a tout 
d’abord caractérisé l’hydrodynamique du procédé hybride en développant une méthode 
expérimentale utilisée pour la détermination de la vitesse de liquide dans un hydrocyclone 
conique et cylindrique à l’aide de gouttelettes d’huile rouge injectées au sein de 
l’hydrocyclone.  Deuxièmement, elle a étudié pour les différentes configurations 
géométriques présentées figure (b), les conditions optimales de fonctionnement du 
procédé hybride pour différentes conditions opératoires. 

 

Figure (b) : Configurations géométriques testées dans l’étude de Bamrungsri (2008) 

En continue, les conditions optimales de fonctionnement retenues par Bamrungsri 
(2008) sont présentées ci-dessous : 

 

Hydrocyclone III (HC3) 

Condition Diamètre d’entrée, 
D (cm) 

Débit d’entré, 
Q (l/hr) 

Vitesse d’injecté, 
v (m/s) 

1. 0,5 200 2,83 
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- HC3 Hydrocyclone géométrie 
- Le taux de débit d’eau brute 200L/hr 
- Le diamètre d’eau entrée 0.50cm 
- Concentration de coagulant 3,0 – 4.0mg/L 
- 3,5bar de pression totale 
- Fraction d’air de 0,0082 – 0,0100 
-  

Afin de poursuivre l’optimisation du procédé hybride, le travail de recherche 
entrepris utilisera la méthode de simulation numérique des écoulements par FLUENT 
pour simuler les profils de vitesse tangentielle et axiale. Dans les mêmes conditions 
opératoires que celles caractérisées expérimentalement par la méthode des gouttelettes 
d’huile (Bamrungsri (2008), la méthode doppler de mesure des champs de vitesse liquide 
au sein de l’hydrocyclone sera mise en œuvre, les résultats seront comparés à ceux 
obtenus par simulation numérique.   

La taille des microbulles, ainsi que la fraction d’air obtenue dans l’hydrocyclone par 
dépressurisation seront mesurées par utilisation d’un granulomètre laser (Spraytech).  

D’après les études précédentes, le procédé hybride a été modifié et développé pour 
cette étude.  Il est conçu pour un fonctionnement continu dans un hydrocyclone 
cylindrique de 9L et de 1 m de hauteur.  La partie échantillonnage a été développée pour 
faciliter le prélèvement d’échantillons comme indiqué dans la figure (c). 

A-A

A A

50 mm
80 mm

1000 mm

100 mm

Floc 

Clarified water

Inlet flow

Air pressurized inlet
Drainage

 

Figure (c) : Nouveau procédé hybride. 

Le temps de contact est augmenté par l’augmentation du volume avec un débit 
d’entrée constant de 1000L/h.  Le diamètre de l’hydrocyclone est élargi et la position 
d’injection de l’eau pressurisée est placée à côté de la paroi afin d’éviter la coalescence 
des bulles.   



 

 viii 

Cette étude a été divisée en deux parties principales.  La première partie a pour 
objectif d’étudier l’hydrodynamique à l’intérieur de l’hydrocyclone et de mesurer la taille 
des microbulles.  La deuxième partie est orientée vers les performances du procédé 
hybride en fonctionnement continu, sur le traitement d’une eau synthétique et sur le 
traitement d’une eau réelle.  L’étude peut donc être divisée comme suit. 

Partie I : Etude hydrodynamique et  mesure de taille des microbulles 

1. Mesure expérimentale de la vitesse dans l’hydrocyclone par la méthode des 
gouttelettes d’huile et par la technique Doppler Ultrason Vélocimétrie et Mesure 
des champs de vitesse liquide par la modélisation numérique (CFD) 

2. Mesure, par technique de diffraction Laser, de la taille des microbulles générées 
par dépressurisation 

 
 Partie II : Etude expérimentale du Procédé hybride 

1. Performances du procédé hybride sur de l’eau brute synthétique (suspension de 
bentonite) 

2. Performances du procédé hybride sur de l’eau naturelle (eau de La Marne) 
 

1. Détermination des champs de vitesse liquide de l’hydrocyclone par la 
méthode des gouttelettes d’huile, la technique Doppler à Ultrason et la 
modélisation numérique (CFD) 

 
Comprendre l’hydrodynamique est une étape essentielle pour développer le procédé 

hybride et améliorer son efficacité de séparation.  La technique Doppler à Ultrason et la 
méthode numérique par CFD (Computational Fluid Dynamic) ont été proposées par de 
nombreux chercheurs qui les considèrent comme efficaces pour étudier le champ 
d’écoulement liquide dans l’hydrocyclone. Récemment, une nouvelle méthode 
expérimentale appelée la méthode des gouttes d’huile a été proposée par Bamrungsri et al 
(2008) et appliquée à des mesures de vitesse dans un hydrocyclone.  

Notre travail présente une comparaison des résultats obtenus à partir de ces deux 
méthodes expérimentales avec ceux obtenus à partir de simulations numériques.  Les 
calculs numériques de l’écoulement 3D ont été réalisés selon les configurations 
géométriques avec l’aide du modèle k-ε standard du logiciel FLUENT ou par la méthode 
Reynolds Stress Model (RSM).   

 Sur la première configuration géométrique (HCIII) étudiée par Bamrungsri (2008) 
les résultats de la méthode des gouttes d’huile et la simulation par le modèle  k-ε standard 
indiquent la présence de vitesses axiales du liquide positives en proche paroi et négatives 
au centre ce qui expliquerait la coalescence des microbulles observées au centre de 
l’hydrocyclone ; le flux liquide descendant pousse les microbulles vers le bas et provoque 
le phénomène de coalescence. 
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Concernant l’hydrocyclone (c) relatif à notre étude, les résultats de vitesse liquide 
obtenus par la méthode expérimentale du Doppler à Ultrasons sont comparés à ceux 
obtenus par la méthode numérique de simulation par Reynolds Stress Model (RSM). 

La Vélocimétrie Doppler à Ultrasons détermine la vitesse du liquide en 
déplacement à partir de la fréquence Doppler du signal acoustique reçu. Le principe de 
mesure repose sur la mesure de la vitesse du signal sonore impulsée.  Un récepteur, ou 
une cible se déplace dans le milieu avec une vitesse correspondant à celle du liquide.  Si 
la trajectoire de la cible forme un angle par rapport à la direction de propagation de l’onde 
ultrasonore, la fréquence de l’onde perçue par la cible, peut être déterminée.  Le décalage 
de fréquence perçu entre le signal émis et le signal reçu est la fréquence Doppler.  La 
vitesse de la cible peut être calculée à partir de la différence de fréquence et le délai de 
réflexion du temps entre les signaux émis et reçus. 

Les résultats de la méthode Doppler ont montré que le profil de vitesse tangentielle 
est proche de zéro dans la zone centrale de l’hydrocyclone, il augmente en se déplaçant 
vers la zone périphérique.  Les résultats obtenus en proche paroi (rayon de 3,5cm à 5cm) 
ne sont pas exploitables.  Le signal obtenu dans cette zone est perturbé par les parois de 
l’hydrocyclone. 

La figure (d) compare les résultats de vitesse liquide obtenus expérimentalement par 
la méthode Doppler et la méthode de la goutte d’huile à ceux obtenus par la simulation 
numérique utilisant le modèle RSM. Les tendances obtenues sont remarquablement 
similaires.  Considérant les résultats de la simulation numérique, il existe deux zones du 
profil de vitesse liquide.  La vitesse tangentielle augmente légèrement du centre vers la 
périphérie jusqu’à un rayon de 30mm, puis elle augmente de manière significative à 
proximité de la paroi.  Cela signifie que le plus grand diamètre présente le gradient de 
vitesse le plus élevée.  Ce résultat est très important puisqu’il conditionnera la position du 
système d’injection du floculant dans l’hydrocyclone. 
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Figure (d) : comparaison des vitesses tangentielles obtenues dans l’hydrocyclone par les 
méthodes expérimentales et numériques 

Cette partie hydrodynamique de l’étude permet de conclure que la méthode des 
gouttelettes d’huile est moins précise que la méthode Doppler pour la détermination des 
profils de vitesse en phase continue, mais reste prometteuse pour la validation des 
simulations de suivi lagrangien.  La méthode Doppler à Ultrasons est une méthode rapide 
et très précise mais elle ne permet pas de caractériser les vitesses axiales liquides, elle est 
aussi confrontée a des difficultés de perception du signal en proche paroi. Les 
modélisations numériques testées rendent compte précisément des champs de vitesse 
liquide dans l’hydrocyclone. 

L’étude hydrodynamique entreprise a donc permis d’établir les champs de vitesse 
liquide présents dans l’hydrocyclone pour différentes conditions opératoires. Ces données 
ont conditionnées les choix géométriques de l’hydrocyclone retenu ainsi que le 
fonctionnement même du procédé hybride en privilégiant l’injection du floculant en 
proche paroi où les gradients de vitesse liquide sont les plus importants ; l’injection du 
débit d’eau pressurisée est aussi choisie en proche paroi de façon à limiter les 
phénomènes de coalescence de bulles suscités par les circulations liquides descendantes  

2. Mesure par technique de diffraction Laser de la taille de microbulles 
générées par le système de Flottation à Air Dissous  

 
Le procédé Hybride utilise les microbulles produites par la technique de Flottation à 

Air Dissous (DAF).  Pour développer ce procédé, il est donc nécessaire de connaître la 
taille des bulles produites en raison de son influence sur l’efficacité d’incorporation des 
micro-flocs formés.  La mesure de taille de bulles générées par le système décrit sur la 
figure (e) se fait par utilisation d’un Spraytech de chez Malvern dont la technique repose 
sur la diffraction laser. La reproductibilité des mesures de taille de bulle a été confirmée. 
Le travail réalisé à permis d’étudier l’influence de la hauteur du réacteur et de la pression 
de saturation de l’air dans le DAF sur la distribution de taille des bulles générées.  Il est 
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apparu que la taille des bulles a légèrement augmenté avec la hauteur du réservoir (effet 
de coalescence) et diminué avec l’augmentation de la pression de saturation de l’air. 
L’étude expérimentale de la distribution de taille de bulle générée par le DAF a permis  
de caractériser des tailles de bulles générées voisines de 60m pour des pressions de 
saturation égales à 4,5 bars; elle a ainsi conduit à l’optimisation du procédé hybride en 
identifiant les meilleures conditions opératoires de fonctionnement du DAF. 

 

 

Figure (e) : système de mesure de taille des micro-bulles 

La deuxième partie de cette étude concerne l’étude expérimentale du procédé 
hybride.  

Partie II : Procédé hybride expérimental 

3. Mise en œuvre du procédé hybride avec une suspension synthétique de 
bentonite 

 
Le procédé hybride de traitement de l’eau développé, combine coagulation, 

floculation et procédé de flottation dans un hydrocyclone. Suite aux travaux précédents 
conduits sur l’étude hydrodynamique du procédé hybride, les expériences ont été 
conduites avec un hydrocyclone cylindrique de 100mm de diamètre et de 1000mm de 
hauteur. L’hydrocyclone est alimenté à la paroi, tangentiellement en partie basse, par le 
débit d’eau à traiter. L’injection d’eau pressurisée se fait aussi en partie basse de façon à 
limiter la coalescence.  Différents paramètres du procédé tels que : le débit d’entrée, la 
concentration en bentonite de l’eau brute, le type et la concentration du coagulant, le type 
et la concentration du floculant ainsi que la configuration du pilote ont été étudiés.  Les 
résultats montrent à 1000l/h d’eau brute, une bonne stabilité du vortex créé dans 
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l’hydrocyclone sans génération de phénomène de coalescence des microbulles (pression 
de saturation comprise entre 3,5-4,0bar).  

Afin d’examiner la capacité du procédé, plusieurs concentrations d’eau brute 
comprises entre 0,50 et 0,10g/L de suspension de bentonite, ont été testées. Le coagulant 
sulfate d’aluminium a également été utilisé. Toutefois, le polymère cationique FO107 a 
présenté un pourcentage d’abattement de la turbidité élevée (>70%) et un pourcentage 
d’abattement de solide en suspension important (>60%).  Ce travail a également étudié la 
différence d’efficacité obtenue entre la coagulation réalisée à l’intérieur du réacteur 
hydrocyclone (par injection de coagulant directement à l’intérieur de l’hydrocyclone sans 
floculant) et la coagulation générée en amont de l’hydrocyclone par utilisation d’un 
mélangeur statique.   

Les principales conclusions de l’étude entreprise en laboratoire sur le procédé 
hybride fonctionnant avec une solution de bentonite  sont les suivantes : 

Pour une fraction d’air injectée proche de 1%, un débit d’eau brute de 1000l/h, une 
concentration en bentonite de 0,1 g/l, la coagulation réalisée directement dans 
l’hydrocyclone avec 0,5 mg/l de polymère a conduit à des abattements de la turbidité et 
des MES respectivement égaux à 85,2% et 60%. 

Pour une fraction d’air injectée proche de 1%, un débit d’eau brute de 1000l/h, une 
concentration en bentonite de 0,1 g/l, la coagulation réalisée en amont de l’hydrocyclone 
avec 0,5 mg/l de polymère a conduit à des abattements de la turbidité et des MES 
respectivement égaux à 66,4% et 45,2%. 

L’étude conduite sur une solution de bentonite a montré les limites du procédé 
hybride même si les flocs spécifiques contenants des micro-bulles se sont formés et même 
si le vortex créé était stable, les efficacités de séparation obtenues étaient insuffisantes 
pour un procédé de traitement d’eau. La densité élevée de la bentonite ainsi que sa faible 
affinité pour les microbulles d’air générées n’a pas permis d’accéder à des efficacités 
élevées. 

La suite de l’étude a donc été réalisée sur une eau naturelle (eau de Marne, France) 
en essayant d’adapter la nature du coagulant et du floculant à la qualité de l’eau. 

4. Procédé hybride avec de l’eau naturelle 
 

Le procédé hybride est développé pour traitement de l’eau naturelle ou industrielle.  
Comme il a été précisé précédemment, l’innovation repose sur la formation de flocs 
spécifiques contenants des micro-bulles d’air, séparés au sein de l’hydrocyclone par les 
forces centrifuges. En plus de l’avantage de sa compacité, le procédé hybride offre des 
temps de contact très courts de l’ordre de la minute très inférieurs à ceux des systèmes 
conventionnels. L’étude réalisée sur l’eau de Marne a permis d’obtenir en fonctionnement 
continu (débit d’eau de 1000l/h) des diminutions de la turbidité de 61% et des MES de 
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66%. Ces premiers essais réalisés sur une eau de Marne peu turbide sont insuffisants mais 
ils montrent un fort potentiel du système développé. 

Des essais préliminaires sur jar test ont été réalisés de façon à identifier la nature et 
la concentration optimale des coagulants et des floculants à utiliser sur l’eau de Marne. 

Un nouveau floculant de type polymère anionique AN905 a été utilisé pour créer 
des flocs spécifiques ayant plus d’affinité avec les micro-bulles d’air générées par le 
système DAF. Le polymère utilisé dans le cas de la bentonite était un polymère 
cationique FO107. 

Globalement les expériences conduites sur l’eau de Marne ont permis de constater 
la formation des flocs spécifiques et d’observer leur séparation par le vortex. La turbidité 
minimale atteinte en sortie du procédé hybride est de 3,3 NTU pour une turbidité d’entrée 
de 8,46 NTU. 

Cette efficacité est satisfaisante dans le sens du procédé hybride, mais pas encore 
suffisante au niveau industrie du traitement de l’eau.  La difficulté de ce procédé est de 
trouver la concentration optimale de coagulant et de floculant puis d’ajuster le débit d’eau 
pressurisée au débit d’eau à traiter afin d’obtenir une fraction d’air suffisante ainsi qu’un 
vortex stable dans l’hydrocyclone. 

L’autre difficulté est d’identifier un floculant compatible avec l’eau à traiter et les 
micro-bulles, permettant la formation de flocs légers facile à séparer sous l’action des 
forces centrifuges générées par l’hydrocyclone. La coagulation devant se faire en un 
temps imparti très court. 

Il faut aussi souligner que la turbidité initiale de l’eau de Marne est très faible, elle 
ne permet pas nécessairement la formation rapide de flocs volumineux susceptibles 
d’insérer facilement des micro-bulles d’air. 

Il serait très intéressant de tester l’efficacité du procédé hybride sur une eau plus 
turbide et chargée en matière organique plus légère que l’eau ayant une plus forte affinité 
avec les micro-bulles d’air. 

Les conditions de fonctionnement optimales obtenues sur l’eau de Marne sont les 
suivantes : 

1. Le développement du procédé hybride a été couronné de succès en termes de 
création des flocs aérés et de séparation par le vortex 

 
2. Le rapport des débits obtenus entre la zone clarifiée à la paroi et celle concentrée 

au centre était de 70/30 
 

3. La condition optimale de fonctionnement obtenue sur l’eau de Marne en 
continu est la suivante  

 
a. 1000L/hr eau debit entrée 
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b. 70mg/L coagulant WAC HB 
c. 0,1 – 0,2mg/L polymère floculant AN905 
d. 100 – 200L/hr de l’eau pressurisée (10-20% de l’eau brute) 
e. 0,0055 – 0,0104 fraction de l’air 
f. Les conditions optimales obtenues : 
 

3,30NTU de turbidité sortie (de 8,46NTU eau brute), soit 61% d’abattement de la 
turbidité, 66% de diminution des solides en suspension, 91% de l’efficacité de séparation. 
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1 CHAPTER I 

INTRODUCTION 

1.1  Thesis title 

Hybrid process: Hydrocyclone, Coagulation – Flocculation and Flotation in a 
water treatment process 

1.2  Key words 

Hybrid process 

Hydrocyclone 

Coagulation – Flocculation process 

Flotation process 

Oil droplet method 

Computational Fluid Dynamics 

Doppler Ultrasound Velocimetry 

1.3  Introduction 

Hydrocyclone is a type of separation equipment used for solid-liquid and liquid-
liquid systems.  It is used to separate dispersed particles from a continuous fluid from the 
effect of a swirl flow and has been used in many mineral processing and mining 
industries.  The hydrocyclone advantages are that it is simple to maintain and operate.  It 
costs are economical and uses a compact area. 

In the environmental engineering field, the hydrocyclone is not widely used.  In 
industrial work, the hydrocyclone is used for separation microsand which is used as the 
contacting nuclease in coagulation – flocculation, before being fed   into the water 
treatment system.  There are some works that use hydrocyclones to separate the 
components of coagulant and particles which are called “floc” in order to decrease the 
amount of floc before the sedimentation process.  However, in the environmental 
engineering field, using the hydrocyclone is still limited because of the understanding of 
the phenomenon inside the hydrocyclone. 

The conventional water supply system is composed with the main unit, coagulation – 
flocculation processes.  These systems combine the suspended solids to be the floc which 
will be separated from the clear water.  The separation methods such as sedimentation or 



 

 2 

flotation system and also filtration system eliminate the turbidity in the water.  Then the 
disinfection process eliminates the microbial.  To decrease the turbidity in the water, the 
conventional process has to use many units in the system. 

 This study is to create a new process which is called a Hybrid process combining 
four processes; coagulation, flocculation, flotation and floc separation by the vortex flow 
which is the main mechanism in the hydrocyclone.  All the processes will occur in one 
hybrid reactor.  For that the number and size of the reactor will be decreased.  Moreover, 
to modify the hydrocyclone operation, it is necessary to understand the hydrodynamics 
inside the reactor.  Consequently, this study will also study the hydrodynamics in terms of 
velocity profile. 

In this study of water treatment, it is aimed to develop a hybrid process by changing 
the geometry and verifying the hydrodynamic phenomena inside the reactor by 
experimental methods; Doppler ultrasound velocimetry is used to verify the oil droplet 
method.  Computational fluid dynamic simulation by the software package, FLUENT 
6.3.26 is utilized for the velocity profile inside hydrocyclone. 

Moreover, a laser diffraction technique is involved to determine the micro bubble 
size from the Dissolved Air Flotation technique. The process will be done in a continuous 
operation by controlling the parameters and reactor geometry. 

1.4 The expecting advantages 

 1. To know the possibility of creating new water treatment process, a so called 
Hybrid process: hydrocyclone, coagulation, flocculation and flotation processes for water 
treatment in a continuous operation. 

 2. To know the effects of the parameters of the Hybrid process: hydrocyclone, 
coagulation, flocculation and flotation processes. 

 3. To have unique research about a hybrid process to be applied to natural water 
treatment. 

1.5 Objective and scope of this study 

1.5.1 Objective 

1. To characterize the hydrodynamic conditions inside a new hydrocyclone built 
from the results of previous studies in terms of the velocity profile by a numerical 
method, Computational Fluid Dynamics and an experimental method; oil droplet 
and Doppler velocimetry technique. 

2. To determine the micro bubble size from the Dissolved Air Flotation technique 
used in the hybrid process. 
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3. To investigate the modified hybrid process for water treatment with synthetic raw 
water and natural water 

4. To find  the optimum operating conditions of the hybrid process 

1.5.2  Scope of the study 

This study is a test in the pilot plant scale at room temperature.  The experiment will 
be tested in the laboratory of the Institut National des Sciences Appliquées (INSA) 
Toulouse in France and the Centre of Research Annet sur Marne of Veolia Company in 
France between November 2007 and October 2009. 

1. There are two types of the raw water usage in this study 

I. The synthetic water is a suspension of bentonite particle in tap water  

II. The natural water is from La Marne River which is adjacent to the Annet 
sur Marne water treatment plant. 

2. The results will be mainly from observation of the phenomenon in the treatment 
process which will be monitored by taking photo, VDO recordings by a digital 
camera and a high speed camera. 

3. The chemical substances used in this study are cationic polymer FO107, anionic 
polymer AN905 and Aluminum sulfate WAC HB.  These chemical substances 
will be used as the coagulant and the flocculant. 

4. The numerical simulation will be done with computational fluid dynamic (CFD) 
techniques by the commercial software package FLUENT 6.3.26. 

5. Laser diffraction for micro bubble size measurement is done by Spraytec Malvern 
Instruments. 

.



 

2 CHAPTER II 

BIBLIOGRAPHY 

 This study is concerned with Hydrocyclone, Coagulation – Flocculation and the 
flotation processes.  Moreover the Computational Fluid Dynamics will be studied to 
simulate and compare the results to the previous study.  The experimental method; the oil 
droplet method and Doppler velocimetry method will be used in this study. Consequently, 
each subject will be described as follow. 

2.1  The Hydrocyclone 

2.1.1 The Hydrocyclone introduction 

The classical hydrocyclone is the separation equipment.  It separates solid-solid, 
solid-liquid or liquid-liquid mixtures.  The separation action of hydrocyclones is based on 
the effect of centrifugal forces created within the cyclone body.  In contrast to sediment 
centrifuges, however, hydrocyclones have no rotating parts and the necessary vortex is 
produced by injecting the fluid tangentially into a stationary cylindrical body.  The 
mixture which can be separated needs to have the density difference.  The conventional 
hydrocyclone is composed of three flow components (Rushton et al., 2000) 

1. Feed inlet 
2. Overflow 
3. Underflow 

These three flow components are shown in Figure II-1 

                     

Figure II-1 A schematic diagram of a conventional cylindrical hydrocyclone 

The hydrocyclone mechanism is to feed the mixture into the tangential inlet duct.  
The motion of the fluid within the cyclone body creates the ‘outer vortex’ flow or 
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‘primary vortex’ downward to the underflow orifice.  The underflow carries most of the 
solids, which leaves through the opening in the apex of the cone.  The rest flows reversely 
in a vertical direction and goes up via the ‘inner vortex’ flow or ‘secondary vortex’ and 
out through the vortex finder, or so called overflow. 

As mentioned above, in a hydrocyclone there are two swirl flows; the primary and 
secondary vortex.  The formal flow spins close to the hydrocyclone wall downward to the 
underflow orifice.  The underflow carries most of the solids or high density material 
through the underflow apex.  The latter flow, the secondary vortex, spins upward with the 
clear water or low density solid through the overflow vortex finder.  The velocity of the 
secondary vortex flow presents low pressure at the hydrocyclone axis and produces the 
‘air core’. 

The hydrocyclone can be both a clarifier and/or thickener.  Considering the 
overflow dilutes or carries low density particles while the underflow presents 
concentrated solid or high density particles. 

The hydrocyclone diameter range is between 10mm. to 2.5m. The separated particle 
range is between 2 – 250µm. and the feed flow rate range is between 0.1 to 7200m3/hr.  
The pressure drop between the feed inlet duct and underflow apex range is 0.34 – 6 bars 
(Svarovsky, 1984). 

Designing the vortex finder affects the short-circuit flow.  Instead of a flow 
downward through the outer vortex, the short – circuit flow goes along the top of 
hydrocyclone and leaves through the vortex finder without being separated by the vortex 
flow. 

The hydrocyclone’s advantages  

1. The hydrocyclone can be used widely, to separate liquid – solid, liquid – 
liquid and gas – liquid. 

2. The hydrocyclone is simple to install and operate.  It is economically and has a 
low cost of maintenance.  

3. The hydrocyclone uses a compact area compared to the other separation 
systems and a low retention time. 

The hydrocyclone’s disadvantages 

1. The separation in the hydrocyclone is never completed.  There is some fine 
escaping with the overflow and there is certainly liquid discharging with 
underflow. 

2. Inner wall hydrocyclone corrosion happens from the impact from the mixture 
injection.  
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2.1.2 Fluid flow and Particle Motion in Hydrocyclone 

The mechanism of treatment or separation by the hydrocyclone mainly uses the 
centrifugal force.  The vortex flow line in the hydrocyclone is produced from the 
tangentially attached feed inlet. 

 

Figure II-2 A perspective view of a hydrocyclone showing  
the vortex flow inside schematically 

Figure II-2 shows the conventional hydrocyclone.  The cylindrical part is closed at 
the top by a cover, through which the liquid overflow pipe (called ‘vortex finder’) 
protrudes some distance into the cyclone body.  The underflow part which carries the 
solids leaves through the opening in the apex of the cone.  The fluid is fed through the 
inlet aperture tangentially.  The size of the inlet aperture controls the inlet flow rate. 

Except for the region in and just around the tangential inlet duct, the motion of the 
fluid is shown in Figure II-2 

At the top of the cylindrical section, there exists some secondary flow pattern which 
moves across the top cover to the base of the vortex finder and along the outer wall of the 
tube until it joins the rest of the fluid in the overflow.  This secondary, ‘short-circuit’ flow 
is due to the presence of the cyclone cover and the outer wall of the vortex finder, which 
slows down the spin velocity in their immediate vicinity and thus provides areas of lower 
resistance to flow from the outer regions to high pressure to the inner regions of lower 
pressure. 
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Figure II-3 A simplified diagram of the axial and radial flows in a hydrocyclone 

Figure II-3 gives a simplified diagram of the axial and radial flows in a 
conventional hydrocyclone.  The short circuit flow can be clearly seen.  There are also 
one or more circulation eddies marked as ‘mantle’ which provide a buffer between the 
downward moving outer vortex and the upward moving inner vortex.  The mantle eddies 
prevent any radial flow through a cylindrical surface within the flow. 

Another important feature of the flow in the hydrocyclone is the formation of the 
central air core.  The strong vortex flow creates an area of low pressure in the centre 
which normally results in the formation of a rotating free liquid surface, cylindrical in 
shape and running the whole length of the cyclone.  If either or both outlets are connected 
directly into atmosphere, the core is filled with air.  Any dispersed or even dissolved 
gases in the incoming fluid will also report to this central core which may exist even 
when the outlets are not connected into the atmosphere.  The air core is quite a desirable 
phenomenon.  It is an indication of vortex stability and it should be reasonably straight 
and constant in diameter throughout the cyclone length. 

2.1.3 The velocity in the hydrocyclone 

When the fluid is fed tangentially into the hydrocyclone, the velocity of flow in a 
hydrocyclone can be conveniently resolved into three velocity components: tangential, 
axial and radial. 

2.1.3.1 Tangential Velocity, Vy 

The tangential velocity is the linear velocity which is fed into the inlet aperture in a 
tangentially direction to the hydrocyclone wall.  It relates to the inlet flow rate and the 
cross section area as shown in the Equation II-1. 
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i
y A

QV                       Equation II-1 

In the cyclone the condition nearly approaches that which has conservation of 
angular momentum as implied by Equation II-2 

iirV Constant     Equation II-2 

 Considering the angular momentum,  

n
yRV  Constant    Equation II-3 

 Where n is an empirical exponent, which normally has values between 0.5 and 
0.9.  and n = 1 when the resistance force is negligible. (Kelsall, 1952 cited in Svarovsky, 
1984)  

 The most important velocity component is the tangential velocity because it is the 
one which creates the vortex flow which promotes the separation mechanism inside the 
hydrocyclone.  Thus Equation II-3 is the basic hydrocyclone calculation. 

 Tangential velocity distribution was confirmed by the flow measurements by 
Kelsall (1952).  Kelsall’s work measured clean water flow with fine aluminum particles 
and used an optical microscope within a transparent, 76 mm diameter hydrocyclone.  The 
results are summarized in Figure II-4, which shows the tangential velocity in the cone 
section only. 

 

Figure II-4 Tangential velocity distribution in a hydrocyclone (Vy) 

Figure II-4, the tangential velocity increases with the decreasing radius as predicted 
by Equation II-3.  In the inner vortex zone, the velocity decreases which cannot be 
described by Equation II-3.  The radius of the peak of tangential velocity (point B) is 
smaller than the inside radius of the vortex finder.  At levels above the rim of the vortex 
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finder (point A), the break in the rising tangential velocity occurs at a larger radius.  Apart 
from this phenomenon, the tangential velocity is independent of the vertical position in 
the cyclone. 

2.1.3.2 Axial velocity, Vz 

Axial velocity is the velocity on the axis of the hydrocyclone direction, which can 
be upward or downward flow as shown in Figure 3.5.  The flow in the outer vortex moves 
downward and the inner vortex moves upward.  There is a well defined Locus of Zero 
Vertical Velocity (LZVV) between the two vortices which roughly follow the profile of 
the cyclone.  The short-circuit flow alongside the vortex finder wall can be seen clearly as 
well. 

 

Figure II-5 Axial velocity distribution in a hydrocyclone.  
LZVV in the locus of zero vertical velocity 

2.1.3.3 Radial velocity, vx 

Radial velocity has the perpendicular direction to the cyclone axis.  Radial velocity 
is the smallest velocity component and is the least important of the three of them.  The 
highest radial velocity is above the vortex finder close to the hydrocyclone wall as shown 
in Figure II-6. 
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Figure II-6 Radial velocity distribution in a hydrocyclone 

2.1.4 Particle motion in a hydrocyclone 

The separation process is created in the hydrocyclone by tangential injection of the 
solution to the hydrocyclone. Since this process is carried out by centrifugal force, the 
density of the particles has to be different from that of the water. This way, they are 
separated immediately by the centrifugal force, which is created by the fluid rotation in 
the hydrocyclone. The applied forces on the particles are detailed in the Figure II-7. 

 

 

Figure II-7 Various forces applied on particle from different axes 

From Figure II-7, it can be concluded that there are many forces acting on particle 
motion in the hydrocyclone such as the centrifugal force, drag force, buoyancy force, and 
weight force. These forces are related to the different parameters such as particle size, 
liquid density, radius distance, and viscosity. 
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Force Expression Equation 

F1 Centrifugal force (on the x-axis) 
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The centrifugal force along the x-axis (F1), which is proportional to particle 
volume, is opposed by the drag force (F2), which according to Stokes’ law is 
proportional to the particle area. Assuming a steady state condition for one particle along 
the x-axis, an increase in particle diameter involves an increase in the centrifugal force 
that is greater than the increase in the drag force. In that case the particle is projected into 
the underflow via the external vortex. In an opposite situation, a decrease in particle size 
leads to a larger decrease in the centrifugal force than in the drag force; in this case, the 
particle is brought into the overflow via the internal vortex. This comment allows 
understanding the cut size notion in the hydrocyclone. 

2.1.5 Physical-chemical parameters 

Stoke’s law is the fundamental theory to find the terminal velocity of the separation 
process such as sedimentation.  There is a force acting on the small sphere particle when 
it moves in the fluid.  Gravitational force moves the particle to settle while the particle’s 
moving downward has the drag force (frictional force) against the movement and the 
viscosity force (buoyant force) of the fluid.  The gravitational force which acts on the 
particle can be determined by the particle density.  High density causes a high 
gravitational force. 

To determine the terminal velocity from Stoke’s law in this research is to 
understand and indicates the possibility of separation. 

Stoke’s law Equation (Metcralf and Eddy, 2003) 






18
d)(g

v
2

p
p                                                  Equation II-4 

Table II-1 Expression of various forces on the different axes 
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Equation II-4 shows the important parameters for particle separation as follows: 

1. Acceleration due to gravity 

The conventional sedimentation for the water treatment is normally based on 
gravitational force.  For other separation equipment, the gravity force can be increased to 
raise the terminal velocity.  Though, the relation between the acceleration in the 
hydrocyclone, ζ and the gravitational acceleration, g can be described as the Equation II-5 
(Chaiyaporn Puprasert, 2004; Warren, Julian and Peter, 1993: 1061) 

gR
v 2

y


     Equation II-5 

2. The density difference of the two phases (Δρ=ρp-ρw)  

This parameter is important for the Stoke’s law in order to separate the two phases.  
This research separates solids from liquid in the hydrocyclone.  If there is no density 
difference between two phases (Δρ=0), the terminal velocity will be zero (vp=0).  
Consequently, the separation process will not occur.  Thus, hydrocyclone separation 
needs the density difference. 

3. Liquid viscosity (μ)  

This parameter affects the terminal velocity (vp) in which high liquid viscosity 
decreases the terminal velocity.  The liquid temperature also affects to the viscosity, high 
temperature decreases the viscosity.  Thus, to increase the terminal velocity, the fluid 
viscosity should be high and the temperature should be low. 

4. Particle size diameter (dp)  

This is also an important parameter.  It is the power of two.  For that, the large 
particle diameter size causes a very high terminal velocity.  Consequently, increasing the 
particle size promotes a good separation process in hydrocyclone. 

Consequently, it is implied that the hybrid process should be modified the geometry 
which concerning to the radius (R) in order to provide the optimum acceleration.  
Besides,  it is necessary to produce a lighter phase: aerated floc in order to govern the 
density difference between water phase and aerated floc. 

2.2 Coagulation and Flocculation processes 

2.2.1 The role of coagulation-flocculation 

The coagulation-flocculation processes facilitate the removal of suspended solids 
and colloids by gathering the solids to be floc.  The colloid size is between 10-6mm to 10-

3mm or 1μm.  Its size is unable to settle by gravitational force in the limited time.  The 
colloids are stable as their surface electric charge.  For that, to form a particle group of 
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suspended solids is necessary.  The definition of coagulation is to destabilize the colloid 
particle.  The destabilized particle is called micro floc.  Then the flocculation process is to 
gather the micro floc to form a larger size for the sedimentation separation.   

2.2.2 Coagulation process 

2.2.2.1 Colloid stability 

Since colloids are the particles that cannot settle naturally, there are two main forces 
that can determine the stability of colloidal suspensions. 

- Van der Waals attraction, which relates to the structure and form of colloids 
as well as to the type of medium (EA) 

- the electrostatic repulsive force, which relates to the surface charges of the 
colloids (EB) 

The stability of a colloidal suspension depends on the balance between the forces 
of attraction and repulsion, the energy level of which is: 

BA EEE      Equation II-6 

In order to destabilize the suspension, it is necessary to overcome the energy barrier 
E.  To accomplish this and promote the agglomeration of the colloids, it is necessary to 
reduce the electrostatic repulsive forces.  This destabilization is brought about by 
coagulation. 

2.2.2.2 The double layer theory 

In natural water, the colloids invariably carry a negative charge.  In order to 
neutralize this negative surface charge, positive ions, which are present in raw water or 
are introduced into it, come together to form a layer around the colloid.  Various theories 
have been put forward (Monod, 1991). 

- The Helmholtz theory:  A layer of positive ions covers the entire surface of the 
colloid and ensures the neutrality of the entire mass (bound layer). 

- The Gouy-Chapman theory:  The layer of positive ions is spaced unevenly 
around the colloid; neutrality is obtained at a greater distance (diffuse layer). 

- The Stern theory brings together the two preceding theories and introduces the 
idea of a double layer.  The first layer, which is attached to the colloid, rapidly 
loses its potential.  The second layer, which is more diffuse, undergoes a slower 
loss of potential. 
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Figure II-8 The double layer theory 

2.2.2.3 The zeta potential 

The colloid moves with part of its double layer.  The colloid has two potentials as 
shown in Figure II-8. 

- E:  The surface potential of the colloid or the thermodynamic potential. 

- Z:  The potential at the shear surface or the electrokinetic potential. 

The Z potential, so called the zeta potential, indicates the movement of the colloids 
and their mutual interaction.  It can be defined through electrophoresis:  when a particle is 
subjected to an electrical field, it almost instantly attains a velocity so that there is a 
balance between the electrical force of attraction and the friction due to the viscosity of 
the medium.  The following relationship between the zeta potential and the 
electrophoretic mobility is obtained by the calculation. 





k

Zme                                                Equation II-7 

Where, me = Electrophoresis mobility 

  = Dielectric constant of the medium 

  = Dynamic viscosity 

Those particles that have the same electrokinetic zeta potential possess the same 
electrophoretic mobility regardless of their diameter.  

In the double layer theory, coagulation nullifies the zeta potential. 
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2.2.2.4 The chemical theory 

Since the covalent forces of attraction are 20 to 50 times greater than the 
electrostatic forces.  Chemical theory has been introduced to interpret the destabilization 
of colloidal suspensions.  This theory puts forth the idea that the primary charge carried 
by a colloidal particle is due to the direct ionization of chemical groups on its surface 
(hydroxyl, carboxyl, phosphates, sulphates, etc.).  The destabilization is achieved through 
a covalent reaction between these groups and the polyvalent metallic ions of the 
coagulants. 

This theory shows that the simultaneous precipitation of metallic hydroxides and 
the interparticular bridging are significant factors in coagulation. 

2.2.3 Flocculation 

Flocculation is the agglomeration of destabilized particles into microfloc, and later 
into bulky floccules which can be settled, called floc.  The introduction of another 
reagent, called a flocculant or a flocculant aid may promote the formation of the floc. 

Two transport factors determine flocculation: 

2.2.3.1 Perikinetic flocculation 

Perikinetic flocculation is connected to Brownian diffusion (thermal agitation).  The 
flocculation rate or the variation in the number of particles in a period of time is given.  
This flocculation only occurs in cases where the particles are smaller than 1 micron.  It 
promotes the formation of microfloc. 

2.2.3.2 Orthokinetic flocculation 

Orthokinetic flocculation is tied to dissipated energy.  The effectiveness of 
flocculation in this case, which promotes the formation of bulky separable floc.  This 
flocculation is practical.  The particle must be larger than 0.1 – 1 micron and the 
concentration should be more than 50mg/L.  The turbulent conditions can be defined with 
velocity gradient G. 

For the small particle ( 1 micron) the perikinetic flocculation is more significant 
and does not need to promote the orthokinetic flocculation for the colloid system.  
However, the 1 micron particle size has higher and/or equals the microfloc formation rate 
to the orthokinetic flocculation when the velocity gradient G  10s-1.  Consequently, this 
condition should be orthokinetic flocculation.  It can be concluded that the small colloid 
size should be formed larger than 1 micron by perikinetic flocculation.  Later, produce the 
orthokinetic flocculation of 1 micron floc size by mixing. 

2.2.4 The importance of the velocity gradient 

The velocity gradient G can be defined in laminar flow, as the difference in velocity 
between two adjacent liquid veins in the orthogonal plane with respect to their movement: 
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                      Equation II-8 

 Gradient velocity can indicate the agglomeration of destabilized particles but not 
accuracy.  In the practical method, the velocity gradient should not be high enough to 
break the floc with the water shear force.  The typical range of velocity gradient is 
between 400 – 1000s-1 for the coagulation process and 100s-1 for the flocculation process. 

2.2.5 Reagents for coagulation and flocculation processes 

Coagulant destabilizes the suspended colloid in the water. The higher the valency 
the more effective the coagulating action will be (Schultz-Hardy theory: a trivalent ion is 
ten times more effective than a divalent ion) (Monod, 1991).  For that the trivalent cations 
is considerable. 

 The neutralization of the negative surface charge of the colloid is accomplished by 
the addition of cations in the case of inorganic coagulants.  When choosing a coagulant, 
its harmlessness and its cost must be taken into account.  Thus, trivalent iron or aluminum 
salts have been and continue to be widely used in all water coagulation treatments. 

2.2.5.1  Flocculant 

To agglomerate the destabilized colloid or micro floc from the coagulation by 
adding the flocculant or coagulant aids.  Inorganic polymers (activated silica) and natural 
polymers (starches, alginate) were the first to be used.  But the appearance of widely 
varying synthetic polymers has changed flocculation results considerably.  In fact, a 
flocculant usually does not take effect until the coagulation stage is over (Less than 1 
minute).  The length of the coagulation stage depends on the type of colloid as well as on 
the temperature of the raw water.  The main factors that should be borne in mind are the 
size of the floc, its cohesion and its settling rate. 

The use of synthetic flocculants often results in a minimum amount of sludge.  
Combined with modern separation techniques, this can lead to the production of a very 
dense sludge that can be directly treated in a dewatering unit. 

2.2.5.2 Coagulation mechanisms 

There are four coagulation mechanisms  

- Coagulation with alum and iron compound 

- Adsorption-destabilization coagulation 

- Sweep coagulation 

- Polymer or coagulant aids bridging 
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For a hybrid process: using the hydrocyclone coagulation-flocculation and flotation 
in this research, the coagulation process will approach adsorption-destabilization and 
polymer bridging mechanisms that will be described as follows. 

 

Figure II-9 Polymer bridging mechanism 

The synthetic organic polymer which is used as the coagulant to destabilize the 
colloid mostly has a large molecular weight.  Cationic, anionic and non-ionic polymers 
are all possible to use in polymer bridging mechanism.  Figure II-9 shows how the 
polymer links with the colloid on its surface.  The adsorption is from the different ions of 
the polymer and colloid or the chemical reaction between the same ion of the polymer 
and colloid.  The connected colloid-polymer which still has the free bond to connect with 
another colloid is a destabilized colloid.  This colloid is able to connect to another particle 
with the polymer as a bridge.  This linkage occurs whenever the polymer and the colloid 
surface are available.  Using an over dose polymer can cause the restabilization because 
many polymer molecules link with the same colloid particle.  They lose the surface for 
another colloid-polymer to link.  The colloid stabilization is not neutralized.  The floc 
breakage problem can happen from the high shear force mixing. 

The alternative destabilization mechanism is to reduce the stern layer,    
destabilization of the colloid ion surface, sweep coagulation and coagulation with alum 
and iron compound.  These mechanisms are concerned about the coagulant ion which has 
to be opposite of the colloid ion.  The optimum coagulant dosage and pH of the water are 
important for the coagulation process. 

This research intends to use polymer as the coagulant and uses a polymer bridging 
mechanism because pH is not considered.  The coagulant dosage will be tested by Jar test 
method. 

2.2.6 Coagulation and flocculation control 

For the coagulation, an intense mixing is the required parameter for dispersing the 
coagulant uniformly throughout the basin and for allowing an adequate contact time 
between the coagulant and the suspended particle.  A rational approach for evaluating the 
mixing and design of the basin has been developed by Camp and Stein (1943).  The 
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mixing intensity is measured by the global velocity gradient.  The equation used to 
calculate the average velocity gradient is presented in Equation II-9. 

V
PG


     Equation II-9 

The coagulation is a very rapid phenomenon therefore, a low contact time is 
required.  Therefore, whatever the operating parameters, the average gradient velocity has 
to be greater than 100s-1 and the mean residence time lower than 60s.  For the 
instantaneous mixing, the velocity gradient can reach 1000 s-1 as reported in Table II-2. 

In flocculation, the growth of small floc sizes is performed by the adequate mixing 
intensity.  They are contacted slowly to create the large flocs.  However, floc structure 
may be broken if very high mixing intensity is used.  The average velocity gradient has to 
be lower than 100s-1 and the mean residence time is required to be higher than 600s-1. 

The recommended global velocity gradient for the coagulation and flocculation 
process is summarized in Table II-2. 

Process Detention time, s Ga,m Value, s-1 References 

Coagulation stage 

Typical rapid mixing 
operations in waste water 
treatment 

5-20 250-1500 Tchobanoglous 
(2004) 

Coagulation - 400-1000 Degrémont (2005) 

Mixing condition 300 200 Chaiyaporn 
Puprasert (2004) 

Coagulation mixing basins 20 
30 
40 

50 or more 

1000 
900 
790 
700 

Reynolds and 
Richards (1995) 

    

    

    

    

Table II-2 The recommended criteria for the coagulation and flocculation process 
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Process Detention time, s Ga,m Value, s-1 References 

Flocculation stage 

Typical flocculation 
process used in wastewater 
treatment 

600-1800 20-80 Tchobanoglous 
(2004) 

Flocculation - 100 Degrémont (2005) 

Coagulation-flocculation 
phase 1 

1800 75 

Coagulation-flocculation 
phase 2 

600 30 

Chaiyaporn 
Puprasert (2004) 

 

Table II-2, the recommended values for the detention time of the coagulation tank 
range from 5 - 300s, and the recommended velocity gradient should be within the range 
of 200-500s-1.  In the flocculation process, the recommended contact time and velocity 
gradient ranges from 600 - 1800s-1 and 20 - 100s-1, respectively. 

It could be noticed that the criteria of the detention times and the averaged velocity 
gradients in Table II-2 is valid for the conventional coagulation and flocculation process.  
These processes are followed by the setting which is not used for separation in this study.  
Therefore, these criteria could be used as the roughly guideline.  

In the coagulation and flocculation process, solid particles are destabilized and 
agglomerated together to form large flocs.  A first step with coagulation stage is 
necessary to neutralize the colloidal particles.  A second, the flocculation stage is carried 
out to form the large floc.  After floc formation, the next step at a water treatment plant is 
the separation process used to remove flocs formed in the water.  Therefore, there are 
many types of separator used such as a settling tank, hydrocyclone, or flotation tank.  In 
this study, the separation process involve with the flotation process and the hydrocyclone 
mechanism.  The following section will explain the technique of micro bubble generation 
by a flotation process: dissolved air flotation. 

2.3 The flotation process 

Flotation is a gravity separation process in which air or gas bubbles are attached to 
solid particles.  The bubble-particle agglomerates have a density lower than the liquid and 
rise to the surface where they accumulate as a float.  The success of the process depends 
on two separate factors, one the formation of an ample supply of suitable small bubbles 
and the other the attachment of the bubbles to solid particles. 

Bubbles may be generated by any of five methods: 
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1. Dispersed-air flotation, wherein a high-speed mechanical agitator is combined 
with some form of air injection system. 

2. Dissolved-air (vacuum) flotation, wherein water is saturated with air at 
atmospheric pressure then passed to a flotation chamber where the pressure is reduced to 
below atmospheric pressure.  The air, now super-saturated, precipitates out of the 
solution. 

3. Microflotation, where pumped air is dissolved into water under a hydrostatic 
head of, say, 15 m.  As the water flows to the surface the air precipitates out of solution. 

4. Electroflotation, where a direct (low voltage) current is passed across two plate 
electrodes immersed in water.  From the electrolytic dissociation of water, bubbles of 
hydrogen and oxygen are produced. 

5. Dissolved-air (pressure) flotation, where air is dissolved into a stream of liquid 
under pressures higher than atmospheric.  On reduction of the pressure to atmospheric, air 
precipitates out of solution. 

 As a general propose solid-liquid separation tool, the two flotation techniques 
which have found increasing value in recent years are dissolved-air and electrolytic 
flotation.  With dissolved-air flotation, the only chemical additives required are those 
commonly used for colloidal destabilization purposes, e.g. metal coagulants and 
polyelectrolyte.  With activated sludge, dissolved-air flotation operates successfully with 
no chemical addition whatsoever required for efficient bubble particle attachment. 

 For hybrid process, this research used adissolved air flotation will be used for the 
micro bubbles production technique.  This technique will be described in the next part. 

2.4  Dissolved-air flotation: DAF 

2.4.1 Dissolved-air flotation mechanism 

The dissolved-air flotation mechanism is to dissolve the air into water under 2-3 
atmospheric pressure.  On reduction of the pressure to atmospheric, air precipitates out of 
solution.  This method has two systems; recirculation and non-recirculation systems. 

In the flotation system, there is the flotation unit and the air saturator.  The solid 
phase – liquid phase separation process occurs in the flotation unit.  The air saturator 
conducts the air into water under the pressure to become air saturated water by passing 
the relief valve into the flotation unit.  Pressure reduction from 2-3atm to atmospheric 
pressure causes the air to precipitate out of the solution in micro bubble form and attach 
to the colloid particle and form a bubble-particle agglomerate whose density is lower than 
water.  The buoyancy force lifts the bubble-particle agglomerate up to the water surface 
where they gather with each other called floated floc or aerated floc on the surface.  

The released air bubbles become attached to the suspended particles by one of the 
following mechanisms:  
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1. In the adsorption mechanism, air in excess of atmospheric saturation 
comes out of solution by formation on the surface of the suspended 
particle. This is not the dominant mechanism. . Hence, it is necessary to 
first achieve near complete air release by turbulence before attachment to 
the particles. 

2.  The entrapment mechanism is perhaps the most significant in the 
flotation process. In this mechanism, the air-to-solids bond is created by 
collision during random motion. Air bubble and particle size must be 
controlled to some extent to ensure that there is a sufficient radius of 
attachment to maintain the bond until separation. Particle size is controlled 
by the amount of energy added during the enflocculation process. 

3. The absorption mechanism, which provides a "permanent" air-to-solids 
bond, can be the predominant mechanism when the final step of chemical 
flocculation occurs after air release. This occurs as the air bubbles become 
embedded in the floc mass. 

After the air-to-solids bond is complete, flotation will occur if the net combined 
specific gravity of the air-to-solids agglomerate is less than 1.0. Rise rate of the 
undisturbed agglomerate is governed by Stokes' Law. 

Actual separation of the suspension in the flotation unit will also be governed by the 
solids and air concentration; and, the degree of turbulence.  

The flotation process is employed where separation of particles having specific 
gravities close to that of water is desired. The flotation process will provide faster 
separation and higher ultimate solids concentration. 

Sludge volume generated by the DAF process will be nearly equal to other system 
processes, but the DAF will have more air volume entrapped with the sludge; therefore, 
less water entrapment.   

2.4.2 Air dissolution mechanism 

The parameter which affects the bubble-particle agglomerate floating rate is the 
air/solid ratio. It is concerned to the parameters as follow. 

1. Pressure to compress the air into water 

2. Saturator feed/ wastewater feed 

If the air dissolved into water is inefficient, the recirculation ratio should be 
increased to reach the optimum air/solid ratio.  Thus, the flotation tank will be increased 
which increases the cost. 

There are three air dissolution methods. 
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2.4.2.1   Sparged air system  

Air is compressed into water in bubble form by passing through the saturator using 
a fine bubble diffuser.  The saturation level depends on the compressed air flow rate and 
the hydraulic retention time in the saturator.  The system efficiency can be improved by 
violent agitation of the saturator contents such as high velocity impellers. 

2.4.2.2 Air injection system 

Air is introduced at the suction side of a centrifugal pump and is intimately mixed 
with the water by the shearing action of the impeller.  The air-water mixture is passed to a 
saturator to allow sufficient time for dissolution.  With this method only about 25% of the 
air required for saturation is dissolved into the water because of the risk of air binding in 
the pump.  Full saturation can only be achieved by introducing air in a supplementary 
fashion, e.g. by also injecting air downstream of the pump or by sparging air in the 
saturator. 

2.4.2.3  Packed column system 

Water is distributed evenly over some form of proprietary packing media under 
pressure in a saturator.  Of these three methods, the packed column system was found to 
be markedly superior in performance.  It is not necessary (nor desirable) to pass air 
counter-currently through the packing, since a decrease in the rate of percolation will 
result.  Air is introduced at the top of the saturator, at a rate sufficient to replace that 
dissolved and removed in the saturator feed.  For packing depths exceeding 300mm and 
pressures above 3 atmospheres, full saturation is obtained up to the maximum surface 
loading rate possible through the packing before ponding occurs (Bratby and Marais, 
1974) 

In this hybrid process, the packed column system with the air-water mixing media 
is chosen to produce the micro bubbles. 

2.5 Air flow rate calculation 

In this research, there will be an air pressurized water flow rate.  It will be injected 
into the reactor together with the raw water.  In order to calculate the amount of air 
compare to all inlet flow rates, Henry’s law is used to calculate the air in the system. 

The equilibrium or saturation concentration of gas dissolved in a liquid is a function 
of the type of gas and the partial pressure of the gas in contact with the liquid.  The 
relationship between the mole fraction of the gas in the atmosphere above the liquid and 
the mole fraction of the gas in the liquid is given by the following form of Henry’s law 
(Metcalf and Eddy, 2004) 

g
T

H
g x

P
Kp      Equation II-10 
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 In this research, Henry’s law is used for air fraction calculation in which the air 
pressurized water under pressure for the aerated floc production. 

2.6 Literature reviews of coagulation and flocculation in hydrocyclone 

Plitt and Ligle (1967 cited in Roldan-villasana et al., 1999: 1229) studied a 32mm 
hydrocyclone and used polyacrylamide as the flocculant to treat clay slurry which had the 
average size 5μm and silica which had the average size 25μm. 

The results show the overflow concentration decreased 72% with clay slurry and 
50% with silica. 

This study concluded that the treated particle by flocculation process is able to be 
separated better than the untreated (and fine) particle such as clay. 

Visman and Hamza (1973 cited in Roldan-villasana et al., 1999:1229) used a 
hydrocyclone in an industrial factory to treat (separate) coal which passed the flocculation 
process.  The results showed that the shear force inside the 10-50mm hydrocyclone did 
not affect the floc.  However, this study did not compare between the flocculated system 
and non-flocculated system. 

Wallace et al. (1980 cited in Roldan-villasana et al., 1999: 1229) studied six 
hydrocyclones with a 10mm diameter in parallel to treat 2% by weight kaolinite with an 
average size 0.77μm.  The results showed that the total efficiency is higher with the 
polyacrylamide flocculant solution. 

Borts et al. (1982 cited in Roldan-villasana et al., 1999: 1229) improved the 
150mm hydrocyclone efficiency by adding polyacrylamide as the flocculant to treat the 
slurry.  The results showed that with the polyacrylamide the solid removal efficiency was 
94%.  Without the polyacrylamide, the efficiency was 53%.  But the slurry mixture detail 
was not explained. 

Williams and Roldan-Villasana (1991 cited in Roldan-villasana et al., 1999) 
developed the efficiency of 10mm hydrocyclone and 2.6mm vortex finder diameter.  6 
hydrocyclones in parallel treated kaolin which passed the flocculation process by using 
polyacrylamide as the flocculant.   

The above researches have shown that chemical agents as the flocculant are used in 
hydrocyclone.  This research attempts to use them in the coagulant process. 

Woodfield and Bickert (2004) studied the separation of flocs in hydrocyclones-
significance of floc breakage and floc hydrodynamics.  The experimental work used 22 
mm hydrocyclone.  Particles were suspended in water by alumina trihydrate flocculated 
using polymer flocculant before being fed into the hydrocyclone with 100kPa pressure. 

The results found that limited floc breakage occurs within hydrocyclones for flocs 
formed using appropriate polymeric flocculants.  Further, the overflow floc size 
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distribution is quite similar to the underflow floc size distribution.  The reason for the 
differing separation of the underflow and overflow, even though the floc size distribution 
is similar, is the difference in floc density caused by differences in composition of 
primary particles within the flocs.   

The reason for the improvement in overall separation is the inclusion of fine 
particles in underflow flocs containing coarse particles.  The experimental results suggest 
that floc hydrodynamics and density are more important than breakage in determining 
hydrocyclone separation performance. 

This research has shown that it is possible to use flocculant to agglomerate the fine 
particles before being separated by the hydrocyclone.  Bidault et al.(1997) and Woodfield 
and Bickert (2004) showed that the floc remained in the hydrocyclone if the floc was 
build efficiently enough for the shear force in the hydrocyclone. 

Rubio J. and Rosa J. (2004) used flocculation and flotation process to produce the 
aerated polymeric floc and separated by the separator.   

The flocculation-flotation system is composed of a turbulent “flocculator” to 
generate aerated polymeric flocs coupled with solid/solid, solid/liquid/liquid2 or 
liquid/liquid2 separation devices (columns, tanks, centrifuges).  The basic concept was 
that of a reactor of flocculator and a floc flotation separation (Figure II-10) 

 

Figure II-10 The FF-flocculation-flotation system.  

The lay out of the aerated floc generation system, MS10 is for the flocculator with 
10 zigzags units.  The outlet connects with the floc flotation separation unit  
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Figure II-11 The aerated floc flotation separator 

After flocculation-flotation, FF% values were calculated from the dry weights of 
dispersions, before and after the separation:  %FF = (100)(Do-Df/Do) where Do is the 
degree of dispersion (“dispersibility”) calculated from the feed dispersed solids content 
(by weight) before FF (Do=initial dispersion degree) and Df is the dispersion degree after 
FF, using the cationic polymer.  Particles were ground to 100% less than 37μm.  The idea 
of this research is similar to the hybrid process which produces aerated floc. 

 

Figure II-12 The aerated oil floc formed with cationic polyacrelamide in the FF process 

It was believed that the small bubble formation and their rapid occlusion 
(entrapment) within flocs was nucleation of bubbles at floc/water interfaces and bubbles 
entrainment.  Qualitative measurements of the bubble size generated in the FF system, 
using the technique developed by Rodrigues and Rubio (2003), yielded values of the 
order of 100μm bubble diameter.  These values are considered very fine (microbubbles) 
and of the order of those generated in DAF units, were formed at head losses (measured 
by the pressure differences before and after the flocculator) of the order of 3 atmospheres 
and at 4L/min for the feed rate and 7L/min for the air flow rate. 
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The uprising rates of the aerated flocs (more than 130m/hr) were faster than the 
rising bubbles sizes alone (30-40m/hr), it was believed that air was entrapped (occluded) 
inside the flocs, highly decreasing the aggregate density as a function of the incorporated 
air volume. 

Because some air must be dissolved in water following the flow pressure inside the 
flocculator, these microbubbles behaved as in DAF.  Thus, a very important feature 
concerned with the mechanisms of bubble/particle (aggregates) interactions other than the 
common adhesion through hydrophobic forces (Rubio et al., 2002).  Apart from particles-
bubbles collisions and adhesion, part of the dissolved air in water, which did not convert 
into bubbles, remained in solution and “nucleate” at the particle surface.  This mechanism 
is independent of the surface hydrophobicity and allows flotation of hydrophilic particles.  
In addition, entrainment by the rising bubbles might be also operating. 

Even this research is having the same idea about aerated-floc in the hybrid process 
but still the units are separated (flocculation and flotation).  Moreover, there was no study 
to create aerated floc to treat natural water yet. 

2.7 Hybrid process concept  

The hybrid process is a new water treatment process.  It is aimed to combine three 
processes; coagulation, flocculation and flotation processes present in one reactor which 
is the hydrocyclone as shown in Figure II-13 

 

Figure II-13 Conception of Hybrid process 

In the bottom part of hydrocyclone, there are three injection apertures which are 
raw water inlet, the coagulant solution inlet and the pressurized water inlet.  The two 
former inlets are installed tangentially to the cyclone wall.  The velocity gradient is 
controlled by the inlet feed flow rate.  In this zone, coagulation and flocculation processes 
are expected.  The colloid particle will be destabilized and agglomerated.  Spontaneously, 
the air pressurized water from the dissolved air flotation technique passes through the 
reactor with atmospheric pressure, the saturated air precipitated into the water as micro 
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bubbles.  These bubbles attach inside the floc structure, from a coagulation-flocculation 
process, and become the aerated floc. 

In the upper part of the reactor, the centrifugal force in hydrocyclone causes the 
separation between the floc and water.  The aerated floc has a density lower than water 
because it contains the micro bubbles inside its structure and can be separated to the 
hydrocyclone reactor axis. 

2.8 The hybrid process studies  

The hybrid process has been studied since 2004.  With the same objective, it has 
been researched by many researchers as following reviews. 

Chaiyaporn Puprasert C. (2004) studied of the feasibility of a hybrid process for 
water treatment.  A 5cm hydrocyclone was used to be the reactor with a bentonite 
suspension and EM470 coagulant solution. 

The experiment was done in 5cm diameter hydrocyclone.  The raw water and 
coagulant solution were fed tangentially into hydrocyclone.  Simultaneously, the 
pressurized water was fed from the bottom cone apex in vertical direction as shown in 
Figure II-14.  When the pressurized water passes to the hydrocyclone with atmospheric 
pressure, the saturated air precipitates to be micro bubble at the feed inlet point (bottom 
part).  It was found that this process could produce the floc which contained the micro 
bubbles inside. 

 

Figure II-14 The expected phenomenon of Chaiyaporn Puprasert (2004) 

This research was done in three parts. 

Firstly, the feasibility of the hybrid process with continuous operation.  The results 
did not reach the expected phenomenon because the water in the hydrocyclone was still 
turbid of bentonite and there was no separation.  However, with batch operation; which 
fed the three flow rates and then stopped the operation, water was still spinning with a 
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lower velocity and the floc occurred in the hydrocyclone and those flocs tended to gather 
in the hydrocyclone axis and floated up to the top of reactor.  The floc was looked at 
through a microscope and it was found the special floc which contained air bubbles 
inside. 

The second part, floc observation, from the first part the floc did not float up to the 
top of cyclone.  There were some settled flocs.  This experiment varied the air pressurized 
water flow rate at 14, 21, 28 and 36L/hr.  The results showed that increasing the air 
pressurized water increased the float floc.  With 36L/hr flow rate, all the floc floated up to 
the top of hydrocyclone.  This flow rate is 9% of the raw water inlet flow rate.  Compare 
to the dissolved air flotation technique this flow rate was lower as the DAF technique 
requires 30-50% air pressurized water. 

The last part was to vary the velocity gradient for the coagulation and flocculation 
processes by controlling the raw water inlet flow rate.  The velocity gradient in the lower 
part was controlled for the coagulation process.  In the middle of the hydrocyclone, the 
velocity gradient was controlled for the flocculation process.  The top part was expected 
to separate the special floc by centrifugal force and gather in the hydrocyclone axis.  

The results did not reach the expected phenomenon.  When the flow rate in the 
lower part was controlled for the coagulation process, the vortex flow for flocculation 
process in the upper part was to strong.  Contrary, when the flow rate in the upper part 
was controlled for the flocculation process, the lower part had inadequate velocity 
gradient to produce the micro floc. 

Conclusions from this research 

1. The special floc was produced by a hybrid process by containing the air bubbles 
inside its structure. 

2. The expected phenomenon (Figure II-14) was successful only in batch operation. 

Vorasiri Siangsanun (2006) studied the Hybrid process with hydrocyclone 
coagulation flocculation and flotation in water treatment process.  It was aimed to operate 
with continuous operation by using 1mg/L bentonite as the suspended solid in the tap 
water. 

To achieve continuous operation the parameters which affected to hybrid process 
were studied.   

- The hydrocyclone reactor geometry 

- Polymeric coagulant type 

- Velocity gradient at the inlet point 

- Air pressurized water to inlet flow ratio 
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- Inlet flow velocity 
 

There were two hydrocyclones reactor geometries.  The first hydrocyclone was a 
cylindrical reactor with two diameter sizes; 50mm for the lower part and 100mm for the 
upper part.  The lower part was designed to have higher velocity gradient from tangential 
inlet flow with small cyclone radius (5cm).  The upper part was designed to decrease the 
velocity gradient by increasing the cyclone radius (10cm) as shown in Figure II-15.  The 
second hydrocyclone was a conical reactor (see Figure II-16) where its diameter increases 
along the reactor height.  It was designed to slightly decrease the velocity gradient inside 
the reactor and to compare the result to the cylindrical one. 

coagulant inlet

10 cm.

5 cm.

50 cm.

50 cm.

Diameter feed inlet = 0.5 cm.

Raw water inlet

Air pressurized water inlet

Raw water inlet

coagulant inlet

 

Figure II-15 Cylindrical hybrid reactor size and details  

 The results found in the cylindrical hydrocyclone that separation could occur only 
with the batch operation that was after stop all the feed inlets, the floated flocs were 
observed inside the reactor and the treated water was less turbid. 

Coagulation and flocculation processes by hybrid process could produce the special 
floc which contained the air-bubbles inside (aerated floc). 

The coagulant polymer did not present the different of percent turbidity 
significantly in each type.  The coagulation process mechanism was the polymer bridging 
for that ion of the coagulant did not affect differently in the process. 

The air flow rate to inlet flows ratio was the important parameter to produce the 
special floc.  Increasing the inlet raw water flow rate caused the air fraction to decrease.  
That in turn affected the special floc production. 
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The diameter change position of the reactor disturbed the flow spin up.  This flow, 
so called vortex flow, was important to separate the floc from the clear water after the 
coagulation and flocculation processes.  There was not the separation process between the 
floc and water because the vortex flow was too weak and disturbed when it passed the 
diameter change point. 

Raw water inlet

Air pressurized water inlet

coagulant inlet

20 cm.

120 cm.

5 cm.

10 cm.

200.1
025.0tan 1

Feed inlet diameter = 0.50
and 0.35 cm.

Raw water inlet

coagulant inlet

 

Figure II-16 Conical hybrid reactor size and details 

In the conical hydrocyclone, the experimental results found that the type of 
coagulant polymers were not different significantly in the floc producing term.  The 
separation between floc and clear water occurred only in batch operations. 

Increasing the inlet flow rate caused the amount of floated floc to decrease because 
the total air volume was inadequate to produce the special floc.  With a low flow rate 
(150L/hr) all the floc floated up to the top but there was not the vortex flow which was 
important to separate the floc from the water.  With a high inlet flow rate (450L/hr), the 
produced floc settled down to the bottom of reactor after stopping the operation.  It was 
there is expected there was not enough air volume to produce the special floc. 

With the conical hybrid reactor, increasing the inlet flow rate caused the air-bubbles 
to coalescence to each other.  The air bubbles became larger in size and were not able to 
insert themselves into the floc structure. 
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The conclusion of comparing between the cylindrical hybrid reactor and the conical 
hybrid reactor is the two hybrid reactors could produce the special floc which contained 
the air-bubble inside but the cylindrical hybrid reactor produced the floc and it got larger 
at the diameter change point.  This point changed the flow direction and disturbed the 
vortex flow in the reactor.   

This study needs to be explored to approach the separation with continuous 
operation.  For that Pradipat Bamrungsri (2008a) studied the phenomenon inside these 
hybrid reactors.                                                                                                                                                                                                                                                                                                                                                             

Pradipat Bamrungsri (2008a) studied two main parts.  First, the development of a 
simple experimental method used for the determination of the liquid field velocity in a 
conical and cylindrical hydrocyclone by using red oil droplets.  Secondly, she studied the 
optimum conditions for the hybrid process with different operating conditions and reactor 
geometry. 

In the first part, velocity measurement using simple method, the oil droplet was 
injected by a small syringe into the hydrocyclone at different zones.  The trajectory line of 
the injected droplets and velocity of water in terms of tangential and axial velocity of the 
liquid (clean water) and the average velocity gradient in the hydrocyclone could be 
investigated. 

 

Figure II-17 The diagram of each hydrocyclone from this research  
and the oil droplet method measurement 

In each hydrocyclone, the oil droplets were injected at the centre of the 
hydrocyclone, they moved down to the bottom part.  On the contrary, the droplets were 
injected close to the wall of the hydrocyclone they raised up rapidly to the upper part of 
the hydrocyclone.  Beyond that, the average axial velocity of water at the centre of the 
conical hydrocyclone which had the downward direction to the bottom of the 
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hydrocyclone was greater than the average axial velocity of water at the centre of the 
cylindrical hydrocyclone. 

The tangential velocity of water in both hydrocyclones presented the average 
velocity gradient of the water at the centre of the hydrocyclone was significantly lower 
than the average velocity gradient of water close to the wall of hydrocyclone.  It was 
concluded that the external vortex close to the wall of the hydrocyclone was stronger than 
the internal vortex at the centre of the hydrocyclone.  

The trajectory lines of droplets at the internal zone (0≤r≤1cm) of the hydrocyclone 
were downward to the bottom of hydrocyclone. In contrast, they moved upward to the 
upper part of hydrocyclone when injected close to the wall of hydrocyclone (1<r<2.5cm). 

In all hydrocyclones, the water flow direction was downward at the internal zone 
(0≤r≤2cm) and it changed to an upward direction at the wall of hydrocyclone which was 
concerned with the axial velocity of liquid. In both hydrocyclones, the water flow of the 
small water inlet aperture moved downward to the bottom faster than the water flow of 
the larger water inlet aperture. However, the water flow of the conical hydrocyclone 
moved downward to the bottom of the hydrocyclone faster than water flow in cylindrical. 

The radius of the downward flow of the cylindrical hydrocyclone is smaller than the 
radius of downward flow in conical hydrocyclone when they are operated at the water 
inlet diameter equal to 0.50cm. 

In the second part, the studies of the hydrodynamics in the hydrocyclones were 
done with the different conditions and different geometries.  It was found that there were 
three conditions which were interesting from the results of oil droplet method in the 
hydrocyclone III (HC3). 

Condition Inlet diameter,D 
(cm) 

Inlet flow rate,Q 
(l/hr) 

Water inlet velocity, v 
(m/s) 

1 0.3 200 7.86 

2. 0.5 200 2.83 

3. 0.5 400 5.66 

 

The optimum conditions from this research were concluded as follow 

Hydrocyclone geometry HC3 

The raw water flow rate 200L/hr 

The raw water inlet diameter 0.50cm 

Coagulant concentration 3.0 – 4.0mg/L 
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Total pressure   3.5bars 

Air fraction   0.0082 – 0.0100 

The floc sizes in the wall zone of the optimum operating condition, 70% separation 
efficiency, were still large, 0.1 to 0.5cm.  The higher separation efficiency was difficult in 
this hydrocyclone geometry (HC3). For that, the enlargement of the hydrocyclone 
diameter was proposed to improve the hybrid process with the continuous flow in order to 
be a guide line for designing the hybrid process and applying it for industrial scale.  The 
modified hydrocyclone reactor geometry and the parameters will be explained in the next 
chapter. 

In terms of the optimum conditions, results from the oil droplet method, even the oil 
droplet method is the new simple way to understand the hydrodynamics inside the 
hydrocyclone.  On the other hand, the rapid development of computer and computational 
fluid dynamic (CFD) techniques, the use of numerical simulations to predict the 
performance of the cyclone has received much attention.   

For that, it is interesting to use numerical simulation method by FLUENT as one of 
the method to simulate the tangential and axial velocity profiles on the same conditions 
from the result of oil droplet method.  With the oil droplet method, there are three 
conditions of the experimental results which are interesting.   

2.9 Computational Fluid Dynamics with FLUENT  

FLUENT is a computational fluid dynamics (CFD) software package to simulate 
fluid flow problems. It uses to solve the governing Equations for a fluid. It provides the 
capability to use different physical models such as incompressible or compressible, 
inviscid or viscous, laminar or turbulent, etc. Geometry and grid generation is done using 
GAMBIT which is the preprocessor bundled with FLUENT. 

 It is used for modeling fluid flow and heat transfer in complex geometries.  
FLUENT provides complete mesh flexibility including the ability to solve the flow 
problems using unstructured meshes that can be generated about complex geometries 
with relative ease.  Supported mesh types include 2D triangular/quadrilateral, 3D 
tetrahedral/ hexahedral/ pyramid/wedge/ polyhedral, and mixed (hybrid) meshes.  
FLUENT also refines or coarsens the grid based on the flow solution. 

FLUENT is theoretically based on Navier’s stoke Equation (Byron et al., 1960) 

The general Equations of motion for a Newtonian fluid with varying density and 
viscosity 
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      Equation II-13 

 These equations, along with the Equation of continuity, the Equation of state 
p=p(ρ), the density dependence of viscosity μ=μ(ρ), and the boundary and initial 
conditions, determine completely the pressure, density, and velocity components in a 
flowing isothermal fluid.    

 For constant ρ and constant μ, equation II-11 to II-13 may be simplified by means 
of the Equation of continuity [( v ) = 0)] to give 

gvp
Dt
Dv 2      Equation II-14 

 The Cartesian components of this equation are given in Table II-3.  Equation II-14 
is the celebrated Navier-Stokes Equation (Byron et al., 1960) 
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In terms of τ 
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In terms of velocity gradients for a Newtonian fluid with constant ρ and μ 
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Table II-3 The equation of motion in rectangular coordinates (x,y,z) 
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Dt
Dv

  is the mass per unit volume times acceleration 

v  is the mass velocity vector of the components ρvx, ρvy, ρvz  

g is the gravitational acceleration for gx, gy, gz  

p is the gradient of p is composed with 
z
p,

y
p,

x
p








  

FLUENT provides the following choices of turbulence models: 

 Spalart-Allmaras model 

 k-ε models 

o Standard k-ε model 

o Renormalization-group (RNG) k-ε model 

o Realizable k-ε model 

 k-ω models 

o Standard k- ω model 

o Shear-stress transport (SST) k- ω model 

 υ2-f model (addon) 

 Reynolds stress model (RSM) 

o Linear pressure-strain RSM model 

o Quadratic pressure-strain RSM model 

o Low-Re stress-omega RSM model 

 The solution process requires a geometry modeler and grid generator.  GAMBIT 
is used for geometry modeling and grid generation. Then the grid will be imported to 
FLUENT. 

 It is recommended in the modeling basic fluid flow that the modeling turbulent 
flow with a significant amount of swirl (e.g., cyclone flows, swirling jets) should consider 
using one of FLUENT’s advanced turbulence models: the RNG k-ε model, realizable k-ε 
model, or Reynolds stress model (RSM).  The appropriate choice depends on the strength 
of the swirl, which can be gauged by the swirl number. 
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Models Features 

Spalart-Allmaras  Economical for large meshes  
 Suitable for mildly complex 2D flows  
 Performs poorly for 3D flows, free shear 

flows, and flows with strong separation  

Standard -   It is robust  
 Suitable for initial iterations, initial screening 

of alternative designs, and parametric studies  
 Performs poorly for complex flows involving 

severe separation  

RNG -  Suitable for complex shear flows involving 
rapid strain, moderate swirl, vortices, and locally 
transitional flows. 

Realizable -   Similar benefits and applications as RNG  
 Cannot be used with multiple rotating 

reference frames (MRF)  
 Possibly more accurate and easier to converge 

than RNG  

Standard -   Superior performance for wall-bounded, free-
shear and low Reynolds number flow.  

 Suitable for complex boundary layer flows 
under adverse pressure gradient and 
separation.  

 Separation is typically predicted to be 
excessive and early.  

SST -   Similar benefits as standard - model  
 Less suitable for free shear flows  

RSM  Physically the most balanced model  
 Avoids isotropic eddy-viscosity assumption  
 Suitable for complex 3D flows  
 Requires more CPU time and memory  
 Tougher to converge due to close coupling of 

Equations  

 

Table II-4 The turbulence Model-features and usage (Fluent Inc., 1999) 
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In this study, the model physic will be chosen to simulate the velocity profile are; 
standard k-ε Model and Reynolds Stress Model.  These two models are explained as 
follow. 

2.9.1 Standard k-ε Model 

The simplest “complete models” of turbulence are two-equation models in which 
the solution of two separate transport equations allows the turbulent velocity and length 
scales to be independently determined. The standard k-ε model in FLUENT falls within 
this class of turbulence model and has become the workhorse of practical engineering 
flow calculations in the time since it was proposed by Launder and Spalding. Robustness, 
economy, and reasonable accuracy for a wide range of turbulent flows explain its 
popularity in industrial flow and heat transfer simulations. It is a semi-empirical model, 
and the derivation of the model equations relies on phenomenological considerations and 
empiricism. 

As the strengths and weaknesses of the standard k-ε model have become known, 
improvements have been made to the model to improve its performance. Two of these 
variants are available in FLUENT: the RNG k-ε model and the realizable k- ε model.  The 
standard k- ε model is a semi-empirical model based on model transport equations for the 
turbulence kinetic energy (k) and its dissipation rate (ε). The model transport equation for 
k is derived from the exact equation, while the model transport equation for ε was 
obtained using physical reasoning and bears little resemblance to its mathematically exact 
counterpart. 

In the derivation of the k- ε model, the assumption is that the flow is fully turbulent, 
and the effects of molecular viscosity are negligible. The standard k- ε model is therefore 
valid only for fully turbulent flows. 

2.9.2 Transport equations for the Standard k- ε Model 

 The turbulence kinetic energy, k, and its rate of dissipation, ε, are obtained from 
the following transport equations: 

Kinetic energy: k 

kMbk
jk

t

j
i

i

SYGG
x
k

x
)ku(

x
)k(

t






































      Equation II-15 

And dissipation: ε 
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 Equation II-16 

In these equations, Gk represents the generation of turbulence kinetic energy due to 
the mean velocity gradients. Gb is the generation of turbulence kinetic energy due to 
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buoyancy.  YM represents the contribution of the fluctuating dilatation incompressible 
turbulence to the overall dissipation rate. C1ε, C2ε, and C3ε are constants.  σk and σε are the 
turbulent Prandtl numbers for k and ε, respectively. Sk and S are user-defined source 
terms. 

The model constants C2, σk, and σε have been established to ensure that the model 
performs well for certain canonical flows. The model constants are 

C1ε = 1.44; C2ε = 1.9; σk = 1.0; σε = 1.2 

2.9.3 Reynolds Stress Model (RSM) Theory 

 The Reynolds stress model (RSM) is the most elaborate turbulence model that 
FLUENT provides.  Abandoning the isotropic eddy-viscosity hypothesis, the RSM closes 
the Reynolds-averaged Navier-Stokes Equations by solving transport Equations for the 
Reynolds stresses, together with an equation for the dissipation rate.  This means that five 
additional transport Equations are required in 2D flows and seven additional transport 
equations must be solved in 3D. 

 Since the RSM accounts for the effects of streamline curvature, swirl, rotation, 
and rapid changes in strain rate in a more rigorous manner than one-equation and two-
equation models, it has greater potential to give accurate predictions for complex flows.  
However, the fidelity of RSM predictions is still limited by the closure assumptions 
employed to model various terms in the exact transport equations for the Reynolds 
stresses.  The modeling of the pressure-strain and dissipation-rate terms is particularly 
challenging, and often considered to be responsible for compromising the accuracy of 
RSM predictions. 

 The RSM might not always yield results that are clearly superior to the simpler 
models in all classes of flows to warrant the additional computational expense.  However, 
use of the RSM is a must when the flow features of interest are the result of anisotropy in 
the Reynolds stresses.  Among the examples are cyclone flows, highly swirling flows in 
combustors, rotating flow passages, and the stress-induced secondary flows in ducts. 

 The exact form of the Reynolds stress transport equations may be derived by 
taking moments of the exact momentum equation.  This is a process wherein the exact 
momentum equations are multiplied by the fluctuating property, the product then being 
Reynolds-averaged.  Unfortunately, several of the terms in the exact equation are 
unknown and modeling assumptions are required in order to close the equations. 

2.9.4 Reynolds Stress Transport Equations 

 The exact transport equations for the transport of the Reynolds stresses, '
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may be written as follows: 
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         Equation II-17 

Local Time Derivate +  ijijijijijij,Lij,Tij FGPDDC User-Defined 

Source Term  

Where, Cij = convection-term 

DT, ij = turbulent diffusion 

DL, ij  = molecular diffusion 

Pij = term for Stress Production 

Gij = Buoyancy Production 

ij   = pressure strain 

εij = dissipation 

Fij  = production by system rotation. 

Suser = User-Defined source term 

The simulation will be included turbulence 3D model selection for simulating the 
tangential and axial velocity profiles on different inlet diameter and inlet velocity in 
hydrocyclone with one phase of water liquid and compare to the experimental results.  
Choosing the model physic, it is considered that this operation will be the turbulent flow 
and 3D. 

2.9.5 GAMBIT grid division 

Gambit is the main preprocessor of Fluent, is used to create geometry, meshing and 
specifying boundary types of hydrocyclone. With the available dimensions of the 
hydrocyclone three-dimensional geometry is created. For meshing, hexahedral and 
tetrahedral meshes were used for all the part of hydrocyclone.   Boundary types are 
considered as inlet velocity, outlet pressure and wall. Using Fluent the created geometry 
by Gambit can be read and simulation is done. For analysis of the results the contour plots 
and vector plots are analyzed. Residual plot is observed continuously during simulation. 
Accuracy and convergence are very important during simulation. Current study involves 
two things: one is to create three-dimensional geometry in Gambit along with the 
meshing, and second is to know the general procedure to simulate this hydrocyclone. 
Analysis of the result is also important to know the flow field and pressure distribution. 
The convergence and accuracy is important during solution. This can be seen by the 



 

 41 

residual plots. A general convergence criterion is 10−7 and more than that is desirable. If 
not then it has to be change the solution parameters and sometimes solution method also. 
Currently, modified k–ε method and water as the fluid medium is used for the 
hydrodynamic study of the hydrocyclone I.  On the other hand, Hydrocyclone II, 
simulation was performed with RSM which is more appropriate to swirling flows. Here, 
only one phase is considered for the study, water. Results of residual plot will be 
observed until the x, y, z component reach a stable value. 

Another experimental method which is interesting to measure the velocity inside the 
hydrocyclone is Doppler.  As the oil droplet method is a new simple way to measure the 
velocity, it is needed to be verified with existing method.  Consequently, Doppler is 
considered to be used in this study. 

2.10 Doppler ultrasound velocimetry (Signal Processing, 1998) 

2.10.1 Doppler ultrasound technique 

Doppler ultrasound technique was originally applied in the medical field and dates 
back more then 30 years. The use of pulsed emissions has extended this technique to 
other fields and has open the way to new measuring techniques in fluid dynamics. The 
term "Doppler ultrasound velocimetry" implies that the velocity is measured by finding 
the Doppler frequency in the received signal, as it is the case in Laser Doppler 
velocimetry. In fact, in ultrasonic pulsed Doppler velocimetry, this is never the case. 
Velocities are derived from shifts in positions between pulses, and the Doppler Effect 
plays a minor role. Unfortunately, many publications fail to make the distinction, 
resulting in erroneous system description and fallacious interpretation of the influence 
from various physical effects.  

Consider an ultrasonic transducer which emits waves of frequency fe and remains 
fixed in a medium where the speed of sound is given by c.  A receptor, or target in the 
medium, moves with a velocity v.  By convention, v is considered negative when the 
target is moving toward the transducer.  If the trajectory of the target forms an angle with 
respect to the propagation direction of the ultrasonic wave, the frequency of the waves 
perceived by the target will be: 

c
cosvfff e

eg


     Equation II-18 
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Surrounding medium, the waves will be partially reflected.  In this way, the target 
acts as a moving source of ultrasonic signals.  The frequency of the waves reflected by 
the target, as measured by a stationary transducer, is: 

gr f
cosvc

cf





    Equation II-19 

By combining the two above equations, the frequency of the signal received by 
transducer is: 

er f
cosvc
cosvcf 














    Equation II-20 

This equation may be simplified by knowing that the velocity of the target is much 
smaller than the speed of sound (v<<c).  By expanding the denominator of the above 
equation into a geometric series, and neglecting the terms of order two and greater, one 
may obtain the difference between the frequencies of the emitted and received signals.  
This frequency shift, called the Doppler frequency, is given by: 

c
cosvf2f e

d


     Equation II-21 

d

Ts=observation time  

 

The principle for measuring the velocity of a target using a pulsed signal is 
illustrated above.  If the target is moving toward the transducer, the time delay between 
the emitted and received signals Tv=2d/c will diminish.  If, instead of following the time 
delay, one examines the amplitude of the received signal after a fixed time delay Ts after 
the emission of regularly timed pulses, ideally a sinusoidal signal will result.  The 
sampling times are tn=nTprf+Ts, where n is an integer and Tprf is the time between emitted 
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pulses.  This is only valid if the observation time Ts is chosen in order to receive the 
proper echo. 

2.10.2 Functioning principles of pulsed Doppler ultrasound  

In pulsed Doppler ultrasound, instead of emitting continuous ultrasonic waves, an 
emitter sends periodically a short ultrasonic burst and a receiver collects continuously 
echoes issues from targets that may be present in the path of the ultrasonic beam. By 
sampling the incoming echoes at the same time relative to the emission of the bursts, the 
shift of positions of scatters are measured. Let assume a situation, as illustrated in the 
Figure below, where only one particle is present along the ultrasonic beam. 

 

From the knowledge of the time delay Td between an emitted burst and the echo 
issue from the particle, the depth p of this particle can computed by:  

2
Tcp d

     Equation II-22 

where c is the sound velocity of the ultrasonic wave in the liquid. If the particle is 
moving at an angle q regarding the axis of the ultrasonic beam, its velocity can be 
measured by computing the variation of its depth between two emissions separated in 
time by Tprf:  

)TT(
2
ccosTv)PP( 12prf12     Equation II-23 

The time difference (T2-T1) is always very short, most of the time lower than a 
microsecond. It is advantageous to replace this time measurement by a measurement of 
the phase shift of the received echo.  

)TT(f2 12e      Equation II-24 

where fe is the emitting frequency. With this information the velocity of the target 
is expressed by:  



 

 44 










cosf2
fc

Tcosf4
cv

e

d

prfe

   Equation II-25 

This last equation gives the same result as the Doppler equation. But one should 
always be aware that the phenomena involved are not the same. Assume that the particles 
are randomly distributed inside the ultrasonic beam. The echoes issue from each particle 
is then combined together in a random fashion, giving a random echo signal. Hopefully, a 
high degree of correlation exists between different emissions. This high correlation 
degree is put in advance in all digital processing techniques used in Signal Processing's 
Ultrasonic Doppler velocimeter to extract information, such as the velocity.  

2.10.3 Advantages and limitations  

The main advantage of pulsed Doppler ultrasound is its capability to offer spatial 
information associated to velocity values. Unfortunately, as the information is available 
only periodically, this technique suffers from the Nyquist theorem. This means that a 
maximum velocity exists for each pulse repetition frequency (Prf):  




cosfT4
cv

eprf
max     Equation II-26 

In addition to the velocity limitation, there is a limitation in depth. The ultrasonic 
burst travels in the liquid at a velocity which depends on the physical properties of the 
liquid. The pulse repetition frequency gives the maximum time allowed to the burst to 
travel to the particle and back to the transducer. This gives a maximum depth of:  

2
cT

P prf
max


      Equation II-27 

From the above two equations, we can see that increasing the time between pulses 
(TPRF) will increase the maximum measurable depth, but will also reduce the maximum 
velocity which can be measured. The maximum velocity and maximum depth are thus 
related according to the following Equation:  




cosf8
cVP

e

2

maxmax     Equation II-28 

The ultrasonic waves generated by the transducer are more or less confined in a 
narrow cone. As they travel in this cone they may be reflected or scattered when they 
touch a particle having different acoustic impedance. The acoustic impedance is defined 
by: 

cz      Equation II-29 
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where ρ is the density and c the sound velocity. 

If the size of the particle is bigger than the wave length, the ultrasonic waves are 
reflected and refracted by the particle. In such a case the direction of propagation and the 
intensity of the ultrasonic waves are affected. But if the size of the particle is much 
smaller than the wave length and other phenomena appear, which is named scattering. In 
such a case, a very small amount of the ultrasonic energy is reflected in all direction. The 
intensity and the direction of propagation of the incoming waves are practically not 
affected by the scattering phenomena. Ultrasonic Doppler velocimetry needs therefore 
particles smaller than the wave length. 

2.11 Literature reviews of Computational Fluid Dynamics in 
Hydrocyclone and Doppler Ultrasound Velocimetry 

Sripriya et al. (2007) studied the performance of a hydrocyclone and modeling for 
flow characterization in the presence and absence of an air core.  The work was done in a 
10cm diameter hydrocyclone with a 58.1cm cyclone body length.  There was an 
experimental study and Computational Fluid Dynamics stimulation.  The latter was 
studied by using three-dimensional geometry and hydrodynamics studies of a 
hydrocyclone using Gambit and FLUENT.   Only one phase was considered using a k-
epsilon model physic.  The results from the simulation part found that the flow pattern 
and pressure distribution were the same as that of the theoretical study.   

For that, the hybrid process study considers the model physic k-ε standard to 
simulate the velocity inside the hydrocyclone reactor and compare to the experimental 
method. 

Bai et al. (2008) used a two component laser Doppler velocimeter to measure the 
velocity inside a 35mm deoiling hydrocyclone.  They focused on the air core occurring in 
the hydrocyclone.  The results found that when the inlet flow rate was more than 2m3/h, 
the air core occurred because the static pressure energy of liquid could not compensate for 
the loss of energy when inlet flow rate was higher.  The velocity fluctuations were greater 
near the core and near the wall.  The turbulence fluctuations were greater at the core 
region were due to velocity grads.  The collision between the wall and fluid made the 
turbulence fluctuations strengthen near the wall.  The turbulence fluctuations near the 
core were a disadvantage to separation because the fluctuation made the oil droplet return 
to liquid.  The results showed that the axial and tangential velocity magnitudes were 
dependent on the inlet flow rate and the flow characters were not changed by changes in 
the inlet flow rate. 

The hybrid process of this study trended to use the Doppler Ultrasound Velocimetry 
method to measure the velocity inside the hydrocyclone as the work of Bai et al. (2008). 
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2.12 Conclusion of the bibliography for the study of hybrid process 

All previous literature reviews relating to the study of hybrid process are 
summarized in this section.  The principles for performing coagulation and flocculation, 
the main principle of hydrocyclone, computational fluid dynamic study and Doppler 
technique are included. 

2.12.1 The principles of the coagulation and flocculation process 

Coagulation involves the addition and rapid mixing of a coagulant, the resulting 
destabilization of the colloidal and fine suspended solid, and the initial aggregation at the 
destabilized particle.  A coagulant such as the high molecular weight polymer is needed 
for the destabilization process.  Flocculation involves slow stirring to aggregate the 
destabilized particle before the floc settles.  The practical ways of utilizing coagulation 
and flocculation are through sweep coagulation and polymer bridging mechanism.  To 
carry out these processes, specific operating conditions are required with regard to the 
type and dosage of the coagulant, flocculant contact time and mixing turbulence. 

2.12.2 The required properties for the coagulation and flocculation 
process 

The rapid mixing condition and slow mixing condition are required for coagulation 
and flocculation, respectively.  Therefore, the velocity gradient, an important parameter 
that controls the mixing intensity in the container, is necessary for both processes.  The 
rapid mixing at a high velocity gradient is required for a contact between the colloidal 
particle and the added coagulant since the high velocity gradient provides the high 
collision opportunities between the particles.  The recommended range for the velocity 
gradient in a coagulation process is 100 – 1000s-1. 

2.12.3 The separation potential of the hydrocyclone 

A hydrocyclone separates an immiscible solution with different densities by using 
the centrifugal force of the vortex flow.  In a classical hydrocyclone, the mixed solution 
containing heavy and light phases are injected tangentially from the top of the 
hydrocyclone to create the vortex flow, then the heavy phase is separated from the light 
phase following the external vortex, and then moves towards the bottom of hydrocyclone.  
Finally, it is discharged out at the underflow channel.  Meanwhile, the light phase moves 
toward to the top of hydrocyclone by following the internal vortex at the hydrocyclone 
core.  It is then discharged through the overflow channel at the top of the hydrocyclone.  
According to this principle, the heavy phase and the light phase in an immiscible solution 
can be separated by a hydrocyclone. 

2.12.4 Micro bubble generation 

The micro bubbles in this study were produced by the principle of dissolved air 
flotation (DAF).  This process is performed by pumping clean water and air flow into the 
saturated tank.  The air flow is dissolved into the liquid under a pressure (3-6bars) 
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because air pressurized water.  Afterwards, it enters the reactor through the relief valve, 
where the pressure is reduced to atmospheric pressure.  The large pressure difference 
across the relief valve produces micro bubble from the air-liquid phase to the gas phase.  
DAF systems indicate bubbles maintain a steady state size range of 10 to 100μm.  A 
reasonable estimate of the average bubble diameter is 40μm.  In this hybrid process, the 
packed column system with the air-water mixing media of DAF was chosen to produce 
the micro bubbles.  Moreover, Henry’s law was used for air fraction calculation in which 
the air pressurized water under pressure for the aerated floc production. 

2.12.5 Numerical simulation by computational fluid dynamics 

FLUENT is a computational fluid dynamics (CFD) software package to simulate 
fluid flow problems.  It is theoretically based on Navier’s stoke equation.  It is 
recommended in the modeling basic fluid flow that the modeling turbulent flow with a 
significant amount of swirl should consider using one of FLUENT”s advanced turbulence 
models. 

2.12.5.1 Standard k-ε model 

A hydrocyclone in this study was simulated the velocity profile by Standard k-ε 
model.  It is a semi-empirical model based on model transport equations for the 
turbulence kinetic energy (k) and its dissipation rate (ε).  It is the simplest complete 
models of turbulence are two equation models in whish the solution of two separate 
transport equations allows the turbulent velocity and length scales to be independently 
determined.  The model transport equation for k is derived from the exact equation, while 
the model transport equation for ε is obtained using physical reasoning and bears little 
resemblance to its mathematically exact counterpart.  The assumption of this model is that 
the flow is fully turbulent, and the effects of molecular viscosity are negligible.  The 
standard k-ε model is therefore valid only for fully turbulent flows. 

2.12.5.2 Reynolds Stress Model (RSM) 

The Reynolds Stress Model is the most elaborate turbulence model that FLUENT 
provides.  Abandoning the isotropic eddy-viscosity hypothesis, the RSM closes the 
Reynolds-averaged Navier-Stokes equations by solving transport equations for the 
Reynolds stresses, together with an equation for the dissipation rate.  Since the RSM 
accounts for the effects of streamline curvature, swirl, rotation, and rapid changes in 
strain rate in a more rigorous manner than one-equation and two-equation models, it has 
greater potential to give accurate predictions for complex flows. 

2.12.6 Doppler Ultrasound Velocimetry 

Doppler ultrasound velocimetry implies that the velocity is measured by finding the 
Doppler frequency in the received signal.  Velocities are derived from shifts in positions 
between pulse, and the Doppler Effect plays a minor role.  The principle for measuring 
the velocity of a target uses a pulse signal.  An ultrasonic transducer emits waves with a 
frequency in a medium.  A receptor, or target in the medium moves with a velocity.  If the 
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trajectory of the target forms an angle with respect to the propagation direction of the 
ultrasonic wave, the frequency of the wave perceived by the target can be determined.  
The frequency shift is called the Doppler frequency.  The target velocity can be calculated 
from the shift frequency and the time reflection delay between the emitted and received 
signals.



 

3 CHAPTER III 

GENERAL MATERIALS AND CHEMICAL SUBSTANCES 

The study is provided in four main parts.  First two parts are to study the 
hydrodynamics and phenomenon inside hydrocyclone.  Seconds two parts are the 
experimental work on hybrid process with synthetic raw water and natural water.  The 
study will be presented as the four publications form. 

Part I: Hydrodynamics studies and Micro bubble size measurement 

 1. The velocity measurement by oil droplet, Doppler ultrasound velocimetry and 
CFD modeling (under review in Chemical Engineering and Sciences, submitted in 
October 2009). 

 2. Micro bubble size measurement from Dissolved Air Flotation by Laser 
diffraction technique. 

Part II: Hybrid process experimental study 

 3. The hybrid process for water treatment on synthetic raw water 

 4. The hybrid process for water treatment on natural water (La Marne River, 
Research center of VEOLIA Company, Annet sur Marne, France, June – September 
2009) 

The experiments were done in the laboratoire d’ingenierie des procédés de 
l’environnement Toulouse France from the November 2007 to the October 2009.  It was 
in co-operation between INSA, Toulouse, France and Chulalongkorn University, 
Bangkok, Thailand. 

Part I: Hydrodynamics studies and Micro bubble size measurement 

 

3.1 Instruments of velocity measurement by oil droplet, Doppler 
Ultrasound Velocimetry and CFD modeling 

To compare and verify the hydrodynamics results from Oil droplet method by 
Pradipat Bumrungsri (2008), this study used Doppler Ultrasound Velocimetry and 
Computational Fluid Dynamics (CFD) modeling.  The materials used in this part of study 
are as follow. 

1. Doppler Ultrasound Velocimetry is DOP2000 model 2032 by Signal 
Processing 2000 
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2. CFD modeling simulation is done by the software package, FLUENT 6.3.26 
using two model physics: k-ε standard model and Reynolds Stress Model 
(RSM) 

3.2 Instruments of micro bubble size measurement from Dissolved Air 
Flotation by Laser diffraction technique 

To measure the micro bubble size from the Dissolved Air Flotation system in this 
study, a laser diffraction technique is considered.  The instrument used is Spreytec 
Malvern Instruments.  The measurement is done with only one phase of tap water. 

 

Figure III-1 Spreytec Malvern Instrument 

Part II: Hybrid process experimental study 

The experimental work of synthetic raw water and natural raw water are using the 
same pilot and hydrocyclone reactor.  The material and instrument are described as 
follow. 

3.3 Pilot plant 

There are three main parts of the plant. 

 1. Pressurized water producer (Micro bubble generation) 

 2. Raw water and Coagulant solution 

 3. Hydrocyclone or hybrid reactor 

The details has shown in Figure III-2 
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Figure III-2 Plan and instruments 

1. Tap water tank    13. Releasing valve 

2. Overflow tank    14. Hybrid reactor  

3. Water inlet     15. Flow meter 

4. Pump      16. Check valve 

5. 3-ways valve     17. Static mixer 

6. Pressure gage     18. Pump from coagulation tank 

7. Air under pressure tank   19. Coagulation solution tank 

8. Media to exchange water and air  20. Pump from raw water 

9. Pressure tank     21. Mixer 

10. Pressure checking in pressure tank  22. Raw water tank  

11. Recirculation pump    23. Check valve  

12. Flow meter     24. Flow rate adjust valve 
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Figure III-3 Pilot photo installation and apparatus 

3.3.1 Pressurized water producer 

 Producing pressurized water which is used in the flotation process.  According to 
Figure III-2, the tap water was stored in the tank (no.1) which was filled with water in 
order to maintain the water level (no.3).  The water was pumped from the tank and fed 
into the pressure tank.  The 3-way valve (no.5) was installed in the path to the pressure 
tank (no.9), which controlled the water level.  If the water level was too high, which was 
checked by the water level checker in the pressure tank (no.10), the 3-way valve would 
return the water to the tank.  Above the pressure tank, the media was packed in the 
column.  Tab water passed to the media (no.8), increasing the water-air contacting, and 
passed to the pressure tank.  If the water level was too low, the 3-way valve would 
increase the fed of water to the pressure tank. The recirculation pump (no.11) returned 
water passed the media again which increased the air dissolved in the water.  The pressure 
was checked by the manometer.  The pressurized water was fed to the reactor passing the 
relief valve. 

3.3.2 The raw water and coagulant solution part 

 In this research, raw water was a mixture of bentonite and tap water for at least 24 
hours.    The bentonite would become the colloid which was suspended in the water and 
could not settle by itself.  Tank no. 22 stored the raw water and tank no. 19 stored the 
coagulant solution. 
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 Polymer coagulant which was used in this research: cationic coagulant polymer 
FO107.  The optimum concentration was tested by the Jar test method. 

3.3.3 Hybrid reactor 

 In the hybrid reactor with 1000mm height and 100mm diameter (9.08L volume) is 
shown in Figure III-4.  The reactor has four tangential feed inlet apertures.  They are 
designed for raw water, coagulant solution feed inlet.  Four vertical feed inlet apertures at 
the bottom and close to the wall of hydrocyclone are designed for air pressurized water 
injection.  However, in this study it is used only two air-pressurized water inlets.  A 
vertical center aperture is for draining in case of cleaning the reactor.   

The top part of hydrocyclone is designed for water effluence separating between 
wall zone and center zone.  The concentrated floc is drained out of the top part with two 
horizontal tubes while the clarified water is provide to the wall zone and drained out by 
two horizontal tubes.  

A-A

A A

50 mm
80 mm

1000 mm

100 mm

Floc 

Clarify water

Tangential
Inlet flow

Air pressurized inlet
Drainage

 

Figure III-4 Hybrid reactor dimension: Front, Top and Lateral views
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3.4 Result analysis instruments 

To verify the hybrid process performance, the parameters are determined to indicate 
the process potential.  It is necessary to use the instruments as follow. 

1. Digital camera (CANON, POWERSHOT S3 IS) 

2. Filtration instruments and Membrane Filter 0.45 μm pore (PALL LIFE 
SCIENCES, LE TUFFRYN, 47mm diameter) 

3. Jar test instruments (FLOCUMATIC P, SELECTA, maximum mixing speed 
210rpm) 

4. Turbidity meter (HACH 2100N IS) 

5. Drying weight instrument (SARTORIUS MA145) 

6. Spectrometer UV-254nm (HACH LANGE DR5000) 

3.5 Chemical substance 

The chemical substances in this study are mainly concerned to coagulation and 
flocculation process. 

1. Bentonite (BENTONIL C15T) 

2. Cationic polymer coagulant FO107 

3. Anionic and Non-ionic polymer coagulant AN910 and AN905 

4. Aluminum Sulfate (PROLABO)  

The next chapter will explain the first part of study: Hydrodynamics study and 
micro bubble measurement. 



 

4 CHAPTER IV 

Hydrodynamics studies and Micro bubble size measurement 

4.1 PART I:  Velocity measurement in the hydrocyclone by oil droplet, 
Doppler ultrasound velocimetry and CFD modelling  

4.1.1 Abstract 

To develop the water treatment process, the hydrocyclone is now more used as a 
unit to operate.  Understanding hydrodynamics is a key step to improve the separation 
process efficiency.  The Doppler Velocimetry measurements and Computational Fluid 
Dynamics (CFD) have been proposed by many researchers as effective for studying the 
flow field of a hydrocyclone.  Recently, a new simple method called the Oil droplet 
method was proposed by Pradipat Bumrungsri et al. (2008) and applied to velocity 
measurements in a hydrocyclone. 

This work presents a comparison of the experimental results from these two 
methods along with those obtained from numerical simulations.  The numerical 
calculations of the 3D flow field were performed with FLUENT using the k-ε model and 
the Reynolds Stress Model (RSM).  Measurements and CFD simulations were performed 
for two hydrocyclone configurations (5cm and 10cm diameter).   

Doppler ultrasound velocimetry data and CFD-RSM results are in close agreement.  
The oil droplet method is less accurate for the continuous phase velocity profiles but is 
promising for the validation of lagrangian tracking simulations. 

Keywords: Hydrocyclone, Hydrodynamics, Imaging, Instrumentation, Simulation 
and Velocity field. 

4.1.2 Introduction 

Hydrocyclones are now more integrated in the environmental field.  Using a 
hydrocyclone as a reactor for water treatment is being studied.  The flow inside a 
hydrocyclone is a complex three dimensional swirling flow.  One water treatment process 
by using a hydrocyclone is developing.  This process integrates with coagulation, 
flocculation and also producing micro bubbles.  During the research, the undesirable 
coalescence of the micro bubbles occurred in the special operating conditions and 
hydrocyclone design.  Consequently, characterizing the hydrodynamics inside the specific 
hydrocyclone is necessary in order to develop the water treatment inside hydrocyclone.  
Accordingly, velocity profile determination methods are studied. 

Velocity profiles in the hydrocyclone were measured by many researchers.  Kelsall 
(1952) used a stroboscope with a rotating microscope objective lens to determine the 
velocities.  The photographic techniques, Ohasi and Maeda (1958) used a stroboscope to 
determine the particle velocity.  Recently, Laser Doppler Velocimetry (LDV) was used to 
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determine the tangential and axial velocities (Bai et al., 2008).  Chiné and Concha (2000) 
used LDV to measure velocity in a 102-mm modular hydrocyclone.  Owing to the rapid 
development of the computer and CFD techniques, the use of numerical simulations to 
predict the performance of the cyclone has received much attention.  Udaya et al. (2006) 
worked on the comparison of experimental and simulated results generated using 
different turbulence models; standard k-ε, k-ε RNG and Reynolds Stress Model (RSM) in 
terms of water throughput and split with the help of suitably designed experiments on a 
76-mm diameter hydrocyclone.  The commercial software package FLUENT was used to 
simulate many researches in hydrocyclone (Bardow et al., 2008; Kraipech, et al., 2008; 
Narashimha, Brennan and Holtham, 2007b). 

In the development of water treatment process by hydrocyclone, Pradipat 
Bumrungsri et al. (2007) has proposed a new technique called the oil droplet method to 
estimate the velocity field of the continuous phase in two hydrocyclone configurations.  
The experiment was done in a 5cm diameter hydrocyclone with a different geometry from 
a conventional hydrocyclone.  The purpose of this work is to present the numerical 
velocity simulation results obtained by CFD in order to compare with the experimental 
method; oil droplet method and Doppler Ultrasound Velocimetry. 

A comparison between the oil droplet method results and numerical simulation with 
k-ε model in 5cm diameter hydrocyclone is firstly presented.  The second part deals with 
the comparison between the Doppler ultrasound velocimetry method results and the 
numerical simulation with RSM in 10cm diameter hydrocyclone. 

4.1.3 Experimental setup 

4.1.3.1 Hydrocyclone  

The study was carried out with two hydrocyclone configurations.  The first one was 
a glass hydrocyclone with a 5cm diameter and 100cm height.  The tangential inlet at the 
bottom part varied the diameter at 0.3 and 0.5cm.  The second one was a 10cm diameter 
hydrocyclone and 100cm height with the tangential feed inlet diameter of 1.5cm as shown 
in Figure IV-1 



 

 57 

 

Figure IV-1   Schematic diagram of Hydrocyclone I (D1=0.3 and 0.5cm)  
and Hydrocyclone II (D2=1.5cm) 

4.1.3.2 Oil droplet method  

The oil droplet method relies on the tracking of the red coloured oil droplet using a 
PCO 1200hs digital high speed camera (10 bitcmOS) taking image at 491 frames/second.  
The image acquisition was performed at the reactor height 7cm above the inlet level.  The 
flow field in the hydrocyclone was studied by assigning four points to the bottom part.  
The four locations were at the centre, 1cm, 2cm from the centre and close to the 
hydrocyclone wall as shown in Figure IV-2.  Three oil tracer droplets were injected 
continuously on a studied point by a small syringe.  The droplet moved towards different 
directions depending upon the experimental operating conditions.  This method was done 
in 5cm diameter hydrocyclone.  Tangential and axial velocities are determined by the 
displacement of the droplet and also the time difference from each image. The moving 
distances of the droplet from t1 to t2 in tangential direction or ∆y, and axial direction or 
∆x, are calculated subsequently by using Equation: ∆ y = 12 yy  , and ∆ x = 

12 xx  respectively. The relative tangential and axial velocity of each droplet can be 

calculated by Vtan = ∆y/∆t and Vaxial  =  ∆x/∆t respectively.  The technical details are 
presented in Pradipat Bumrungsri et al. (2008).  The conditions investigated with the oil 
droplet method are shown in table IV-1.  Each value of results is the average value of 
three experiments. 
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Figure IV-2 Oil droplet method 

Table IV-1 The experimental conditions done in Oil droplet method 

Condition Inlet diameter, D 
(cm) 

Inlet flow rate, Q 
(l/hr) 

Water inlet velocity, v 
(m/s) 

1 0.3 200 7.86 

2 0.5 200 2.83 

3 0.5 400 5.66 

 

4.1.4  Doppler Ultrasound Velocimetry 

The velocity measurements inside the 10-cm diameter hydrocyclone were carried 
out using a Doppler Ultrasound Velocimetry instrument DOP2000 model 2032.  The 
sound speed was 1480 m/s as the medium was only water (Signal processing, 2000).  The 
sound wave emission was 4MHz.  The angle α as shown in Figure IV-3, was the angle 
between the sound emission direction and the diameter of cyclone, which was 10°.  The 
Doppler signal gives the component (Um) of the velocity in the sound direction at the 
distance z from the sound probe.  Consequently, the tangential velocity (Uθ) can be 
determined by the relation between these two velocities from the angle σ, which depends 
on the angular coordinate θ.  The experimental conditions were 1000L/h inlet flow rate 
(maximum flow rate) corresponding to 1.572m/s inlet velocity.  Each of the velocity 
values from Doppler ultrasound velocimetry is an average value among 400 
measurements. 



 

 59 

 
 

Figure IV-3   The Doppler method and the relation of the angle between  
the hydrocyclone diameter and the sound direction 

4.1.5 Turbulent model 

4.1.5.1  Numerical simulation for Hydrocyclone I 

Dyakowski and Williams (1996) have suggested that the k-ε model can be used on a 
small cyclone (<44mm radius).  This model makes the assumption that the turbulence is 
isotropic since only one scalar velocity fluctuation is modeled (Narashimha et al., 2007a).  
So, for Hydrocyclone I, simulations have been conducted using the k-ε model.  

k-turbulent kinetic energy 
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ε-transport Equation 
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         Equation II-16 

Turbulent viscosity is modeled as 


 

2

t
kC  

The value for the five calibration constants of the k-ε model defining the base line 
case of the presented sensitivity- based analysis correspond to those proposed in Launder 
and Sharma (1974) and are given by 

C1ε=1.44, C2ε=1.92, Cμ=0.09, σk=1.0, σε=1.3 
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4.1.5.2 Numerical simulation for Hydrocyclone II 

For hydrocyclone II, simulation was performed with RSM, which is more 
appropriate to the swirling flows.  The simulation will include turbulence 3D model 
selection for simulating the tangential and axial velocity profiles obtained with different 
inlet diameters and inlet velocities with one phase of water liquid and compared to the 
experimental results from the Doppler ultrasound velocimetry method.  

Reynolds Stress Transport Equations: the exact transport Equations for the transport 
of the Reynold Stresses, '

j
'
iuu , may be written as follows 
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            Equation II-19 

Local Time Derivate +  ijijijijijij,Lij,Tij FGPDDC User-Defined 

Source Term  

4.1.5.3 Boundary condition 

The circular hybrid feed inlet face was defined as ‘velocity inlet’.  The overflow 
outlet face was designed as ‘outflow’.  The primary water phase was allowed to enter the 
hybrid reactor with a density of 998.2kg/m3 and a viscosity value of 1.003×10-6kg/ms.  
The other inlets with no feed flow rate were set as ‘wall’.  In all cases, a second order 
discretization scheme was used and the convergence criterion on residuals was set to 10-7. 

4.1.6 Grid division 

Figure IV-4 and IV-5 schematically illustrate Hydrocyclone I and Hydrocyclone II 
geometries and grid division.  The whole mesh is an unstructured grid compound of 
tetrahedral control cells.  The inlet tube part is meshed with fine grids because the 
velocity gradient in this area is the highest.  The conical bottom part is meshed with the 
moderate grid size and the upper part (cylindrical body) is meshed with coarser grid.  
Hydrocyclone I with 0.3 and 0.5cm inlet diameter contained 272777 cells and 280194 
cells respectively. On the other hand, hydrocyclone II contained 392729 cells.  Note that 
the hydrocyclone II is simulated with only one tangentially inlet.  The other inlets are 
provided for modification and additional systems. 
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Figure IV-4 Grid system of Hydrocyclone I with 0.5 and 0.3cm inlet diameter 
 

 

Figure IV-5  Grid system of Hydrocyclone II 

4.1.7 Results and discussion 

4.1.7.1 Hydrocyclone I 

The first hydrocyclone conditions were simulated with a k-ε standard model and the 
experimental method was Oil droplet.  Using the k-ε standard model was to justify the oil 
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droplet method.  Even this model is on the assumption that the turbulence is isotropic but 
it costs less than the other model.   

Two lines of the results from the simulation by FLUENT are created.  Line (1) and 
line (2) present the velocity profiles at the 7cm height from the inlet level in order to 
present the velocity on that surface.  The first line is parallel to the flow inlet direction 
and the latter is perpendicular to the inlet direction in order to represent the velocity on 
the same section with oil droplet method. 

From the Figures IV-6 and IV-7, a larger inlet diameter size presented a lower inlet 
velocity and also tangential velocity.  With both methods the tangential velocities are low 
at the centre of the hydrocyclone and slightly increase close to the wall, the same trend of 
the oil droplet method results. The results from the oil droplet method at a 2.0cm radius 
did not correspond to the results from FLUENT simulation.  This can be discussed by 
three reasons.  Firstly, if the size of the oil droplet is large, the water velocities of oil 
droplet’s sides are not equal.  This causes the oil droplet to swirl and moves to the centre.  
Secondly, according to the first reason, the droplet swirling causes the droplet 
displacement change. The droplet trajectory is curved to the centre, it increases ∆t.   
Consequently, the calculated tangential velocity from ∆y/∆t is decreased because the 
droplet trajectory is changed.  Finally, the vortex flow includes three velocity 
components; tangential velocity, axial velocity and radial velocity.  The radial velocity 
effectively pushes the particle to the centre.  From the oil droplet method, the radial 
velocity was not taken into account.  With these three reasons, it can be discussed that the 
actual tangential velocity should be higher than the calculated one and the measured 
velocity value at 2.0cm from centre using by the oil droplet method should be closer to 
the centre. 

 

Figure IV-6  Tangential velocity with D= 0.3cm and velocity inlet 7.86 m/s 
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Figure IV-7 Tangential velocity with D= 0.5cm and velocity inlet 2.83 m/s 

The axial velocity when changing the inlet diameter as shown in Figure IV-8 and 
IV-9, present the positive velocities near the hydrocyclone wall and negative at the centre.  
It means that water flows upwards near the wall and flows downward at the centre.  The 
results from both methods (Oil droplet and numerical simulation) showed the same trend. 

 

Figure IV-8  Axial velocity with D= 0.3cm and velocity inlet 7.86 m/s 
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Figure IV-9 Axial velocity with D=0.5cm and velocity inlet 2.83 m/s 

The results from this part explains that the bubble coalescence phenomenon that 
occurred in the developed process.  The axial velocity moves downward at the centre.  
The micro bubbles are unable to move upward as they are blocked by axial velocity flow.  
On the other hand, the tangential velocity results show a high velocity gradient near the 
wall.  It could be considered for the future work where the coagulation phenomenon is 
attempted to occur at the hydrocyclone wall as the coagulation process requires a high 
velocity gradient. 

The effect of changing the inlet flow rate is shown in Figure IV-10 and IV-11.  The 
tangential velocity was obviously related to the inlet velocity.  When the inlet velocity 
increased, the tangential velocity increased.  As the review of previous tendencies 
observed (Jonas and Hannes, 2007), the tangential velocity in the conventional 
hydrocyclone is negative at the wall with high magnitude.  It is in the downward direction 
as it has the inlet aperture on the top part.  The specific hydrocyclone configuration in this 
study has the injection aperture in the bottom part.  The liquid movement is upward.  
Even though the inlet position is different it presents a high tangential velocity near the 
wall as the conventional one. 
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Figure IV-10 Tangential velocity with inlet flow rate 200L/h, velocity inlet 2.83m/s 

 

Figure IV-11 Tangential velocity with inlet flow rate 400L/h, velocity inlet 5.66m/s 

4.1.7.2 Hydrocyclone II 

The experimental work in the second hydrocyclone configuration, 10cm diameter 
and 1.5cm tangential inlet diameter, was by the Doppler Ultrasound Velocimetry method.  
The numerical simulation model was the Reynold Stress Model (RSM).  This model is 
the most elaborate turbulence model that FLUENT provides.   Abandoning the isotropic 
eddy-viscosity hypothesis, the RSM closes the Reynolds averaged Navier-Stokes 
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Equations by solving transport Equations for the Reynolds stresses.  Using RSM to 
predict the phenomena inside the hydrocyclone is widely used; Slack et al. (2000) found 
that the RSM model gave good predictions of velocities in gas cyclones.  The present 
work is one of the studies for developing the hydrocyclone in the water treatment process.  
It is need to understand the hydrodynamic inside the hydrocyclone.  Thus, RSM is 
considered to simulate the velocities profile in this part of work.   

Applying the Doppler method for the experimental work, the difficulties were to 
adjust the sound signal.  There was some data that could not be counted because it was 
close to the hydrocyclone wall.  Also the limit of this method is that the velocities on the 
axis zone were unable to be measured because the sound emission direction could not 
pass the centre point in terms of the sound reflection and the angle calculation.  However, 
the result showed the velocity profile which was the same trend to the simulation method 
as shown in Figure IV-12. 

 

Figure IV-12 comparison of tangential velocity result from  
Doppler Ultrasound Velocimetry and CFD numerical simulation 

With a 1.512m/s inlet velocity result from Figure IV-12, the Doppler method results 
have shown that the tangential velocity slightly increases from the centre to the wall.  At a 
radius larger than 3.0cm, the velocity sharply decreases and this should be marked that 
this zone of results were not countable because they were close to the wall.  The time 
reflection of the sound emission was not adequate to present a good signal while the 
numerical simulation results through the diameter line were on the assumption that the 
tangential velocities were independent to the angle θ.  Consequently, they were firstly 
compared between the Doppler results by projecting the velocity to the diameter line and 
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the result from numerical simulation through the diameter.  On the other hand, it could be 
seen on the graphic that the left side of velocity profile are not equal to the right side.  It 
indicates that tangential velocities were not independent to θ.  Thus, creating the sound 
direction line in numerical simulation was considered.  Accordingly, tangential velocity 
simulation was done to compare the Doppler method at exactly the same position.  
Moreover, the θ dependence can be negligible.  As a result, the simulation on the sound 
direction line in Figure IV-10 and IV-11 can compare with the Doppler method.  Besides, 
these two methods gave the results with dramatically the same trend.  Considering the 
result from the numerical simulation, there are two zones of the velocity profile.  The 
tangential velocity slightly increases from the centre till a 30mm radius then it increases 
significantly close to the wall.  It means the larger diameter could present higher velocity 
gradient comparing to hydrocyclone I.  This point of result supports the coagulant process 
which will be developed in the hydrocyclone for the future study. 

 

Figure IV-13 the sound direction line and diameter created in the simulation by FLUENT 
 

4.1.8 Conclusions 

Developing the water treatment process by study the hydrodynamics inside the 
specific hydrocyclone, the experimental method; oil droplet method and Doppler 
ultrasound velocimetry method are acceptable.  The oil droplet method is a simple way to 
measure the velocity inside the hydrocyclone.  This method was used and the 
measurements were found to be in-line with the results simulated from the k-ε standard 
model.  Doppler ultrasound velocimetry is also a rapid method to measure the velocity 
inside the hydrocyclone. It is a very interesting method as it gave result quite precise to 
the numerical simulation. However, the difficulties of this method are to set the sound 
signal weather it gives accurate data and also the limit of the relation of angle between the 
sound direction and the tangential velocity.  Moreover, the axial velocity is unable to be 
measured by Doppler ultrasound velocimetry.  The model physic in numerical simulation 
in this work, the k-ε standard model and RSM, it is known that RSM is more precise and 
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also more expensive.  The developed velocities profiles results from this study are 
sufficiently to explain the phenomenon inside the hydrocyclone.  It will be further 
extended and used for developing a water treatment process in the hydrocyclone.   
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4.2 PART II:  Micro bubbles measurement from Dissolved Air 
Flotation by laser diffraction technique 

4.2.1 Abstract 

A water treatment process in the hydrocyclone involves with micro bubbles 
produced by the Dissolved Air Flotation (DAF) technique. To develop this process, it is 
necessary to know the bubbles size because of its influence on to the particle-micro 
bubbles attachment.  The measurement is done by a laser diffraction technique of 
Spraytec software Malvern Instruments.  This work studied the influence of the reactor 
height and the air saturation pressure in DAF to the bubble size distribution.  It appeared 
that the size slightly increased with the higher level of the tank and increasing air 
saturation pressure had an effect on bubble size.  Bubble size distribution, focusing on the 
peak diameter of bubbles, was smaller as the pressure increased.  It is believed that the 
bubble size measurement in this study will assist understanding and improve development 
of the water treatment in a hybrid process in a hydrocyclone reactor. 

4.2.2 Introduction 

Flotation is a process for separating solid particles by air bubbles.  It is used in 
many fields especially in the water treatment process.  There are several techniques in the 
flotation process; DAF is one flotation process producing the micro bubbles to attach to 
the particle.  It has been widely studied over the last twenty years, and is now a proven 
technology in water treatment plants (Hudson et al., 2009).  The flotation process 
efficiency is governed by the micro bubbles size, and therefore it is necessary to 
investigate the bubbles that are generated by the DAF technique.   

Methods were developed to measure the bubble size distribution.  Rodrigues and 
Rubio (2003) reviewed the basis for measuring the size distribution of bubbles.  There are 
various methods for measuring that are useful for process control. The most widely used 
techniques today are based on the diffraction of light, laser diffraction technique.  This 
method is classified as non-destructive and non-intrusive and relies on the fact that the 
laser diffraction angle is inversely proportional to particle size (Rawle, 2002; Xu, 2002).  
It has a short time of analysis, is simply to operate and can continuously measure. 

A new water treatment process which is involved with DAF technique has a 
cylindrically dimension.  The bottom part is designed for the coagulation-flotation 
process as shown in Figure IV-14.  A velocity gradient from the tangentially inlet raw 
flow rate, spontaneously with coagulant solution will create the coagulation process.  The 
created micro floc will attach to the micro bubble from air pressurized water by Dissolved 
Air Flotation technique (DAF), injected at the vertical tube.  These micro bubbles – floc 
composition will be call ‘aerated floc’.  The aerated floc density is less than water since it 
contains the micro bubbles inside.  It will be separated by the vortex flow as in the 
hydrocyclone mechanism.  Clarified water will drain out at the wall zone and the floc 
concentrated will be drained out at the centre zone. 
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Figure IV-14 The hybrid reactor concept 

Since micro bubbles play an important role in aerated floc formation, bubble 
coalescence is undesirable.  To optimize the process, it is basically necessary to 
understand the effects of the reactor height and the saturation pressure to the micro bubble 
size and behavior.  The purpose of this study is to determine the size distribution of 
bubbles produced by a pressure system with a laser diffraction technique and study the 
parameters that can influence the size of bubbles.   First part presents the effect of the 
reactor height to the micro bubble size distribution and the second part is the study of the 
saturation pressure influence on the micro bubble size distribution. 

4.2.3 Material and methods 

The pilot used for the bubble measurement consists of three main parts; a bubble 
generation system, measurement column and micro bubble size measurement instrument 
as shown in Figure IV-15.  The measurement column is a 10×10×55cm glass column.  
The micro bubbles are generated through the water liquid medium.  The water quality 
was 1.003Pa.s viscosity, 996.8kg/m3 density and 72.75mN/m surface tension. 
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Figure IV-15 Schematic of the installation 

4.2.4 The bubble generation system 

The micro bubbles are generated by the DAF technique.  The saturation pressure 
range was between 3.4 – 6.2bar limited by the system capacity.   Air is dissolved in the 
saturated tank during for 10 minutes before the experiment.  The water is fed inside the 
saturated tank.  The water level inside the tank is controlled by two electro-valves.  The 
air pressurized water passes through the relieving valve which controls the flow rate and 
also provides the air bubble precipitation from the air-liquid saturated phase. 

4.2.5 The laser diffraction instrument 

The micro bubble size from the DAF technique is measured by Spraytec® 
equipment from Malvern Instrument Ltd.  It measures the size of particles in a spray.  
Specifically, it measures the distribution of different sizes within a spray using a He-Ne 
(Helium-Neon) laser to produce a laser beam that passes through the spray delivered to 
the measurement zone.  Optical sensors in the Receiver modules detect the light 
diffraction pattern produced by the bubbles, converting the light detected into electrical 
signals.  The signals are processed by analogue and digital electronics boards, and passed 
to the analysis software.  The light diffraction pattern is analyzed using an appropriate 
scattering model to calculate the bubble size distribution. 

Spraytec software calculates the size by comparing the acquired light scattering 
pattern to an optical model which predicts how particle scattering changes the particle 
size.  The theories behind the calculations are Fraunhofer approximation and Mie theory.  
Fraunhofer approximation model predicts the scattering pattern that is created when a 
solid, opaque disc of a known size is passed through a laser beam.  This model is 
satisfactory for large particles (over 50μm diameter) but it does not describe the scattering 
exactly.  The accepted theory which accurately predicts the light scattering behavior of all 
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material under all conditions is known as the Mie theory.  It was developed to predict the 
way light is scattered by spherical particles and deals with the way light passes through or 
is absorbed by the particle.  This theory presumes that the particles being measured are 
perfect spheres.  One way to get a single unique number to describe an irregular shaped 
particle or bubble is to compare some feature of the actual droplet to an imaginary 
spherical droplet.  This technique is known as equivalent spheres. (Malvern, 2005) 

4.2.6 The experimental setup  

Water and air were pumped into a saturated tank.  Under a pressure condition from 
3.4 – 6.2bar, the air dissolved into the water after at least 10 minutes contact time.  Two 
probes control the water level inside the saturated tank.  When water level is too low, it 
will pump the water inside the tank.  On the other hand, if water level is too high, air will 
be injected inside the tank.  The air saturated water passes the relief valve before getting 
into the column, decreasing to atmospheric pressure causes the saturated liquid-air to 
release in the gas phase to be micro bubbles inside the column filled with water higher 
level than the measuring zone.  The laser beam passes through the column which is called 
the measuring zone.  The data will be recorded and sent to the acquisition system by the 
receptor.  Finally, Spraytec software calculates the data and presents the micro bubble 
size distribution.  It is noted that during the laser diffraction measurement, it must comply 
with a transmission of between 25% and 75%, knowing that at zero percent the laser 
cannot be measured because there are too many bubbles.  On the other hand, with 100% 
transmission there are no bubbles to measure. 

The first part of the experiment works on the accuracy of the results from the laser 
diffraction technique.  It is to find the reproducible micro bubble size distribution to 
assure the good quality measurement results for the next experiments.  The second part is 
to study the effects of the column height to the size distribution.  The measuring zone will 
change from 9, 13, 21, 29cm from the bottom of the column.  The last part studies the 
pressure influence on the size distribution; it will be varied from 3.4, 4.5, 5.4 and 6.2bars. 

4.2.7 Calculations 

The software provides a volume distribution of bubbles.  But it is important not to 
rely only this distribution.  Indeed, the observation of certain distributions suggests that 
there is a presence of a few particles of very small size and many of the larger size.  
However, the distribution in diameter, that is the frequency of bubbles appearance by 
diameter, shows that the majority of particles have a small diameter.  This reflects the fact 
that these particles represent only a very small volume compared to particles much larger 
than them, even if they are the majority. 

To calculate the relation between the frequency and size in diameter uses the 
following method of calculating the percentage of bubbles associated with the 
corresponding diameter.  The volume of a bubble for each diameter is determined: 

6
D)m(V

3
i3

i  .  Then the total volume is VTOT(μm3)=ΣxiVi.  So, 
TOT

ii
i V

Vnx   and ni is 



 

 73 

amount of bubble of volume Vi and volumetric frequency xi are given by the software.  

The number of bubbles for each diameter can thus be deduced: 
i
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  and the 

total number of bubbles is nTOT=Σni.  The bubble percentage for each diameter is then 
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 .  For each measurement, the bubble distribution with diameter is 

plotted.  From each set of data, the software can also calculate the different average 
diameters (Di) that are included in the database (in μm). 

For that, the micro bubble size representative could be mentioned in two ways.  The 
majority diameter is a micro bubble size with the highest frequency.  This size can be 
obtained directly from the size distribution by Spraytec that is the peak on the size 
distribution curve.  On the other hand, the average diameter ( d ) is calculated as 
mentioned above. 

4.2.8 Results and discussion 

4.2.8.1 The preliminary experiment  

The objective was to obtain accurate results to be a good representation of micro 
bubble size.   To measure the micro bubble, the results from Spraytec sometimes 
presented more than one size distribution.  There was a small amount (low %volume 
frequency) of the larger size which distorts the size analysis as shown in Figure IV-16 
which is an example of micro bubbles size distribution from the Spraytec instrument.  
Thus, the average size is unable to be representative of all bubbles.  Therefore, the very 
small number of the large size was not taken to calculate the average size in order to 
assure the calculated size represents of the majority size of the bubbles. 

 

 

Figure IV-16 An example of the size distribution from Spraytec 
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The bubble size as a percentage which corresponds to the volume percentage is 
shown in Figure IV-17.  To calculate the average bubble size, it is obvious that a few 
amounts of large bubbles may show a high volumetric frequency because of their total 
volume is large compared to the small bubble size.  Consequently, when a large bubble 
sizes appeared, the results calculated with volumetric percentage could be obtained as 
shown in Figure IV-17.  The peak value from volumetric average was 600µm.  

 

Figure IV-17 Volumetric percentage of bubble size 

It was therefore important to convert these volumetric percentages to the quantity in 
number of bubbles.  The amount of bubbles can be calculated from the relation between 

volumetric percentage and its corresponding diameter of bubble: 
6

d
Vn 3

i


 .  From the 

same data results, the percentage of bubbles in numbers demonstrates as follow. 

 

Figure IV-18 Percentage in number of bubble size 
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After converting the volumetric percentage from the same data, it was able to 
conclude that the large bubbles were negligible with the low frequency.  Thus, the high 
percentage of micro bubble size was eventually around 90µm. 

 Analyzing the data to obtain the average bubble diameter provided without 
considering the effect of a few large bubble sizes, each measurement is performed using 
the same procedure if there is a more than one size distribution, the results are not taken 
into account. 

The other point concerning the results quality is the reproducibility of the data from 
Spraytec.  The size distribution measurement was performed each time randomly and 
compared with the size distribution.  Besides, each pressure also measured the sizes three 
times to reassure the accuracy results.  The measurement started at 15 minutes in order to 
assure to have a stable condition.  It appears as the Figure IV-19 that the measurement 
obtains a good reproducibility. 

 

Figure IV-19 Reproducibility measurement experiment  
with 3.4bar saturated pressure 

 

Figure IV-20 Reproducibility measurement experiment  
with 5.4bars saturated pressure 
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Figures IV-19 and IV-20 show that the micro bubble size distributions are identical 
in time differences.  The reproducibility of measurement could therefore consider fewer 
amounts of the following experiments. In case a distribution is very different from the 
others, such as Figure IV-20 at 15 minutes measurement, it can be discarded as 
considered a minority. 

 

Figure IV-21 Reproducibility measurement experiment  
with 5.4bar saturated pressure 

Figure IV-21 is an example of the experiment with 5.4bar saturated pressure with 
three testd.  The results are clearly reproducible.  With all the others, a given pressure 
overall presented the same trend. 

4.2.8.2 The influence of the height on the bubble size  

This part was to study the influence of the liquid height on the bubble size.  Several 
measurements at the same height with a constant pressure (3bar) and to compare the size 
distribution were obtained each time.  Each height was done with three measurements 
with three intervals.   
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Figure IV-22 Micro bubble size from each height measurement (P=3 bar) 

Figure IV-22 shows that the reproducibility seems decent.  It appears that the 
bubble size slightly increases with height as shown in the average size value reported in 
Figure IV-23.   

 

Figure IV-23 Average micro bubbles size from each height measurement 

There is a significantly size difference between 9cm and 29cm.  The size difference 
due to the bubble growth which can be explained by the following factors: 

- Uptake of the air from the saturated main flow.  As the bubble formation is less 
complete, the main flow remains more supersaturated and the possibility of gas 
transport into the bubbles will increase (Sander et al., 1994) 
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- Decrease of the hydrostatic pressure.  Additional bubble growth may occur as the 
bubbles rise in the flotation tank due to a decrease in the hydrostatic pressure 
(Edzwald, 1995).  In the case of this study, this effect on the bubble size is 
negligible because the difference in measuring height is not enough or significant 
at the water depth used in practice (Sander et al., 1994 cited in Jedele, 1984) 

- Coalescence.  In practice it appears that coalescence occurs mostly in the turbulent 
zone because when the bubbles rise up, they have the possibility to encounter the 
other bubbles leading to coalescence phenomenon.  In this study, the column was 
filled with water and the air pressurized water was fed continuously.  At the top 
near the water surface, it was observed that the bubbles swirl and it causes an 
encounter between themselves.  

In the new developing water treatment process, combing coagulation, flocculation 
and flotation in a hydrocyclone reactor, the flocs cover around the micro bubblees and 
these flocs-bubbles are separated in the upper part of hydrocyclone under the centrifugal 
force.  It is nescessary to get small bubble size in order to improve the process because 
small bubbles are included into the floc more easily and the possibility of collision and 
adhesion between a bubble and a particle increases more than proportionally to the 
number of bubbles and is independent of the bubble size (Flint and Howarth, 1971).  The 
results from this study uses the properties to developing that process.  Consequently, the 
bottom part of the reactor is desirable to work with small bubble size.   

However, the four level heights are slightly different between themselves.  It would 
be interesting to perform additional steps or perfect by beating the best possible 
parameters that influence the effectiveness of the measurement by increasing the column 
height.  Still, the bubble size range from this study is between 48 – 79μm.  Compare to 
many researches, DAF is a well-known solid-liquid or liquid-liquid separation process in 
water and wastewater treament where most bubbles are lower than 100μm (Féris and 
Rubio, 1999; Englert et al., 2009; Karagüzel, 2010).  Edzwald (1995) mensioned that the 
size range of bubble for DAF systems is 10 to 100µm and a reasonable estimate of the 
average bubble diameter is 40µm.  It shows that the results from this study is in the DAF 
regime. 

4.2.8.3 The influence of the pressure on micro bubble diameter 

Since the pressure can be adjusted, it is questioned which pressure could present the 
optimum conditions for producing small micro bubble sizes.  Consequently, this part 
worked on the influence of pressure on bubble diameter and the size distribution.  The 
pressure was adjusted between 3.4, 4.5, 5.4 and 6.2bar.  It corresponds to the minimum 
system pressure and for security reasons the maximum pressure.  The experiments were 
conducted to have the reproducible conditions for a given pressure with a constant 
measure height 30cm from the bottom.   The results are shown in Figure IV-24. 
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Figure IV-24 Micro bubble size distributions from difference pressures (H=30cm) 

From Figure IV-24 considers the peak diameter of bubbles, which varies depending 
on the pressure.  There is a real tendency of bubbles to concentrate around a small size as 
the pressure increases.  The largest peaks (63μm – 73μm) are achieved from pressure 4.5 
and 3.4bar respectively.  At 6.2bar, 26% of the bubbles range is 46-54μm.   

 

Figure IV-25 Majority and average bubble size as a function of pressure 

 The quantity of air which can be dissolved in water is based on Henry’s law: 
Cs=kH×p where, Cs is saturation concentration of the gas in water (g/m3), kH is 
Henry’s coefficient (g/m3·Pa) and P is partial gas pressure (Pa). It shows that the quantity 
of air is high when the pressure increases.  Although, the relation between the higher 
pressure and the small bubble size is not fully understood.  However, Sander et al.(1994) 
mentioned that with a known quantity of air the bubbles should be as small as possible in 
order to increase the bubble concentration.  The bubble concentration is inversely 
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proportional to the bubble size, so that the relation found for the bubble size also applies 
to the bubble concentration.  Increase in the pressure leads to a higher bubble 
concentration.  Many researches agree that the bubble size decreases as the saturated 
pressure is increased (Sander et al., 1994; Hudson et al., 2009).   However, some 
researches mension that above 5bar, increasing the saturated pressure has a small effect 
on bubble size (Heinanen et al., 1992; De Rijk et al., 1994).  By the way, to ensure small 
bubbles, pressure differences (saturated guage pressures) of 4 to 6bar are recommended 
(Edzwald, 1995). 

4.2.9 Conclusions 

Reliable and reproducible assay of the bubble size distribution was achieved by 
laser diffraction.  It is a quick technique for the characterization of bubble size.  With this 
study it is also noted that the importance of the preliminary analysis of results to obtain 
consistent and accurate data.  It was verified that the distribution of bubble size obtained 
for different measures, large bubbles did not influence because their percentage is 
negligible compared to small bubbles that were the main part of bubble size distribution. 

In agreement with results obtained at different heights, the size distribution of 
bubbles increases progressively as the distance between the output of bubbles and the 
light beam is extended.  The efficiency in the flotation process will not be the same 
according to the depth at which the bubbles are injected in the case of large basins.  
Moreover, the bubbles do not collide with the particles with the same efficiency of their 
height.  This result is crucial for the future design of hybrid process.  Thus, the air 
pressurized water injection will be placed in the lower part of the hydrocyclone in order 
to provide the micro bubbles where coagulation phenomenon will occur. 

The pressure influence to the bubbles size, increasing the saturated pressure 
promotes a behavior: the shift of bubble size distribution to a smaller diameter.  Produced 
bubbles size from this study is between 48 – 79μm.  It is believed that this study will be 
the basic result for research in DAF and the water treatment processes, either theoretically 
or practically.  In order to get very small bubbles in our process, the saturated pressure 
level will be considered 4.5bar. 



 

5 CHAPTER V 

HYBRID PROCESS EXPERIMENTAL STUDIES 

5.1 Part I: The hybrid process on bentonite suspension 

5.1.1 Abstract 

A new water treatment process which combines coagulation, flocculation and 
flotation process within a hydrocyclone is developed as a Hybrid process.  The 
experiment is done with a 100mm diameter and 1000mm heigh hydrocyclone cylindrical 
reactor to study the influence of the parameters to the process such as; inlet flow rate, raw 
water suspension, coagulant, flocculant concentration and pilot configurations.      

The results show a good performance in swirling flow by vortex flow without the 
micro bubble coalescence (saturated pressure 3.5 – 4.0bar).  Since this study is being 
developed to be applied for the future water treatment work, the raw water has been 
decreased in concentration from 0.50 to 0.10g/L of bentonite suspension to examine the 
ability of the process.   Aluminum sulfate coagulant was also utilized.   However, cationic 
polymer coagulant FO107 presented a high percent turbidity decreased (>70%) and 
suspended solid removal (>60%).  This work also studied the difference between the 
coagulation inside the hydrocyclone reactor (by injecting coagulant inside hydrocyclone 
directly without flocculant) and pre-coagulation by static mixer before getting in the 
hydrocyclone.  It is believed that the results from this study will be the basis of 
knowledge to develop this hybrid process for a natural water treatment process. 

5.1.2 Introduction 

A conventional water treatment process consists of coagulation, flocculation and 
particle separation.  There are many techniques in a separation process such as, 
sedimentation, flotation and filtration (Monod, 1991).  Each process requires space and 
volume for its unit structure.  It is interesting to develop a water treatment process which 
requires a small footprint.   

The hydrocyclone is equipment for separation.  It is widely used in many fields 
such as mineral, pulp and paper industries.  It is primarily designed to separate two phases 
with different densities.  Simplicity, low cost and ease of operation contribute to its 
popularity.  Recently, many studies have applied the hydrocyclone for water treatment 
process to remove particles.  Menezes et al. (1996) combined coagulation and 
flocculation process to separate the solid particle in a dynamic separator.  Rosa and Rubio 
(2004) developed flocculators with a flotation technique to produce aerated floc and 
separate by a centrifuge cell to remove very fine emulsions. 

This study aims to combine three water treatment processes compacted in one 
reactor; coagulation, flocculation and separation by a hydrocyclone mechanism, using a 
vortex flow to separate colloidal particle which is a bentonite suspension.  Raw water is 
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injected tangentially inside hydrocyclone causing the centrifugal force and gradient 
velocity.   Very fine bentonite particles are coagulated by coagulant and under this 
present gradient velocity to be micro floc.   Spontaneously, micro bubbles produced from 
the dissolved air flotation technique is injected at the bottom of reactor, and then trapped 
by the micro floc to become aerated floc.  The volumetric mass of these flocs are very 
low because they contain the micro bubbles inside.  There are separated by the vortex 
flow provided from the inlet tangentially raw flow rate. 

Various researchers have studied this process.  Chaiyaporn Puprasert et al. (2004) 
studied the feasibility of the process with a 5-cm diameter and 50cm height hydrocyclone.  
This work achieved in producing the aerated floc but it was not possible to separate in the 
continuous operation.  Vorasiri Siangsanun (2006) studied the parameters effecting the 
process and also hydrocyclone geometries between cylindrical and conical 
hydrocyclones.  The cylindrical one could be used for the separation process in the batch 
operation.  In a conical hydrocyclone, a vortex flow occurred along the cyclone axis but 
there was micro bubble coalescence.  It decreased the possibility of aerated floc 
production because the floc was not able to cover the large bubble.  Moreover, the 
important parameters that affect hybrid process were the air fraction and the coagulant 
concentration.  Thus, Pradipat Bumrungsri et al. (2008) studied the hydrodynamic 
characteristic developed inside three hydrocyclone geometries by a new simple method, 
called the oil droplet method.  The results showed that the axial velocity inside 
hydrocyclone flowed downward along the hydrocyclone axis.  It explained the micro 
bubble coalescence phenomenon occurring at the bottom part of cyclone.  Besides, this 
study found the optimum operating conditions for the hybrid process.  Cylindrical 
hydrocyclone geometry was recommended.  All researches show the potential and 
approach a novel separation concept and devices.  This study constitutes an advance 
within this line of research and development.  The hydrocyclone reactor is modified with 
a cylindrical larger diameter for a better separation and be able to treat higher uptake.  
The air pressurized water inlet position is installed vertically close to the wall in order to 
avoid the micro bubble coalescence and to be able to attach with the coagulated particle.  
Furthermore, in study is aimed to develop the hybrid process to operate in continue.  
Previous hydrodynamics results are taken into account to define the best operating 
conditions.  The parameters such as; coagulant, flocculant and air fraction will be studied 
to find out the optimum conditions and validate the process for natural water treatment. 

5.1.3 Materials 

There are three main parts in this pilot, the preparation tanks for raw water and 
coagulant solution, the hydrocyclone reactor and micro bubble generation system.  The 
pilot plant installation is shown in Figure V-1.  Each part will be explained clearly as 
follows. 
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Figure V-1 The pilot schematic 

5.1.3.1 Synthetic water 

To study the effect of this parameter, it was decided to use synthetic raw water in 
order to control its characteristics.  In this study, bentonite (BENTONIL CV15T) in 
powder from SUD-CHIMIE (France) with an average size of 4-5µm and a specific 
surface of 3.5×106m2/m3 was used to mix with tap water to represent the colloid 
suspended in water.  It was mixed with an agitator in a 500L tank for 24 hours to assure 
adequate particle dispersion.  The maximum flow rate was 1000L/hr by the pump.  This 
synthetic raw water was analyzed by suspended solid analysis and turbidity meter. 

5.1.3.2 Coagulation and flocculation 

An involved process in this study was coagulation with a sweep coagulation 
mechanism.  As mentioned above this hybrid process that is being studied for the 
different water treatment possibilities.  Consequently, the first part of this study used a 
cationic polymer commercial name FO107 in order to have suitable conditions for the 
process.  The dosage and the type had been considered by the Jar test method.  The 
experiment is done in a flocculator (FLOCULATEUR 11196, BIOBLOCK 
SCIENTIFIC).  The second part involved the hydrocyclone with coagulation and 
flocculation.  The coagulant in this part was Aluminum sulfate manufactured by Prolabo 
(France) in crystal form with a purity of >99.5%.   The flocculant in the second part was 
cationic polymer FO107.  The both solution were prepared and stored in a tank with 
peristaltic pump to feed inside the hydrocyclone. 

5.1.3.3 Air pressurized water system 

From Figure V-1, there are two pressurized water systems.  Both of them used the 
Dissolved Air Flotation (DAF) technique.  The first one provided air from the fluid-air 
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tank.  Tap water was pumped inside the saturated tank passing through the media which 
gave the encounter between air and water.  Inside the saturated tank, the water level was 
controlled by an electrical valve.  If the water level is too low, the water pump will feed 
water inside the tank.   Pressure in the saturated tank was controlled to 3-4bar while the 
maximum pressure of this system is 6.5bar.  The retention time before being used in the 
experiment was around 15minutes to assure the air dissolves into the water.  To inject into 
the hydrocyclone, pressurized water passed through the relieve valve, the saturated air 
precipitated as micro bubbles because the pressure decreased to atmospheric pressure.   

A second air pressurized water system was added because of the flow and pressure 
limit from the first system.  The air and tap water were generated inside the second 
saturated tank having the same retention time inside to dissolve the air.  To inject into 
hydrocyclone, the air pressurized water passes the valves and then the saturated air 
becomes micro bubbles as well as the previous system.  This system used a butterfly 
valve to open the saturated tank and a gate valve at the entrance to hydrocyclone.  The 
flow rate was not measure directly by this second system. 

With both methods, micro bubbles were expected to encounter the floc inside the 
hydrocyclone and be separated by the vortex flow. 

5.1.3.4 The hydrocyclone reactor 

The hydrocyclone mechanism separates the particles by a physical process.  The 
flow enters tangentially into the hydrocyclone which induces a swirling motion which 
causes an apparent centrifugal force on the fluid and particles.  In this study, with the 
DAF technique, the floc contains micro bubbles inside its structure.   These aerated flocs 
exert a smaller force than the fluid due to their lesser density and migrate to the axis of 
cyclone.  The exit of the aerated-floc is on the top part of reactor. See Figure V-2. 
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Figure V-2 Hydrocyclone reactor dimensions 
 

Due to the migration of aerated-flocs to the axis of the reactor, the fluid on the wall 
zone is relatively devoid of flocs.  Hence, clear fluid is extracted to the wall and exits to 
the effluent tube. 

The hydrocyclone is a cylindrical 1000mm high and 100mm in diameter (see Figure 
V-2).   It was built from transparent acrylic resin so the phenomenon inside the reactor 
can be seen.   The inlet zone is on the bottom part (the conical part).  There are four 
tangential inlets of 10mm diameter for raw water and coagulant injection.  On the other 
hand, there are four vertical inlets which were designed for the air pressurized water 
injection as shown in Figure V-2.  The central vertical tube is for fluid draining in case of 
cleaning inside.  The sample collection is on the top part.  The centre zone water effluent 
or floc sludge swirl and drain out at the two upper horizontal tubes while the clarified 
water drains out at the two horizontal tubes which are underneath the floc effluent.  

5.1.4 Experimental analysis 

5.1.4.1 Jar test 

The preliminary coagulant and flocculant concentration influence had been done to 
determined the maximum turbidity decreased by a Jar test method experiment.  The jar 
test trials were conducted to determine the conditions of coagulation most appropriate for 
the application.  The water treatment jar test can separate the supernatant of flocs formed 
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during coagulation tests are conducted using a flocculator (Floculateur 111196) with 6 
beakers of 1L equipped with stirring blades with a flat dimension of 2×7.5cm.  The 
rotation speed is adjustable. The coagulant is injected into each beaker.  Immediately, a 
rapid agitation at 200rpm is carried out for 1minute to fully connect the coagulant and the 
solution. Then, a slow stirring is performed for 5minutes, the rate being maintained at 
60rpm.  The blades are then gently removed from the water to allow the floc to settle for 
10 minutes. After settling, the supernatants were collected and the turbidity and the 
suspended solids are analyzed. 

5.1.4.2 Water Sampling  

Samples from the experiment will be collected from the effluent tubes as shown in 
Figure V-3.  The process operates in continuous operation during sampling with 500L of 
bentonite suspension in the storage tank.  The outlet flow rates are measured by timing 
the amount of water and calculated by Equation V-1. 
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)s(Time
)kg(weightwaterrateflowOutlet 3

water
   Equation V-1 

 

Figure V-3 Water zone for sampling for result analyzing 

5.1.4.3 Turbidity and Suspended solid (SS) measurement 

The clarified water at the wall zone and concentrated water at the centre zone are 
determined by turbidity measurement and suspended solids.  In the sense of water 
treatment, the coagulation process will be indentified with the % of turbidity decreased 
and % of suspended solid (SS) removal compare to the raw water.  On the other hand, in 
the sense of separation phenomenon, treated water will be analyzed with % separation 
efficiency that is compared between the centre zone (concentrated water) to the wall zone 
water (clarified water). 

Turbidity determination will be measured by a turbidity meter (HACH 2100N IS 
TURBIDIMETER).  Suspended solid is analyzed with a drying method at 103º - 105ºC 
with a dry oven and balancing instrument (SARTORIUS, MA145).   
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The removal percentages are calculated by the Equation V-2 and V-3.  The 
separation efficiency is calculated by the Equation V-5 and V-6.  The matter flux 
recovery fraction to illustrate the hydrocyclone separation ability to eliminate the floc 
through the centre zone is calculated by the Equation V-7.  Vortex performance and floc 
floating are observed by a digital video camera (CANON, POWERSHOT S3 IS).   

The Equation for water treatment analysis 
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The Equation for hydrocyclone separation efficiency 
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5.1.4.4 Air fraction 

Since there was no flow meter to measure the air pressurized water flow rate, the air 
fraction will be calculated from the total outlet flow minus the raw water inlet flow rate as 
Equation V-8.  Thus, the amount of air dissolved in water and the corresponding air 
fraction will be calculated by Henry’s law.  The calculation is clearly shown in Appendix 
B.  To compare the hybrid process in the sense of flotation process with the conventional 
DAF, it is noted that the DAF technique has the criteria of air flow of 15-50% of air to 
water inlet flow rate or 0.1500-0.5000 of air fraction (Monod, 1991).  It is noted that the 
raw water inlet flow is the bentonite suspension flow rate. 

Air pressurized water flow rate = Total outlet flow-Raw water inlet flow   
          Equation V-8 

The floc floating is identified with a batch operation (after stopping all the inlet 
flow rates).  During the operation, the aerated floc is not able to be observed.  It is 
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necessary to stop the operation and then observe the floc floating up to the top of reactor 
which implies the aerated floc is being produced. 

5.1.5 The experimental Setup 

This study worked on the parameters that affect the hybrid process and compared 
the results to find the optimum operating conditions in order to develop this hybrid 
process.  Since there are three main processes that are encountered in this study.  Thus, 
there are many varied parameters to study in order to determine their effects on the hybrid 
process.  The studies had been provided as followed.   

Table V-1 Experimental plan of hybrid process on Bentonite suspension 

Subject Varied parameter 

1. Characterization of the vortex flow 
and micro bubbles at different 
heights of the hybrid reactor 

10, 30, 50 and 80cm level height 

2. Influence of the bentonite 
suspension  

3. and inlet flow rate 

0.25 and 0.50g/L 

 
800, 900 and 1000L/hr 

4. Influence of the coagulant type FO107 (cationic polymer) and Aluminum 
sulfate 

5. The coagulation inside 
hydrocyclone  

6. The pre-coagulation before getting 
in the hydrocyclone 

Coagulation inside hydrocyclone (without 
static mixer) 

Coagulation at static mixer 

 

5.1.6 Characterization of the vortex flow and micro bubbles at different 
heights of the hybrid reactor 

5.1.6.1 The experimental method 

To observe the vortex performance in the hybrid process, the inlet flow rate with 
only tap water was maintained at 1000L/h and entered tangentially through a single, 
circular inlet aperture.  Air pressurized water from two systems was fed vertically into the 
reactor.  The main objective of this experiment is to identify the hybrid process 
configurations and to avoid the micro bubble coalescence phenomenon in the reactor.  
The operating conditions used in this part are shown in Table V-2. 
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Table V-2 vortex performance experimental condition 

Varied parameter Operating condition 

Observation level height of the 
hydrocyclone 

10, 30, 50 and 80cm 

Control parameter Operating condition 

- Saturated pressure 

- Inlet tap water flow rate 

3.5 – 4.0bar 

1000L/hr 

Method of analysis  Video recorder 

 

The expected phenomenon from the vortex and micro bubble behavior is that the 
micro bubbles did not coalesce in the bottom part in order to maintain their micro size and 
to be covered by micro floc from the coagulation process easily.  Afterwards, the micro 
bubble is separated to the reactor axis by hydrocyclone mechanism as it is less dense than 
water.  The objective of these experiments will be to identify the operating conditions to 
avoid the collapsing and coalescence phenomenon inside hydrocyclone. 

 

Figure V-4 Observation level heights 

The operation was run in continuous operation.  The results were observed and 
recorded by digital camera.  The phenomenon was observed at four different levels as 
shown in Figure V-4. 
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5.1.6.2 Results and discussions 

The different level heights inside hybrid reactor were supposed to present different 
phenomenon.  The coalescence of micro air bubbles from the air pressurized water inlet 
zone at the bottom part was not desirable.  Bubble coalescence is an important parameter 
to control the aerated floc forming.  The large bubble size has less free surface area to 
attach and be covered by the floc.  The observation results are shown in Figure V-5.   

 

Figure V-5 Vortex observation results 

At the 10cm height level from the bottom of hydrocyclone the white water was 
observed because of the micro bubbles entering into the reactor from the injector close to 
the wall without coalescence.  Above the 50cm level, it can be observed that the micro 
bubbles started to approach the cyclone axis.  At the 80cm level, the micro bubbles are 
clearly grouped at the axis.  The micro bubble performance results in this part of study 
appear as the expected phenomenon as shown in Figure V-6.  The micro bubbles are 



 

 91 

created by the DAF technique and passed through the relieve valves.  There are two air 
pressurized water injectors which are installed close to the wall.   The centrifugal force 
from the tangential inlet water separates the micro bubbles to the cyclone axis.  The 
vortex flow spins along the cyclone axis until the top and drives the micro bubbles at the 
centre. 

 

Figure V-6 expected phenomenon of micro bubble and vortex flow 

The centrifugal force from the tangential feed inlet created separation between the 
water and the micro bubbles which can be explained with Equation V-8. 
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    Equation V-8 

Where, ρp is the density of the solid particle and ρm is density of the dispersion 
phase.  In the hybrid process, the dispersion phase is water while the particle is the micro 
bubble which has a lower density than water.  Thus, the term (ρp - ρm) is negative.  Instead 
of being separated and moved to the cyclone wall, the micro bubbles are separated and 
moved to the cyclone’s axis. 

The results from the previous chapter; the numerical simulation method by 
FLUENT® had done the calculation on the magnitude of the velocity at different heights 
of the cyclone which is shown in Figure V-7.  Reynolds Stress Model was used to 
simulate the velocity profile from 1000L/hr inlet flow rate which created 1.58m/s inlet 
velocity. 



 

 92 

2x10-2m/s (wall zone)

4x10-2m/s (center zone)

 

Figure V-7 the magnitude velocities in hydrocyclone from numerical simulation  
(1000L/hr inlet flow rate, 1.58m/s inlet velocity) 

It can be seen in Figure V-7 that at the lower part (0 – 500mm height) the velocity 
is high, especially near the cyclone wall.  This part of the cyclone has a high velocity 
gradient which means high turbulence.  Thus, the micro bubbles enter close to the cyclone 
wall and are mixed with the optimum turbulent condition which does not cause micro 
bubble coalescence.   The micro bubble size remains in the range of 48 – 79µm from the 
results of laser diffraction measurement in Chapter IV.  The upper part (500mm to the 
top) remains the velocity value as shown in Figure V-7.  The wall zone velocity was 
about 2×10-2m/s while at the center zone remained at 4×10-2m/s to the top of cyclone.  
Even thought the velocity values are low it is suitable for the separation phenomenon 
between micro bubbles and water at the top of the cyclone.   

On the other points, considering the velocity gradient from the numerical simulation 
by FLUENT with Reynolds Stress Model as shown in Figure V-8, it can be seen that at 
the 30mm level from the injection level the tangential velocity gradient is approximately 
in the 100s-1 range and the maximum is close to the wall reaching 700s-1.  The theoretical 
range of velocity gradient for the flocculation process is 30-100s-1 (Monod, 1991).    It 
shows that velocity gradient inside this hydrocyclone is suitable for both the coagulation 
process (close to the wall) and the flocculation process (along the hydrocyclone height). 
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Figure V-8 Tangential and axial velocity gradients from  
Reynolds Stress Model numerical simulation at different level height 

(1000L/hr inlet flow rate, 1.572m/s inlet velocity) 

The hydrocyclone in this hybrid process is different from the conventional one.  
The inlet apertures are all in the bottom part while the exit is on the top part.  Thus, there 
is no Locus of Zero Vertical Velocity line (LZVV) which distinguishes the external 
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vortex (downward flow) and the internal vortex (upward flow) to explain the separation 
between wall zone and centre zone.   

 

Figure V-9 tangential and axial velocities inside hydrocyclone  
at different height levels 

However, considering the velocity profile inside hydrocyclone at different heights 
from Figure V-9, it can be seen with the tangential velocity profile that the velocities 
slightly increase apart from the centre axis until 0.03m radius and sharply increase to the 
hydrocyclone close to the wall.  Additionally, with the axial velocity profile, the 
velocities at the centre are nearly zero and are negative apart from the centre that implies 
the downward direction of the water movement.  Afterwards, the axial velocity increases 
apart from 0.03m radius that indicates an upward motion of the water inside the 
hydrocyclone.  Therefore, the difference of the water movement direction from the 
velocity profile is able to explain the separation zone between the water and micro 
bubble.  The heavier phase as water is driven to the wall zone (radius > 0.03m 
approximately) by a higher velocity gradient and also velocity.  On the other hand the 
lighter phase is as the micro bubbles are driven to the centre zone (radius < 0.03m 
approximately).  It can be seen that the upper part shows a very low velocity and velocity 
gradient but it could create the separation phenomenon between the water and micro 
bubbles. 

This phenomenon met the separation mechanism by hydrocyclone.  The lighter 
phase is separated in the hydrocyclone core.  The results were satisfactory in the sense of 
separation by a hybrid process.  It was supposed to separate the aerated-floc in the 
cyclone axis without bubble coalescence.  Since 1000L/hr presented the separation 
phenomenon between water and micro bubble.  The next part of the study will remain 
with this flow rate to work on the other parameters. 
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5.1.7 The influence of the bentonite suspension concentration and inlet 
flow rate on the hybrid process performance observed 

5.1.7.1 Experimental method 

The presence of the higher turbidity in the water affects the coagulation process due 
to the formation of the larger flocs (Ho and Newcombe, 2005).  The effect of the turbidity 
on the separation phenomenon in the hybrid process has been demonstrated using 
synthetic water containing the 0.25 and 0.50mg/L bentonite in tap water.  The operating 
conditions are shown in the Table V-3. 

Table V-3 Experimental conditions used to study the influence of bentonite suspension 
concentration under experimental conditions 

Varied parameter Operating condition 

Bentonite suspension 

Inlet flow rate 

0.10, 0.25 and 0.50g/L 

800, 900 and 1000L/hr 

Control parameter Operating condition 

- Coagulant type 

- Coagulant concentration 

Cationic polymer FO107 

0.50mg/L 

Method of analysis  

- Vortex performance 

- Separation 

- Floc floating 

 

Video recorder 

Observation 

Observation 

 

 For all conditions, the cationic polymer FO107 was used as the coagulant with 
0.50mg/L concentration.  The optimum conditions in the hybrid process should present 
the optimum velocity gradient that creates the coagulation process.  Moreover, the 
presence of vortex flow is necessary for the separation phenomenon.  Consequently, the 
inlet flow rate was also varied to be 800, 900 and 1000L/hr in order to observe the vortex 
flow phenomenon.  The results were mainly observed by VDO recorder. 

5.1.7.2 Result and discussion 

Three different raw water characteristics were 0.10, 0.25 and 0.50g/L bentonite 
suspension.  It presented 22, 73 and 120NTU respectively.  The observation results are 
shown in Table V-4.  It can be seen that there was no difference in each condition.  The 
vortex presence to the top of the hydrocyclone occurred with all conditions.  The floc 
floating was observed by batch operation, after stopping the experiment, the floc settled 
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to the bottom.  Thus, it can be assumed that the coagulation process is achieved but the 
mechanism of floc cover or attach to the micro bubbles did not succeed; there was no 
aerated-floc.  Since the raw water turbidity affects the floc size, higher turbidity presents 
larger floc.  Beside, the floc size by video observation from the different raw water 
turbidity found that 0.50g/L bentonite suspension presented a larger floc size than 
0.25g/L.  It corresponds to Monod (1991) that the flocculation depends on the particle 
concentration in the reactor; higher turbidity presents high efficiency for flocculation.   

However, in the sense of floated floc, the results did not show any difference from 
these three bentonite concentrations.  That means there was no floating floc.  It can be 
assumed with two reasons.  First, the aerated-floc did not occurr because the floc and 
micro bubble interaction mechanism was not achieved.  Second, assuming the aerated-
floc occurred but the created flocs were large and heavy, thus the micro bubble inside the 
structure could not decrease the aerated-floc density enough to be lower than the water 
density.  Consequently, there was no separation process by vortex flow. 

Table V-4 Result of the bentonite suspension concentration influence 

Flow rate (l/hr) 800 900 1000 1000 1000 

Bentonite concentration (g/l) 0.50 0.50 0.50 0.25 0.10 

Vortex presence Yes Yes Yes Yes Yes 

Micro bubble coalescence no no no no No 

Floc formation Yes Yes 
Yes 

larger floc 

Yes 

smaller floc 

Yes  

small floc 

Floc floating no no no no no 

Separation phenomenon no no no no no 

 

Decreasing the bentonite suspension concentration reduced the weight of the floc 
while the different inlet flow rate from 800 – 1000L/hr did not show any difference in the 
vortex performance and floc formation.  Consequently, it is interesting to study on the 
varied coagulant concentration and type.  Moreover, the different inlet flow rates such as 
300L/hr are also appealing to study the influence to the hybrid process.  

5.1.8 The influence of the coagulant type (Cationic polymer and 
Aluminum sulfate) to hybrid process observed 

5.1.8.1 Experimental method 

Since the hybrid process has been developed from several researches such as 
Chaiyaporn Puprasert (2004a), Vorasiri Siangsanun (2006) and Pradipat Bumrungsri 
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(2008), the method to choose the coagulant type was a Jar test experiment.   Cationic 
polymer FO107 was chosen to use in this study.  Realizing the optimum conditions by 
decreasing the cost, it was questioned whether it was possible to use aluminum sulfate as 
a coagulant resembling the conventional coagulation process.  This part of the study, 
changing the coagulant type was considered to compare between cationic polymer FO107 
and Aluminum sulfate (Al2(SO4)3).  Moreover, 300L/hr inlet flow rate is considered to 
represent a low inlet flow in producing the aerated floc (floc floating) and the vortex 
performance to compare with 1000L/hr.  The results are mainly observed by the 
performance to be the experimental basis for the next part.  Coagulant concentration was 
resolved by jar test experimental and chosen 0.50mg/L FO107 cationic polymer and 
15.0mg/L Aluminum sulfate. 

Table V-5 Operating conditions used to work on the effects of coagulant concentration to 
hybrid process 

Varied parameter Operating condition 

Coagulant type 

- Cationic polymer FO107 

- Aluminum sulfate 

Inlet flow rate 

 

- 0.50mg/L 

- 15.0mg/L 

300 and 1000L/hr 

Control parameter Operating condition 

Bentonite suspension 

Saturated pressure 

0.50g/L 

3 – 4bars 

Method of analysis  

- Vortex performance 

- Separation 

- Floc floating 

 

Video recorder 

Observation 

Observation 

 

5.1.8.2 Result and discussion 

There are two changing parameters in this part; coagulant type and the raw water 
inlet flow rate.  The observation results are shown in Table V-6.   
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Table V-6 the results of the coagulant type and flow rate affect to hybrid process observed 

Coagulant type Alum 15mg/L Alum 15mg/L FO107 0.5mg/L 

Inlet flow rate (l/hr) 300 1000 1000 

Bentonite concentration (g/l) 0.5 0.5 0.5 

Vortex presence no yes yes 

Micro bubble coalescence no no no 

Floc formation yes no yes 

Floc floating no no no 

Separation phenomenon no no no 

 

The effect of the inlet flow rate range was between 300 and 1000L/hr, the higher 
flow rate presented the vortex flow up to the top part of reactor but there was no floc 
formation by Aluminum sulfate.  1000L/hr inlet flow rate logically creates a higher 
velocity gradient inside the hydrocyclone.  Coagulation by this flow rate should be more 
obvious than 300L/hr.  Moreover, the retention time is too short to observe the flocs.  
Thus, the results allow concluding that it is necessary to find the compromise between 
high velocity gradient and high retention time.  Comparing between 15mg/L Aluminum 
sulfate and 0.5mg/L FO107 with the same flow rate 1000L/hr, the floc formation 
occurred by using FO107.  This can be discussed that the condition of 15mg/L Aluminum 
sulfate and 1000L/hr, inlet flow rate actually created the micro floc from the coagulation 
process but the micro flocs might not be able to form larger size because the aluminum 
sulfate was less efficient than the polymer to gather the micro floc.  Otherwise, 
Aluminum sulfate requires a higher retention time to create the floc since 300L/hr 
presented a higher retention time inside the reactor and it produced floc but no vortex 
flow, or the float floc.  

The micro bubble formation was very satisfactory as there was no micro bubble 
coalescence under any conditions of hybrid process with coagulant involved.  From the 
previous work, Pradipat Bumrungsri (2008) studied many parameters effecting 
coalescence; the inlet flow rate, saturate pressure and the air fraction.  It was mentioned 
that the high flow rate (higher than 250L/hr) with high air fraction (higher than 0.0070), 
coalescence occurred.  On the other hand, with a low flow rate, the coalescence did not 
appear.  The effect of the inlet velocity was not clearly mentioned.  Thus, considering the 
flow rate in this study, it was 1000L/hr and it presented 3.54m/s inlet velocity (with inlet 
diameter 10mm).  This could be discussed by inlet velocity from the previous work.  
Even though 1000L/hr flow rate is higher than 250L/hr from previous work the inlet 
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velocity is equal since inlet diameter of Pradipat Bumrungsri’s work was 5mm.  It 
resulted 3.54m/s inlet velocity.  That could be explained with this inlet velocity which 
was not too high to cause micro bubble coalescence.  

Optimizing the hybrid process, vortex flow is necessary for the separation process.  
1000L/hr inlet flow rate is considered to maintain and so does FO107 coagulant for the 
coagulation in hybrid process because the floc formation by FO107 was presented in the 
observation results. 

5.1.9 The study of the difference between coagulation inside the 
hydrocyclone and pre-coagulation before getting in the 
hydrocyclone 

To develop the hybrid process, it is interesting to separate the process in order to 
indicate how the influence of coagulation or flocculation could improve the development 
of the hybrid process.  In order to increase the resident time without decrease of velocity 
gradient, the experiment is divided into two main parts; the coagulation stage inside the 
hydrocyclone and coagulation stage before getting into hydrocyclone.  The second part 
used the coil wire mesh as the static mixer.  This part of the study will explain both 
methods and then discuss the results all together. 

5.1.9.1 The method of coagulation inside the hydrocyclone 

This part of study is the coagulation inside the hydrocyclone.  It is exactly the same 
Pilot plant description as the previous parts where the coagulant solution is injected 
directly into the hydrocyclone reactor.  The coagulation process will occur at the bottom 
part from the injection of raw water while the flocculation process will occur at the higher 
level along the hydrocyclone height by the vortex flow.  The Pilot plant was setup as 
shown in Figure V-10. 

 

Figure V-10 The pilot schematic diagrams of coagulation inside the reactor  
(without static mixer) 
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To operate the hybrid process, the bentonite suspension is pumped into hydrocyclone 
via the tangential inlet aperture with 1000L/hr flow rate.  Even though there are four raw 
water inlet apertures; it is fed through only one inlet.  Coagulant is fed tangentially in the 
opposite direction to the raw water.   The raw water inlet creates a suitable velocity 
gradient for the coagulation process.  Meanwhile, air pressurized water from the DAF 
technique is injected close to the wall via the vertical inlet apertures. The micro bubbles 
from DAF technique are produced spontaneously in the hydrocyclone with the 
coagulation process.  The produced floc includes micro bubbles inside its structure to be 
separated by the vortex flow.  The coagulant concentration is controlled by the injection 
flow rate.  Two parameters were varied to find out the optimum conditions.  Table V-7 
shows the experimental conditions used. 

Table V-7 Experimental conditions to study the coagulation inside hydrocyclone  

Varied Parameter Value for experiment 

Bentonite suspension 0.10 and 0.25g/L 

Coagulant type  

1. Polymer FO107 0.1 and 0.5mg/L 

2. Aluminum sulfate 15.0mg/L 

Control parameter Value for experiment 

Bentonite suspension flow rate 1000L/hr 

Saturated pressure (two systems) 4bar 

5.1.9.2 Method of Pre-coagulation before hydrocyclone 

In this part of the study a static mixer was added which was made from coiled wire 
meshed.  The coagulant tank was additionally installed with a peristaltic pump to inject 
the coagulant solution into the raw water line at the position to get in a static mixer.  The 
coagulation process by aluminum sulfate coagulant is supposed to occur at the static 
mixer and the flocculation process by cationic polymer flocculant occurs inside the 
hydrocyclone reactor.  The operating conditions are shown in Table V-8 and the pilot 
installation is shown in Figure V-11 with a static mixer. 
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Figure V-11 Pilot schematic diagrams with static mixer 
 

Table V-8 Pre-coagulation before hydrocyclone experimental conditions 

Parameter Value for experiment 

Bentonite suspension 0.50g/L 

Coagulant type  

Aluminum sulfate 5.0 and 15.0mg/L 

Flocculant type  

Polymer cationic FO107 0, 0.1, 0.5mg/L 

Control parameter Value for experiment 

Bentonite suspension flow rate 1000L/hr 

Saturated pressure 4bars 

To determine the results, which will be considered in terms of the water treatment 
with turbidity decreased and suspended solid removal percentage that compares between 
the clarified water from the wall zone to the bentonite suspension raw water.  In addition, 
the separation efficiency of hydrocyclone that compares between the floc concentrated 
from the centre zone to the clarified water from the wall zone.  Moreover, the matter 
recovery is also considered from the matter flux effluence from the centre zone compare 
to the raw water inlet.   
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5.1.10 Result and discussion 

To discuss the result from hybrid process, it should illustrate the optimum 
conditions from the previous work because many parameters are developed from the 
results of Pradipat Bumrungsri (2008).  The optimum conditions are as follow. 

Hydrocyclone geometry 50-mm diameter and 1000mm height 

Raw water flow rate  200L/hr (=2.83m/s with 5.0mm inlet diameter) 

Bentonite suspension  0.5g/L 

Raw water inlet  5.0mm  

Coagulant concentration 3.0 – 4.0mg/L cationic polymer 

Saturated pressure  3.5bars 

Air fraction   0.0082 – 0.0100 

These conditions are shown to realize that the hybrid reactor is not the same 
configurations.  However, this study is developed from the previous results.  It should be 
shown to distingue whether the hybrid process is developed positively.  Moreover, there 
are some parameters that should be compared such as; the inlet velocity, the air fraction 
and coagulant concentration.  

The results of this hybrid process are presented and mainly rely on the bentonite 
suspension concentration and the difference of coagulation process position. 

- 0.10g/L bentonite suspension with coagulation inside hydrocyclone 

- 0.25g/L bentonite suspension with coagulation inside hydrocyclone 

- 0.50g/L bentonite suspension with pre-coagulation at static mixer 

These three conditions will be discussed on the turbidity decreased, suspended solid 
removal, separation efficiency, the matter recovery and air fraction.  All the experimental 
results are shown in Appendix C.  It should be noted that the air fraction is calculated 
from the total outlet flow.  For that, it is not shown in the experimental conditions table 
but in the results part. 

5.1.10.1 The results of coagulation efficiency and air fraction in 
the hybrid process 

The results in this part imply the hybrid process’s ability in water treatment.  
Clarified water is compared with raw water inlet characteristics (turbidity).  Figure V-12, 
V-13 and V-14 show the results of the turbidity decrease and air fraction under all 
conditions. 
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Figure V-12 %turbidity decreased and air fraction of 0.10g/L bentonite suspension  
with varied coagulant concentration without a static mixer 

Figure V-12 illustrates that there was a %turbidity decrease in all conditions.  It 
indicates that the coagulation process occurred with those conditions.  The coagulant 
concentration which presents the high turbidity decreased is 0.5mg/L polymer even the 
air fraction is low (0.0049) compared to 0.1mg/L polymer’s one.   However, the condition 
with 15mg/L aluminum sulfate shows very poor results but it can be discussed that 
because the air fraction is very low (0.0011) it was not able to create the aerated floc. 

 

Figure V-13 %turbidity decreased and air fraction of 0.25g/L bentonite suspension  
with varied coagulant concentration without a static mixer 

Figure V-13 illustrates the results by increasing the bentonite suspension (0.25g/L) 
and a trail with 5mg/L Aluminum sulfate concentration.  It can be seen that 0.5mg/L 
polymer presented a good result.  On the other hand, the air fraction difference does not 
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affect to the percent removal.  It can be discussed that the coagulation process occurred in 
these conditions.  Although, the interaction between micro bubbles and flocs did not 
achieve since the high air fraction did not present the differences in the %turbidity 
decreased.  

 

Figure V-14 %turbidity decreased and air fraction of 0.50g/L bentonite suspension  
with varied coagulant, flocculant concentrations with a static mixer (Pre coagulation) 

The removal percentages in the hybrid process with pre-coagulation by a static 
mixer are shown in Figure V-14.  Considering the condition without adding flocculant 
polymer, it can be declared that the coagulation process was achieved by a static mixer. 
The %turbidity decreased were 39% without polymer.  Considering the consitions 
between without flocculant (Alum 5 + Polymer 0) and 0.5mg/L polymer, the % of 
turbidity removal increased from 39% to 47%.  It implied that the idea of pre-coagulation 
at a static mixer before getting in hydrocyclone could improve the process.  On the other 
hand, increasing the alum concentration with low air fraction could present the same % 
turbidity removal.  It points out that the important parameters are coagulant concentration 
and air fraction.  For both methods, coagulation inside the hydrocyclone and pre-
coagulation by a static mixer could produce the coagulation process.  In condition of 
5mg/L coagulant aluminum sulfate and 0.5mg/L flocculant polymer presented 66.4% 
turbidity decreased.  Thus, 0.5mg/L polymer is satisfied in the sense of economic 
compared to the previous work that used 3.0- 4.0mg/L polymer. 

Besides, this part of study show that an important parameter that effects to the 
removal percentages is the coagulant and the flocculant concentrations while the air 
fraction is not able to play its role to the process. 

However, the weak point of this result is that the flocculation process or the aerated 
floc production.  To consider the difference between centre zone and wall zone water, the 
separation efficiency is determined which will be explained in the next part. 
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5.1.10.2 The results of separation efficiency and the %matter 
recovery fraction of the hybrid process 

Separation efficiency and matter recovery fraction are considered in the 
hydrocyclone performance of this study.  Separation efficiency determines the difference 
of wall zone water (clarified water) to the centre zone water (floc concentrated).  Besides, 
the matter recovery fraction is to consider the matter flux exit in the centre zone 
compared with raw water.   

 

Figure V-15 Separation efficiency and %matter recovery fraction of 0.10g/L  
bentonite suspension with varied coagulant concentrations without static mixer 

The separation efficiency in Figure V-15 a) shows that with 0.5mg/L polymer could 
present the separation process but low percentage (27%) with low air fraction (0.0049).  
There was no separation with 0.1mg/L polymer even the air fraction was higher (0.0072).  
However, air fractions of these conditions are lower than the optimum condition by the 
previous work (air fraction 0.0082). 

 

Figure V-16 separation efficiency and matter recovery fraction of 0.25g/L  
bentonite suspension with varied coagulant concentration without a static mixer 

Considering the separation efficiency in Figure V-16, the air fractions of all 
conditions are higher than 0.0071.  The separation phenomenon occurred with 0.5mg/L 
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polymer, 5mg/L and 15mg/L aluminum sulfate in turbidity but they do not relate to the air 
fraction. 

 

Figure V-17 separation efficiency and matter recovery fraction of 0.50g/L  
bentonite suspension with varied coagulant, flocculant concentrations with a static mixer  

(Pre coagulation) 

Figure V-17 a) presents the very poor separation efficiencies even when the air 
fraction under all conditions was higher than the optimum conditions of the previous 
worked.  In this pre coagulation experimental part, the coagulation process occurred at a 
static mixer.  The coagulation mechanism was sweep coagulation because this step, pH 
had not been taken into account (as an adsorption and charge neutralization mechanism).  
When alum is added to water, it reacts with the water and results in positively charged 
ions and aggregate with particle in the water.  With sweep coagulation, alum had been 
added to excess.  Consequently, colloid-coagulant charges remained positively charged 
by this step.  Therefore, adding the cationic polymer caused the difficulty for the 
flocculation process.  Consequently, a suitable flocculant polymer is anionic polymer.   
This study used cationic polymer to aggregate the cationic floc from the coagulation 
process.  Even when it was the flocculation polymer bridging mechanism however using 
the opposite charge would be more effective.   

While in the experimental work of coagulation inside the hydrocyclone, cationic 
was used as coagulant.  It was suitable since the bentonite particle has a negative charge 
on its surface.  Adding cationic polymer neutralizes the particle charge.  Then the 
flocculation process could occur by the polymer bridging mechanism from a high 
polymer molecular weight.   

In further hybrid process research, it is therefore recommended to use anionic 
polymer as the flocculant. 

In the matter of recovery fraction under all conditions (Figure V-15b) V-16b) and 
V-17b)), the fractions are between 35 – 60%.  It shows the possibility of the hybrid 
process to recover the particle or floc to the centre.  However, the results do not 
correspond to the air fraction. 
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5.1.10.3 The flow recovery from hybrid process with bentonite 
suspension 

Since the hybrid process is willing to be developed for water treatment process, it is 
important to verify the process’s ability to recover the treated water.  Table V-9 shows the 
%flow recovery which considers the wall zone outlet flow (clarified water) compare to 
raw water inlet as Equation V-4. 

waterRaw

zoneWall

Q
Q

FractionercovReFlow     Equation V-4 

Table V-9 Treated water recovery by hybrid process with bentonite suspension 

Bentonite suspension 0.10g/L (without static mixer) 

Condition Treated water flow recovery (%) 

Polymer 0.10mg/L 47 

Polymer 0.50mg/L 41 

Aluminum sulfate 15mg/L 44 

Bentonite suspension 0.25g/L (without static mixer) 

Condition Treated water flow recovery (%) 

Polymer 0.10mg/L 55 

Polymer 0.50mg/L 42 

Aluminum sulfate 5mg/L 51 

Aluminum sulfate 15mg/L 44 

Bentonite suspension 0.50g/L (with static mixer) 

Condition Treated water flow recovery (%) 

Alum 5mg/L without polymer 43 

Alum 5mg/L with 0.10mg/L polymer 42 

Alum 5mg/L with 0.50mg/L polymer 25 

Alum 15mg/L without polymer 47 

Alum 15mg/L with 0.10mg/L polymer 47 

Alum 15mg/L with 0.50mg/L polymer 28 
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Table V-9, the %flow recovery from hybrid process is in the range of 25-55% of 
inlet flow.  It is very low to present as a water treatment process.  This can be improved 
by decreasing the center zone outlet diameter.  However, the priority of hybrid process is 
the separation between concentrated floc and clarified water.  Consequently, the 
separation phenomenon should be improved, and then it can be considered to increase the 
clarified water partition.  

5.1.10.4 The effect of the bentonite suspension concentration 

Since the bentonite suspension concentration was also varied, the results are 
rearranged in order to see the effect of the raw water turbidity.  The results are shown in 
FigureV-18.  

 

Figure V-18 removal percentages with varied bentonite suspension concentration  

Bentonite suspension 0.1g/L shows the highest percentage in turbidity decrease and 
suspended solid removal compared to higher bentonite suspension (0.25 and 0.50g/L).  
This result is in contrast to previous studies; higher turbidity could support for the 
coagulation process.  Since low turbidity has a greater distance between particles so the 
possibility of particle collision and aggregation is reduced (Kathy et al., 2003).  Higher 
turbidity should present the higher turbidity decreased and suspended solid removal.  
However, the previous study focused on the coagulation and the flocculation process.  
Whereas, the hybrid process has the effect of vortex flow and flotation process which are 
another factor influencing the results.   

However, low raw water turbidity with good results was satisfactory since the 
hybrid process is being developed for application in the treatment of natural water such as 
river water that has very low turbidity. 

From all the results as shown above, it can be concluded that the hybrid process 
working on bentonite suspension achieved the coagulation process from the percentage of 
removal.  On the other hand, there was no separation between wall zone and centre zone.  
This weak point can be discussed with the following reasons. 
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The bentonite suspension storage tank was 500L working with 1000L/hr flow rate.  
An experiment could run continuously for a maximum of 30 minutes.  The operation 
might not be in the stable condition during the sampling.  It is recommended to enlarge 
the storage tank in order to operate the process for a longer time and sampling at the 
different times to assure stable operation. 

Moreover, as discussed above that there was no separation process occurring by the 
hybrid process with bentonite suspension even though the vortex performance and micro 
bubble formation had very good result (Part 5.1.11, characterization of the vortex flow 
and micro bubble at the different height of the hybrid reactor).  The coagulation process 
occurred in this process and also the excess air fraction.  It can be explained that the 
interaction mechanism between the micro bubble and micro floc was not successful 
enough to produce the aerated floc to be separated by vortex flow.  It is strongly 
recommended to use anionic polymer in the flocculation process and also extend the 
retention time to be adequate for micro bubble-floc interaction. 

5.1.11 Conclusions 

The hybrid process with synthetic raw water has been studied with many parameters.  
The main conclusions are as follows. 

- The vortex performance inside the hybrid reactor presented as the expected 
phenomenon.  There was no bubble coalescence which is the most important 
factor for the hybrid process.  At higher levels inside reactor, micro bubble 
swirled and flowed along the cyclone axis.  Saturated pressure was 3.5 – 4.0bars 
and inlet flow rate was 1000L/hr. 

- The influence of the bentonite suspension concentration is reasonable that the low 
turbidity produced smaller floc while the higher turbidity created larger floc.   

- The study of the influence of the coagulant type showed that FO107 polymer 
(0.5mg/L) was more efficient than aluminum sulfate with the same flow rate 
(1000L/hr) 

- The difference between coagulation inside the hydrocyclone and pre-coagulation 
before getting in the hydrocyclone 

o Coagulation inside the hydrocyclone 

Since there was no flow meter for the air pressurized water, it was 
difficult to control the air fraction inside hydrocyclone.  However, the 
coagulant type and dose which presented the best results was 0.5mg/L 
polymer.  The effect of raw water turbidity found that 0.10g/L bentonite 
suspension had been the most success in percentage of turbidity decreased 
and suspended solid removal, at 85.2% and 60.0% respectively. 
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o Pre-coagulation before getting in the hydrocyclone 

The coagulation process succeeds in the percentage of removal.  The 
conditions which presented the best results were; 0.50g/L bentonite 
suspension, 5mg/L coagulant aluminum sulfate and 0.50mg/L flocculant 
polymer.  The percent removals were 66.4 % turbidity decreased and 
45.2% suspended solid removal. 

The hybrid process is being developed to apply for treating natural water.  It is 
recommended to use an anionic polymer for the flocculation stage.  The air pressurized 
water flow rate should be fixed in order to control the air fraction.  The next chapter will 
modify the parameters according to this study to work on river water that will be present 
in Part II of the hybrid process with natural water.   
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5.2 Part II: Hybrid process with natural water 

5.2.1 Abstract 

This study deals with a new hybrid process which allows in one step the 
coagulation of particles and/or natural organic matter flocculation attached to micro 
bubbles and the separation of flocs inside a hydrocyclone (Hebrard et al., 2008).  This 
process can be an alternative to the classical coagulation/flocculation/settling or flotation 
in drinking water treatment plants.  Indeed, the development of new methods for water 
treatment is a perpetual challenge.  It requires a development process that is reliable, 
economical, compact and efficient.  The developed hybrid process aims to reach those 
objectives with a significant reduction of the plant’s footprint.  The separation of a 
dispersed phase from a continuous one (e.g. particles from water) is frequently used in the 
mineral industry for solid separation and classification or in the sand industry for particle 
removal.  The separation is induced by centrifugal force.  The lighter phase goes along 
the centre of the hydrocyclone and the heavier at the wall.  This hybrid process is 
developed for natural water in a water treatment process.  It innovates the lighter phase by 
producing the aerated floc by coagulation, flocculation and micro bubble from dissolved 
air flotation technique simultaneously.  Thus, this aerated floc is separated from the water 
by the centrifugal force of the hydrocyclone mechanism.  For this case study system, 
clarified water had an efficiency of 61%, the turbidity decreased and 66% of suspended 
solids were removed.  The process achieved continuous operation with 1000L/hr inlet 
flow.  The hybrid process shows a strong potential to be able to be developed for 
industrial work. 

5.2.2 Introduction 

In the water treatment field, there are several studies which applied the separation 
by centrifugal force in the water treatment process.  Menezes F.M. et al. (1996) worked 
on coagulation and flocculation in a dynamic separator to remove silica (500mg/L) and 
clay particles (50mg/L).  This study achieved, using a coagulation process in conjunction 
with a dynamic separator, separation of the solid phase (silica and clay) from the water 
phase.  Rubio J. and Rosa J. (2004) used a flocculation and flotation process to produce 
aerated polymeric floc of emulsified oil dispersion then separation by a centrifuge cell.  
However, most of those studies utilized only synthetic raw water but never with real raw 
water with very low turbidity.  There has been no completed water treatment process in 
one hydrocyclone unit yet.  Consequently, this hybrid process is being developed. 

Chaiyaporn Puprasert et al. (2004a) studied the feasibility of a hybrid process with a 
5cm diameter and 50cm high hydrocyclone.  The aerated flocs which contained the micro 
bubble inside the structure were a success.  Vorasiri Siangsanun (2006) studied on the 
parameters effecting to the process and also hydrocyclone geometries.  The conical 
geometry hydrocyclone achieved a vortex flow performance through the hydrocyclone 
axis but there was still no separation phenomenon.  On the other hand, the 5cm diameter 
cylindrical hydrocyclone had micro bubble coalescence that reduced the aerated floc 
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production. Besides, coagulant, flocculant concentration and also the air fraction 
influenced the process.  The work continued to be studied, Pradipat Bamrungsri (2008) 
studied the hydrodynamic characteristics inside three hydrocyclone geometries and found 
the optimum operating conditions for the hybrid process.  The velocity profiles explained 
how the water spins downward on the cyclone axis that caused the micro bubble 
coalescence.  Moreover, the hydrocyclone diameter was recommended to be increased 
from 5cm to 10cm in order to allow an easier distinction of the hydrodynamic 
phenomenon.  The optimum conditions found are: 0.0082 – 0.0100 air fraction, 3-4mg/L 
flocculant polymer and 250L/hr inlet flow rate.  Besides, the modified 10cm diameter 
hybrid process and reactor are being developed as in the previous chapter for the synthetic 
raw water to find the optimum conditions and the influencing parameters.  All research 
shows the potential and approaches the novel separation concepts and devices.  
Consequently, this study is aimed at operating the hybrid process with natural water.  The 
operation should run continuously for at least 1 hour to assure stable operation.  A jar test 
experiment is integrated to find the optimum coagulant and flocculant concentration 
assuming equal retention time.   

5.2.3 Material and method 

5.2.3.1 Pilot plant description 

Water

Flocculant 
polymer

Static mixer

Air

Coagulant

Saturated tank

Coiled tube
35 m

Hydrocyclone

Surface water

Clarified water
Aerated floc

 

Figure V-19 Pilot plant schematic 

The pilot plant was modified for treating the natural water from La Marne River in 
France.  There were four parts which contributed to this process. 

5.2.3.2 Coagulant solution  

The prepared coagulant is Aluminum sulfate WAC HB which is served in the 
required concentration depending on the flow rate from the pump.  The static mixer was 
installed to produce the coagulation process.  The raw water was pumped and passed 
through a static mixer at 1000L/hr.  Meanwhile, the coagulant solution was injected into 



 

 113 

the system before the raw water passed the static mixer.  Then, there was the 35m tube 
with 2.54cm diameter.  This tube allows 1 minute of retention time before entering the 
hydrocyclone reactor. 

5.2.3.3 Flocculant solution  

The flocculation tank has been prepared with AN905 anionic polymer which is 
injected at a flow rate to present the required concentration.  It is injected directly into the 
hydrocyclone reactor.  This step is expected to present the flocculation process and the 
retention time inside the hydrocyclone was 30 seconds (with 1000L/hr). 

5.2.3.4 Micro bubble generation 

The air pressurized water or bubble generation system functioned in a saturated 
tank with the air and the water at 4-5bar and 4.3bar pressure respectively.  It is the 
Dissolved Air Flotation technique (DAF) which is one of the flotation processes in water 
treatment.  It is exactly the same air pressurized water system from Chapter V, Part I.  
The retention time to assure that the air would dissolve in the water was set at around 10 
minutes.  The inlet was installed vertically underneath the hydrocyclone and close to the 
wall.  The relief valve allows decreasing pressure and the saturated air in the water to 
precipitate to be micro bubbles and get into hydrocyclone.  The micro flocs, then from the 
coagulation and flocculation process are produced and cover the micro bubbles in their 
structure.  The special floc which contains the micro bubbles inside is called ‘aerated 
floc’.  The flow meter is installed to measure the air pressurized water flow rate in order 
to compare the flow ratio of the conventional flotation process to this hybrid process. 

5.2.3.5 Hydrocyclone reactor 

During all these experiments, only one hydrocyclone reactor was used.  Its 
characteristics are 1000mm high and 100mm diameter. It is expected to present the 
separation process inside the reactor.  1000L/hr flow rate is injected tangentially to the 
hydrocyclone wall, causeing the vortex flow.  It was fabricated in transparent acrylic resin 
in order to observe the phenomenon inside the reactor.   The inlet zone is on the bottom 
part (the conical part).  There are four tangential inlets with 10 mm diameter for raw 
water and coagulant injection.  On the other hand, there are four vertical inlets which 
were designed for the air pressurized water injection as shown in Figure V-20.  The 
central vertical tube is for fluid draining in case of cleaning inside.  All the inlet apertures 
are designed to easily adjust the experiment.  However, in this study, the inlet raw flow 
rate used only one tangential inlet aperture and also only one air pressurized water inlet.  
The sample collecting is designed on the top part.  The centre zone water effluent or floc 
sludge swirls and drains out at the two upper horizontal tubes while the clarified water 
drains out at two horizontal tubes which are underneath the floc effluent. 
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Figure V-20 Hydrocyclone reactor, front, upper and lateral view 

5.2.4 Experimental analysis 

5.2.4.1 The jar test method 

The jar test method is considered to find out the optimum coagulation and 
flocculation concentration and to test the effect of coagulation and flocculation time.  The 
tests are conducted using a flocculator (FLOCUMATIC P, SELECTA) with 6 beakers of 
1L.  The rapid mixing time for the coagulation process is 1 minute, the rate being 
maintained at 160rpm.  While the slow mixing time for the flocculation process is varied 
as the experimental set up and the rate is maintained at 45rpm.  The sedimentation time is 
10 minutes, the supernatants are then collected for analysis. 

5.2.4.2 Turbidity and Suspended solid (SS) measurement 

The turbidity measurement used in this study is a turbidity meter (HACH 2100N IS 
TURBIDIMETER).  The suspended solid is analyzed by the method dried at 103° - 
105°C.  The filter paper used is 0.45μm pore (PALL LIFE SCIENCES, LE TUFFRYN 
47mm diameter).  100mL of sample is filtrated by the filter paper and then dried in the 
oven for 2 hours. 

5.2.4.3 UV-254nm absorbance (Filtrated Optical density) 

The determination of organic matter in a solution by measuring the absorbance of 
ultraviolet UV radiation by water is an indirect method based on the property of certain 
organic molecules to adsorb these radiations. The absorbing molecules are molecules with 
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carbon atoms bound by conjugated double bonds such as those contained in the 
constituent aromatic rings such as aromatic hydrocarbons and humic acids (hence the 
term aromaticity of organic matter is sometimes given to the measurement of UV 
absorbance) The intensity of the UV absorbance of a water sample is proportional to the 
number of molecules containing conjugated double bonds in the sample, and that number 
is even proportional to the concentration of organic material of the same sample and 
measuring the UV absorbance can then determine (or estimate) the organic content of 
water through prior determination of the proportional relationship between these two 
quantities. Two wavelengths that commonly used are 254nm and 280nm.  

For that, the UV-254nm absorbance is used to indicate the dissolved organic matter 
which is reduced by the coagulation process in the hybrid process.  The samples will be 
filtrated by the filter paper 0.45μm in order to analyze the dissolved organic matter.  The 
filtrated water will be put into a 5cm cube to measure the UV-254nm absorbance with a 
Spectrometer UV-254nm (HACH LANGE DR5000).   

5.2.4.4 Water sampling in hybrid process operation 

In each experiment there were three samples that were taken during the hybrid 
process operation.  As the operation was run for one hour continuously, the effluence 
water was sampled at 15 minutes, 30 minutes and 50 minutes after the start of the 
operation in order to represent the whole operation.  The clarified water from the wall 
zone was sampled through the small tube which was installed to provide a small flow rate 
which was open it continuously during 1 hour of the operation.  The water from centre 
zone with the floc was sampled with a small tube as well.  These small tubes with 
opening valve solved the problem of the floc stuck at the exit which could disturb the 
representative of water sample.  Each sample was analyzed with three measurements; 
turbidity by the turbidity meter, suspended solid and UV 254nm absorbance which 
presents the organic matter in water. 

 

Figure V-21 Sampling positions in hybrid process with La Marne River water 
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The results will be considered in two senses of efficiency; water treatment process 
and separation process.  The water treatment process will identify the coagulation process 
with % of UV absorbance reduced, the flocculation process with the % of turbidity 
decreased and % of suspended solid removal by comparing between clarified water from 
wall zone to raw water.  On the other hand, the separation phenomenon will be identified 
by the % of separation efficiency which compares between the clarified water from wall 
zone and the concentrated water from the centre zone. 

The Equation for water treatment analysis 

%100
T

)TT(
decreasedTurbidity%

waterRaw

zoneWallwaterRaw 


    Equation V-2 

%100
SS

)SSSS(
removal)SS(solidSuspended%

waterRaw

zoneWallwaterRaw 


  Equation V-3 

20cm5absUV)mabs(absorbanceUV                Equation V-9 

%100
UVabs

UVabsUVabs
reducedabsorbanceUV%

waterRaw

waterTreatedwaterRaw 


    

          Equation V-10 

The Equation for hydrocyclone separation efficiency 
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5.2.5 Experimental setup 

This study is mainly working with natural water from La Marne River.  There are 
many variable parameters to study in order to see their effects on the hybrid process.  The 
studies had been provided as shown in Table V-10.  The experiment will present each part 
followed by its results and discussion.   
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Table V-10 Experimental plan of hybrid process on La Marne River water 

Subject Studied parameters 

1. Jar test experiment  - Raw water turbidity 
- Coagulant concentration 
- Flocculant concentration 
- Flocculation time 

2. The flow performance by the hybrid 
process 

- Vortex flow and micro bubble performance 
- Flow partition between centre and wall zone 

3. The hybrid process on La Marne 
River water 

- Coagulant concentration 
- Flocculant concentration 
- Air pressurized water flow rate 

 

5.2.6 Jar test experiment with varied raw water turbidity 

Determining the coagulant and flocculant dose was done by Jar test experiments by 
Flocculator (FLOCUMATIC P, SELECTA, maximum mixing speed 210rpm) which 
there were two main parts.  This experiment was considered in order to assume the 
conditions which will be happen in the hydrocyclone and also to choose the coagulant and 
flocculant concentration.  From the characteristics of the hybrid pilot, the coagulation 
process which occurs in a static mixer from Fluidcontrol® (PMS15-4-316L-DIN2576, 
IMP 3419) and the retention time for this step is 1 minute from 35m length of coiled tube 
before being injected into the hydrocyclone.   

The flocculant polymer is injected directly at the hydrocyclone inlet.  The retention 
time inside the reactor is 30 seconds (1000L/hr inlet flow rate) which is the retention time 
for flocculation process.  Table V-10 illustrates the experimental plan for the coagulant 
concentration and the influence of the flocculation time.  The different slow mixing time 
was chosen at 30 seconds because the hydrocyclone reactor presents 30 seconds of 
retention time.  Then, 1 minute, was to distinguish the influence of the slow mixing time 
difference.  15 minutes was the conventional flocculation contact time. 

The objective of these experiments is to characterize the water quality of La Marne 
River from the coagulation and flocculation point of view.   
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Table V-11 Jar test experimental conditions with varied raw water turbidity 

Varied parameter Experimental value 

Raw water turbidity 5.68, 6.13, 6.17, 10.05, 15.60NTU 

Coagulant concentration 28, 30, 40, 50, 60mg/L 

Flocculant concentration 0.1, 0.5mg/L 

Flocculation stage time 30 seconds, 1 minute, 15 minutes (45rpm) 

Controlled parameter Experimental value 

Raw water flow rate 1000L/hr 

Coagulation stage time 1 minute (160 rpm) 

Sedimentation time 10 minutes 

 

5.2.6.1 The influence of the flocculation time to the removal 
percentage 

The results from this study are to show the possibility of flocculation in the hybrid 
process.  Since the flocculation time in a hybrid process with a 1000L/hr is 30 seconds 
(hydrocyclone volume 9.08L).  Therefore, the results compare between the variations of 
flocculation time in this jar test experiment.   

 

Figure V-22 The flocculation time and coagulant concentration  
affect on the % of turbidity removal 

Figure V-22 shows the flocculation time effect to the turbidity removal with 
different polymer concentrations.  Increasing the coagulant concentration presented the 
higher turbidity removal.  50mg/L coagulant dose gave the most satisfactory result.  It 
was questioned whether 60mg/L coagulant concentration could present a better result.  It 
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can be explained that each coagulant concentration test used different raw water (tested 
on a different day).  The experimental data can be seen in Appendix D-I.  It is important 
to underline that during the experiments conducted on the water quality of La Marne 
River, the inlet raw water turbidity is naturally changing.  For example, the raw water 
turbidity of 50mg/L coagulant concentration condition was 15.6NTU while the 60mg/L’s 
condition was 5.7NTU.  Consequently, the lower raw water turbidity was more difficult 
to agglomerate and form the floc even though the coagulant concentration was higher 
(Monod, 1991).  For that, it is necessary to test the influence of the coagulant 
concentration using the same initial raw water turbidity. 

Considering the 30 second flocculation time, 50mg/L alum concentration in Figure 
V-23 a) and V-23b), the highest turbidity removal is 73.7% by 0.1mg/L polymer 
concentration and 74.4% by 0.5mg/L polymer concentration (These two conditions were 
the same raw water turbidity: 15.6NTU).  Moreover, it can be seen that the coagulant 
concentration has a small effect on the turbidity removal percentage if the flocculation 
time is high enough since all concentrations show a similar % of turbidity removal at 15 
min of flocculation time.  On the other hand, considering the polymer concentrations, 
there was no difference between 0.1 and 0.5mg/L polymer concentration in turbidity 
removal. 

 

Figure V-23 The flocculation time and coagulant concentration  
effect on the dissolved organic matter removal 

The percent of optical density removal was done with a 0.45μm filter pore size and 
254nm UV absorbance analysis, to determine the dissolved organic matter in the water.  It 
is also an indicator for the coagulation process.  If the UV absorbance is decreased, it 
implies that the coagulation process is achieved because the dissolved organic matter has 
been removed.  From Figure V-23 a) and b), it can be seen that the coagulant 
concentration differences present identical results in % of UV absorbance decrease in 
each condition.  It means that the coagulation process is independent of the flocculation 
time.  It can be understood that with those coagulant concentrations could produce 
coagulation.  On the other hand, it implies that the important effect to the Jar test 
experiment is the flocculation process which depends on the flocculation time.   
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However it was shown that with only 1 minute coagulation mixing for all condition 
and 30 seconds flocculation stage condition, the coagulation was occurred as a 
conventional method (15 minutes flocculation).  For that it is believed that the 
coagulation process in the hybrid process could be occurring.   

5.2.6.2 The influence of raw water turbidity to percentage of 
turbidity decreased  

Since the hybrid process is being developed for natural water from the La Marne 
river water, the water treatment depends on the raw water characteristics such as 
turbidity.  It is interesting to study the influence of the raw water turbidity on the 
coagulation process efficiency.  Raw water has randomly presented different turbidity 
depending on the climate (such as a rainy day), and it has been tested with different 
coagulant concentrations.  The flocculation time considered was 30 seconds with 0.1mg/L 
and 0.5mg/L polymer concentrations.  The results of turbidity removal are shown in 
Figure V-24. 

 

Figure V-24 The effect of raw water turbidity and turbidity removal percentages  

Figure V-24, considering 6.17NTU raw water turbidity, the turbidity removal 
increased when the coagulant concentration increased.  Moreover, it can be observed that 
15.6NTU raw water could present higher turbidity removal than 6.17NTU raw water even 
if it used the same coagulant concentration (50mg/L).  Moreover, it is very clear that the 
raw water which presented the highest turbidity removal was 15.6NTU even if the 
coagulant concentration was not the highest (50mg/L).  Furthermore, focusing the same 
coagulant concentration and the similar raw water turbidity, at 60mg/L coagulant 
concentration, it is found that 5.18NTU and 6.17NTU raw water turbidity have the same 
% of turbidity removal (30 % by 0.1mg/L polymer in Figure V-24 a) and 20% by 
0.5mg/L polymer in Figure V-24 b)). 

Consequently, the coagulation process from this study shows the influence of two 
parameters; the raw water characteristic and the coagulant concentration.  The higher the 
turbidity the easier it is to achieve the coagulation process because the particles have 
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more possibility to interact each other.   As a result, higher coagulant concentration 
presented higher turbidity removal. 

Anyway, there was no clearly difference between 0.1 and 0.5mg/L flocculant 
concentration on the turbidity removal efficiency.  It can be assumed that 30 seconds of at 
the flocculation stage was not sufficient for the polymer to work to their potential.  

5.2.7 Jar test experiment with constant raw water turbidity 

The second jar test experiment is to vary the coagulant and flocculant concentration 
with the same flocculation time 30 seconds which is equal to the retention time in the 
hydrocyclone.  The experimental conditions are shown in Table V-12.  In this part of the 
study, the results were analyzed by the turbidity and the organic matter in the water by 
254nm UV absorbance. 

Table V-12 Jar test experimental conditions to study the influence of coagulant and 
flocculant concentration with a constant raw water turbidity 

Varied parameter Experimental value 

Coagulant concentration 20, 30, 40, 50, 60, 70mg/L 

Flocculant concentration 0.1, 0.5mg/L 

Controlled parameter Experimental value 

Raw water turbidity 6.17 NTU 

Coagulation stage time 1 minute (165 rpm) 

Flocculation stage time 30 seconds (45 rpm) 

Sedimentation time 10 minutes 

5.2.7.1 The influence of coagulant concentration 

To verify the coagulant concentration influence on the turbidity removal and the 
dissolved organic matter, this experiment was set up on a Jar test with 6 different 
coagulant dosages tested with the same raw water.  The coagulant concentrations were 
20, 30, 40, 50, 60 and 70mg/L and the raw water turbidity was 6.17NTU.  The 
coagulation mixing was 1 minute at 165rpm with the slow mixing for30 seconds to have 
the same flocculation stage as in the hybrid reactor at 45rpm.  The sedimentation time 
was 10 minutes for each sample.  The polymer concentrations were 0.1 and 0.5mg/L.  
The result are shown in Figure V-25 and V-26. 
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Figure V-25 Coagulant concentrations effect to turbidity removal percentage 

From Figure V-25, increasing the coagulant concentration showed that the clarified 
water turbidity logically decreased.  The highest % of turbidity removal is 70mg/L 
coagulant concentration.  There was no difference between 0.1 and 0.5mg/L of polymer.  
It confirms the previous experiment, which 30 seconds at the flocculation stage was not 
sufficient for the polymer to work to their potential.  It is interesting to work with the 
hybrid process and see the difference of the results.  

 

Figure V-26 Coagulant concentrations effect on dissolved organic matter 

Figure V-26 illustrates that increasing the coagulant concentration has the slightly 
trend of increasing the percent of optical density with the filtrated sample analyzed which 
indicates that the dissolved organic matter is decreased when the coagulant is increased. 

This experiment showed the weak point in a lack of flocculation time for the hybrid 
process (30 seconds).  The coagulant concentrations were varied with many different 
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concentrations but it presented little difference in the results.  The flocculant polymer 
concentration effect had similar results when 0.1 and 0.5mg/L concentrations are used.  It 
can be explained that 30 seconds for the flocculation stage mixing time was not enough 
for the polymer to function efficiently in the process.  It means if the flocculation contact 
time could be increased, the floc size would be larger and the turbidity removal could be 
more efficient. 

However, the floc size from 30 seconds flocculation stage time was around 0.5mm 
by observation (See observation data in Appendix D-I).  It was acceptable as the hybrid 
process requires light floc which could agglomerate with the micro bubbles and be 
separated by the vortex.  In addition, the centrifugal force which is proportional to the 
drag force depends on the project surface of the floc which is greater when the floc size is 
greater.  For that, the large size floc was not desirable because it could be difficult to 
create the aerated floc and it could be easily broken. 

This is a preliminary experiment for the hybrid process to predict the coagulation 
and flocculation which could occur in a hydrocyclone.  But in a jar test experiment, the 
micro bubbles are not taken into account.  The phenomenon would not be exactly the 
same.  However, it is believed that this study is efficient to determine the suitable 
coagulant and flocculant concentration for the hybrid process. 

5.2.8 The flow performance by hybrid process 

This part of study is also a preliminary experiment on the Hybrid process in terms 
of flow performance.  The experiment worked with raw water from La Marne River and 
air pressurized water.  The first part is to observe the vortex flow and micro bubble 
phenomenon.  The objective is to assure that this hybrid process could function 
continuously.  The second part is to verify the flow partition between centre zone and 
wall zone compared with conventional water treatment processes.  Each part will explain 
the method, results and discussion as follows.  

5.2.8.1 The vortex flow and micro bubble performance 

This experiment is to operate and verify the air pressurized water system.  It is 
operated for 1 hour continuously to observe the micro bubbles performance and the 
vortex flow inside the hydrocyclone.  The air from the net work at 4-5 bar and the water 
at 4.3 bar, are stored in the saturated tank.  There are two electro valves to control the 
water level inside the saturated tank.  If water level rises up to the high position, the 
electro valve will let the air inside the tank.  On the other hand, if water level decreases to 
the low position, the electro valve will let water in.  The flow meter measures the air 
pressurized water flow rate controlled by the relief valve.  Then, the flow rate was varied 
from 50, 100, 150 and 200L/hr witht 5, 10, 15 and 20% of air pressurized water to the 
1000 l/h raw water or 0.0030, 0.0058, 0.0083 and 0.0106 air fraction respectively.  The 
performance will be observed and recorded by a digital camera (CASIO EXILIM, EX-Z 
40). 
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Table V-13 vortex flow and micro bubble performance  

Varied parameter Experimental value 

Air pressurized water flow rate 

(Air fraction) 

50, 100, 150, 200L/hr 

(0.0030, 0.0058, 0.0083, 0.0106) 

Controlled parameter Experimental value 

Raw water flow rate 1000L/hr 

5.2.8.2 Result and discussion of the vortex flow and micro 
bubble performance 

The objective of this part is to test the effect of air pressurized water flow rate on 
hydrodynamic condition; particular attention will be focused on the bubble coalescence 
phenomenon. 

a. 50L/hr air pressurized water flow rate 

The micro bubbles were present in the hydrocyclone.  There was no coalescence of 
the bubbles.  The vortex could be seen along the cyclone axis to the top.  The system 
could operate 1 hour continuously. 

b. 100L/hr air pressurized water flow rate 

With this flow rate it could be seen clearly that the water became white because of 
the micro bubbles.  The vortex flow spun up to the top with micro bubbles condensed 
along the cyclone axis. 

c. 150L/hr air pressurized water flow rate 

The result was similar to 100L/hr flow rate.  The water inside the hydrocyclone 
became white.  The micro bubbles were populated along the cyclone axis with the vortex 
flow spin up to the top.  With the higher air pressurized inlet flow rate, the water level 
inside the saturate tank decreased rapidly and the electro valve should have controlled the 
water into the tank.  During the operation, when the water level decreased the pressure 
inside the saturate tank stayed at 4.5bar which was higher than the water pressure 
(4.3bar).  Water could not get inside the saturated tank.  A valve was needed to decrease 
the pressure to allow the water to get inside the tank.  While decreasing the pressure, it 
could be observed that the quality of the micro bubbles decreased in the sense that the 
water was less white.  It was assumed that the micro bubble populations were decreased. 
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d. 200L/hr air pressurized water flow rate 

This flow rate presented the good micro bubbles inside the hydrocyclone.  
However, there was the same problem as 150L/hr flow rate that the water level inside the 
tank decreased rapidly which required it to decrease the pressure in the tank in order to 
operate the system 1 hour continuously.  If water level decreased until the saturated tank 
was empty, the flow that went into the hydrocyclone would be only air. 

 The air pressurized water from the pilot system could function continuously 
during 1 hour operation.  All the flow rates presented the micro bubble inside the 
hydrocyclone and there was no micro bubble coalescence.  The vortex flow appeared to 
the top of the reactor as it depends on the raw water inlet flow rate (1000L/hr).  From this 
observation, to choose the air pressurized water flow rate, 100L/hr is considered.  It is 
because this flow rate presented a large amount of micro bubbles more than 50L/hr by 
observing that water was whiter.  While the 150L/hr and 200L/hr had the problem of 
decreasing the water level inside the tank even though they presented the same quality as 
100L/hr. 

5.2.8.3 The flow partition between centre and wall zone 

Before working with the hybrid process, the flow component between the centre 
zone and the wall zone has to be considered.  With a hybrid process, the centre zone is 
working as the thickener in which the aerated floc should be separated and exists here 
while the wall zone is working as the clarifier.  For that, to develop the hybrid process 
and perform in industrial working conditions, it is desired to provide 90% of the clear 
water from the inlet flow rate and 10% the floc or the sludge from the inlet flow rate. 

In the hybrid process, there are two parts that affect the liquid flow component.  
First, it is the distance between the wall zone effluents which are installed at the same 
height to the centre zone.  If the tubes for the wall zone are higher, the centre zone 
effluent would be increased.  The second part is the weir height of the centre zone 
effluent as shown in the Figure V-27.  If the weir height is high, the centre flow effluent is 
decreased.  For that, this pre-experiment was done to find the maximum possibility to 
have the flow component close to 90:10 of clear water flow to sludge flow. 

The centre zone out let flow rate and wall zone out let flow rate are measured by 
timing the amount of water and calculated by Equation V-1. 

)m/kg(
1

)s(Time
)kg(weightwaterrateFlow 3

water
    Equation V-1 
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Figure V-27 Weir and the exit level difference 

 The result of this pre-experiment found out that with 2.5cm of the wall zone 
(clarified) water tube levels decreased (from the installed position) and the 2.5cm weir 
height corresponds to a ratio of 70:30 of wall zone to centre zone flow rate is attended.  It 
is the maximum wall zone to centre zone flow rate ratio that the hybrid process could 
achieve.  This flow ratio will remain to work on the hybrid process experiment which will 
be presented in the next part. 

5.2.9 Hybrid process experiment with La Marne River water 

This part of study is the most important part of the hybrid process.  The pilot was 
modified and developed from the results of the previous parts.  The main objective is to 
performance water treatment process and separation phenomenon in a continuous 
operation.   

5.2.9.1 Method for the experiment of the hybrid process La 
Marne River  

From the Jar test experiment, the coagulant concentration has chosen 2 values.  The 
lower concentration is 30mg/L because it could achieve the coagulation process in Jar test 
experiment.  The higher value is 70mg/L because it presents the highest % of reduction 
and has a large difference to distinguish the effect of its concentration.  The flocculant 
polymer concentration remained at 0.1mg/L and 0.5mg/L as in the Jar test experiment. 

Each operating condition is run for one hour continuously and is sampled 3 times 
at; 15 minutes, 30 minutes and 50 minutes from the wall zone and centre zone.  The 
results will be analyzed for turbidity, suspended solids, UV absorbance and separation.  
The value of each sample was measured three times in order to assure each parameter and 
to get good accuracy.  The operating conditions are shown in the following table. 
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Table V-14 The operating conditions in hybrid process 

Varied parameter Experimental value 

Coagulant concentration 30, 70mg/L 

Flocculant concentration 0.1, 0.5mg/L 

Air pressurized water flow rate 

(Air fraction) 

50, 100, 200L/hr 

(0.0030, 0.0058, 0.0106) 

Controlled parameter Experimental value 

Raw water flow rate 1000 l/h 

Operating time 1 hour 

 

The results will be discussed as 

- Influence of the coagulant concentration to the hybrid process 

- Influence of the flocculant concentration to the hybrid process 

- Influence of the differences in air pressurized water flow rates to the hybrid 
process 

5.2.9.2 Influence of the coagulant concentration to the hybrid 
process 

This experiment has been done with many conditions to compare certain parameter 
effects.  The first one is to compare the influence of the coagulant concentration.  The 
experimental conditions and results are shown in Table V-14. 

Table V-15 Experiment conditions for the influence of coagulant concentration 

Varied parameter Experimental value 

Coagulant concentration 30, 70mg/L 

Controlled parameter Experimental value 

Raw water flow rate 1000 l/h 

Flocculation concentration 0.1mg/L 

Air pressurized water flow rate 100L/hr 

Operating time 1 hour   
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Table V-16 Results of the experiment for the study the influence of coagulant concentration 

Coagulant 30mg/L Coagulant 70mg/L 

Analyzed parameter Raw 
water 

Centre 
zone 

Wall 
zone 

Raw 
water 

Centre 
zone 

Wall 
zone 

Turbidity (NTU) 6.31 7.64 5.58 8.46 8.54 3.30 

Suspended solid (mg/l) 3.50 9.70 8.30 3.00 13.70 1.00 

% UV absorbance - 24.27 25.88 - 32.24 35.37 

% Turbidity removal - - 11.57 - - 60.70 

% Suspended solid removal - - error - - 66.67 

 

 

Figure V-28 % of UV absorbance compared between 30 and 70mg/L  
coagulant concentration 

The results from Table V-15 are rearranged to distinguish the parameter’s effect.  In 
Figure V-28 which shows the % of UV-254nm absorbance decreased which implies that 
the coagulation process occurred inside the hybrid process and is able to reduce the 
dissolved organic matter in the water.  Increasing the coagulant concentration slightly 
increased the coagulation process in terms of the UV absorbance.  The % of UV-254nm 
absorbance in this study is between 25- 35% that corresponds to the results from the Jar 
test experiment.  It could be concluded that these two coagulant concentrations achieve 
produce the coagulation process by the hybrid process. 
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The % of reduction in Figure V-29 considered the water treatment process by 
comparing between clarified water and the raw water inlet.  It can be seen that 70mg/L 
coagulant concentration presents high % of turbidity decrease and suspended solid 
removal (61% and 67% respectively).  Note that the error value in suspended solid 
analyze happened from an experimental error.  The raw water inlet had a low turbidity 
(less than 10 NTU).  To analyze suspended solids in this study a 100ml of sample was 
used which was not enough for low turbidity water.  It is recommended for future work to 
increase the volume of the sample to be more accurate about the amount of mass in the 
water. 

 

Figure V-29 % of reduction comparing between 30 and 70mg/L  
coagulant concentration 

 

Figure V-30 % of separation efficiency comparing between 30 and 70mg/L  
coagulant concentration 
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Considering in the separation phenomenon by the hybrid process in Figures V-30, 
the floc concentration from the centre zone is compared to the clarified water from the 
wall zone.  It can be seen from the turbidity that the separation phenomena happened with 
these two coagulant concentrations.  With 70mg/l coagulant concentration is obviously 
presents good separation, 93% separation efficiency in Suspended solid and 61% 
separation efficiency in turbidity.   

This result is very satisfactory in the separation phenomenon with the continuous 
operation.  The hybrid process achieves in creating the aerated floc which is separated to 
the hydrocyclone axis.  The clarified water from 70mg/L coagulant condition presented a 
constant turbidity effluence (3.30NTU) since the sample had been collected at three 
different times (15 minutes, 30 minutes and 55 minutes).  It also indicated that this hybrid 
process is able to operate continuously which is a very important point to develop this 
process for further work.  

5.2.9.3 The influence of the flocculant concentration on the 
hybrid process 

In this part the presented results are concerned with the influence of flocculant 
concentration on the turbidity decreased of the hybrid process.  The experimental 
conditions are shown in Table V-17. 

Table V-17 Experimental condition for influence of flocculant concentration 

Varied parameter Experimental value 

Flocculant concentration 0.1, 0.2 and 0.5mg/L 

Controlled parameter Experimental value 

Raw water flow rate 1000 l/h 

Coagulant concentration 70mg/L 

Air pressurized water flow rate 100L/hr 

Operating time 1 hour 
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Figure V-31 %UV absorbance decreased with varied flocculant concentration 

Figure V-31 illustrates the decrease of dissolved organic matter in water.  This 
experiment uses a constant coagulant concentration (70mg/L), it can be noted that 
dissolved organic matter had been removed from the water indicated by the % of UV 
absorbance decrease.  It proves that the hybrid process could coagulate the particles.  
Moreover, the UV absorbance percentage is in the same range as from Jar test experiment 
(with the same 70mg/L coagulant concentration) which was 32% while the hybrid process 
presented between 30- 50% UV absorbance removal. 

 

Figure V-32 turbidity removal percentages with varied flocculant concentration 

From Figure V-32, it clearly appears that polymer flocculant concentration plays an 
important role on the water treatment process.  The % turbidity decreased is highest with 
0.1mg/L polymer (61%). the polymer concentration which had been used in this 
experiment was 0.1, 0.2 and 0.5mg/L.  It was a very high concentration compared to 
conventional water treatment processes.  From the results, it could be seen that with 
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0.1mg/L flocculant presents the better results in the hybrid process than the other 
concentrations.  Even though it was expect that the 0.2 and 0.5mg/L should perform a 
better result.  This phenomenon can be explained with two reasons.   

 

Figure V-33 polymer bridging mechanism 

First, there is a limit in adding the polymer flocculant.  The synthetic organic 
polymer which is used as the coagulant to destabilize the colloid has a large molecular 
weight. Figure V-33 shows the polymer bridging mechanism and how the polymers link 
with the colloid on its surface.  The adsorption is from the different ion of the polymer 
and colloid or the chemical reaction between the same ion of the polymer and colloid.  
The connected colloid-polymer which still has a free bond to connect with another colloid 
is a destabilized colloid.  This colloid is able to connect to other particles with the 
polymer as the bridge.  This linkage occurs whenever the polymer and the colloid surface 
are available.  Using an over dose of polymer can cause the restabilization because many 
polymer molecules link with the same colloid particle (Metcalf and Eddy, 2004).  The 
polymer has lost its surface for another colloid-polymer and the micro bubble to link.  
The colloid stabilization is not neutralized and the aerated floc production is not efficient. 

Second, 30 seconds of flocculation mixing time in the hybrid process was not 
enough to achieve polymer performance.  There was no significant difference from 
increasing the polymer flocculant dosage.  Therefore, there is an experimental to increase 
the contact time between the coagulated water and polymer.  This will be shown later. 
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Figure V-34 Separation efficiency with a varied flocculant concentration 

The polymer flocculant concentration difference had a separation phenomenon as 
shown in Figure V-34.  The separation efficiency on suspended solids are very high 
(90%) with 0.1mg/L and 0.5 mg/L.  By the way, %separation efficiency on suspended 
solid at 0.5mg/L polymer has a contrary result to %turbidity removal.  It can be discussed 
that there was some experimental error.  However, it is very satisfactory that the 
separation phenomenon occurred in the hybrid process during continuous operation. 

Since from the previous condition result (70mg/L coagulant concentration, 0.1mg/L 
polymer concentration and 100 air pressurized water flow rate), it was remarkable that 
there was separation and it presents a satisfactory results better than the other conditions.  
Consequently, it was interesting to vary the effect of the air pressurized water flow rate to 
the hybrid process.   

5.2.9.4 The influence of the different air pressurized water 
flow rates to the hybrid process 

This part of the study is to vary the air pressurized water (air fraction) in the hybrid 
process.  The vortex flow and micro bubbles performance have been previously studied in 
part 5.2.8.  Consequently, the air pressurized water flow rate is chosen at three values, 50, 
100 and 200L/hr that are 0.0030, 0.0058 and 0.0106 air fraction respectively.   
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Table V-18 Experimental conditions for influence of air pressurized water flow rate 

Varied parameter Experimental value 

Air pressurized water flow rate 
(Air fraction) 

50, 100, 200L/hr 
(0.0030, 0,0058, 0.0106) 

Controlled parameter Experimental value 

Raw water flow rate 1000 l/h 

Coagulant concentration 70mg/L 

Flocculant concentration 0.1mg/L 

Operating time 1 hour 

 

 

Figure V-35 The percentage of UV absorbance decreased  
with varied air pressurized water flow rates 

Considering the coagulation process by the % of UV-254nm absorbance as shown 
in Figure V-35, it can be noted that all these three air pressurized flow rates produced the 
coagulation process.  200L/hr air pressurized water flow rate presented the highest %UV 
absorbance decreased.  It implies that with this flow rate, the dissolved organic matter had 
been removed better than the other flow rates.  However, it is insignificantly different in 
the % of UV absorbance decrease.  All the conditions present a similar range to the 
results in the Jar test experiment (> 30% UV-254nm absorbance decrease). 
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Figure V-36 % of reduction with varied air pressurized water flow rates 

In view of % of reduction by the hybrid process with varied air pressurized water 
flow rate, 50L/hr air pressurized water flow rate (0.0030 air fraction) could not present 
any %reduction.  It means there was no difference in turbidity and suspended solid from 
the wall zone water to the inlet water.  All these three operating conditions used the same 
flocculant polymer (0.1mg/L), this can be distinguished that not only did the flocculant 
polymer play an important role on the flocculation process, but also the air pressurized 
water flow rate.  50L/hr air pressurized water flow rate could not produce the aerated floc 
to be separated by the vortex flow. 

100L/hr air pressurized water presents an excellent % of reduction with turbidity 
decreased and suspended solid removal (61% and 67% respectively).  While with 200L/hr 
presents 48% and 40% of turbidity decrease and suspended solid removal respectively.  
This illustrates that the hybrid process achieved water treatment process and is able to 
remove the floc particle in the water.  However, to discuss the difference between the 
100L/hr and 200L/hr of air pressurized water flow rates, it is also necessary to consider 
the % of separation efficiency which will be shown as follows. 
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Figure V-37 % of separation efficiency with varied air pressurized water flow rates 

Varying the air pressurized flow rate affected the separation in the hybrid process.  
All these conditions showed in the turbidity and suspended solid results that there was 
separation between the wall zone and the centre zone.  It means that the idea of creating 
aerated floc that can be separated by the vortex flow inside the hydrocyclone is 
successful.  With turbidity analysis it showed that the operation was stable because the 
turbidity values were stable as the samples were taken at different times during one hour 
operation.   

The 50L/hr of air pressurized water flow rate presents 15% and 27% of separation 
efficiency on turbidity and suspended solids while there was no % of reduction by this 
flow rate.  It can be discussed that, with this air pressurized water flow rate could not 
reduce the floc at the wall zone water (clarified water) as show in Figure V-37 but it 
could present the separation between wall zone and centre zone water.  Except that it 
presents low % of separation efficiency because there was not enough micro bubbles to 
support the separation process in the sense of creating the aerated floc.     

Whereas the 200L/hr air pressurized water flow rate which is 20% to the raw water 
flow rate presented the proper conditions both thickening in the centre zone and also 
clarifying in the wall zone.  It presents 55% separation efficiency on turbidity and 83% 
separation efficiency on suspended solids.   

100L/hr air pressurized water flow rate presents 61% separation on turbidity and 
93% separation on suspended solids.  It is conversely found that higher air pressurized 
water flow rate (200L/hr) presents poorer results than 100 L/hr.  It shows that there is a 
certain optimum air pressurized flow rate which presents a good entrapment mechanism 
between the micro bubble and the floc.   

Additionally, the ratio of 1000L/hr of treated water and 100L/hr of air pressurized 
water flow rate was satisfactory because this value, 10% air pressurized water to raw 
water flow rate, does not exceed the ratio corresponding to the classical flotation process.  



 

 137 

In conventional DAF, the typically ratio is 15-50% of pressurized water to treated water 
(0.1500-0.5000 air fraction) and operating pressures can vary in the range 3-7 bars 
(Monod, 1991; Kiuru and Vahala, 2009).  It is an advantage in the hybrid process from 
the economical point of view. 

In addition, considering the air fraction in the hybrid process from all conditions 
which are shown in the air fraction table following. 

Table V-19 The air fraction in each hybrid experimental condition 

Condition 
Inlet 
flow 
(l/hr) 

Coagulant 
concentration 

(mg/L) 

Flocculant 
concentration 

(mg/L) 

Air 
pressurized 
water flow 
rate (l/hr) 

Air 
fraction 

1 1000 30 0.1 100 0.0057 

2 1000 70 0.1 100 0.0057 

3 1000 30 0.5 100 0.0056 

4 1000 70 0.5 100 0.0055 

5 1000 70 0.1 50 0.0030 

6 1000 70 0.1 200 0.0104 

7 1000 70 0.2 100 0.0056 

 

Compared to the optimum condition in previous study by Pradipat Bumrungsri 
(2008), the required air fraction range was 0.0082 – 0.0100.  The results from the hybrid 
process with natural water in this study shows that there was aerated floc and separation 
phenomenon occurring even when the air fraction is less than the required range.  As 
shown in the Table V-19, the air fraction which presented the separation range was 
0.0055 – 0.0104 which are less than the air fraction in the conventional DAF. 

This hybrid process has many parameters that affect to the optimum conditions.  
The important difference between the hybrid process with bentonite suspension and with 
natural water is observed.  One parameter that created this different result was the 
flocculant polymer type.  The hybrid process with natural water, using an anionic 
polymer AN905, was able to create the special floc.  Whereas, the bentonite suspension 
with the hybrid process used cationic polymer FO107 which presented the poorer results 
in the sense of producing aerated floc and separation.  It can be explained that the 
coagulation process occurred at static mixer.  The coagulation mechanism was sweep 
coagulation because at this step, pH had not been taken into account (as adsorption and a 
charge neutralization mechanism).  When alum is added to water, it reacts with the water 
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and results in positively charged ions aggregated with particles in the water.  With sweep 
coagulation, alum had been added to excess.  Consequently, colloid-coagulant charges 
had remained positive charged by this step.  Therefore, the suitable flocculant polymer is 
an anionic polymer.  Thus, the hybrid process with La Marne River water has been 
achieved in choosing an anionic coagulant polymer AN905. 

The advantage of hybrid process is retention time, 1 minute and 30 seconds.  It 
shows a very compact process comparing to conventional water treatment, coagulation, 
flocculation and separation which is at least 30 minutes. 

Overall the experiments which had done with natural water from the La Marne 
River, had been successful in the idea of the hybrid process: coagulation, flocculation and 
flotation in one hydrocyclone reactor.  There was aerated floc occurring in the process 
and it could be separated by the hydrocyclone mechanism.  The minimum outlet turbidity 
removal from hybrid process reached 3.30 NTU.  It was satisfactory in the sense of the 
hybrid process but still not adequate to present to the water industry.   

The difficulty of this process is to find the optimum coagulant, flocculant 
concentration, air fraction and also the hydrodynamics inside.  The required optimum floc 
size is necessary to produce the aerated floc.  Then, the aerated floc should be able to rise 
and be separated by the vortex flow inside the hydrocyclone.  For that, the large or heavy 
floc is not desirable.  The flocculant polymer used in this study was high concentration 
(0.1 to 0.5mg/L).  It was because of the lack of retention time for the flocculation process.  
To develop the hybrid process using less polymer concentration hydrocyclone geometry 
should be considered in order to increase the retention time for the flocculation stage. 

5.2.10 Conclusions 

1. The hybrid process development had been successful in terms of creating 
aerated floc and separation 

2. The effluence flow component between wall zone to centre zone (clarified 
water to concentrated floc) was 70:30  

3. The optimum condition in this study was 

- 1000L/hr raw water inlet flow rate 

- 70mg/L coagulant WAC HB 

- 0.1 – 0.2mg/L flocculant polymer AN905 

- 100 – 200L/hr air pressurized water flow rate (10 – 20% to the raw 
water) 

- 0.0055 – 0.0104 air fraction 

4. The optimum conditions presented  
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- 3.30 NTU outlet turbidity (from 8.46 NTU raw water) which is 61% 
turbidity removal 

- 66 % Suspended solid decreased  

- 91% Separation efficiency 



 

6 GENERAL CONCLUSIONS 

The original principle of this study is to integrate coagulation and flocculation in a 
hydrocyclone reactor.  The tangential water velocity creates the vortex flows which drive 
the coagulation and flocculation process.  The micro bubbles from dissolved air flotation 
technique are injected simultaneously with raw water and coagulant/flocculant to 
commence floc formation covers the micro bubbles.  Afterwards, these aerated flocs were 
driven to the hydrocyclone axis by the vortex flows because of their lower density of 
containing micro bubble inside.  The clarified water was separated to the wall zone. 

According to four main parts of the study, it can be conclude in each part as follow. 

1. The velocity measurement in the hydrocyclone by oil droplet, Doppler 
ultrasound velocimetry and CFD modeling. 

The objective of this part was to characterize the hydrodynamic conditions inside 
the hydrocyclone in terms of the velocity profile by a numerical method, Computational 
Fluid Dynamics and an experimental method, Doppler Ultrasound Velocimetry 
technique.  These techniques performed the rapid, effective methods due to excellent 
repeatable results.  The hydrodynamics inside hydrocyclone; velocity profiles and 
velocity gradients explained the phenomena.  The results were used as the guide to 
improve the hybrid process in the experimental step. 

2. The micro bubbles size measurement from the dissolved air flotation by a 
laser diffraction technique. 

An important parameter of this study was the micro bubble size from dissolved air 
flotation process.  To verify the micro bubble size generated by hybrid process and 
compare to the conventional DAF, a Laser diffraction technique was considered.  The 
studies worked on influence of saturated pressure and the height level to the micro bubble 
size.  The results proved that the produced micro bubble size from hybrid process was in 
the range of conventional DAF. 

These two parts were the important acknowledge base for the experimental work to 
further develop for the synthetic raw water and the natural water.  Pilot was modified base 
on the results of these two parts; air pressurized water inlet was installed vertically close 
to the wall in order to attach directly to the coagulated particle and also avoid the bubble 
coalescence. 

3. The hybrid process on bentonite suspension 

Coagulation and flocculation process were successful by hybrid process on 
bentonite suspension.  It pointed out the important parameters to be improved for 
operating with natural water.  The experimental works perform the suitable coagulant and 
flocculant dose and type.  Vortex flow performed as in the expected phenomenon that 
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was the swirl flow movement presented along the cyclone height and the micro bubbles 
were driven to the cyclone axis without coalescence. 

4. The hybrid process on natural river water 

From three parts of study as mentioned above, hybrid process was improved with 
many parameters to operate with natural water from La Marne River, France.  The results 
met the expected phenomena.  The coagulation and the flocculation process presented the 
effective removal percentages.   The air fraction was in the suitable range which is lower 
than the conventional dissolved air flotation process.  Aerated floc production was 
achieved with an important phenomenon that was the separation process.  The vortex 
flow was able to separate the aerated floc to the cyclone axis and the clarified water to the 
wall zone.  The process presented the stable conditions within a continuously operation.  
The list of the hybrid process characteristic and the optimum condition present in Table 
V-20 

The hybrid process is successful for the first time in the continuous operation with 
the separation phenomenon.  Moreover, it is also the first time the hybrid process has 
achieved treating the natural water with a new technique in producing the aerated floc 
which is separated by the vortex flow.  This is a very excellent step in water treatment 
field.  It points that the hybrid process is truly possible and it can be further developed to 
industrial scales with its advantage as a compact water treatment system and small 
footprint. 
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Table V-20 The hybrid process characteristic and optimum condition 

Parameter Recommended value 

Hydrocyclone geometry 1000mm height and 100mm diameter 

Raw water inlet aperture 10mm diameter 

Air pressurized water inlet position Vertically close to the wall 

Coagulant position In a static mixer 

Raw water flow rate 1000L/hr 

Retention time 90second 

Saturated pressure 4.5bars 

Coagulant concentration 70mg/L aluminum sulfate WAC HB 

Flocculant concentration 0.1 - 0.2mg/L anionic polymer AN905 

Air pressurized water flow rate 100 - 200L/hr 

Air fraction 0.0055 – 0.0104 

Flow partition Clarified water : Concentrated floc 

70:30 
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7 PERSPECTIVE OF THIS STUDY 

Hybrid process is developing and shows the possibility to perform in the industrial 
scale.  To improve the process, there are some recommends as follow. 

1. The separation between clarified water and floc concentration should be 
improved by enlarge the reactor diameter in order to have clearly zone 
between center and wall zone.  On the other hand, the flow rate is 
necessary to increase to maintain the same inlet velocity inside 
hydrocyclone to have the same hydrodynamic condition. 

2. Using CFD to improve the process is interesting by simulating two phases; 
water liquid and solid particle in order to be able to distinguish the particle 
phenomenon or to be able to indicate the separation position in 
hydrocyclone.   

3. It is interesting to improve the vortex flow on the top section of cyclone by 
adding the tangential injection of the clarified water as shown in Figure V-
38.  Moreover, using the CFD to predict the phenomenon that will happen 
in this hybrid configuration. 

 

Figure V-38 The perspective sketch of hybrid reactor 
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Appendix A-1: Characteristic of bentonite BENTONIL CV15T 

Table A-1 Characteristic of bentonite BENTONIL CV15T 

Property  
Appearance Clear powder, beige to pink 
Average particle size 0.4 
Water content 14 (maximum) 
Sieve of 75 µm (%) 4 (maximum wet) 
Swelling 11 (minimum, test CTIF) 
Density apparent non packed 0.7 
Density apparent packed 0.9 
Specific weight 2.2 
pH gel to 5% 10 
 

Appendix A-2: Characteristic and property of polymer FO107 
 

Table A-2 Characteristic of polymer FO107 (FO9107) 

Property 
Appearance White powder 
Cationic charge Low 
Molecular weight 8 
Mesh size 2.0 mm 
Approximative specific weight 0.8 
Brookfield viscosity in cps  
      5.0g/L 130 cps 
      2.5g/L 30 cps 
      1.0g/L 8 cps 
Maximum concentration 15g/L 
Usual concentration 5g/L 
Dissolution time 60 min 
Stability of this solution 1 day 
Stability of dry product 12 months 
 

Flocculation after coagulation, especially on water filters or drinking 

Retention of fillers or pigments (kaolin, talc) in the paper, 

Conditioning of sludge organic 

Settling and filtration of metal derivatives under acidic 

Flocculation of silica. 
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AIR FRACTION CALCULATION 
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Appendix B-I: Air fraction calculation 

Henry’s law for dissolved gases 

The equilibrium or saturation concentration of gas dissolved in a liquid is a function 
of the type of gas and the partial pressure of the gas in contact with the liquid.  The 
relationship between the mole fraction of the gas in the atmosphere above the liquid and 
the mole fraction of the gas in the liquid is given by the following from of Henry’s law: 

g
T

g x
P
Hp   

When pg = mole fraction of gas in air, 
aremole
gasmole  

 H = Henry’s law constant, 
)watermole/gasmole(
)airmole/gasmole(atm  

 PT = total pressure, usually 1.0 atm 

 xg = mole fraction of gas in water, 
watermole
gasmole  

  =
)n(watermole)n(gasmole

)n(gasmole

wg

g


 

For air pg = 1.0 
airmole

gasmol   

 H = 66400 
)watermole/gasmole(
)airmole/gasmole(atm  

  xg = 
H

Pp Tg   

 xg = 

)watermole/gasmole(
)airmole/gasmole(atm66400

atm0.1)airmole/airmole(0.1   

  = 1.506 x 10-5 
watermole

airmole  

Air mole calculatioin 

 1 Liter of water contains mole6.55
mole/g18

g1000
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wg

g

nn
n


 = 1.506 x 10-5 
watermole

airmole  

  
6.55g

g

n
n

 =1.506 x 10-5 
watermole

airmole  

  gn   = 8.373 x 10-4 
L

airmole  

Pressure (barsatm) gn (mole Air/L) 

1.0 0.837 x 10-3 

2.0 1.675 x 10-3 

2.5 2.093 x 10-3 

3.0 2.512 x 10-3 

3.5 2.931 x 10-3 

4.0 3.350 x 10-3 

 

The saturated concentration of the air at the different pressure 

Pressure (bars) Concentration of Air (mg/l): Cair 

1.0 24.26 

2.0 48.52 

2.5 60.63 
3.0 72.77 

3.5 84.91 

4.0 97.05 
4.5 109.17 

5.0 121.30 
 

Appendix B-II: Air fraction calculation 

Pressure 4 bars the concentration of Air = 97.05mg/L 

The mass flow rate of air   = Cair×Qair pressurized water 
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= 
mg1000

g1
hr
l148

l
mg05.97   

      = 14.36 g/hr 

Mole air flow rate (mol/hr)   = Mass flow rate × Air molecular 
weight 

= 
g

mol
97.28

1
hr
g36.14   

      = 0.4958 mol/hr 

Air flow rate (l/hr)    = )C20at(
mol

l04.24
hr

mol4958.0   

      = 11.919L/hr 

Air flow rate with 70% system efficiency = 11.919 x 0.7 

      = 8.343L/hr 

Air fraction     = 
waterdpressurizeaircoagulantwaterraw

air

QQQ
Q


 

      = 

hr
l148488.01000

hr
l343.8


 

      = 0.0073 
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Table B-1 The air fraction in each condition for chapter V 

Condition 
Raw flow 

rate 
l/hr 

Alum 
mg/l 

Polymer 
mg/l 

Air 
pressurized 

flow 
l/hr 

Air flow 
rate 
l/hr 

Air 
fraction 

 

1 1000 30 0.1 100 6.341 0.0057 
2 1000 70 0.1 100 6.341 0.0057 
3 1000 30 0.5 100 6.341 0.0056 
4 1000 70 0.5 100 6.341 0.0055 
5 1000 70 0.1 50 3.171 0.0030 
6 1000 70 0.1 200 12.683 0.0104 
7 1000 70 0.2 100 6.341 0.0056 
8 1000 70 0.2 100 6.341 0.0056 
9 1000 0 0 50 3.171 0.0030 

10 1000 0 0 100 6.341 0.0058 
11 1000 0 0 150 9.512 0.0083 
12 1000 0 0 200 12.683 0.0106 
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EXPERIMENTAL RESULTS OF HYBRID PROCESS 

WITH BENTONITE SUSPENSION 
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Experimental results of hybrid process with bentonite suspension 

Appendix C-I: Bentonite suspension 0.10g/L 

Flow rate partition 
Coagulant Flow rate (l/hr) Total flow Air flow rate Air fraction 

 Centre Wall l/hr l/hr  
Polymer 0.1 678 470 1148 8.315 0.0072 
Polymer 0.5 687 407 1095 5.342 0.0049 

Alum 15 610 440 1050 2.797 0.0011 
  
Turbidity        

Coagulant Turbidity (NTU) % turbidity removal 
% 

separation 
 Centre wall Centre Wall efficiency 

Blank 22.33 0.00    
Polymer 0.1 4.83 4.83 78.37 78.37 No 
Polymer 0.5 4.50 3.30 79.85 85.22 26.67 

Alum 15 13.67 14.67 38.78 34.30 No 
 

Suspended solid      

Coagulant 
Suspended solid 

(mg/l) 
% suspended solid 

removal 
% 

separation 
  Centre Wall Centre Wall efficiency 

Blank 0.100     
Polymer 0.1 0.063 0.060 37 40 4.76 
Polymer 0.5 0.055 0.040 45 60 27.27 

Alum 15 0.100 0.075 0.5 25 25.00 
 

Suspended solid Mass balance calculation (mg/hr) 
QC in = QC centre + QC wall 
     

  Inlet Centre Wall Outlet 
Polymer 0.1mg/L 114.75 42.68 28.20 70.88 
Polymer 0.5mg/L 109.48 37.80 16.30 54.10 

Alum 15mg/L 104.96 60.95 33.01 93.96 
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Appendix C-II: Bentonite suspension 0.25g/L 

Flow rate partition 

Coagulant Flow rate (l/hr) 
Total 
flow 

Air flow 
rate 

Air 
fraction 

 Centre Wall l/hr l/hr  
Polymer 0.1 838.41 554.85 1393.26 22.16 0.0159 
Polymer 0.5 799.37 418.57 1217.94 12.28 0.0101 

Alum  5 730.00 511 1241 13.58 0.0107 
Alum 15 702.86 442 1144.86 8.17 0.0057 

 
Turbidity 

Coagulant Turbidity (NTU) % Efficiency 
% 

separation 
  Centre Wall Centre Wall efficiency 
Blank 55.665     
Polymer 0.1 30.67 32 44.90 42.51 0 
Polymer 0.5  19.83 15.33 64.38 72.46 22.6929 
Alum  5  29.67 23 46.70 58.68 22.4806 
Alum 15  29.33 19 47.31 65.87 35.2199 

 
Suspended solid 

Coagulant 
Suspended solid 

(mg/l) 
% suspended solid 

removal 
% 
separation 

  Centre Wall Centre Wall efficiency 
Blank 0.227     
Polymer 0.1  0.145 0.15 36.26 34.07 0 
Polymer 0.5  0.158 0.155 30.55 31.87 1.8987 
Alum  5  0.14 0.14 38.46 38.46 0 
Alum 15  0.15 0.14 34.07 38.46 6.6667 

 
Suspended solid Mass balance calculation (mg/hr) 
QC in = QC centre + QC wall   

 

  Inlet Centre Wall Outlet 
Polymer 0.1mg/L 316.97 121.57 83.23 204.80 
Polymer 0.5mg/L 277.08 126.30 64.88 191.18 
Alum  5mg/L 282.33 102.20 71.54 173.74 
Alum 15mg/L 260.46 105.43 61.88 167.31 
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Appendix C-III: Bentonite suspension 0.50g/L 

Flow rate partition 

Coagulant + flocculant Flow rate (l/hr) 
Total 
flow 

Air flow 
rate 

Air 
Fraction 

 Centre Wall (l/hr) (l/hr)  
Blank 1000     
Alum 5 + Polymer 0 922.48 433.9 1356.38 20.09 0.0146 
Alum 5 + Polymer 0.1 977.82 420.72 1398.54 22.47 0.0158 
Alum 5 + Polymer 0.5 1024.14 250.7 1274.84 15.49 0.0119 
Alum 15 + Polymer 0 753.03 474.22 1227.25 12.81 0.0091 
Alum 15 + Polymer 0.1 782.09 466.67 1248.76 14.02 0.0099 
Alum 15 + Polymer 0.5 918.79 283.69 1202.48 11.41 0.0081 

 

Turbidity 

  Turbidity (NTU) % turbidity decreased 
% 

separation 
Coagulant + flocculant Centre Wall Centre Wall efficiency 
Blank 122      
Alum 5 + Polymer 0 74 75 39.34 38.52 0 
Alum 5 + Polymer 0.1 68 63 44.26 48.36 7.35 
Alum 5 + Polymer 0.5 43 41 64.75 66.39 4.65 
Alum 15 + Polymer 0 65 68 46.72 44.26 0 
Alum 15 + Polymer 0.1 66 68 45.90 44.26 0 
Alum 15 + Polymer 0.5 41.5 51.5 65.98 57.79 0 

 
Suspended solid 
Coagulant + flocculant Suspended solid (mg/l) % SS removal 

 Centre Wall Centre Wall 

% 
separation  

Blank 0.42      
Alum 5 + Polymer 0 0.23 0.22 45.24 47.62 4.35 
Alum 5 + Polymer 0.1 0.26 0.27 38.10 35.71 0.00 
Alum 5 + Polymer 0.5 0.25 0.23 40.48 45.24 8.00 
Alum 15 + Polymer 0 0.27 0.29 35.71 30.95 0.00 
Alum 15 + Polymer 0.1 0.26 0.25 38.10 40.48 3.85 
Alum 15 + Polymer 0.5 0.225 0.245 46.43 41.67 0.00 
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Suspended solid Mass balance calculation (mg/hr) 
QC in = QC centre + QC wall 

 
 
  Inlet Centre Wall Outlet 

Alum 5 + Polymer 0 569.68 212.17 95.46 307.63 
Alum 5 + Polymer 0.1 587.39 254.23 113.59 367.83 
Alum 5 + Polymer 0.5 535.43 256.04 57.66 313.70 
Alum 15 + Polymer 0 515.45 203.32 137.52 340.84 
Alum 15 + Polymer 0.1 524.48 203.34 116.67 320.01 
Alum 15 + Polymer 0.5 505.04 206.73 69.50 276.23 
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30 APPENDIX D 

EXPERIMENTAL RESULT OF HYBRID PROCESS 

WITH LA MARNE RIVER WATER 
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Appendix D-I: Jar test experiment with varied flocculation 
time 

COAGULATION / SEDIMENTATION TEST 
 Coagulant(s): WAC HB (SM: 6.06532g/L) 
 Polymer: AN 905 (SM: 0.01883g/L)  

Beaker No. Raw 
water 1 2 3 4 5 6 

Dose coagulant 
(mg/l)   28 28 28 28 28 28 

Dose polymer 
(mg/l)   0.1 0.5 0.1 0.5 0,1 0,5 

Flocculation time   30 sec 30 sec 1 min 1 min 15 min 15 min 

pH  8.06 8.00 7.96 7.98 7.95 7.95 7.94 

Temperature (°C) 22,5 22.5 22.4 22.6 22.6 22.6 22.6 

Flocs size   Poor- Poor Poor Poor Very 
good excellent 

Turbidity (NTU) 6.11 6.14 6.46 
5.76 

5.36 
5.28 

5.22 
4.79 5.61 5.42 0.66 

0.65 1.12 1.17 

Average turbidity  6.13 6.11 5.32 6.00 5.51 0.65 1.14 

DO 254nm NF 
(abs/5cm) 0.370 0.345 0.303 0.320 0.313 0.208 0.228 

DO 254nm F 
(abs/5cm) 0.249 0.197 0.190 0.189 0.186 0.188 0.188 

DO 254nm NF 
(abs/m) 7.400 6.900 6.060 6.400 6.260 4.160 4.560 

DO 254nm F 
(abs/m) 4.980 3.940 3.800 3.780 3.720 3.760 3.760 

Turbidity 
decreased (%)   0.3 13.2 2.1 10.1 89.4 81.4 

DO NF reduction 
(%)   6.8 18.1 13.5 15.4 43.8 38.4 

DO F reduction 
(%)   20.9 23.7 24.1 25.3 24.5 24.5 

                
Remark: Coagulation 1 min at 160tr/min 

 Floculation 30 sec at 15 min at 45tr/min 

 
Sedimentation 10 min 
F : Filtrated analysis 
NF : Non filtrated analysis 

N Poor Quite 
good Good Very good Excellent 

Floc size observed Non floc 
visible 

≤ 0.5 
mm ≈ 0.5 mm 0.5 to 1 

mm 1 to 1.5 mm > 1.5 mm 
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COAGULATION / SEDIMENTATION TEST 
 Coagulant(s): WAC HB (SM: 6.06532g/L) 
 Polymer: AN 905 (SM: 0.01883g/L) 
        

Beaker No. Raw 
water 1 2 3 4 5 6 

Dose coagulant (mg/l)   40 40 40 40 40 40 

Dose Polymer (mg/l)   0,1 0,5 0,1 0,5 0,1 0,5 

Flocculation time   30 sec 30 sec 1 min 1 min 15 min 15 min 

pH  7.92 7.81 7.79 7.79 7.80 7.80 7.80 

Temperature (°C) 21,8 21.8 21.7 21.8 21.8 22 22 

Flocs size   Poor Poor Quite 
good 

Quite 
good Very good Excellent 

Turbidity (NTU) 10 10.1 8.75 
8.87 

8.06 
7.81 

6.76 
6.76 

5.96 
5.82 0.67 0.56 0.81 0.82 

Average turbidity  10.05 8.81 5.32 6.76 5.89 0.61 0.81 

DO 254nm NF 
(abs/5cm) 0.389 0.369 0.325 0.329 0.305 0.192 0.198 

DO 254nm F 
(abs/5cm) 0.250 0.181 0.177 0.194 0.178 0.181 0.198 

DO 254nm NF 
(abs/m) 7.780 7.380 6.500 6.580 6.100 3.840 3.960 

DO 254nm F (abs/m) 5.000 3.620 3.540 3.880 3.560 3.620 3.960 
Turbidity decreased 

(%)   12.3 47.1 32.7 41.4 93.9 91.9 

DO NF reduction 
(%)   5.1 16.5 15.4 21.6 50.6 49.1 

DO F reduction (%)   27.6 29.2 22.4 28.8 27.6 20.8 

                

 Coagulation 1 min at 160tr/min 

Remark: Floculation 30 sec at 15 min at 45tr/min 

 Sedimentation 10 min 

Floc size observed Non Poor Quite 
good Good Very good Excellent 

  
Non 
floc 

visible 

≤ 0.5 
mm ≈ 0.5 mm 0.5 to 1 

mm 1 to 1.5 mm > 1.5 mm 
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COAGULATION / SEDIMENTATION TEST 
  
 Coagulant(s): WAC HB (SM: 6.06532g/L) 
 Polymer: AN 905 (SM: 0.01883g/L) 
        

Beaker No. Raw 
water 1 2 3 4 5 6 

Dose coagulant 
(mg/l)   50 50 50 50 50 50 

Dose Polymer (mg/l)   0.1 0.5 0.1 0.5 0.1 0.5 

Flocculation time   30 sec 30 sec 1 min 1 min 15 min 15 min 

pH  7.39 7.36 7.31 7.54 7.81 7.84 7.80 

Temperature (°C) 22.5 22.6 22.6 22.6 22.6 22.6 22.6 

Flocs size   Quite 
good 

Quite 
good 

Quite 
good poor Excellent Excellent 

Turbidity (NTU) 15.7 
15.5 

4.05 
4.17 

4.04 
3.95 

2.62 
2.51 

4.08 
4.08 0.45 0.44 0.61 0.61 

Average turbidity  15.60 4.11 4.00 2.57 4.08 0.46 0.61 
DO 254nm NF 

(abs/5cm) 0.518 0.329 0.325 0.273 0.296 0.205 0.212 

DO 254nm F 
(abs/5cm) 0.281 0.211 0.218 0.219 0.210 0.213 0.197 

DO 254nm NF 
(abs/m) 10.360 6.580 6.500 5.460 5.920 4.100 4.240 

DO 254nm F (abs/m) 5.620 4.220 4.360 4.380 4.200 4.260 3.940 
Turbidity decreased 

(%)   73.7 74.4 83.5 73.8 97.1 96.1 

DO NF reduction 
(%)   36.5 37.3 47.3 42.9 60.4 59.1 

DO F reduction (%)   24.9 22.4 22.1 25.3 24.2 29.9 
                

Remark: Temps du jar-test : 
 Coagulation 1 min at 160tr/min 
 Floculation 30 sec at 15 min at 45tr/min 
 Sedimentation 10 min 

Floc size observed N Poor Quite 
good Good Very 

good Excellent 

 Non floc 
visible 

≤ 0.5 
mm 

≈ 0.5 
mm 

0.5 to 1 
mm 

1 to 1.5 
mm > 1.5 mm 
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COAGULATION / SEDIMENTATION TEST 

  
 Coagulant(s): WAC HB (SM: 6.06532g/L) 
 Polymer: AN 905 (SM: 0.01883g/L) 
        

Beaker No. Raw 
water 1 2 3 4 5 6 

Dose coagulant 
(mg/l)   60 60 60 60 60 60 

Dose Polymer 
(mg/l)   0.1 0.5 0.1 0.5 0.1 0.5 

Flocculation time   30 sec 30 sec 1 min 1 min 15 
min 15 min 

pH  8.31 7.81 7.85 7.81 7.81 7.82 7.81 

Température (°C) 22.6 22.5 22.5 22.5 22.5 22.6 22.7 

Flocs size   Poor Poor Poor in 
sediment   Very 

good Excellent 

Turbidity (NTU) 5.64 
5.72 

3.77 
3.79 

4.53 
4.48 2.33 2.39 2.39 

2.26 
0,49 
0,48 0,53 0,54 

Average turbidity  5.68 3.78 4.51 2.36 2.33 0.49 0.54 
DO 254nm NF 

(abs/5cm) 0.352 0.294 0.294 0.247 0.241 0.173 0.176 

DO 254nm F 
(abs/5cm) 0.249 0.176 0.174 0.175 0.176 0.176 0.174 

DO 254nm NF 
(abs/m) 7.040 5.880 5.880 4.940 4.820 3.460 3.520 

DO 254nm F 
(abs/m) 4.980 3.520 3.480 3.500 3.520 3.520 3.480 

Turbidity 
decreased (%)   33.5 20.6 58.5 59.1 91.5 90.6 

DO NF reduction 
(%)   16.5 16.5 29.8 31.5 50.9 50.0 

DO F reduction 
(%)   29.3 30.1 29.7 29.3 29.3 30.1 

                
Remark:  Temps du jar-test : 

 Coagulation 1 min at 160tr/min 
 Floculation 30 sec at 15 min at 45tr/min 
 Sedimentation 10 min 

N Poor Quite 
good Good Very 

good Excellent 

Floc size observed Non floc 
visible ≤ 0.5 mm ≈ 0.5 

mm 
0.5 to 
1 mm 

1 to 
1.5 
mm 

> 1.5 mm 
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COAGULATION / SEDIMENTATION TEST 
 

 Coagulant(s): WAC HB (SM: 6.06532g/L) 
 Polymer: AN 905 (SM: 0.01883g/L) 
        

Beaker No. Raw 
water 1 2 3 4 5 6 

Dose coagulant 
(mg/l)   40 40 50 50 60 60 

Dose Polymer 
(mg/l)   0,1 0,5 0,1 0,5 0,1 0,5 

Flocculation time   30 sec 30 sec 30 sec 30 sec 30 sec 30 sec 

pH  7.98 7.88 7.88 7.87 7.84 7.79 7.81 
Temperature 

(°C) 22,5 22.4 22.4 22.5 22.5 22.4 22.4 

Flocs size   POOR- POOR- POOR+ POOR+ POOR+ POOR+ 

Turbidity (NTU) 5.12 
4.99 

4.75 
4.78 

4.55 
4.79 

4.37 
4.37 

4.57 
4.65 

4.12 
3.93 

3.86 
3.70 

Average 
turbidity  5.06 4.77 4.67 4.37 4.61 4.03 3.78 

DO 254nm NF 
(abs/5cm) 0.329 0.325 0.320 0.304 0.312 0.296 0.285 

DO 254nm F 
(abs/5cm) 0.251 0.185 0.180 0.178 0.176 0.172 0.172 

DO 254nm NF 
(abs/m) 6.580 6.500 6.400 6.080 6.240 5.920 5.700 

DO 254nm F 
(abs/m) 5.020 3.700 3.600 3.560 3.520 3.440 3.440 

Turbidity 
decreased (%)   5.7 7.6 13.6 8.8 20.4 25.2 

DO NF reduction 
(%)   1.2 2.7 7.6 5.2 10.0 13.4 

DO F reduction 
(%)   26.3 28.3 29.1 29.9 31.5 31.5 

                
Remark: Temps du jar-test : 

 Coagulation 1 min at 160tr/min 
 Floculation 30 sec at 45tr/min 
 Sedimentation 10 min 

Floc size observed N Poor Quite 
good Good Very 

good Excellent 

  Non floc 
visible ≤ 0.5 mm ≈ 0.5 mm 0.5 to 1 

mm 
1 to 1.5 

mm > 1.5 mm 



 

Beaker EB 1 2 3 4 5 6 7 8 9 10 11 12 

Dose coagulant (mg/L)   20 20 30 30 40 40 50 50 60 60 70 70 

Dose polymer (mg/L)   0.1 0.5 0.1 0.5 0.1 0.5 0.1 0.5 0.1 0.5 0.1 0.5 

Flocculation time   30 sec 30 sec 30 sec 30 sec 30 sec 30 sec 30 sec 30 sec 30 sec 30 sec 30 sec 30 sec 

pH  8.15 8.10 8.07 7.99 7.98 7.93 7.92 7.83 7.86 7.87 7.84 7.80 7.78 

Temperature (°C) 22.3 22.3 22.3 22.2 22.3 22.3 22.3 22.4 22.4 22.4 22.4 22.4 22.4 

Flocs size   N N Poor- Poor- POOR- POOR- POOR POOR POOR+ POOR+ POOR+ POOR+ 

Turbidity (NTU) 6.26 6.08 6.28 6.28 6.61 6.84 6.60 6.42 6.49 6.39 5.80 5.58 5.68 5.66 5.44 5.91 6.07 5.67 4.41 4.41 4.65 4.67 2.78 2.57 2.80 2.61 

Calculated turbidity  6.17 6.28 6.73 6.51 6.44 5.69 5.67 5.68 5.87 4.41 4.66 2.68 2.71 

DO 254nm NF 
(abs/5cm) 0.350 0.354 0.343 0.352 0.348 0.338 0.338 0.320 0.317 0.288 0.296 0.239 0.239 

DO 254nm F (abs/5cm) 0.252 0.198 0.217 0.186 0.189 0.178 0.179 0.188 0.177 0.176 0.179 0.171 0.171 

DO 254nm NF (abs/m) 7.000 7.080 6.860 7.040 6.960 6.760 6.760 6.400 6.340 5.760 5.920 4.780 4.780 

DO 254nm F (abs/m) 5.040 3.960 4.340 3.720 3.780 3.560 3.580 3.760 3.540 3.520 3.580 3.420 3.420 

Turbidity removal (%)   -1.8 -9.0 -5.5 -4.4 7.8 8.1 8.0 4.9 28.5 24.5 56.6 56.2 

DO NF removal (%)   -1.1 2.0 -0.6 0.6 3.4 3.4 8.6 9.4 17.7 15.4 31.7 31.7 

DO F removal (%)   21.4 13.9 26.2 25.0 29.4 29.0 25.4 29.8 30.2 29.0 32.1 32.1 
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Appendix D-II: Jar test experiment with varied coagulant, flocculant and air pressurized water flow 

Date 14-08-09          
Condition           
La Marne Flow rate 1000 l/hr        
Coagulant WAC HB 30 mg/l Scale 1.52 Flow rate 4.95 l/hr   
Flocculant AN 905 0.1 mg/l Scale 2.37 Flow rate 6.43 l/hr   
Air pressurized water flow rate 100 l/hr       
- with static mixer          
           

Sample Calculated Average Filtrated 
Abs Non Filtrated Paper 

wt Paper+mass mass Average 
 

Turbidity 
NTU turbidity Turbidity (abs/5cm) Abs 

(abs/5cm) g g/l mg/l SS (mg/l) 

Blank (1) 6.54     6.31 0.228 0.340 0.0764 0.0768 4.0  
(2) 6.07           0.0768 0.0764 -4.0  
(3) 6.1           0.0797 0.0800 3.0 3.5 

Centre zone (1) 7.92 7.64 7.78   0.180 0.342 0.0849 0.0855 6.0  
(2) 8.13 7.98 8.06   0.172 0.359 0.0844 0.0862 18.0  
(3) 6.82 7.37 7.10 7.64 0.166 0.393 0.0880 0.0885 5.0 9.7 

Wall zone (1) 5.70 6.22 5.96   0.170 0.324 0.0764 0.0774 10.0  
(2) 5.96 5.84 5.90   0.173 0.313 0.0778 0.0785 7.0  
(3) 4.80 4.94 4.87 5.58 0.164 0.295 0.0819 0.0827 8.0 8.3 

The non filtrated absorbance shows the total dissolved organic material      
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Date 17-08-09          
Condition           
La Marne Flow rate 1000 l/hr        
Coagulant WAC HB 70 mg/l Scale 3.48 Flow rate 11.54 l/hr   
Flocculant AN 905 0.1 mg/l Scale 2.37 Flow rate 6.43 l/hr   
Air pressurized water flow rate 100 l/hr       
- with static mixer          
           

Sample Calculated Average Filtrated Abs Non Filtrated Paper wt Paper+mass mass Average 
  

Turbidity 
NTU turbidity Turbidity (abs/5cm) Abs (abs/5cm) g g/l mg/l SS (mg/l) 

Blank (1) 8.11     8.46 0.213 0.350 0.0939 0.0941 2.0  
(2) 8.80           0.0941 0.0937 -4.0  
(3) 8.41           0.0833 0.0837 4.0 3.0 

Centre zone (1) 6.85 6.75 6.80   0.143 0.312 0.0928 0.0938 10.0  
(2) 9.32 10.20 9.76   0.146 0.414 0.0943 0.0959 16.0  
(3) 8.60 9.50 9.05 8.54 0.144 0.381 0.0844 0.0859 15.0 13.7 

Wall zone (1) 3.50 3.50 3.50   0.141 0.228 0.0935 0.0933 -2.0  
(2) 3.20 3.30 3.25   0.136 0.219 0.0934 0.0936 2.0  
(3) 3.20 3.10 3.15 3.30 0.136 0.222 0.0943 0.0943 0.0 1.0 

The non filtrated absorbance shows the total dissolved organic material      
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Date 14-08-09          
Condition           
La Marne Flow rate 1000 l/hr        
Coagulant WAC HB 30 mg/l Scale 1.52 Flow rate 4.95 l/hr   
Flocculant AN 905 0.5 mg/l Scale 8.33 Flow rate 32.13 l/hr   
Air pressurized water flow rate 100 l/hr       
- with static mixer          
           

Sample Calculated Average Filtrated Abs Non Filtrated Paper wt Paper+mass mass Average 
 

Turbidity 
NTU Turbidity Turbidity (abs/5cm) Abs (abs/5cm) g g/l mg/l SS (mg/l) 

Blank (1) 6.53   6.52 0.201 0.433 0.0848 0.0852 4.0  
(2) 6.51      0.0823 0.0828 5.0  
(3)       0.0779 0.0788 9.0 6.0 

Centre zone (1) 5.85 5.90 5.88  0.159 0.303 0.0771 0.0776 5.0  
(2) 6.39 7.01 6.70  0.169 0.323 0.0767 0.0769 2.0  
(3) 6.68 6.95 6.82 6.46 0.160 0.339 0.0767 0.0777 10.0 5.7 

Wall zone (1) 5.47 4.88 5.18  0.174 0.285 0.0807 0.0807 0.0  
(2) 5.03 5.37 5.20  0.160 0.301 0.0837 0.0840 3.0  
(3) 5.67 5.58 5.63 5.33 0.182 0.310 0.0856 0.0857 1.0 1.3 

The non filtrated absorbance shows the total dissolved organic material      
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Date 13-08-09          
Condition           
La Marne Flow rate 1000 l/hr        
Coagulant WAC HB 70 mg/l Scale 3.48 Flow rate 11.54 l/hr   
Flocculant AN 905 0.5 mg/l Scale 8.33 Flow rate 32.13 l/hr   
Air pressurized water flow rate 100 l/hr       
- with static mixer          
           

Sample Calculated Average Filtrated Abs Non Filtrated Paper wt Paper+mass mass Average 
 

Turbidity 
NTU turbidity Turbidity (abs/5cm) Abs (abs/5cm) g g/l mg/l SS (mg/l) 

Blank (1) 5.60     5.50 0.216 0.374 0.0804 0.0801 -3.0  
(2) 5.51           0.0838 0.0836 -2.0  

   
 (3) 5.39           0.0854 0.0851 -3.0 error 

Centre zone (1) 5.51 5.44 5.48   0.146 0.262 0.0859 0.0865 6.0  
(2) 5.86 5.63 5.75   0.145 0.308 0.0886 0.0897 11.0  
(3) 7.09 6.76 6.93 6.05 0.143 0.365 0.0857 0.0865 8.0 8.3 

Wall zone (1) 4.19 4.38 4.29   0.143 0.236 0.0782 0.0780 -2.0  
(2) 4.76 4.81 4.79   0.158 0.251 0.0773 0.0774 1.0  
(3) 4.48 4.76 4.62 4.56 0.146 0.318 0.0826 0.0827 1.0 1.0 

note: The sample volume of the suspended solid test = 100 ml       
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Date 18-08-09          
Condition           
La Marne Flow rate 1000 l/hr        
Coagulant WAC HB 70 mg/l Scale 3.48 Flow rate 11.54 l/hr   
Flocculant AN 905 0.1 mg/l Scale 2.37 Flow rate 6.43 l/hr   
Air pressurized water flow rate 50 l/hr       
- with static mixer          
           

Sample Calculated Average Filtrated Abs Non Filtrated Paper wt Paper+mass mass Average 
 

Turbidity 
NTU turbidity Turbidity (abs/5cm) Abs (abs/5cm) g g/l mg/l SS (mg/l) 

Blank (1) 5.80     5.80 0.195 0.361 0.0945 0.0947 2.0   
(2) 5.80           0.0940 0.0945 5.0   
(3) 5.90           0.0931 0.0934 3.0 3.3 

Centre zone (1) 7.20 6.30 6.75   0.144 0.361 0.0934 0.0948 14.0   
(2) 6.80 6.40 6.60   0.141 0.320 0.0935 0.0945 10.0   
(3) 7.40 7.80 7.60 6.98 0.145 0.369 0.0930 0.0942 12.0 12.0 

Wall zone (1) 5.80 5.80 5.80   0.140 0.307 0.0933 0.0942 9.0   
(2) 6.30 6.30 6.30   0.143 0.301 0.0942 0.0952 10.0   
(3) 5.40 5.80 5.60 5.90 0.144 0.313 0.0948 0.0955 7.0 8.7 
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Date 17-08-09          
Condition           
La Marne Flow rate 1000 l/hr        
Coagulant WAC HB 70 mg/l Scale 3.48 Flow rate 11.54 l/hr   
Flocculant AN 905 0.1 mg/l Scale 2.37 Flow rate 6.43 l/hr   
Air pressurized water flow rate 200 l/hr       
- with static mixer          
           

Sample Calculated Average Filtrated Abs Non Filtrated Paper wt Paper+mass mass Average 
 

Turbidity 
NTU turbidity Turbidity (abs/5cm) Abs (abs/5cm) g g/l mg/l SS (mg/l) 

Blank (1) 6.20     6.30 0.199 0.343 0.0933 0.0937 4.0   
(2) 6.40           0.0938 0.0940 2.0   
(3) 6.20           0.0934 0.0938 4.0 3.3 

Centre zone (1) 7.60 7.60 7.60   0.130 0.324 0.0932 0.0945 13.0   
(2) 7.00 6.90 6.95   0.149 0.315 0.0941 0.0952 11.0   
(3) 6.90 7.80 7.35 7.30 0.136 0.323 0.0937 0.0949 12.0 12.0 

Wall zone (1) 3.00 3.10 3.05   0.134 0.213 0.0927 0.0928 1.0   
(2) 3.30 3.30 3.30   0.126 0.212 0.0931 0.0934 3.0   
(3) 3.40 3.40 3.40 3.25 0.130 0.216 0.0939 0.0941 2.0 2.0 
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Date 18-08-09          
Condition           
La Marne Flow rate 1000 l/hr        
Coagulant WAC HB 70 mg/l Scale 3.48 Flow rate 11.54 l/hr   
Flocculant AN 905 0.2 mg/l Scale 2.37 Flow rate 6.43 l/hr   
Air pressurized water flow rate 100 l/hr       
- with static mixer          
           

Sample Calculated Average Filtrated Abs Non Filtrated Paper wt Paper+mass mass Average 
 

Turbidity 
NTU turbidity Turbidity (abs/5cm) Abs (abs/5cm) g g/l mg/l SS (mg/l) 

Blank (1) 6.30     6.25 0.195 0.359 0.0940 0.0948 8.0   
(2) 6.20           0.0938 0.0946 8.0   
(3) 6.60           0.0944 0.0949 5.0 7.0 

Centre zone (1) 6.20 6.50 6.35   0.137 0.344 0.0931 0.0948 17.0   
(2) 6.10 6.40 6.25   0.141 0.348 0.0931 0.0941 10.0   
(3) 6.20 5.80 6.00 6.20 0.140 0.355 0.0932 0.0944 12.0 13.0 

Wall zone (1) 3.10 3.20 3.15   0.133 0.246 0.0939 0.0944 5.0   
(2) 3.80 3.90 3.85   0.141 0.268 0.0946 0.0954 8.0   
(3) 3.90 3.90 3.90 3.63 0.139 0.272 0.0943 0.0953 10.0 7.7 
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Date 19-08-09          
Condition           
La Marne Flow rate 1000 l/hr        
Coagulant WAC HB 70 mg/l Scale 3.48 Flow rate 11.54 l/hr   
Flocculant AN 905 0.2 mg/l Scale 2.37 Flow rate 6.43 l/hr   
Air pressurized water flow rate 100 l/hr       
The volume of raw water in the tank 400 l       
- With static mixer and Coagulation in the raw water mixing tank and Injection of Flocculant before static mixer   
           

Sample Calculated Average Filtrated Abs Non Filtrated Paper wt Paper+mass mass Average 
 

Turbidity 
NTU turbidity Turbidity (abs/5cm) Abs (abs/5cm) g g/l mg/l SS (mg/l) 

Blank (1) 5.80     5.80 0.212 0.328 0.0938 0.0940 2.0   
(2) 5.80           0.0934 0.0936 2.0   
(3) 5.70           0.0943 0.0945 2.0 2.0 

Centre zone (1) 6.40 6.70 6.55   0.177 0.297 0.0936 0.0942 6.0   
(2) 6.70 6.50 6.60   0.172 0.298 0.0930 0.0934 4.0   
(3) 7.30 7.30 7.30 6.82 0.166 0.297 0.0933 0.0937 4.0 4.7 

Wall zone (1) 6.40 7.00 6.70   0.182 0.318 0.0940 0.0945 5.0   
(2) 6.40 6.10 6.25   0.173 0.295 0.0939 0.0942 3.0   
(3) 6.90 6.90 6.90 6.62 0.163 0.300 0.0927 0.0933 6.0 4.7 
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