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Resume

Le procédé conventionnel des boues activées pour le traitement des eaux usées est
la technique la plus répandue pour éliminer les polluants des eaux urbaines. Dans
ce processus, les bactéries et les eaux usées sont en contact dans un réacteur afin de
réduire la quantité de matiere organique et d’autres nutriments comme 1’azote et le
phosphore.

Les clarificateurs secondaires constituent le goulot d’étranglement du processus des
boues activées. Ils doivent respecter trois fonctions principales : la séparation boues-
eau (clarification), le recyclage des boues activées et le stockage en cas de surcharge
hydraulique. Par conséquent, la sédimentation des boues activées dans les clarifi-
cateurs régit directement la qualité de l'effluent en termes de matiéres en suspen-
sion (MES) et indirectement dans la biomasse du systéme (recyclage), affectant ainsi
les processus biocinétiques se produisant dans le réacteur biologique (Torfs et al.,
2015b).

Les particules de boue activée peuvent avoir différents comportements de décanta-
tion, selon leurs propriétés (densité, taille des particules, concentration...). On peut
classer les comportements d’établissement dans un clarificateur en quatre mécan-

ismes principaux:

1. Décantation discrete : les particules se déposent a des vitesses individuelles et
sans interactions entre elles ; ce régime est limité par le seuil de floculation Mancell-
Egala et al., 2016; Mancell-Egala et al., 2017. 2. Zone de floculation : les particules
entrent en collision formant des flocs qui se déposent aussi a des vitesses individu-
elles. 3. Zone de sédimentation : au-dessus d'une certaine concentration de tran-
sition (Mancell-Egala et al., 2016; Mancell-Egala et al., 2017; Torfs et al., 2016), les
particules sont considérées comme se déposant toutes a la méme vitesse selon la
concentration locale Kynch, 1952 (Kynch, 1952). Ce régime est limité par la concen-
tration critique (Xcrit). 4. Zone de compression : une fois la concentration critique
atteinte, les particules forment un réseau et les boues commencent a s’épaissir en
raison de la forte interaction entre les particules. Ce réseau exerce une contrainte
solide qui ralentit la vitesse de sédimentation. Néanmoins, des données récentes
suggerent que méme pour des concentrations plus élevées, les propriétés individu-

elles des particules affectent également la vitesse de sédimentation Torfs et al., 2015a.

La modélisation des clarificateurs secondaires est utile pour comprendre le com-

portement de décantation des boues mais aussi pour la conception des réservoirs, le
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dépannage, I'optimisation et le controle des procédés. Les approches de modélisa-
tion vont des modeles 0D et 1D (Biirger, Ruiz-Baier, and Torres, 2012) aux modeles
2D/3D CFD (Griborio, 2004; Samstag et al., 2016).

Les modeles 1D sont utilisés dans la plupart des logiciels commerciaux pour la sim-
ulation a I’échelle des stations d’épuration. Ils permettent par exemple d’évaluer les
stratégies opérationnelles de SST et de répondre a la variabilité des débits entrants.
Afin de bien comprendre les mécanismes de décantation des boues activées en com-
binaison avec I'’hydrodynamique de la SST, la CFD est également devenue un outil
bien accepté. La simulation des SST de boues activées est probablement le domaine
d’application le plus développé de la CFD dans les eaux usées. (Samstag et al., 2016).

Ces travaux ont déja conduit a I'ajout de la compression en tant que terme de second
ordre dans I'équation différentielle aux dérivées partielles décrivant la sédimenta-
tion de la boue. (Biirger, Diehl, and Nopens, 2011; Plész et al., 2007; ainsi qu’a
I’analyse critique de la fonction de sédimentation de zone qui considere les fonc-
tions puissance plutodt que les fonctions exponentielles (Torfs et al., 2017).

Torfs et al., 2016 ont proposé un modele 1D unifié pour tous ces régimes de sédi-
mentation. A ce jour, la plupart de ces améliorations n’ont pas été incluses dans
les modeles CFD. En effet, la plupart des auteurs qui modélisent les clarificateurs
secondaires a l'aide de la CFD, s’appuient encore sur une seule fonction qui relie
la vitesse de sédimentation de particules et leur concentration (exprimés habituelle-
ment par des fonctions exponentielles) (Lakehal et al., 1999; Griborio, 2004; Flamant
etal., 2004; Weiss et al., 2007). La décantation et la floculation discretes sont générale-
ment modélisées séparément au sein de différents types de décanteurs, par exemple
dans les bassins de décantation primaires.

Certaines stations d’épuration fonctionnent souvent avec un débit intermittent, c’est-
a-dire : le débit d’entrée est discontinu et il dépend de la période de la journée. C’est
souvent le cas pour les petits STEU ou le débit d’entrée est controlé par une sta-
tion de pompage fonctionnant avec un contréle marche/arrét en fonction du niveau
de I'eau dans le réservoir d’entrée. D’ailleurs, la pompe de recirculation fonctionne
souvent de maniére discontinue : le débit des boues activées de retour est constant
mais la pompe ne fonctionne que quelques minutes (5 a 30 minutes) par heure en
fonction du débit d’entrée au clarificateur. Ce phénomeéne est susceptible d’avoir un
impact a la fois sur la hauteur du lit de boues et sur I'inventaire des boues dans le

bassin de décantation.

Dans un avenir proche, le nombre de petites installations de traitement de 1'eau aug-
mentera et s’accompagnera d"une forte demande d’informations sur les technologies
et les procédures d’optimisation. Dans les petits STEU, différentes conditions limites
sont présentes, par exemple des fluctuations de charge, des problemes d’exploitation



et de maintenance.... (Boller, 1997). En France, 95% des WRRRF CAS ont une capac-
ité inférieure a 9000 EH, ce qui indique qu'un grand nombre de ces installations

fonctionnent avec ces différentes conditions limites.

Le comportement de sédimentation des boues activées est un processus complexe
impliquant plusieurs mécanismes (discrétes, zone, compression...) qui est égale-
ment fortement influencée par I’hydrodynamique du clarificateur. La plupart des
modéles CFD envisage 1’optimisation de la géométrie et I'impact sur les conditions
de l'effluent. Ces modeles incluent évidemment un haut niveau de représentation
physique concernant I’hydrodynamique elle-méme, le comportement rhéologique
des boues, les turbulences, etc. Cependant, en ce qui concerne les modeles de vitesse
de sédimentation eux-mémes, la plupart des modeles publiés dans la littérature ne
reposent encore que sur des relations empiriques établies il y a des décennies. A
notre avis, la complexité des mécanismes de décantation des boues doit étre consid-
érée avec le méme niveau de complexité que les autres composantes d’'un modele
CFD.

L’objectif du présent travail est donc de développer un code CFD basé sur le cadre de
Biirger-Diehl (Biirger, Diehl, and Nopens, 2011) et intégrant la fonction de compres-
sion de DeClercq (De Clercq, 2006). Pour réduire le temps de calcul, une approche
axisymétrique d’un clarificateur circulaire sera utilisée. Puisque le code de base est
basé sur ’'approche du mélange pour la modélisation du transport des fluides, nous
restons dans cette approche. Comme le suggere Brennan, 2001, le modeéle k-epsilon
(qui comprend un thérme flottabilité) est employé. Enfin, les résultats des simu-
lations seront comparés aux données expérimentales obtenues directement sur le
terrain et utilisées pour 1'étude de certains scénarios, y compris les changements des
parametres du modele et des conditions opérationnelles.

La simulation des clarificateurs secondaires de boues activées est probablement le
domaine d’application le plus développé de la CFD dans le traitement des eaux
usées (Samstag et al., 2016). Larsen, 1977 ont mené des expériences et ont trouvé
un courant de densité (semblable a une chute d’eau) créé par la concentration de la
boue. Kahane, Schwarz, and Johnston, 1997 et Kahane, Nguyen, and Schwarz, 2002
ont également modélisé ce phénomene en 3D en utilisant des épaississants indus-
triels. Par conséquent, dans l'entrée des clarificateurs, I'écoulement tend a étre en
trois dimensions (Brennan, 2001).

Méme si I’on consideére que les particules se déposent et que le flux entrant est con-
stant et uniforme, des régions a circulation élevée existent et le champ d’écoulement
s’écarte de la distribution uniforme idéale (Tamayol, Firoozabadi, and Ashjari, 2010).
Au cours de la derniere décennie, des efforts considérables ont été (et sont toujours)
entrepris pour améliorer les modeles unidimensionnels.

Les décanteurs secondaires doivent étre simulés en considérant les deux phases

(solide et liquide). Ceci peut étre réalisé a I’aide d'une approche Euler-Euler a deux
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fluides comme celle de Kahane, Nguyen, and Schwarz, 2002. Dans cette approche,
un ensemble d’équations de continuité et de momentum est résolu pour chaque
phase. Ce calcul est intensif car de nombreux parameétres sont impliqués pour décrire
les termes d’échange de moment d’inertie interphasique (par exemple, la trainée en-

tre le liquide et les particules...).

Ainsi, la modélisation CFD des décanteurs secondaires est donc généralement réal-
isée par une approche transport scalaire actif pour décrire la phase dispersée (boues)
(Lakehal et al., 1999; Griborio, 2004; Kim et al., 2005; Patziger, 2016). Les équations
de continuité et quantité de mouvement de la phase continue sont résolues ; la phase
dispersée suit I’écoulement advectif et est ensuite modélisée comme un scalaire. La
diffusion, principalement liée a la turbulence, est également prise en compte dans
I’équation de transport résultante. Cette approche nécessite un couplage de densité
et de viscosité en fonction de la concentration scalaire (Ungarish, 1995).

Une approche moins courante pour modéliser la sédimentation des boues, consiste a
utiliser un modele de mélange dans lequel les phases sont traitées comme une seule
phase continue (Wicklein et al., 2015). Un seul ensemble d’équations de continuité et
de momentum est résolu pour le mélange. L'introduction du concept de vitesse glis-
sante permet de décrire le mouvement relatif de la phase dispersée. Cette approche
est actuellement unique dans les solveurs par défaut de la plate-forme OpenFOAM®
de CFD open-source.

Pour considérer la compression dans un modele CFD, il faut modifier la structure
du modele en y incluant la contrainte solide des boues qui implique une dépen-
dance sur le gradient de concentration. Dans le chapitre 2 de cette these, on met en
ceuvre le modele de Biirger-Diehl (Biirger, Diehl, and Nopens, 2011), dans un code
numérique CFD basé sur I'approche mélange. Dong, la fonction phénoménologique
de De Clercq (De Clercq et al., 2008) est utilisée, mais on peut sélectionner une autre
expression de maniere modulaire. En plus du modele de Takacs (Takécs, Patry, and
Nolasco, 1991) et de Vesilind (Vesilind, 1968), 1'expression de la loi de puissance de
Diehl (Diehl, 2015) a également été ajoutée. Ces développements intégrent les con-
naissances les plus récentes sur les mécanismes de sédimentation des boues activées

qui n’ont jamais été décrites sous leur forme actuelle dans un code CFD.

La simulation 2D d’un clarificateur axisymmetrique a montré que la vitesse de sédi-
mentation est ralentie au-dessus d’une concentration critique lors de 'ajout de la
fonction de compression, ce qui conduit & une prédiction plus précise du voile des
boues. Une simulation transitoire avec des charges hydrauliques élevées a révélé
que la hauteur du voile de boues variait davantage avec la compression. La con-
centration des boues activées de retour a été plus affectée malgré le fait que ces
variations étaient moins importantes par rapport aux modeles 1D. Cependant, ces
modeles 1D ne prennent évidemment pas en compte la géométrie du clarificateur
(chicanes, recirculation, pente...).
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Afin de construire un modéle de sédimentation des boues plus robuste, il est néces-
saire de faire une estimation des valeurs des parameétres des fonctions qui décrivent
la sédimentation de zone et de compression. Les essais de décantation batch sont la
méthode la plus utilisée pour évaluer les vitesses de décantation (Ramin et al., 2014b;
Griborio and McCorquodale, 2006. Pour ce faire, un algorithme mathématique fait
I’évaluation d"une fonction objective.

Cette fonction mesure les résultats d"une certaine variable du modele et la compare
aux mesures physiques de la méme variable. Etant donné que dans le modele 1D
Biirger-Diehl (Biirger, Diehl, and Nopens, 2011), on peut choisir entre différentes
fonctions constitutives, le calage devient complexe, car on peut avoir un nombre
différent de parametres selon les fonctions choisies.

Ainsi, différents procédés d’optimisation peuvent étre utilisés pour trouver le bon
jeu de parametres. La plupart d’entre eux sont des algorithmes d’optimisation glob-
ale. Torfs et al., 2013 ont réalisé une analyse de sensibilité globale (GSA en anglais)
en utilisant une méthode de Monte Carlo a force brute pour calibrer 2 modeles
de sédimentation de zone et 1 modele de compression. Ils ont constaté que les
parametres de la fonction de Vesilind (Vesilind, 1968) sont identifiables alors que
l'un des parametres de 1'équation de Takacs (Takécs, Patry, and Nolasco, 1991) ne
peut étre identifiable. Ils ont vu que les parametres de compression (Torfs et al.,
2013) ne peuvent pas décrire différentes courbes de sédimentation Batch avec un en-
semble unique de parametres. En résumé, aucun ensemble unique de parametres ne
peut étre trouvé pour les équations combinées pour la sédimentation de zone et la

sédimentation de compression.

Locatelli, 2015 ont utilisé un outil de différenciation automatique pour modéliser la
décantation des boues. Ils ont choisi un couplage Vesilind-DeClercq (les deux équa-
tions avec deux parametres) pour la sédimentation de zone et de compression re-
spectivement dans 'approche Biirger-Diehl (Biirger, Diehl, and Nopens, 2011). Ces
quatre parametres ont un effet important sur la prédiction de la hauteur du voile de
boues simulé. Le modele avec les parametres calibrés ne peut étre précis que dans
les trois premiéres heures de décantation, au-dela de cette période, le SBH est sures-
timé. Sept jeux de parametres différents ont été testés et la qualité de l’estimation
a été mesurée en comparant visuellement la hauteur du voile des boues simulée et
mesurée.

D’autres auteurs ont utilisé un modele 1D appelé modele HTC (Hindered, Tran-
sient and Compression décantation) (Ramin et al., 2014b), qui calcule le flux de
solides dans un domaine de 60 couches horizontales pour représenter le comporte-
ment de décantation dans une colonne batch. Selon eux, dans un tel modele, seuls 3
parameétres sont estimés. La méthode d’optimisation de 1’étalonnage global choisie
a été la méthode de Monte Carlo a chaine de Markov (MCMC). Ils n’ont pas signalé
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de problemes d’identification pour les trois parametres. Néanmoins, la méthode
nécessite un grand nombre de simulations, ce qui en fait un outil de calcul intensif.

L'un des avantages de la plate-forme OpenFOAM est que le méme solveur peut étre
utilisé pour effectuer des simulations 3D, 2D-axymétriques, 2D ou méme 1D. Par
conséquent, le méme solveur et les mémes méthodes numériques peuvent étre util-
isés pour l’estimation et la validation des parametres dans une colonne de décompte
des lots ainsi que pour la simulation d'un clarificateur réel. Cela rend le processus
plus facile et plus fiable.

DAKOTA® (https://dakota.sandia.gov/) est un logiciel open-source (licence GNU
LGPL) qui fournit une interface entre les codes de simulation et une variété de méth-
odes d’itérations pour l’analyse des systémes, y compris 1'optimisation, la quan-
tification de l'incertitude.... DAKOTA® peut donc étre couplé a OpenFOAM afin

d’effectuer l'identification des parametres pour le modele de décantation.

Dans cette étude, une méthode d’optimisation locale a été utilisée puisque le cotit
de calcul est moindre, d’ailleurs il n’y avait pas suffisamment de points expérimen-
taux disponibles pour effectuer une analyse globale. Deux séries de données expéri-
mentales ont été choisies en raison des caractéristiques extrémement variables des
boues dans l'installation étudiée. Chacun des ensembles de données expérimentales
est modélisé selon une approche différente. Une méthode des moindres-carrés non
linéaires est effectuée afin de minimiser la fonction objective. Dans cette méthode,
I’équation du modele est ajustée aux données expérimentales plutot que de les trans-

former en une forme linéaire (Sagnella, 1985).

L’estimation consiste a trouver les valeurs optimales pour les parametres qui peu-
vent minimiser une fonction de cotit ou Quantité d’intérét. La fonction de cofit, sou-
vent décrite comme la somme des erreurs quadratiques entre les données observées
et les données simulées, est minimisée par rapport aux différents parametres du
modele.

La qualité/précision des résultats du modele est évaluée en introduisant une statis-
tique appelée Nash Sutcliffe Efficiency (NSE). Le NSE peut étre décomposée en trois
composantes : la corrélation, le biais et la variabilité relative des valeurs simulées
et observées pour montrer les problemes systématiques inhérents a 1’étalonnage
(Gupta et al., 2009).

Le logiciel DAKOTA a été couplé avec succes a un modele 1D réalisé en Open-
FOAM®. DAKOTA constitue un outil puissant qui peut également étre utilisé pour
effectuer un processus global d’optimisation, ouvrant une nouvelle opportunité pour
les développeurs d’étudier en profondeur les parametres de compression dans le
modele OpenFOAM.

Les caractéristiques différentes des boues prélevées dans la STEU en différentes
saisons a rendu difficile I'obtention d’une relation générale entre la concentration
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et la vitesse de sédimentation. Plus la concentration de la boue est élevée, plus la
vitesse de sédimentation est faible. La vitesse de sédimentation est fortement in-
fluencée par le contenu de matiére minérale. Des vitesses de sédimentation plus
rapides ont été observées lorsque le contenu de matiere minérale est plus élevé. Ce
comportement nous a mené a réaliser deux processus de calibrage/validation avec
les boues de la STEU d’Achenheim.

Des problemes d’identification peuvent survenir au sein du modele, car les valeurs
des parametres optimisés dépendent de la supposition initiale de ces valeurs. En
effet, une méthode basée sur le gradient tente de trouver une quantité minimale
locale dans la fonction cofit.

Cependant, les parametres estimés ont montré une bonne précision, dont la qualité
a été mesurée par le NSE pour les différentes zones de décantation et la courbe de
décantation complete. L'utilisation d"une analyse globale n’entrait pas dans le cadre
de cette étude. Le processus de calage et de validation a permis d’obtenir une bonne
estimation des parametres du modéle de sédimentation de zone. Toutefois, pour les
parameétres du modele de compression, la validation n’a été acceptable que dans la
premiere heure de décantation, qui est du au fait que le modele décrit la concentra-
tion critique comme une valeur constante dans le temps. Néanmoins, il n'y a pas
d’évidence physique qui prouve cette affirmation.

L’état de floculation est un phénomene qui peut expliquer que les parametres de
compression soient en fonction du temps, ceci a été inclus dans un modéle de dé-
cantation 1D multi-classe par Torfs et al, 2016. Cependant, la modélisation de la
floculation des boues n’entre pas dans le cadre du modéle CFD. Par conséquent,
cette premiere affirmation et le fonctionnement intermittent de la STEU nous inci-
tent & prendre la décision d’utiliser les parametres estimés des essais de décantation
des lots et des simulations 1D présentés ici.

Dans les stations d’épuration a culture libre, les bassins de décantation doivent per-
mettre la séparation des boues et des eaux, le recyclage de la biomasse et le stockage
en cas de surcharge hydraulique. La modélisation de ce procédé unitaire est donc
essentielle pour obtenir un fonctionnement optimal d"un STEU.

Dans Torfs et al., 2015b, une simulation en flux continu 1D d'un procédé classique
a boues activées est réalisée. Elle révele que 1’ajout de la compression comme fonc-
tion constitutive améliore la prédiction de la hauteur du voile de boues lorsque des
charges hydrauliques élevées sont présentes dans le clarificateur. Cela permet de
prédire une concentration de boues de recirculation plus réaliste dans le réacteur
biologique.

Pour optimiser la géométrie et le fonctionnement des décanteurs secondaires, la
modélisation CFD est d'un grand intérét car elle permet de capturer I'hydrodynamique
dans le clarificateur. Méme si 'on considere que les particules se déposent et que

le flux entrant est constant et uniforme, il existe des régions a forte circulation ou



I’écoulement n’est pas uniforme (Tamayol, Firoozabadi, and Ashjari, 2010). Certains
STEU fonctionnent souvent avec un débit intermittent, c’est-a-dire que les débits
d’entrée et de recirculation sont discontinus et dépendent de la période de la journée.

L'un des objectifs de cette étude est d’utiliser le solveur CFD décrit dans (Valle Med-
ina and Laurent, 2020) pour simuler un décanteur a taille réelle en fonctionnement
discontinue. Ainsi, la petite STEU d"Achenheim a un débit séquentiel, c’est-a-dire
qu’en fonction du débit en amont provenant du réseau unitaire, des capteurs de

niveau déclenchent une ou deux pompes pour alimenter les réservoirs.

Par conséquent, ce comportement intermittent peut affecter la prédiction de la hau-
teur du voile de boues ainsi que la concentration dans la recirculation et la qualité
des MES de sortie. Pour cette simulation hydrodynamique, les conditions des cam-
pagnes expérimentales d’avril et octobre 2018 sont présentées. Ces campagnes ex-
périmentales avaient pour but de recueillir des données sur la hauteur du voile de
boues et la vitesse de sédimentation des particules.

Les simulations avec différentes concentrations de boues et conditions aux limites
ont été effectuées pour valider les données obtenues en avril et octobre. Les mod-
eles de turbulence et de viscosité restent les mémes pour toutes les simulations. Les
parameétres du modéle de décantation sont ceux obtenus a l’aide du test de décanta-
tion batch.

Les mesures en continu pendant 51 heures ont révélé que le voile de boues a l'intérieur
du clarificateur a un comportement dynamique, avec des valeurs de hauteur entre
0,6 et 0,2m. Les mesures ponctuelles, effectuées pendant 20 minutes a différentes
distances radiales, ont montré que la sédimentation des particules peut étre pertur-
bée par les courants de densité générés par le débit d’entrée. En effet, les particules
montent et descendent dans le lit de boues toutes les 30 secondes, méme a des dis-

tances éloignées de 1'entrée.

Dans le cas de l'état stationnaire, nous avons observé que dans la zone externe du
clarificateur, des conditions de repos sont créées. En effet, grace aux profils verticaux
de vitesse et de concentration, on obtient un comportement similaire a celui des

profils de décantation des lots.

En comparant les vitesses de particules mesurées et les vitesses de convection et de
sédimentation verticales simulées, nous avons pu observer que la vitesse de sédi-
mentation des particules est négligeable par rapport a la vitesse verticale convective
du fluide. Ainsi, la vitesse de convection du fluide entraine le mouvement des par-
ticules a I'intérieur du voile de boues du clarificateur.

Les simulations CFD ont montré que la dynamique de la hauteur du voile des boues
peut étre représentée avec précision en mettant les mémes conditions de fonction-

nement du clarificateur de la STEU d’Achenheim. Méme s’il y a une réponse plus
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tardive dans la prédiction des pics plus élevés du SBH, on peut voir que les hauteurs
moyennes simulées du lit de boues sont similaires a celles mesurées.

La teneur en matiere minérale des boues activées produit des résultats différents
dans la prédiction du voile de boues mesuré et simulé ainsi que dans la concentra-
tion de RAS. Avec des concentrations initiales similaires (5,54 kg.m-3 en avril et 4,54
kg.m-3 en octobre), 1’épaississement du lit de boues est différent.

En résumé, en utilisant le solveur amélioré décrit dans Valle Medina et Laurent
(2020) et les parametres calibrés, différentes simulations CFD ont été réalisées et ont
révélé des résultats satisfaisants dans la prédiction de I'épaisseur du voile de boues
et du profil de vitesse des particules.

La CFD est devenue un outil puissant de prédiction, d’optimisation et d’analyse
de I'’hydrodynamique a l'intérieur d'une STEU. La CFD permet d’obtenir une vue
d’ensemble du comportement de décantation, dans laquelle on peut étudier le com-

portement du fluide a I'intérieur du clarificateur.

Ainsi, différents scénarios sont présentés en modifiant certaines variables du mod-
éle de décantation CFD. D’une part, il s’agit d’évaluer les réponses du modéle aux
modifications des parametres et/ou fonctions du modele (parametres de compres-
sion, rhéologie). D’autre part, la simulation d’une condition de temps de pluie per-
met d’évaluer si le modéle peut capturer la dynamique du voile des boues et de la

concentration des boues a la recirculation, dans ces conditions.

Une modification dans les parametres de compression a révélé une prédiction dif-
férente dans la hauteur, de voile de boues, dans la distribution des boues a l'intérieur
du clarificateur et dans la concentration de la boue de recirculation. Il en a résulté
une forte dispersion des boues a I'intérieur de la zone de couverture le long du clar-
ificateur et des prédictions d"une boue peu concentrée. La STEU d”Achenheim peut
fonctionner avec des charges hydrauliques élevées sans compromettre la qualité des
effluents. Dans le cas d"un événement pluvieux, le modeéle CFD a démontré que le
clarificateur peut stocker les boues en exces et les épaissir sans trop affecter la qualité
de l'eau traitée.

Les propriétés des boues sont une variable importante pour I’accumulation des boues
dans le clarificateur. Une teneur élevée en minéraux entraine une décantation rapide
des particules et donc une couche de boues non épaissie avec une concentration
élevée de boues au fond. Cela indiquerait que la fonction de compression n’est pas

active.

Pour les boues d’Achenheim, le modele rhéologique-plastique s’adapte mieux pour
simuler son hydrodynamique. Les résultats expérimentaux ont montré qu'une sur-
face uniforme du voile de boues peut étre trouvée tout le long de 'axe, et que les
vitesses de sédimentation sont plus élevées prés de 1’entrée et non dans le mur ex-
terne.
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Il a été démontré qu'une boue plastique s’écoule mieux vers la recirculation, ce
qui est un comportement attendu dans un clarificateur. Dans ce cas, les vitesses
de décantation sont affectées par le type de modele rhéologique utilisé, le modele
plastique de Bingham prévoit des vitesses de décantation plus faibles que le mod-
ele plastique seul. L'effet de la fonction de compression est presque imperceptible
lorsqu’un modele plastique de Bingham est utilisé, en particulier dans les zones en
repos. Les vitesses de sédimentation estimées sont trés faibles au fond et dans les
zones ol il n'y a pas de gradient de concentration verticale. Ces simulations soulig-
nent 'importance du calage et de la validation du modéle CFD appliqué aux décan-
teurs.

Grace a cet exercice, nous pouvons remarquer l'importance d’utiliser les modéles
de mécanique des fluides numériques comme un outil d’optimisation, prévision et
controle. En changeant certaines variables, nous avons analysé les conséquences
possibles dans la prédiction des boues au niveau de 1’enlévement, de la concentra-
tion des boues ou d"un éventuel court-circuit a I'intérieur du réservoir.

Le modele CFD doit encore étre amélioré. Plusieurs études ont montré que la con-
centration critique n’est pas constante dans le temps. Locatelli (2015) a décrit ce
comportement par une équation exponentielle empirique. Toutefois, d'un point de
vue physique, la concentration critique ne devrait pas dépendre de la concentra-
tion initiale des boues. Ainsi, des essais expérimentaux ont montré que les change-
ments dans 1’état de floculation des particules influencent la compression (Torfs et
al., 2015b).

L’addition d"une équation pour chaque classe/taille de particules, comme celle décrite
dans Torfs et al., 2016, améliorerait la prédiction de la hauteur du voile de boues et,
par conséquent, la concentration de la boue de recirculation serait mieux estimée.
La prédiction de la qualité de I'effluent serait prise en compte dans les résultats du

modele CFD et donnerait donc une estimation de la performance du clarificateur.

Le débit intermittent des petites STEU, montre qu’elles ont des conditions de fonc-
tionnement trés différentes de celles des plus grands (EH > 90 000). En effet, les
périodes d’inactivité des pompes d’entrée influencent la recirculation et les perfor-
mances du clarificateur. Les modélisateurs de CFD SST devraient également exam-
iner ces petites STEU pour tester et améliorer les modeles existants.

Dans ce travail, nous avons couplé le logiciel DAKOTA a OpenFOAM pour I'estimation
des parametres. Cet outil offre des perspectives prometteuses pour de nombreux de

domaines, comme par exemple :

¢ L'utilisation d’algorithmes d’analyse de sensibilité globale et d’estimation pour
un processus de calage amélioré dans la décantation batch et la simulation des

décanteurs secondaires ;
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¢ [’amélioration de la conception géométrique des bassins. DAKOTA peut étre
utilisé pour I'optimisation automatique des formes. Plusieurs caractéristiques
géométriques peuvent étre modifiées afin d’optimiser les performances : taille
des chicanes internes, distance des chicanes par rapport a ’entrée, rotation et
configuration des racleurs ou encore taille du réservoir. Les possibilités sont
illimitées pour optimiser les performances des SST.

Le solveur CFD peut également étre amélioré en ajoutant de nouveaux modeles
rhéologiques. Actuellement, dans le nouveau solveur, OpenFOAM ne prend en
compte que les modeles plastiques et Bingham-Plastic pour décrire la viscosité des
boues. D’autres modeéles de type Cross, Herschel-Buckley, Carreau, devraient étre
inclus afin d’étudier également les effets de 1’ajout du cisaillement (comportement

pseudo-plastique) dans '’hydrodynamique de la boue activée.

Ceci ouvre des perspectives d’utilisation de ce solveur dans d’autres procédés uni-
taires ou les gradients de densité et les propriétés rhéologiques peuvent affecter
significativement I’hydrodynamique : comme le réacteur biologique, les digesteurs
anaérobies, les procédés d’épaississement des boues, etc...
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Abstract

The conventional activated sludge process is the most widely used process for treat-
ing urban wastewater. Biomass (activated sludge) grows and forms biological flocs
that must be separated from the treated water. This is usually performed by gravity
in a clarifier. Activated sludge particles are subject to different settling processes,
depending on their properties. Clarifier simulation is probably the most developed
field of application for computational fluid dynamics applied to wastewater treat-
ment. However, all sedimentation mechanisms are not always fully represented.
This work began by adding the compression mechanism as a second-order term in
the partial differential equation describing sludge sedimentation in a CFD approach.
The CFD model is based on the mixture approach, which considers that only one set
of momentum and continuity equations is solved for the whole mixture. The pa-
rameters of the modified model were identified based on experimental data from a
closed laboratory system. Model optimization was performed through the coupling
of DAKOTA and OpenFOAM open-source softwares. Then, simulations of a full-
scale clarifier allowed the model to be validated based on the field measurement of
sludge blanket height and particle velocity profiles using acoustic Doppler velocime-
try. Small treatment plants are characterized by very dynamic inlet conditions (flow
variations, on/off cycles). Thus, the validated model was used to simulate these

transient operating conditions.
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Introduction

Conventional Activated Sludge (CAS) technology for wastewater treatment is the
most used technique to eliminate pollutants of domestic water. In this process, bac-
teria and wastewater are in contact (mixture) in a reactor in order to reduce the
amount of organic material and other nutrients such as nitrogen and phosphorus.
This biomass (activated sludge) grows and forms biological flocs that must be sepa-
rated from treated water. This is usually performed by means of gravity in a clarifier
also called a Secondary Settling Tanks (SST). Settling tanks are the bottle neck of
wastewater treatment (Ekama and Marais, 2004) as they must complete three main
functions: effluent clarification, sludge storage during peak flows and sludge recy-
cling back to the biological.

As a consequence, activated sludge sedimentation within the SST governs effluent
quality directly in terms of Total Suspended Solids (TSS) and indirectly as it will
affect the biomass retention within the system (through recycling), thus affecting the
biokinetic processes occurring in the biological reactor (Torfs et al., 2015a).

Activated sludge particles can undergo different settling behaviours, depending on
their properties (density, particle size, concentration...). One can classify the settling
behaviours in a SST into four main mechanisms: discrete settling, flocculation, hindered
settling, compression regime.

1D models are used in most commercial simulation platforms for wastewater treat-
ment plant-wide simulation. They enable for instance the assessment of SST oper-
ational strategies and response to inflow variability. In order to fully understand
the mechanisms of activated sludge settling in combination with the hydrodynam-
ics occurring in the SST, Computational Fluid Dynamics (CFD) has also become a
well-accepted tool. The simulation of activated sludge SST is probably the most
well-developed area of application for CFD in wastewater treatment (Samstag et al.,
2016). Larsen (1977) and Ueberl (1995) carried out experiments in SST and found a
density current (similar to a waterfall) created by the concentration of the dispersed
phase. This was also first modelled in 3D by Kahane, Schwarz, and Johnston (1997)
and Kahane, Nguyen, and Schwarz (2002) using industrial thickeners. Hence, in the
SST inlet the flow tends to be three-dimensional (Brennan, 2001). To optimize SST
geometry and operation, CFD modelling is of great interest as it allows to capture the
complex hydrodynamics within the clarifier. Even if it is considered that particles

settling and the arriving flow is constant and uniform, regions with high circulation



exist and the flow field deviates from ideal uniform distribution (Tamayol, Firooz-
abadi, and Ashjari, 2010).

In the last decade, considerable effort has been (and still is) undertaken concerning
one-dimensional models improvement. This work has already led to the addition of
compression as a second order term in the underlying partial differential equation
(Biirger, Diehl, and Nopens, 2011; Plész et al., 2007) as well as a critical analysis of
hindered settling function that also considers power-law functions instead of expo-
nential ones (Torfs et al., 2017). Torfs et al. (2016) proposed a unified 1D framework
for all these settling regimes. Surprisingly, to date, most of these improvements have
not been included in CFD models.

Indeed, most authors modelling SST with CFD still rely on a closed-form function of
solids concentration to describe settling velocity in both hindered and compression
regimes (usually exponential functions) (Lakehal et al., 1999; Griborio, 2004; Flamant
et al., 2004; Weiss et al., 2007; Patziger, 2016). Discrete settling and flocculation are
usually modeled separately within different kinds of settlers. e.g. primary settling
tanks.

Some Wastewater Resource Recovery Facilitys (WRRFs) often operate with an in-
termittent flow, i.e. the inlet flow is discontinuous, and it depends on the period
of the day. It is often the case for small WRRFs where the inlet flow is controlled
by a pumping station operating with on/off control according to the water level in
the sump. Furthermore, the recirculation pump often also works discontinuously:
the Return Activated Sludge (RAS) flow-rate is constant but the pump operates only
several minutes (5 to 30 minutes) per hour according to the inlet and RAS ratio. This
phenomenon is likely to impact both sludge blanket height and sludge inventory in
the settling tank.

In the near future the number of small water treatment facilities will increase and
it will be accompanied by a high demand for information on technologies and op-
timization procedures. In small WRRFs, different boundary conditions are present
e.g. load fluctuations, operations and maintenance problems... (Boller, 1997). In
France, 95% of the CAS WRRFs have a capacity of less than 9000 P.E., which indi-
cates that a huge number of such facilities operates with those different boundary
conditions.

The objective of this thesis is to implement the Biirger-Diehl framework, (Biirger,
Diehl, and Nopens, 2011), which has been assessed in terms of well-posedness and
numerical convergence (Biirger et al., 2012), within a CFD numerical code based on
the mixture approach. Model parameters identification is performed using DAKOTA.
DAKOTA is a Multilevel Parallel Object-Oriented Framework for Design Optimiza-
tion, Parameter Estimation, Uncertainty Quantification, and Sensitivity Analysis. In
this work, it has been coupled with the CFD platform OpenFOAM. Field experimen-
tal data monitored on a full-scale clarifier is then used to validate the model.



Thus, this work is divided in 5 chapters :

Chapter 1 makes an introduction of the sludge settling behavior process and the
different reported CFD models that simulates this phenomenon. It will highlight the

most significant mechanisms and their mathematical description.

Chapter 2 is focused on the development of the new CFD code based on an open-
source software called OpenFOAM®. This model includes the mechanism of com-
pression within the sludge settling velocity model. A validation of the model is first
performed through the simulation of a batch settling column. Hypothetical CFD
case studies simulations are then performed in order to compare the results of the
improved model against the model without this extra-term.

In chapter 3, we describe the measurements of sludge blanket height and settling
velocities campaigns carried out in a laboratory batch settling column. This infor-
mation is required to calibrate and validate the code developed in chapter 2. Model
parameters are calibrated in OpenFOAM® thanks to an additional toolkit called
DAKOTA®. The activated sludge employed for the batch tests was sampled from
the Achenheim WRRF located at 13Km from Strasbourg (France), which is the lo-
cation that was selected for the field measurement campaigns and full-scale SST
simulations.

Thus, in chapter 4, a quasi-3D model is tested. By representing, the real geometry of
the clarifier, sludge properties and hydraulic loads of the Achenheim WRREF, the val-
idation of the model is done performed on the field using punctual and continuous
monitoring of Sludge Blanket Height (SBH) and particles velocities. The calibrated
parameters from chapter 3, are used in the quasi-3d model in order to validate the

accuracy of model calibration.

Finally, chapter 5 deals with hypothetical CFD case studies (not validation) to assess
the impact of different sub-models and parameters involved in the model. Compres-
sion and rheological functions/parameters have been investigated be comparing the
results of the reference case (from chapter 4) to simulations results with different sets
of parameters.






Chapter 1

State of the art

1.1 Description of Conventional Activated Sludge process

Wastewater Resource Recovery Facilities (WRRF) consists of different unit opera-
tions in order to recover different matter contained in wastewater: branches, leaves,
sand, garbage, clay, suspended solids, alkalinity, oils, organic matter, salts, nutrients,

microorganisms, metals, etc.

To eliminate most of these pollutants, one can employ different processes which are
divided in three main categories (Tebbutt, 2001):

* Physical processes. Those are based in the physical properties of the water and
of the targeted substances, i.e. particle size, specific weight, viscosity... such
as: screening, sedimentation, filtration, membranes, grit removal, oil skim-

ming, dissolved air flotation, activated carbon absorption.

* Chemical processes. Related to the chemical properties of added reactants, i.e.
flocculation, coagulation, ionic exchange, chemical oxidation, electrochemical

oxidation, neutralization, precipitation, etc.

* Biological processes. Biochemical reactions to recover soluble or colloid nitro-
gen and phosphorus, and to stabilize organic matter divided as well in sus-
pended growth processes e.g. conventional activated sludge, sequential batch
reactors glssbr, high rate activated sludge High Rate Activated Sludge (HRAS),
ponds; and fixed growth processes e.g. moving bed bioreactors, wetlands, sub-
merged aerobic fixed film (SAFF), percolated biological films; or it can be an
hybrid like IFAS (Immersed Fixed Activated Sludge).

WRREF configurations are different. Most of the time, WRREF starts by a pretreatment
(screening, grit removal...) to remove big suspended solids, oils and greases that
may damage the forthcoming processes. Then, the primary treatment consists most
of the times in sedimentation to recover suspended solids and organic carbon e.g.

for anaerobic digestion.
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FIGURE 1.1: Different unit operations for wastewater treatment

The secondary treatment is biological. Some WRREF finishes the water treatment at
this step, but other includes a tertiary treatment which can be disinfection, microp-
ollutants oxidation or filtration with activated carbon, sand or membranes. A sludge
treatment train is included in a WRREF for sludge dewatering before disposal. Op-
tionally, energy recovery through anaerobic digestion is included. A schematic view
of this configuration can be seen in figure 1.2.
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FIGURE 1.2: Configuration of a Wastewater Resource Recovery Facil-
ity. Tertiary Treatment is optional in some cases.

Some technologies such as Membrane Bio-Reactor (MBR) offer more advantages in
mixture separation, less sludge production, higher solids concentration operation
and/or no clarifier tank, (Sari Erkan, Bakaraki Turan, and Engin, 2018); however
they are expensive and present fouling problems (Judd and Judd, 2011). Therefore,
CAS (Biological Reactor and Secondary settling in figure 1.2) still remains the most
widespread technology for biological wastewater treatment.

CAS employees a mixture of polluted water and bacteria, exo-polymeric substances



(EPS) and other microorganisms known as Mixed Liquor Suspended Solids (MLSS).
Usually, the biological reactor is aerated to foster biological oxidation to transform
organic matter and nitrogen. In the case of biological nutrients removal and en-
hanced biological phosphorus removal, additional anoxic or anaerobic tanks are also
included. While growing, activated sludge microorganisms are colliding and form-
ing flocs. This allows a better separation of MLSS and treated effluent.

After biological reactions are completed, MLSS must be separated from the treated
water. Due to the higher density of the MLSS the easiest way to separate them, is by
means of gravity. Thus, the mixture is conducted into a SST in quiescent conditions
to allow the separation. Even if this technology fails when operated at high Sludge
Retention Time (SRT) ( > 20 days) and high MLSS concentration ( > 12 g/I) (Sari
Erkan, Bakaraki Turan, and Engin, 2018); CAS can still offer some advantages e.g.
good effluent quality, self-sustaining system, less cost operation and capital, and no

fouling issues when compared to a Membrane Bio Reactor (MBR).

Other technologies, based on suspended growth such as HRAS relies on biofloccula-
tion, adsorption and bioaccumulation of organics, its main purpose is to capture the
organic matter and to reduce biological oxidation (Jimenez et al., 2015). Thus, this
type of processes depends on sludge setteability.

According to (Ekama et al., 1997) secondary clarifiers must fulfill three main func-

tions:

e Thickener. Sludge is compressed to increase its concentration and then can be
returned to the biological reactor. In the same manner, thickening depends on
sludge concentration in the biological reactor. The thickening function limits
the capacity of the plant to have a good performance, i.e., if the thickening
capacity depends on decreasing the sludge age, then the efficiency of the bio-
logical reactor can be reduced. For high sludge concentrations a larger surface
area of the clarifier is needed for thickening. Thickening capacity is deter-
mined by SST geometry, flow rates, settleability of the sludge and the solids
concentration in the biological reactor (De Clercq, 2003).

e Separation. The separation efficiency depends on keeping the sludge inside
the tank. Generally, 98% of the mass is stored, thickened and returned to the
biological reactor (Ekama et al., 1997). Treated water quality not only depend
on COD, FSA, TKN — N, NO;, NO, , or PO, concentrations but also in TSS
concentration in the effluent. Failure to achieve a poor clarification can result in
a non-compliance of the regulatory TSS standards, and thus sometimes to total
phosphorus and nitrogen standards as these can be included in suspended
particles.

e Storage. During wet weather conditions (high hydraulic peaks), SST must store
sludge without compromising the effluent quality. Sludge within the biolog-
ical reactor is washed out due to the high flow rates. The mass transfer from



the aeration tank to the clarifier can occur due to an overload of the thickening
function and an increase on the recirculation concentration, which requires a

longer thickening time, thus long sludge residence time at the clarifier.

If SST failure in one of these functions the effluent can be charged in BOD, COD,
TSS, TN or TP as well it can affect the biological treatment by uncontrolled MLSS
and not proper sludge ages.

1.2 Sludge settling theory

1.2.1 Activated Sludge Morphology

Activated sludge or MLSS is a complex heterogeneous mixture of different elements:
bacteria, virus, fungi, protozoa, metazoa, ions, minerals, dead cells, Exo Polymeric
Substances (EPS), in some cases heavy metals (Tao et al., 2012) with different particle
size and pore spaces. The activated sludge biodiversity depends on water temper-
ature (Xu et al., 2018), oxygenation, type and quantity of substrate. The diversity
of the activated sludge community also depends on every WRREF, it can be affected
by the influent characteristics (domestic or industrial wastewater), as well as the bi-
ological treatment units. However, diversity does not compromise water quality,
they only exhibit minor metabolic differences (Zhang et al., 2006). Depending on the
process conditions bacteria will initiate bioflocculation which leads to the formation
of bigger particles called flocs.

Sludge flocs morphology is irregular (not spherical). The adhesion is due to several
mechanisms (EPS secretion, cation bridging...). Filamentous bacteria also play sig-
nificant role as they can strengthen floc structure, acting like a skeleton. However,
there shall be a good balance of filamentous bacteria because a proliferation of them
can generate an open floc structure (Eikelboom, 2000) and thus hampers the floc
settling (bulking).

(a)

altached colloidal

polysaccharide matrix particles

filamentous bacteria
{floc structure)

floc-forming
bacleria

FIGURE 1.3: Illustration of an a) activated sludge floc (Von Sperling,
2007), b) photo of an open floc (150x) (Eikelboom, 2000)



Sludge flocs can be classified in different sizes: small (diameter < 25um), medium
(diameter 25-250um) and large (diameter > 250 ym). Small flocs with low settling
velocities are easily discharged into the effluent, leading to low effluent quality. Aer-
ation can affect floc’s size, with diffused air aeration flocs are larger (often > 500pm).
Maintaining strong flocs is important to have a good settleability. Strong flocs can
be maintained if a lower sludge load is applied. Floc forming decreases if more food
is available (Eikelboom, 2000).

1.2.2 Sludge Settling Behavior

The removal of suspended and colloidal solids by gravity is one of the most used
processes in Wastewater treatment. Gravity is the driving force to perform sludge-
water separation. Thus, accelerated settling is the removal of suspended particles by
gravity in accelerated flow field (Tchobanoglous, Burton, and Stensel, 2003).

Due to the complex morphology of activated sludge, particles can undergo different
settling behaviors. One can classify such settling behavior into four main mecha-
nisms (Takécs, Patry, and Nolasco, 1991; Carlsson, 1998) (figure 1.4):

* Discrete settling regime (Class I). This settling regime is normally associated
to sand particles, as they settle with individual velocities and with no inter-
actions among them. Once the particles start to collide, they will form big-
ger flocs. The collision efficiency (two particles sticking together) will deter-
mine the floc size and they can be characterized by a Threshold of Flocculation
(TOF) value. The TOF is the transition between discrete and flocculant zones
(Mancell-Egala et al., 2017).

* Flocculent settling regime (Class II). This regime is characterized by the floc-
culation of floc particles. Flocs are settling with individual velocities. The
velocity of the particles is increasing as they are growing bigger. The transition
from flocculent to hindered settling is called the Limit of Stockesian Settling
(LOSS), this limit characterizes the floc settling velocity (Mancell-Egala et al.,
2017; Mancell-Egala et al., 2016). This limit between the flocculent and the hin-
dered settling can be also known as the transition concentration (Torfs et al.,
2016), however within this nomenclature the discrete regime embraces both
discrete and flocculent settling.

¢ Hindered settling regime (Class III). Particles are in permanent contact which
hinders the settling velocity. Thus, sludge particles are considered to settle all
at the same velocity depending on the local concentration (Torfs et al., 2016).
In a batch settling column, hindered zone is observed at the interface between
water and sludge; this interface is known as sludge blanket height SBH. This
regime is limited by the critical concentration (Xcri).
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¢ Compression settling zone (Class IV). The weight of the particles results in
sludge compression. After the critical concentration is reached, the flocs are
subjected to a force resulting from the interparticle solids stress. As the solids
concentration and compressive force increases, the hydrodynamic force of the
flocs decreases (De Clercq, 2006) and thus the settling velocity slows down.

Suspended particles can settle following these regimes which are governed by lo-
cal concentration and flocculation state (Ekama et al., 1997). This relation can be

outlined in figure 1.4.

Low
centration Clarification Clarification
Class | Class Il
Xtrans
c
=]
5 Zone settling
a Class Il
Xcrit
Compression
Class IV
High
centration
Low: High:
particulate flocculent

Inter-particle cohesiveness

FIGURE 1.4: The relation between concentration and flocculation in
the four settling regimes, taken from Ekama et al. (1997)

One of the most common methods to characterize sludge settling properties is per-
forming batch column settling tests: they allow to measure the velocity of discrete
particles (Griborio, 2004), the hindered settling velocity (Locatelli, 2015) and/or
measuring the concentration profiles (De Clercq, 2006). Those experiments can rep-
resent the ideal behavior of sludge settling step by step. However, the different
sludge settling regimes in a secondary clarifier occur simultaneously at different lo-
cations of the tank.

From the batch settling test, the settling curves (time vs height) are obtained to deter-
mine the velocity of the hindered settling. Figure 1.5 shows a settling curve where
one can distinguish four phases of the settling behavior: 1) lag phase, the time in
which the turbulent fluid created by filling the column is over; 2) settling zone, the
solids settle with the same velocity and concentration is constant; 3) transition phase,
the concentration increases with the increasing depth and; 4) compression stage, the
sludge at the bottom increases as the transition stage ends, velocity is governed by
the compression behavior.

The different settling regimes can also be identified through the concentration and /or
velocity profiles, however they are time dependent. In the first moments of sludge
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FIGURE 1.5: Settling curve of activated sludge and the phases/zones
presented through time

settling, five zones or layers can be appreciated through the concentration profile
(figure 1.6a) (Locatelli, 2015):

Layer 1. Zone of clear water. No sludge remains or just a few suspended dis-
crete particles are present within this zone.

Layer 2. Flocculation zone. At the top the sludge concentration remains low but
this will increase up to the initial concentration at the level of the beginning of
the layer 3. The settling velocity is close to the a maximum settling velocity

(00)-

Layer 3. Hindered zone. The sludge settles with the initial concentration and
there is no velocity /concentration gradient.

Layer 4. Within this zone the concentration increases from the initial concentra-
tion to the critical concentration. Flocs are not still in permanent contact which
allows a sharp concentration gradient. This zone is rarely described within the
sludge settling models.

Layer 5. At the top of this layer the sludge reaches the critical concentration.
Thus, flocs are in permanent contact and form a matrix that withstand a certain

effective solids stress.

After a certain time (it depends on the sludge properties and /or concentration), only

two layers can be distinguished: the clear interface and the compressed sludge (Fig-
ure 1.6b)

Even if authors still rely only on the hindered settling modelling to describe the

complete settling behavior of activated sludge, from the research of Torfs et al., 2013

it is seen that individual properties of the particle also affect settling velocity and

thus modelling the four settling regimes is closer to the real behavior.
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FIGURE 1.6: Simulated profiles in batch column a) at 15 min and b)
after one hour of sedimentation (Locatelli, 2015)

1.3 Mathematical representation of sludge settling

1.3.1 Discrete settling models

The Stokes law is the most used equation to describe the settling for regular particles.
It states that the settling velocity of the particle is determined by 3 main forces (figure
1.7):

* gravity;
e lifting force from the liquid;
e friction force between the particle and the liquid and gravity.

This law considers a spherical particle and thus, the settling velocity (,) is deter-
mined (in laminar conditions) by equation:

=2 _ & _ X 2
Up = 18V1(pp o) -d (1.1)

However this law is applicable only for regular particles, within activated sludge
irregular particle shapes can be found. Hence, this model approach must consider
all particles: size distribution, density, shape... which make it impossible to measure
in practice. Some authors have developed techniques such a VICAS (G. Chebbo,
2009) in which the mass and particle distribution can be determined. However, this
technique is limited to raw water with low suspended solids.

Furthermore, in activated sludge, sludge particles formation evolves in time due to
the flocculation/deflocculation phenomenon, making even more inconvenient the
modeling by stokes law.
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FIGURE 1.7: The different forces acting during the particle settling
Biirger, Diehl, and Nopens, 2011

Clarifiers design is based on the settling velocity. Hazen (1904) introduced the over-
flow rate concept, which is still useful for settling tanks design. The theory of Hazen
states that the Hydraulic Retention Time (HRT) should be equal to the time needed
for a particle to settle, i.e., all particles with a higher velocity than the design veloc-
ity shall settle. However, this assumption considers that fluid is not turbulent and
the settling velocity of the particles is constant, making this approach inadequate for
SST modeling.

1.3.2 Sludge Flocculation modeling

Sludge flocculation is inherent to the settling process it takes place prior arriving to
the clarifier. In recently research, has been found that flocculation state caused by
the make-up of sludge flocs impacts on the dynamics of compression (Torfs et al.,
2015b).

Different models exist to describe the flocculation state of sludge particles. The most
simple model is proposed by Parker (Parker, Kaufman, and Jenkins, 1972) which

stands only for two classes of particles: primary particles and flocs.

The Parker model considers that the break-up and aggregation kinetics occurs at the
same time. The net rate of change of the number of primary particles (1) and flocs
(n¢) with respect to time are described by the following equations:

d
—;tp:Ka-X-Gm—Ka-X-G (1.2)
dﬂf m

— K, -X-G"—Ky-X-G (1.3)

dt
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Where: X is the concentration of suspended particles, G the mixing intensity and m a
parameter. The coefficients K, and K}, represents the aggregation and break-up rate
respectively.

Due that such model only considers two classes of particles, a very coarse approxi-
mation of the real flocculation behavior is obtained.

Another approach which is more complex and accurate is the Population Balance
Model (PBM). It describes the whole dynamic distribution of floc sizes influenced by
the aggregation and break-up mechanisms, using different parameters such as: dis-
tributed property, number density function, continuous growth and reaction terms.
The model has been used extensively in chemical engineering (Ramkrishna, 2000;
Marchisio, 2013).

The governing equation in the general form is (Nopens et al., 2015):

afl&()f’t) * aax [X(x, ) fi(x, )] = h(x, 1) (1.4)

Where x is the distributed property, f1(x,t) is the distribution of the distributed prop-
erty, X(x,t) is the continuous growth term of x and h(x,t) is the PBM reaction term
(through discrete events).

Biggs, Lant, and Hounslow (2003) made a new Population Balance Model (PBM)
approach to describe the dynamics of the number density (N;) in different size par-
ticles (7); considering that the continuous growth is equal to 0 within a SST. Thus,
aggregation and break-up processes give birth and death to flocs of certain size.

i

dt

= Birthaggregution - Deathaggregution + Birthbreakuge - Deathbreakage (15)

Within this approach, the mathematical functions used to describe these parameters,
particle collision, efficiency of collisions, breakage rate... are difficult to determine
for activated sludge flocculation (Nopens, 2005; Ding, Hounslow, and Biggs, 2006).

A research made by Guo et al. (2009) using a Particle Image Velocity technique,
found that the particle diameter led to a higher settling velocity. They used a mod-
ified Vesilind equation to correlate the velocity of individual flocs and their size,
under turbulent conditions. The turbulence intensity impacts the floc diameter and
consequently the settling velocity. However, a study held by Vahedi and Gorczyca
(2012) and Vahedi and Gorczyca (2014) determined that flocs with same size may
have different mass distribution and therefore different settling velocities.

Anyhow, the flocculation impact on the performance of SST was largely studied by
Griborio (2004) and Griborio and McCorquodale (2006). They concluded that a cen-
ter well feed, supports the hydrodynamics performance rather than the flocculation
of sludge. Thus, the CFD models could give a first approach into the floc settling
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velocity by representing the flocculation process in a determined location at a given
time.

1.3.3 Hindered settling functions

The most studied and still used relations for activated sludge settling are those de-
scribing only the hindered settling because they simply link the sludge concentration
with the settling velocity. Experimentally, this velocity can be calculated as the slope
of the batch sludge settling curve (figure 1.4). An increase in the sludge concentra-

tion will cause a slow-down of the settling velocity.

The Vesilind (1968) equation is one of the most common used expressions to relate
the sludge concentration (X) and its settling velocity (Ups):

Tps = Do X (1.6)

Parameter 0y represents the theoretical maximum settling velocity for the sludge.

In a more operational way, expressions such as the ones proposed by Hartel and
Popel (1992) and Koopman and Cadee (1983) relate the Sludge Index Volume (SVI)
or Diluted Sludge Index Volume (DSVI) with the parameters of Vesilind equation
(2.2). However, SVI and DVSI are not accurate enough to represent the hindered
velocity.

An inconvenient of Vesilind equation is the prediction of unrealistic high velocities
for low concentration zone, when X tends to 0 then ¥}, tends to .

To overcome this problem, Takécs, Patry, and Nolasco (1991) developed a double
exponential function which can capture the velocity in the low concentration zone
by limiting the maximum settling velocity to a given value Upmax. The parameter
rp represents the settling characteristic at low sludge concentrations. However, the
value is difficult to identify.

G = max (0, min (Tomax, By (e Ko — XX ) )) - (17)

When using the Biirger-Diehl framework (section 2.1.1), care must be taken if an
exponential function is chosen to describe only the hindered settling. It has been
shown that such exponential functions underestimate the thickening behavior re-
sulting in an increasing of the sludge blanket with low sludge concentration at the
bottom when they are coupled to a compression function (Torfs et al., 2015b).
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Thus, to mitigate this effect and allow a smooth transition between the hindered
and compression zones, one can choose a power-law function such as Diehl (2015)

(equation 1.8) or Cole (1968) (equation 1.9) relations to couple to a compression term.

. B o
Uhs(X) 1+ (X/X)q (18)
e = kX" (1.9)

With X, g, k and n parameters to be calibrated

Equation 1.9 has been evaluated by Cho et al. (1993) and Grijspeerdt, Vanrolleghem,
and Verstraete (1995) and found that it yields to higher settling velocities for higher
sludge concentrations at the bottom, which is contradictory to batch settling tests.
The relation of Cole predicts an infinite settling velocity when sludge concentration
is zero. A maximum settling velocity should be imposed to overcome this infinity
problem.

Both functions showed to predict lower settling velocities and higher sludge con-
centrations within the sludge blanket when compared to the exponential equations
results.

1.3.4 Compression

In batch settling experimentation, it has been demonstrated that sludge compression
is time-dependant (De Clercq et al., 2008; Locatelli, 2015). The compression of the
sludge is located just below the discontinuity of the SBH, where the concentration
is stabilized again (see figure 1.8). In De Clercq et al. (2008) experimentation, the
compression solids concentration was defined to be equal to the concentration where

the concentration gradient reaches values below 200 Kg-m3-m™!.

Compression regime begins at the called critical concentration Xt where particles
are in a constant contact and form a network which slows down the settling velocity.
Accounting for this regime within the settling model is important as compression
has a large impact on the prediction of the sludge blanket height and the concen-
tration at the bottom of the tank. Hence its prediction becomes crucial during rainy
events in the WRRF.

Hartel and Popel (1992), Otterpohl and Freund (1992), and Cacossa and Vaccari
(1994) used the Vesilind equation to describe not only the hindered velocity but also
the compression regime. They calibrated such models with experimental data ob-
tained in a settling column to simulate a steady-state pilot-scale concentration pro-
files. None of the models gave good predictions of the behaviour in the clarifier.
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FIGURE 1.8: Concentration profile and its concentration gradient pro-
file, dashed line corresponds to the compression solids concentration
location. Source: De Clercq et al. (2008)

Biirger, Wendland, and Concha (2000) developed a phenomenological theory of sed-
imentation consolidation processes of flocculated suspensions. In such approach the
total sludge velocity (v) is defined as:

Ups (X for 0 < X < Xpi
¥, = hs(X) | = et (1.10)
Uns(X) — =52 2% for X > Xt
Where dcomp is the compressive term and it can be describe as:
dcornp - Lﬁhs(X)O{:(X) (1~11)
(s = pw)

Where p; is the sludge density, p,, is the water density, X the sludge concentration
and g the gravity acceleration. The compression regime can be defined as the hin-
dered settling slowed down by dcomp above a certain critical concentration Xcrit

During the compression phase the particles form a network that can carry a certain
stress called the effective solids stress (oe). This stress is an increasing function of
the solids concentration higher than X (De Clercq et al., 2008; Biirger, Diehl, and
Nopens, 2011).

De Clercq et al. (2008) described the effective solids stress (¢.) with a logarithmic
relation that correlates the sludge concentration and the critical concentration:

0 for 0 < X < Xt
Te(X) = Xt (1.12)
/\ln(+‘t) for X > Xt
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A simplified form of this equation is used by Torfs et al. (2015a) to reduce the number
of compression parameters to calibrate. Either way, an identification problem was

found for both parameters (A and X,;)

(o = :
¢ A(X - Xcrit) fOl‘ X Z Xcrit

Ramin et al. (2014a) proposed a new approach to describe settling behavior includ-
ing the compression regime, the model is known as Hindered, Transient and Com-
pression settling (HTC) model. The derivative of the effective solids stress is de-
scribed with two parameters (equation 1.14). This formulation avoids the disconti-

nuity in the mathematical formulation and optimize the numerical resolution.

0 for X < Xt
0e(X) =1 /v 1\ (1.14)
(#) for X > Xcrit
The complete formulation for the HTC model is:
er_rh'x — l_foe_VP'X for X < Xj
l_js = ﬁolte_rtx for XO < X< Xcrit (115)
ﬁolte_rtx <1 — m(fé(x)) for X 2 XCI‘it

In the HTC model only three parameters needs to be calibrated (r¢, C1, C2). Xerit
has been defined equal to 1.1 * Xo. However, in a SST setting Xi; equal to Xy is not
always accurate since the initial concentration (Xp) is tricky to define. r is a transient
settling parameter. The expression, e, is added to avoid the discontinuity in the

transition from hindered to transient regime.

Flocculation within compression zone Particle size distribution influences also
the formation of the compressive network at the bottom of the SST. Experimental
evidence proved that the sludge flocculation state affects the dynamics of the com-
pression zone (Torfs et al., 2016). Flocculation is affected by sludge microbiology,
shear stress exposition before settling and local variation within the tank’s depth
(Torfs et al., 2015b).

It is suggested by the experimentation of Locatelli et al., 2015 that segregation of
particles is occurring within the hindered zone resulting in a variation in floc size
distribution, so this could explain the variation in the critical concentration at the

top of the compression zone
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Several authors consider that more experimental research within the compression
zone is needed to understand the sludge compressibility phenomena (Li and Sten-
strom, 2014; Torfs et al., 2013).

1.4 Description of sedimentation process and flow behavior

of a Secondary Settling Tank

1.4.1 Secondary Settling Tanks configuration and performance

The SST or secondary clarifier is always placed after to the biological reactor. The
separation is usually performed by gravity in quiescent conditions, however other
methods, such as flotation, can be used (Bratby and Marais, 1976). Due to the more
stringent effluent requirements the function of the SST shall ensure a good effluent
quality and thus, design becomes more restrictive.

The performance of a SST can be affected by 4 factors: 1) hydraulic features (flow
pattern and rates), 2) physical features (geometry of the clarifier), 3) weather condi-
tions and, 4) sludge characteristics (rheology, settling behavior, flocculation state).

Flow pattern

Contrary to what is supposed to occur in a batch sludge settling test, the particles
settling inside a SST tends to be highly three dimensional, e.g. Anderson and Gould
(1945) found that sludge flow is not uniform because of the density stratification.

The high sludge density at the inlet creates a density waterfall and consequently the
flow runs along the bottom of the tank as a density current, which is induced by the
sludge settling. The density current is present at high velocities at the vicinity of
the SBH (Kinnear and Deines, 2001). Hence, it generates a recirculation flow in the
upper part of the tank. Since the sludge concentration is relatively low in this region,
the flow at the surface tends to go towards the inlet, see figure 1.10. If the flow field
is uniform, the settled sludge will be uniform all over the width of the tank.

In figure 1.9 the density current created inside the settling tank is represented. Near
the bottom of the tank the velocity changes from a jetting to a stream shape. This
is due to the energy dissipation of the current created by the viscous forces and

turbulent mixing.

Van Marle and Kranenburg (1994) pinpointed that density currents maybe beneficial
for the sludge settling because they can prevent short circuiting. However, strong
density currents can produce no quiescent conditions and the slude particles are
re-suspended again.
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Larsen (1977) found that the accumulated solids at the bottom of the tank, can form
a layer or blanket up to 0.5m with sludge concentrations from 10 to 15 g.L-1. Hence,
the non-Newtonian character of the sludge blanket can resist to deformation. In a
well-designed tank, the flow field is 2D in character downstream the inlet.

Surlace of Tank

Suriaim Return Current

Density
Gradient
Within
Satthing Tank

e ]

-—0

Y
Outer Region \
\

Dispersed
i Phase Drift Vaocity

Vf. l

Maximum \
Velocity N\

of Density 5\
Current, u. 5\

Immer Region \

fled Sige Lajer
VAV AV AV AV Ay YA YA YA

Tank Floor.

FIGURE 1.9: Density current within a Settling Tank extracted from
Brennan, 2001

Physical features

Different SST configurations can be found on the field: circular, rectangular, lamellar
or vertical flow known as “Dortmund tanks” (Dahl, 1993).

Vertical tanks are found when the horizontal dimension is smaller than the vertical
dimension, thus, the flow is to be assumed predominantly vertical (Ekama et al.,
1997). Within this configuration very fine particles can be retained due to SBH acting
as a floc filter (Fuchs and Staudinger, 1999).

Lamellar clarifiers are usually used for primary settling. They are horizontal rect-
angular clarifiers but with added parallel inclined plates or lamellas to establish a
laminar flow. The plates increase the capacity and velocity of the settling, neverthe-

less this configuration tends to clog because of the biofouling mechanism.
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Circular and rectangular clarifiers are the most wide-spread employed and show
the same removal efficiency when they are well designed (Parker, Kinnear, and
Wahlberg, 2001). The rectangular clarifier have a length to width ratio that varies
from 3:1 to 5:1. The minimum length is set to 3m and the depth varies from 2 to
6 meters (Voutchkov, 2005). Circular clarifiers can be classified into central or pe-
ripherical feed. The most common are the central feed (Tchobanoglous, Burton, and
Stensel, 2003; De Clercq, 2003). Voutchkov (2005) makes a comparison of the advan-
tages and disadvantages between circular and rectangular clarifiers.

In a circular central feed clarifier, the MLSS coming from the biological reactor, en-
ters through a feed pipe at the center of the tank into a feedwell. The function of
the feedwell is to slow-down the fluid’s velocity and to create a uniform radial dis-
tribution of the flow. Through the clarifier length (diameters varying from 3 to 100
meters (Voutchkov, 2005) water is flowing towards the outlet (located at the oppo-
site end of the inlet) ensuring that the treated water is free from suspended solids.
At the surface of the clarifier a scrapper is placed in order to remove the floating
sludge particles that are conducted to a spillway or hopper. Then, settled sludge is
thickened at the bottom of the tank and a skimmer, in circular motion, is pushing the
sludge towards the withdrawal. The sludge can then be pumped back to the biolog-
ical reactor or to a sludge thickener when it is in excess. In both configurations, the
scrapper affects tank hydrodynamics and disturbs sediment layer (Smethurst, 1992).

No matter the geometry of the SST is, the sedimentation shall be carried in quiescent

conditions.

Sludge characteristics

Properties and processes such as: concentration, flocculation state, settling and com-
pression phenomena, rheological behaviour and denitrification accelerates/decelerates
the settling velocity of the activated sludge and Efluent Suspended Solids (ESS) qual-
ity.

According to the Kynch Theory Kynch, 1952 hindered settling velocity depends on
the local concentration. Such concentration is measured as MLSS. As the MLSS
concentration increases the settling velocity decreases in an exponential manner.
However, Locatelli (2015) found that the quantity of Non-Volatile Suspended Solids

(NVSS) also govern the settling velocity. The higher the amount of NVSS, higher the
settling velocity is.

Activated sludge is considered as a non-newtonian fluid due to the particle-particle
interactions. The viscosity of activated sludge is not directly proportional to the
applied shear rate but also depends on the MLSS. Indeed the mixture can present
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different viscosity behaviors: plastic, bingham-plastic, depending on the concentra-
tion. According to Ratkovich et al. (2013) every author finds a different approach
due to the lack of good modelling practices in rheology measurements.

Sludge rheology properties are inherent to the flow pattern behavior and thus, essen-
tial to the mass transfer for WRRF design (e.g calculation of pressure losses or recy-
cling pump selection and operation). Activated sludge rheology is used to study par-
ticles characteristics: size, shape, degree of hydratation, state of aggregation, rigidity
of particles, etc (Dick and Ewing, 1967).

Hence, the high solids concentration within the SBH can lead to different viscosity
behaviours at different blanket positions. The higher MLSS concentration the more
significant rheological properties and energy consumption (pumping) Ratkovich et
al. (2013). Nevertheless, it is generally assumed, that viscoelasticity has little influ-

ence on the flow field in the main body of a settling tank (Brennan, 2001).

More details about the sludge rheology modeling can be found in section 1.6.3.

Weather conditions

From a design and operational point of view, water flow pattern (including geom-
etry) and sludge characteristics are the most important factors that impact sludge
settling. Thus, most research and models are done in understanding sludge settling
behavior or by optimizing and improving SST configurations.

However, weather conditions such as wind and/or temperature gradients also af-
fect the sludge settling. Wells and LaLiberte (1998) indicated that settling velocity is
slower when temperature decreases and according to Stokes Law the settling veloc-
ity of a particle increases with temperature.

Zhou, McCorquodale, and Godo (1994) observed, through a numerical model, that
the flow pattern in a primary clarifier is affected by the warm inflow when dis-
charged to the ambient flow. This is also confirmed by McCorquodale (1976) in-
dicating that short circuiting can occur due to temperature gradients caused by the
diurnal variations of wastewater loadings. Short circuiting is presented when the

incoming suspended solids stay at the water surface.

An experimental study developed by Taebi-Harandy and Schroeder (2000), stated
that the primary cause of density currents (surface and bottom) in SST will depend
on the gradient of temperature inside the SST. They also found, that density currents
are originated due to the temperature gradient of the inflow to the rest of the tank.
Such density currents can be created even when the gradient of temperature is about
only 0.2°C
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Goula et al. (2008) made a CFD study to analyse the impact of temperature in pri-
mary settling tanks when it varies 1°C from the inflow to the tank content. They real-
ized that this difference is enough to produce a temperature-driven density current
which causes a non-uniform distribution of solids and therefore, a short-circuiting
through the tank. Only with a model representation (not validated), it is observed
that a relation exists between influent temperature and sedimentation efficiency.

Few research has been conducted to study the impact of the wind on the sludge
settling. Wind shear affects only the water surface producing turbulence near the
surface of the SST (Matko et al., 1996) and thus maybe affecting the discrete settling.
Most of the times the effect of wind shear is neglected in the settling models, since
the minimum required wind velocity capable of rising waves is ranging from 0.4 to
12m-s~! (Phillips, 1957).

1.5 1D modeling frameworks

Different models have been developed in order to describe the operation of SSTs.
From the simplest ones that only described hindered settling in an empirical way
(Vesilind, 1968), to the more complex where all the settling regimes are described
(Torfs et al., 2016).

Activated sludge settling can be considered as one-dimensional phenomenon occur-
ring in the vertical direction (z), thus sludge concentration depends on space and
time (figure 1.11).
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FIGURE 1.11: Overview of an ideal 1D SST. Source: Biirger, Diehl,
and Nopens (2011)

The simplest mechanistic model to describe sludge settling behavior is often de-
scribed in a batch approach, i.e., the flow rate (Qin) and recirculation rate (Q;) are
neglected. The batch modeling approach is based on the conservation of mass and
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momentum of the continuous phase (liquid) and dispersed phase (particles). Five
different forces interfere for the batch settling motion: gravity (g), buoyancy, liquid
pressure, friction and effective solids stress (De Clercq, 2006.)

Considering the Kynch theory for sedimentation (Kynch, 1952), which assumes that
the velocity of the dispersed particles is determined only by it is local concentration,
equation 1.16 can be expressed in terms of concentration (X), and effective slid stress

(0e):

0X ____ajbk()(> 0 Pd 80@()()8)(
ot 2 oz (pqa — pC)ngbk(X) 0X 0z (1.16)
The Kynch function (f) is described as:
o )(2 2 __)(2
for(X) = (b — pe)g X py = X7) 1.17)

2
pdrad

Where p4 and p. are the densities of the sludge and the water respectively, r is a

3

resistance coefficient kg-m™ 571, and g is the solids volume fraction

The equation 1.17 is difficult to determine analytically. Thus, it is usually expressed
in function of a hindered settling expression or phenomenological function:

fok(X) = Xtns(X) (1.18)

This model is presented as an unified kinematic process for ideal suspensions (ho-
mogeneous small particles and no mass transfer between components) in ideal batch
settlers. The model does not describe accurately the flocculation process (Concha
and Bustos, 1991), and does not consider the horizontal velocities neither the parti-
cles dispersion and the cross-sectional area is established constant (De Clercq, 2003).

To obtain a more robust model for sludge settling behavior, Biirger, Diehl, and
Nopens (2011) developed a mechanistic model consisting of a non-linear Partial Dif-
ferential Equation (PDE). This is a one dimensional, convection-diffusion second or-
der equation in which the solids concentration varies in depth and height (equation
2.1). Chapter 2 also deals with this framework.

One advantage of this model is that one can choose among different phenomeno-
logical functions for hindered and compression settling description (e.g., those men-
tioned in sections 1.3.3 and 1.3.4)
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The first term stands for the hindered settling velocity. The second term describes
the convective velocity of the activated sludge. dcomp and ddisp are terms modeling
the compression settling and the particles dispersion respectively and the last term
corresponds to the feed mechanism given by the inflow rate (Qin).

This model has showed to be reliable and that the numerical solution is accurate

even when the compression and/or dispersion terms are switched off.

As already discussed in section 1.3, the distribution of different particle classes and
their properties (size, porosity, density, shape,...) affects individual particle velocities
during discrete settling. It has been proved that the initial particle velocitiy distribu-
tion and flocculation affect also the hindered and compression regimes (Torfs et al.,
2015b). This behavior is hypothesized to explain the time variable critical concentra-
tion that was observed by several authors e.g. Locatelli, 2015.

Within this statement, Torfs et al. (2016) unified all the sludge settling regimes and
extended the Biirger, Diehl, and Nopens (2011) framework in an improved particle-
distribution framework. Considering different classes of particles, a PDE is defined
for each different type of particle.

The distribution of the different particles is considered within the framework. Each
class of particle has its own discrete settling velocity (0g) and after crossing the tran-
sition concentration (Xirans) the hindered settling takes part into the settling behavior
velocity. Equation 1.20 represents these considerations:

- 50,i if 170,i < Xtrans
Udhs,i = { (1.20)

50,il_jhs(X - Xtrans) if X > Xtrans

The velocity Uy, represents any equation to model the hindered settling velocity.

Thus, the solids total flux function (F) for a given class of particle (i) is:

0X - -
Fi <X/ 7/ Xi/ Z/ t> = (UCOI\V(ZI t) + Udhs,i(X) - (121)

dcomp,i<X) 8X> X
a 1

X oz
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Following this statement, for each class of particle there is one critical concentration.
However, the particles converge in a unique critical concentration. Thus, the total
critical concentration can be calculated as the weighted sum of all the individual

critical concentrations (Xriti):

N
Xeriti (X100 X)) = Y %Xmm (1.22)

i=1
Even if 1D modeling has shown great improvements to describe the complete sludge
settling behavior, those models consider obviously only a one dimensional approach.
Recent works on 1D modeling include the simulation of settling in vessels with vary-
ing cross-sectional area (cones). This approach can consider different geometries
without going into heavy 2D simulation models (Biirger, Careaga, and Diehl, 2017).

Nevertheless, sludge settling is also affected by horizontal flow’s patterns, flow field
turbulence, solids transportation, solids removal mechanism among others. (Krebs
et al., 1996; Ekama et al., 1997).

1.6 Computational Fluid Dynamics modeling

Computational fluid dynamics (CFD) is the numerical analysis of systems involving
fluid flow, heat transfer or even chemical reactions. It has become a widely used
and successful tool for process analysis in different domains: aerospace, aeronau-
tics, automotive, ocean, chemical and mechanical engineering, power plants, tur-
bomachinery, biomedical engineering, etc. CFD models have become increasingly
available with commercial and opensource packages providing graphical user inter-
faces to assist with model development, operation, and post processing (Wicklein
etal., 2015).

Larsen, 1977 was the pioneer in introducing the CFD tool into the wastewater treat-
ment field, by modeling activated sludge sedimentation by solids transport. The use
of CFD as transport modeling within wastewater treatment tanks was visualized
over 25 years ago (Samstag et al., 2012). CFD being mainly a tool to understand the
fluid transportation, it can be associated to biokinetic models too. However, this is
currently challenging due to computing and numerical issues (Laurent et al., 2014).
Nevertheless, CFD is becoming increasingly popular as design, troubleshooting and

optimization tool.

1.6.1 Fluid modelling of multi-phase approach

The strategy of CFD is to replace the continuous domain into a discrete domain by
using a mesh/grid. The grid contains smaller sub-volumes called cells or control
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volumes. The solution of the fluid problem (temperature, velocity, pressure, mass)
is defined in each control volume. Then the governing equations (conservation laws
of physics for mass, momentum and heat) are integrated all over the control vol-
umes. Applying numerical methods, the governing equations (equations 1.23, 1.25,
1.26, 1.27) are discretised, i.e., the integral equations are converted into algebraic
equations. The resolution of the algebraic equations is made iteratively for each cell.

In continuity (mass conservation) equation 1.23, the first term in the left side (3—6)
is the rate of change in time of the density. The second term represents the flow of

mass out of the element across its boundaries, i.e., a convective term.

J o

a—f LV (7)) =0 (1.23)
In the case of an incompressible fluid, density is constant and 3—f becomes 0. Thus,
equation 1.23 is expressed:

V- (3)=0 (1.24)

The momentum equations (equations 1.25 1.26 and 1.27) are a derivation of New-
ton’s second law. The rate of increase of momentum of fluid particle is equal to the
sum of surface (viscous, pressure and gravity) and body (centrifugal, Coriolis, elec-
tromagnetic) forces on a fluid particle. The stress of a fluid is defined in terms of
pressure (p) and nine viscous stress (T;;), where i and j indicate that the stress com-
ponents acting in the j-direction on a surface normal to the i-direction. The terms
Smx, Smy and Sp, represents the body forces, e.g., Smy is equal to —pg when the
gravity is considered.

au o ap aTxx aTyx asz
pg —a‘i‘ ox + ay + 9z + Smx (1.25)

v al 0Tyy n ITyy N 0Ty

5= "3y T ax Tay T T Smy (1.26)
aw o ap asz aTyZ aTZZ
pa = g + ox + ay + 9z + Smz (1.27)

The heat conservation equation is not included here, since heat transfer is not con-
sidered within the scope of this study.

The continuity and momentum equations can be combined with other equations
that describe different phenomena such as flocculation, turbulence, particle settling
etc. (De Clercq, 2003).
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The activated sludge is considered as a multiphase flow, where water is the contin-
uous phase and activated sludge or solids are the dispersed phase. To model sludge
flow motion different approaches can be applied, they are listed in the following

sections.

Euler-Lagrange model

This approach is mainly used when the dispersed phase has no significant impact
on the bulk fluid, e.g., within grit removal processes. Each one of the particles within
the fluid is tracked through a flow domain. Thus, the momentum equation for the
particle describes the motion of the particle in the continuous medium: it relates the
rate of change of the particle’s velocity to the sum of forces acting on it.

p4—=2 =¥F (1.28)

where: 7 is the particle velocity, pq is the particle density and F, the individual forces
acting on the particle.

One fundamental consideration in this model is that dispersed phase must have a
low volume fraction (maximum 10-12 %) (De Clercq et al., 2005). This approach
has been successfully employed to estimate the trapping efficiency of settlers by
Isenmann (2016).

Euler + transport model

Considering the sludge concentration as a scalar term, is probably the most common
approach for activated sludge settling modeling (Zhou and McCorquodale, 1992;
Lakehal et al., 1999; De Clercq, 2003; Griborio, 2004; Xanthos et al., 2011; Samstag
etal., 2016).

For this approach the fluid mechanics governing equations are only solved for the
continuous phase (i.e. water). The sludge mass motion is described by a scalar
transport equation (equation 1.29) that uses the computed flow field for the advec-
tive term:

0X

O AV (B4 5)X] = V- (Dm+ 2LVX (1.29)
ot SCt

Where X is the solids concentration, v;/ Sc; is the turbulent diffusion (i.e. the param-
eter Sc; is the turbulent Schmidt number). The settling velocity (v,s) can be defined

with any expression stated on section 1.3.3.

The Schmidt number describes the ratio of momentum transport relative to the
transport of molecules (Anderson and Gould, 1945). Its typical value is 0.7 but it
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can vary according to the situation (Hreiz et al., 2019). Zhou, McCorquodale, and
Vitasovic (1992) proposed a model to represent both the velocity and turbulent vis-
cosity field and the suspended solids transportation to determine the particle con-
centration field. This model was chosen to define the mass transport according to
the Schmidt number. Matko et al. (1996) found that using this model the turbulent
mass diffusion is dependent on the localized turbulence or the background fluid.

This approach requires to couple solids transport to momentum and continuity equa-
tions. This is performed using specific relations for viscosity (discussed in section
1.6.3) and density coupled between the phases through the following relation (Wick-
lein and Samstag, 2009; Samstag et al., 2012):

p=pc+X <1 - pc> (1.30)
Pd

If one wants to model the fate of multiple particle properties classes and flocculation,

a scalar transport equation should be defined for each particle class.

Euler-Euler model

In this approach, the sludge is considered as a second continuous medium, hav-
ing similar conservation equations to the continuous phase. Therefore, two sets of
Navier-Stokes equation will be solved (equations 1.31 and 1.32) (Brennan, 2001): one
set for the sludge particles and the other set for the water. They are solved by intro-
ducing the volume fraction and the mechanisms for the exchange of momentum
and mass between the phases which make it more complex and computationally
demanding.

alepk
ot

+V- (Dékpkljk> =0 (131)

day P1 Ui

o TV (i) = Ve (T — k) +apig + (< 1)iF (1.32)

Where: ay is the volume fraction of phase k, Uy is the velocity of the phase, Ty is the
stress tensor which includes the pressure and viscous stresses for each phase, g is
the gravity acceleration and F is the two-way coupling force per unit volume.

However, this approach requires the input of a particular particle’s size or charac-
teristic to solve the drag force, which may be an issue as a wide range of particle
diameters are presented within the activated sludge (Wicklein and Samstag, 2009)
(Flamant et al., 2004)
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Mixture model

Within this approach the activated sludge motion is treated as a whole mixture, in-
stead as two different phases. This approach was first developed by Ishii and Hibiki
(1975) and results in the derivation of a single mixture continuity equation and a
single mixture momentum equation based on the mixture centre of mass. The distri-
bution of the dispersed phase is modeled by a convection-diffusion equation derived
from the continuity equation of the dispersed phase. This approach is extensively
described in chapter 2.

1.6.2 Turbulence model

Turbulence is the fluid motion characterized by random three-dimensional vorticity.
It usually dominates all phenomena and makes energy dissipation, mixing, heat
transfer, and drag go higher. In a SST the turbulence is created at the flow’s inlet,
along the walls as well as the effect of wind in the water surface (Matko et al., 1996))

Whether the Reynolds number is higher than 10000 the flow is considered turbulent.
Between 10000-2100 the flow is in transition and under 2100 flow is considered lam-
inar. Brennan (2001) states that in a SST the flow field is turbulent as the Reynolds
number is in the range of 8000-45000.

According to Versteeg and Malalasekera (2007), the turbulence models can be classi-
fied in 3 categories: Reynolds Average Navier-Stokes (RANS)-based models, Large
Eddy Simulation (LES) models and Direct Numerical Simulation (DNS).

RANS models

These models deal with the mean flow and turbulence effects on mean flow prop-
erties. The governing equations are time averaged or Reynolds averaged. Extra
terms are included to describe the interactions between various turbulent fluctua-
tions. Those terms are modelled with two-parameters equations (e.g. k-e model) or
the Reynolds Stress Model (RSM).

The RANS models predicts the Reynolds stresses and the scalar transport terms.
They are classified on the number of additional transport equations to be solved:

* Zero: Mixing length model
* One: Spalart-Allmaras model
e Two: (k — €); (k — w) and Algebraic stress models

e Seven: RSM



32

The RSM models can describe more accurately the Reynolds stresses than the models
with two-equations. However, they are computationally demanding due they solve
one PDE per each one of the six independent Reynolds stresses.

Here, only the (k — €) model is described since it is the approach used in the CFD
simulations. However, information about the other RANS models can be found in
general CFD literature or in Versteeg and Malalasekera (2007) book.

The k — e model . This model is proper for fluids where convection and diffusion
cause significant differences between production/destruction of turbulence (e.g. re-
circulation flows). The model is focused on the mechanisms that affects the turbulent
kinetic energy (k).

The k — € model employs the following transport equations:

8(pk) N V¢
7 + V- (pkv:V . |:01(ij| + 2vtSij.S,-]- — p€ (1.33)
d(pe) . vt € €?
o5 + V- (pev) =V - [(TZVG} + Cle%?_vtsi]-.sij — Czep? (1.34)

Where: 14 is the eddy viscosity, S;; the rate of deformation. The eddy viscosity can
be defined as follows:

2
vy = pC—ke (1.35)

The dimensionless values for the constants in the model are:
C- =0.09; oy, = 1.00; 0. = 1.30; C1 = 1.44; Coe = 1.92.

Within this formulation, € increases rapidly as k increases rapidly, and it decreases
quickly to avoid negative values of k. One assumption within this model is that the
eddy viscosity (1) is isotropic, i.e., the same viscosity for all Reynolds Stress.

The CFD model of Das et al. (2016) used a realizable k — € to simulate a 3D industrial
clarifier. Such model, considers a different transport equation for the dissipation rate
based on the mean-square vorticity fluctuation. They found that the realizable k — €
model gives a much more accurate prediction of turbulence for rotating flows than
the standard k — € model.

Buoyancy k — € model . In multiphase flows, the k — € model can be extended to
take into account buoyancy effects. Buoyancy is an exchange between the potential
energy of the flow and the turbulent kinetic energy. The presence of a dispersed
phase produce modifications in the structure of turbulence. This term can be added
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to a k — e model to represent its effects. A study made by Brennan (2001) showed
that adding the buoyancy modification term produced changes in the generation
and distribution of the turbulent viscosity, modifying the flow field and improving
the accuracy of the simulations.

The buoyancy effect is represented by Gy and has the following form:

Vtai

o ox, (1.36)

k =
Thus, the modified k — € equations including the buoyancy term, are equation 1.37
for turbulent kinetic energy and equation 1.38 for dissipation rate

a(éotk) + V- (pkl_j) =V |:;/_1t<Vk:| + 2vtSij.Sij + Gy — [3 (1.37)
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Lakehal et al. (1999) stated that the density current dissipates more rapidly and tur-
bulent diffusivity increases when Cz. = 0. The values of the constants are the same
of those presented in the previous section.

Large Eddy Simulation and Direct Numerical Simulation models

The LES uses a spatial filer to separate the large and small eddies. LES is designed
to model eddy motion or strong shear which is prominent in the situation. Unlike
RANS turbulence models, the large eddy motion (containing turbulent energy) is
computed directly and in small scale. LES is the most viable numerical tool for
simulating realistic turbulent/transitional flows (Zhiyin, 2015). Nevertheless, LES
approach has not yet reach a good level of maturity (Zhiyin, 2015) so users with no
experience could not take advantage of it and could not interpret properly results
of the model. Al-Sammarraee and Chan (2009) used a LES turbulence model for
a rectangular SST that accurately solved the small-scale flow patterns around the
particles.

The DNS models calculates the mean flow and all the turbulent fluctuations. The
governing equations are solved in very fine grids to solve the Kolmogorov length
scales, with very small time steps to solve the periods of fast fluctuations. Thus,
they are not used for industrial flow applications.

However, most CFD users are satisfied with information about the time-averaged
properties of the flow (e.g., mean velocity) (Versteeg and Malalasekera, 2007). Hence,
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SST modelers (Lakehal et al., 1999; Brennan, 2001; Matko et al., 1996; Flamant et al.,
2004; Kim et al., 2005; Goula et al., 2008...) still rely on the use of k — € model for
clarifiers simulations. One of the advantages of the well established (k — €) is that
only the initial boundary conditions are needed.

Since a deep analysis of the turbulence modeling in activated sludge is not in the
scope of this work, the approach suggested by Brennan, 2001 considering the buoy-

ancy term, will be used for our simulations.

1.6.3 Sludge rheology modeling

The viscosity of the activated sludge affects the interaction with the continuous
phase (water) and the flow behaviour. Thus, it is important to consider a term of vis-
cosity in the governing equations. This viscosity (y) is defined as the ratio between
the shear stress (7) and the shear rate (7). Equation 1.39 describes the viscosity of a

Newtonian fluid.

H= 5 (1.39)
Sludge viscosity can be measured with a rheometer and thus, obtain the shear rate
and shear stress of the fluid. Such relation can be represented in a rheogram (figure
1.12) and different behaviors can be observed. For example, a Newtonian fluid, like
water, has a constant viscosity no matter the amount of shear rate is applied. In a
non-Newtonian fluid (e.g. viscoplastic), the apparent viscosity depends on the shear
rate.

However, activated sludge rarely exhibit a Newtonian Fluid behaviour. Accord-
ing to Dick and Ewing (1967), the laboratory sludge presents more a newtonian be-
haviour. This is not the case with the activated sludge from WRRF which are found
to be more plastic, and show a yield strength that varies exponentially with the con-

centration.

Relations for shear rate vs. shear stress relationship

There exist different models describing the sludge rheological behaviour. All of them
predict the viscosity with different degrees of complexity (number of parameters)
and they are purely empirical. Table 1.1 shows the different Non-Newtonian rela-
tionships, where: 19 is the yield stress (Pa), n the flow behaviour index (-), k the flow
consistency index (Pa s), pu« the infinite rate apparent viscosity (Pa s), j the zero
shear apparent viscosity (Pa s), A a time constant (s), and m a rate constant (dimen-
sionless)
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FIGURE 1.12: Flow curves for different fluids

TABLE 1.1: Rheology models for non-Newtonians fluids

Model Name Equation
Reiner (1926) T=k5
Bingham (1992) T=To+ Moy
Herschel-Bulkley (1926) T=T+k7
Casson (1956) T-Tp= yéo "y%
Sisko (1958) 1= oo +kiln—1)
Carreau (1968) = (1+ (A9)2)"T
Cross (1965) It =

35
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Relations linking rheological behavior and sludge concentration

The parameters of the rheological models (i.e. apparent viscosity, yield stress...) de-
pend on MLSS concentration and temperature. The viscosity increases exponentially
with MLSS concentration. Empirical models have been developed to correlate the
zero shear apparent viscosity (o) and the solids concentration (X) (Equation 1.40,
Bokil and Bewtra, 1972); the yield stress (7p) and the solids concentration (Equation
1.41, Dick and Ewing, 1967) or the apparent viscosity and the MLSS concentration
and temperature in the same equation (Equation 1.42, Yang et al., 2009)

1o = 0.00327.10%132% (1.40)
T = ,Blexp(ﬁzx) (1.41)
u = a[MLSS])’T® (1.42)

where: [MLSS] is the sludge concentration, T is temperature and a b ¢ are calibrated

parameters.

Impact of rheological model on simulation results

In a batch settling simulation, the choice of a certain viscosity model has no effect on
the prediction of the settling velocities (Locatelli et al., 2013), as the fluid is consid-
ered laminar. This is not the case when modelling a 3D fluid. Lakehal et al. (1999)
argued that the relation of Bokil and Bewtra (1972) is over-predicting the SBH when
applied to a continuous flow simulation. De Clercq (2003) stated that a low shear
rate value may cause an excessive rise of the SBH.

Many researchers have used different rheology models for sludge viscosity predic-

tion.

Dick and Ewing (1967) found that the yield stress depends on the biological condi-
tion of the sludge. A "bulking" sludge is found to have the same yield stress at a
lower concentration (1.5Kg-m~%) than a normal sludge with higher concentration
(4.8 Kg-m™3). The difference is also due to the type of rheometer used.

The behavior of a Bingham plastic fluid is that at least a minimum yield stress needs
to be exerted in order to start deformation (see figure 1.12). In activated sludge, the
stress needed to deform the fluid is due to the network formed by the microorgan-
isms and other particles dwelling in the sludge.

Griborio (2004) chose to use the correlation of Bokil and Bewtra (1972) due to its
simplicity (just 2 parameters to calibrate) and because De Clercq (2003) stated that
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a true yield stress in activated sludge is nonexistent. Locatelli (2015) found that the
model that better describes activated sludge rheology is a Cross type (which is used
for polymers in solution, Rao, 2014). He suggested that a rheology model should
consider the EPS concentration and temperature.

Khalili-Garakani et al. (2011) made a comparisson among 7 different rheology mod-
els to better understand the activated sludge and flow characteristics. According
to their findings, a Carreau model provides the best viscosity prediction in a wide
range of MLSS concentrations (2.41 — 30¢.L~!). However, at low MLSS concentra-
tion (less than 10g.L~!) Bingham equation can give also an accurate description of

the sludge viscosity.

In conclusion, even if activated sludge rheology is an important property for wastew-
ater treatment process performance and modeling, most of the authors describing an
activated sludge rheology model, found different values and viscosity models that
can fit to the experimental data of sludge rheology. These differences are impacted
by the type or rheometer used, lack of detailed experimental data collection proto-
col, lack of a protocol in how the rheology measurements were done, or lack of Good
Modeling Practices for parameter estimation. (Ratkovich et al., 2013).

Hence, further research should demonstrate if the activated sludge presents a thixotrophic
behaviour, however within this thesis activated sludge viscosity is considered time

independent.

1.6.4 Brief review on the use of CFD models for SST modeling

As mentioned before, Larsen (1977) was the pioneer in introducing the CFD tools
in the wastewater treatment field. Since then, different approaches have been per-
formed in order to understand and optimize the hydrodynamics of SST. The ap-
proaches include: improvement on settling models, changes in geometry or position
of baffles, scenarios with high hydraulics loads, etc.

Many studies can be found in literature that focus on e.g. the settling behavior of the
sludge (Griborio, 2004, Ramin et al., 2014a), tank’s geometry ( Larsen, 1977; Lakehal
et al.,, 1999; Griborio, 2004; Flamant et al., 2004; Patziger et al., 2012; Ramalingam
et al., 2009; Ramin et al., 2014b; Xanthos et al., 2013, etc.)

Matko et al. (1996) identified the main parameters that a CFD model has to include
to better represent the flow pattern and effluent quality:

* Velocity distribution of the fluid (Hydrodynamics),

¢ Tank’s geometry (solids removal mechanisms, inlet design, weir placement,
baffle designs, slope of the tank),

¢ Settling velocity distribution (dispersed, hindered and compression regimes),
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¢ Particles density and size,
¢ Turbulent mass diffusion especially at the inlet.

Tank geometry is one of the most important aspects that may influence the settling
behavior and of course the effluent quality.

Baffle modeling

Authors modeling secondary settling tanks (Zhou, McCorquodale, and Vitasovic,
1992; Krebs et al., 1996; Matko et al., 1996; Goula et al., 2008) agree that including the
baffle at the inlet improves the settling behavior and the effluent quality by dimin-
ishing the turbulent energy associated to the flow velocity and the potential energy
of the high sludge concentration. Krebs et al. (1996) modeled different inlet arrange-
ments to evaluate the effect of it in kinetic dissipation to improve the flocculation
behavior and increasing the solids removal. Griborio and McCorquodale (2006) and
Gong et al. (2011) used flocculation models into their CFD approaches in order to
understand the flocculation process by changing the geometry of the tank i.e. the
effects of the central baffle. Brouckaert and Buckley (1999) made a CFD study of
two different circular clarifiers were a baffle was installed and both showed a higher
underflow solids concentration under high-load conditions. Nevertheless, the con-
centration of the incoming sludge, the settling behavior, the underflow withdrawal
affects the underflow sludge concentration even if the baffle is used. A study made
by Ghawi and Kri$ (2012) states that an energy dissipation inlet (EDI) baffle have
proved a better performance (suspended soids removal with respect to the HRT and
SRT) of the SST even in overloading episodes than an SST without EDI baffle. By
adding this mechanism into the settler, the solids removal efficiency can be higher,
around 90.4 to 98.6% (Goula et al., 2008).

Sludge withdrawal mechanism

The purpose of this mechanism it to move the settled sludge from the tank’s bottom
to one or more pipes connected to the biological reactors. The ideal sludge draw-off
mechanism must be quick enough to keep sludge freshness and concentrate sludge
to reduce pumping efforts at the same time (Anderson and Gould, 1945). A study by
Weiss et al. (2007) showed that whether the sludge removal mechanism is not taken
into account in the model, an overestimation of the SBH will be observed, besides
within the sludge blanket; the flow and the sedimentation of sludge is dominated
by the viscous forces. There are authors who tried to represent this mechanism by
adding an additional term, i.e. Lakehal et al. (1999) employed a negative source
term on the governing equations that represent the sludge removal by a suction-
lift mechanism. Das et al. (2016) obtained the first model which could represent the
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sludge removal mechanism by adding a rotating rake term (w) in the solids transport
equation.

Other aspects within the settling tank modeling

Almost all research in CFD for SST analyses the effects of the baffle at the inlet, but
there are other aspects to be considered; e.g. Stamou and Gkesouli (2015) worked
in a CFD model to investigate the negative effect of the wind on the hydraulic and
settling performance and they realized that it has a strong influence on the flow field
and the hydraulics, however removal efficiency is not highly influenced.

Xanthos et al. (2013) also compared rectangular SST 2D simulations with 3D ap-
proaches and concluded that a 2D model underpredicts the ESS because it does not
consider the length and the inlet baffle arrangements as well as the corner effects of
the clarifier. They also realized that whether the effluent weir length is much longer
and located far from the ending walls the effluent quality is better than in other con-
figurations.

1.7 Experimental techniques for model calibration/validation

To validate a numerical model it is necessary to compare the results of such model
with experimental data. As we have seen, the activated sludge behaves in a different
manner according the settling zone, this is why different experimental techniques
have been developed.

1.7.1 Methods for sludge settling properties determination

The most common and used one is the Sludge Volume Index (SVI) because it is easy
implemented and gives a general idea of the quality of the sludge settling. Hindered
settling velocity can be calculated from values of SVI. Equations of Pitman (1984),
Hartel and Popel (1992), and Wilson (1996) relate the SVI values for a certain sludge
with the parameters of the Vesilind model (VO and rv). Nevertheless, this method is
not accurate since only describes the hindered settling. Other techniques like sludge
stirred specific volume index (SSVI) or diluted sludge volume index (DSVI) are also
used to determine the hindered settling parameters by relations such as Ekama, 1986
and Koopman and Cadee, 1983 respectively for example.

Methods for measuring discrete settling velocity have been developed such as those
of Griborio, 2004 and Ramalingam et al., 2009 where the settling velocity has been
measured accurately using batch settling columns to follow the path of discrete par-
ticles in a certain time. The shortcommings of this technique are that it only takes



40

into account the discrete settling, the measurements must be repeated several times
and settling distances are taken from naked eye.

However, the former technique can be improved by means of Particle Image Ve-
locimetry (PIV), where a video-camera tracks the particle settling. Mancell-Egala
et al. (2016), using PIV, determined the TOF and the LOSS for particles in discrete
zone. Hence different particles properties, velocity, size, porosity, particle surface
and roundness, can be obtained using PIV. The main shortcomings are, that is it
only useful for transparent basins (such as batch settling columns) and it has not
been explored for compression settling. Mancell-Egala et al. (2017) has developed a
technique using a video-camera and image analysis software to obtain different data
about the sludge characteristics such as: size, porosity and form of the particles, set-
tling velocity of particles, particles filaments, etc. Image analysis can also be used to
track the SBH within a settling column as presented by Derlon et al. (2017).

Obtaining such data we can consider the flocculation state needed to represent the
complete settling behavior.

There is also laboratory size equipment to measure settling behavior, i.e. the Au-
tomated Settlometer developed by Vanderhasselt et al. (1999), to obtain the settling
curve of sludge in a 10 litter pyrex decanter with a light scanner that detects the
sludge blanket height. Even if the technique showed good results in settling pre-
diction, it is only functional for hindered settling. Another lab-scale technique for
settling behavior was implemented by G. Chebbo (2009). It is called VICAS ("Vitesse
de chute en Assainissement", in French), this technique uses a batch settling column
to obtain the velocity and mass of discrete particles. The objective is to obtain total
particles cumulative percentage vs. settling velocity. Nevertheless, this technique is
more accurate for raw sewage with low concentration of particles (discrete settling
mainly).

1.7.2 Methods for in-situ validation

Most methods for field validation of CFD models rely either on more or less manual
sampling (for sludge concentration profiles mainly) and measurements using ultra-
sonic techniques. Depending on the type of equipment and signal processing, these
techniques allows to track the SBH, particles velocities and even concentrations (Lo-
catelli et al., 2015; Francois et al., 2016; Pallares et al., 2017).

Ultrasonic transducer is a device that measures the Doppler shift frequency at dif-
ferent depths within the sludge suspension. One can obtain the settling velocity and
the sludge blanket height. A batch settling test was conducted by Locatelli et al.
(2015) in order to obtain the concentration profile and settling curves at different ini-
tial concentrations of sludge. One advantage of this technique is that the device can
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be placed in a full size clarifier, concentration and velocity profiles are obtained by

statistic treatment of data and it is non-invasive.

Different authors have also used those techniques to calibrate and validate their
models, i.e. Patziger (2016) developed a CFD model for SST. They used video-
motion analysis to obtain the settling velocity profile in a settling column, an optical
turbidimeter for TSS concentration and a Nortek-Vector Acoustic Doppler Velocime-

ter to measure 3D velocities directly in the clarifier.

Most of the CFD models are calibrated using batch settling columns to obtain the
settling velocity profile (Griborio, 2004; Flamant et al., 2004; Xanthos et al., 2013).
Other developers made measurements in a full-size clarifiers but only to obtain the
hydrodynamics of the system (Patziger, 2016)) or for low concentration of particles
(Tarpagkou and Pantokratoras, 2013; Xie et al., 2014).

1.8 Conclusion about the literature review

The settling behavior of the activated sludge is a complex process involving several
mechanisms and different physical laws (discrete, hindered, compression...). The
sludge settling is also greatly impacted by the hydrodynamics of the clarifier. The
classical settling models only describe the settling velocity as function on the local

concentration.

CFD models have proven to be an excellent tool for understanding the clarifier per-
formance. The most part of them are focused on geometry optimization and impact
on the effluent conditions. These models indeed, include a high level of physical
representation regarding hydrodynamics itself, sludge rheological behavior, turbu-
lence, etc. Some of them also include complex relations or equations describing floc-
culation of sludge particles in relation with hydrodynamics and turbulence. How-
ever, regarding settling velocity models themselves, most of the models published
in literature still rely only empirical relationships developed decades ago. These
relationships only describe hindered settling as a function of the local sludge con-
centration. In our opinion, the complexity of the sludge settling mechanisms has to
be taken into account with the same level of complexity than other components of a
CFD model.

Since about 10 years, 1D models have experienced a dramatic improvement with
the development of consistent modeling frameworks describing complex additional
mechanisms like compression, multi-class particles models and impact of floccula-
tion state on the whole settling behavior, etc.

The objective of the present work is then, to develop a CFD code based on the
Biirger-Diehl (Biirger, Diehl, and Nopens, 2011) framework and integrating the com-

pression function of DeClercq (De Clercq, 2006). To reduce the computational time
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an axisymmetric approach of a circular clarifier will be used. Since the base code is
based on the mixture approach for fluid transport modeling, we remain into this ap-
proach. As suggested by Brennan, 2001, the k-epsilon model including the buoyancy
term is employed.

Finally, the results of the simulations will be compared to experimental data ob-
tained directly in field and used for studying some scenarios including changes in
model parameters and operational conditions.
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Chapter 2

Incorporation of a compression
term in a CFD model based on the
mixture approach to simulate
activated sludge sedimentation

Redrafted from Valle Medina, M.E. and ]. Laurent (2020). “Incorporation of a compres-
sion term in a CFD model based on the mixture approach to simulate activated sludge sedi-
mentation”. en. In: Applied Mathematical Modelling 77, pp. 848-860. ISSN : 0307904X.DOI
10.1016/j.apm.2019.08.00

The conventional activated sludge process is the most widespread technology used
in wastewater treatment plants. In this process, bacteria and wastewater are in con-
tact (mixture) in a reactor in order to reduce the amount of organic material and
other nutrients such as nitrogen and phosphorus. This biomass (activated sludge)
grows and forms biological flocs that must be separated from treated water. This is
usually performed by means of gravity in a clarifier also called a Secondary Settling
Tank (SST).

SSTs are the bottleneck of the activated sludge process. They must achieve three
main functions: sludge-water separation (clarification), activated sludge recycling
and storage in the case of hydraulic overloading. As a consequence, activated sludge
sedimentation within the SST governs effluent quality directly in terms of total sus-
pended solids (TSS) and indirectly as it will affect the biomass retention within the
system (through recycling), thus affecting the biokinetic processes occurring in the
biological reactor (Torfs et al., 2015b).

Activated sludge particles can undergo different settling behaviours, depending on
their properties (density, particle size, concentration...). One can classify the settling

behaviours in a SST into four main mechanisms:
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1. Discrete settling: particles settle with individual velocities and with no inter-
actions among them; this regime is limited by the threshold of flocculation
(Mancell-Egala et al., 2016; Mancell-Egala et al., 2017);

2. Flocculating zone: particles collide forming flocs that settle with individual
velocities;

3. Hindered settling: above a certain concentration (Mancell-Egala et al., 2016;
Mancell-Egala et al., 2017; Torfs et al., 2016), particles are considered to settle
all at the same velocity depending on the local concentration (Kynch, 1952).
This regime is limited by the critical concentration (Xcrit).

4. Compression: after the critical concentration is reached, particles form a net-
work and sludge starts to thicken due to the high interaction between particles.
This network exerts a solid stress that slows down settling velocity. Neverthe-
less, recent evidence suggests that even for higher concentrations, the individ-
ual properties of the particle also affect settling velocity (Torfs et al., 2015b).

SST modeling is helpful to understand the sludge settling behavior but also for tank
design, troubleshooting, process optimisation and control. Modeling approaches
range from point-settler models (0D) and 1D models (Biirger, Diehl, and Nopens,
2011) to 2D /3D CFD models (Griborio, 2004; Samstag et al., 2016). 1D models are
used in most commercial simulation platforms for wastewater treatment plant-wide
simulation. They enable for instance the assessment of SST operational strategies
and respond to inflow variability. In order to fully understand the mechanisms of
activated sludge settling in combination with the hydrodynamics occurring in the
SST, CFD has also become a well-accepted tool. The simulation of activated sludge
SST is probably the most well-developed area of application for CFD in wastewater
treatment (Samstag et al., 2016).

Larsen (1977) and Ueberl (1995) carried out experiments in SST and found a density
current (similar to a waterfall) created by the concentration of the dispersed phase.
This was also first modelled in 3D by Kahane, Schwarz, and Johnston (1997); using
industrial thickeners. Hence, in the SST inlet the flow tends to be three-dimensional
(Brennan, 2001).

SST must be simulated considering the two phases (solid and liquid). This can be
achieved using a two-fluid Euler—Euler technique as performed by Kahane, Nguyen,
and Schwarz (2002). In this approach, one set of continuity and momentum equa-
tions is solved for each phase. This is computationally intensive as many parameters
are involved to describe interphase momentum exchange terms (e.g. drag between
the liquid and particles...). In the wastewater field, CFD modeling of SST is thus usu-
ally performed via a single-fluid Eulerian approach with an active scalar transport
model to describe the dispersed phase (sludge) (Lakehal et al., 1999; Griborio, 2004;
Kim et al., 2005; Patziger, 2016). The governing equations for fluid motion of the
continuous phase are solved; the dispersed phase follows the advective flow and is
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then modelled as a scalar. Diffusion, mainly related to turbulence, is also considered
in the resulting transport equation. This approach necessitates density and viscosity
coupling as a function of scalar concentration (Ungarish, 1995).

A less common approach to model sedimentation is using a mixture model in which
the phases are treated as a single continuous phase that is a blend of the discrete
phases (Wicklein et al., 2015). A single set of continuity and momentum equations is
solved for the mixture. The introduction of the drift velocity concept allows for the
description of the relative motion of the dispersed phase. This approach is currently
the only one implemented in the set of default solvers within the open-source CFD
platform OpenFOAM®. This solver called driftFluxFoam originates from the work
of Brennan, 2001.

Whatever the approach used, most authors modelling SST with CFD still rely on
a closed-form function of solids concentration to describe settling velocity in both
hindered and compression regimes (usually exponential functions) (Lakehal et al.,
1999; Griborio, 2004; Flamant et al., 2004; Weiss et al., 2007; Patziger, 2016).

Discrete settling and floculation are usually modeled separately within different
kinds of settlers. e.g. primary settling tanks. Ramin et al. (2014a) modelled hin-
dered, transient and compression settling with a combination of two exponential
expressions and a compression factor. Biirger, Ruiz-Baier, and Torres (2012) imple-

mented a compression term in their 2D axi-symmetric code.

Nevertheless, most of the settling models used in CFD do not consider compres-
sion as a separate constitutive function, even the most recent ones (i.e. Gao and
Stenstrom, 2018). This requires changing the structure of the model by including
effective solid stress involving dependence on the gradient of concentration.

In this respect, effort is being undertaken concerning one-dimensional model im-
provement, and this work has already led to the addition of compression as a sec-
ond order term in the underlying partial differential equation (Plész et al., 2007) as
well as a critical analysis of hindered settling function that also considers power-law
functions instead of exponential ones(Torfs et al., 2017). Torfs et al. (2016) proposed
a unified 1D framework for all these settling regimes, which surprisingly, has not
been the case to date concerning CFD models.

The objective of this paper is to implement the Biirger-Diehl framework, (Biirger,
Diehl, and Nopens, 2011), which has been assessed in terms of well-posedness and
numerical convergence (Biirger et al., 2012), within a CFD numerical code based on
the mixture approach.

The simulation of an activated sludge batch settling column was performed to vali-
date the results against the SBH (height of the sludge/clarified water interface) ex-
perimental data. Then, simulations of a full-scale clarifier were carried out to com-
pare results obtained with the original solver considering only hindered settling and
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the improved one with both hindered settling and compression. The improvements
of SBH and sludge concentration in the RAS (settled sludge which is pumped back

to the biological reactor) predictions are analyzed.

2.1 Materials and Methods

2.1.1 State-of-the-art one dimensional settling model

The one-dimensional (1D) partial differential equation of Biirger-Diehl (Equation
2.1) is employed to model the activated sludge settling behavior. This equation
has the advantage to enable switching among different constitutive relations for the
hindered settling, compression and dispersion terms (Biirger et al., 2013), without
affecting the solvability of the model.
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The first and second terms in the right side of the equation stand for particle dis-
placement by hindered settling and advection (through the bulk velocity) respec-
tively. The third term models the sludge compression. The fourth term describes the
dispersion of the mixture at the inlet (turbulence effect). The last term models the
feed mechanism at a given height of the system.

Hindered settling velocity modeling

According to Kynch theory (Kynch, 1952), hindered settling velocity (¥s)is sup-
posed to depend only on solids concentration (X). Several empirical laws are avail-
able in the literature to link these two variables. The most common are exponential

relationships such as Vesilind’s function (Vesilind, 1968):

Ths (X) = Toe™™¥ (22)
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Recently, the use of power law functions has been suggested to be more accurate
when coupled with compression settling (Torfs et al., 2017). One of these relations is
the one proposed by Diehl (Diehl, 2015):

U

17hs(X) = m

(2.3)

where 00, X and g are parameters to be calibrated.

Sludge compression behavior modeling

The compression function dcomp in Equation 2.1 represents the decrease of settling
velocity occurring when sludge reaches compression regime, i.e. sludge compress-
ibility. This function is given by Biirger, Karlsen, and Towers (2005):

0 for 0 < X < Xerit

deomp = od , (2.4)
mvhS(X)Ue(X) for X > Xerit

where p; and p. are respectively the sludge and water density, ¢ is gravity, and o,

the derivative of effective solids stress.

The effective solids stress o is the stress supported by the solid skeleton De Clercq,
2006, i.e. the sludge particles form a network that exerts a force in the vertical direc-
tion (pushing up). This is only valid when the sludge concentration is higher than
the critical concentration (Xcrit). Authors use different expressions with two param-
eters to calculate the value of effective solids stress (Ramin et al., 2014a; De Clercq
et al., 2008). Here, the De Clercq’s function (Equation 2.5) (De Clercq et al., 2008) is
employed to describe 0. depending on sludge concentration and three parameters
(A, B and Xit) to be calibrated.

0 for 0 < X < Xt

e(X) =
‘ Aln(%ﬂﬁﬁ) for X > Xerit

(2.5)

2.1.2 Continuity, momentum and dispersed phase modelling in the orig-
inal CFD code

Activated sludge can be considered as a two-phase mixture, where water is the con-
tinuous phase and the sludge (particles) is the dispersed phase. Based on Brennan’s
work (Brennan, 2001), the original driftFluxFoam solver is built on the mixture model
approximation, which states that only one continuity and one momentum equation
is solved for the mixture. The distribution of the dispersed phase is modelled with a
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advection-dispersion equation that introduces the concept of drift velocity. It is as-
sumed that in the horizontal direction, both phases act as just one. To employ such
a model, one must consider that both phases are isothermal, non-reactive, incom-
pressible and non-phase changing.

The solver uses the volume fraction of the dispersed phase and not the dispersed
phase concentration as in the 1D model. Therefore, the sludge concentration variable
X as well as model empirical functions for hindered and compression regimes are
replaced by the following variable:

ng = (26)

X
©d

The mixture density pn, is defined as the sum of the individual densities of the con-
tinuous phase p. and the dispersed phase pq multiplied by their volume fractions a.
and aq4 respectively (Equation 2.7).

Om = &cPc + X304 (2.7)

The mixture velocity (V) is defined by equation 2.8:

6m _ lXCpCUC + lxdpdad (28)
Pm

Considering the mixture density and velocity, one can obtain the continuity (Equa-
tion 2.9) and momentum (Equation 2.10) equations:

9pm

ot =-V: (pml_jm) (2.9)

90mUm
ot

+V  (pmOmbm) = —=VPu+ V- (T + T+ Tom) + pm§ + M (2.10)

In this equation, Uy, is the mixture velocity. The second term in the right side is the
stress tensor, composed of viscous stress T, turbulent stress 7' and diffusion stress
Tpm. Pm is the pressure of the mixture (equal to the sum of phases pressure); ¢ is
gravity; and My, is the surface tension force on the mixture.

The diffusion stress term V - Tpy, represents the momentum diffusion due to the
relative motions of the phases. According to Verloop (1995) if V - Tpp, is missing
then the mixture model is inaccurate. Refer to Manninen, Taivassalo, and Kallio
(1996) for more details on the development of Equations 2.9 and 2.10 and the stress

tensors.
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The solids transport equation or drift equation Brennan (2001) is then given by:

d
% + V. (Oédﬁd) =V (FVocd) (2.11)
The diffusion coefficient I', equal to the eddy diffusivity (Stamou and Gkesouli,

2015), considers the effects of the turbulent diffusion on the dispersed phase.

The dispersed phase velocity U4 has to be related to the velocity of the mixture Up,,
i.e., the diffusion velocity Ug,, (Equation 2.12)

U4m = U4 — Um (2.12)
Thus, Equation 2.11 becomes:
ath N _
? + V- (Dédvm) =-V- (“dvdm) + V- (Ferd) (213)

The diffusion velocity of the dispersed phase is due to the phase density differences,
resulting in forces on the particles different from those on the fluid. Those forces are
balanced by the drag force (Manninen, Taivassalo, and Kallio, 1996). According to
Ishii and Mishima (1984) the drag correlation should be expressed in terms of the
drift velocity U4j. Equation 2.14 relates the drift velocity to the diffusion velocity:

Bam = LS5 (2.14)
Pm
The drift velocity Ug; is considered as the hindered settling velocity. Hindered set-
tling affected by gravity is only acting downwards therefore:

U4 = vgik (2.15)

The vector k is the unit vector pointing in the direction of gravity. The value of dj
can be calculated from empirical functions of the concentration, or here volume frac-
tion. The original solvers includes Vesilind (Vesilind, 1968) (Equation 2.2) and Takacs
(Takécs, Patry, and Nolasco, 1991) exponential functions. They are here expressed in
power 10 basis, as a function of the dispersed phase volume fraction.

Finally the drift equation in the existing code of OpenFOAM® is:



50

on -

aitd ==V (aglm)
_v. (“dpcﬁdj) (2.16)
+ V. (Fszd)

2.1.3 Development of the modified solver
In the modified code the mixture approach is still used, i.e., continuity and momen-
tum equations remain the same. The improvements made in the code include:

¢ the addition of the compression term of the 1D equation 2.1 into the drift equa-
tion 2.16, which gives Equation 2.17 ;

¢ the addition of the modified Diehl’s Equation for hindered settling (Equation
2.20).

Thus, the equation for solids transport in the CFD code becomes:

du
a—td =—V - (aglUm)
XdqPc
V- de 74) (2.17)
+ V . (dcomszxd)
+ V. (FVocd)

Compression term

The third term of equation 2.17 describing the compression settling was included in
the drift equation. The compression function dcomp is coded as follows:

0Od Pc - !
deomp = ——— LG () o, (a (2.18)
P g(pd _ pc) pm d]( d) ( d)

The derivative of the effective solid stress o, is computed as the derivative of Equa-
tion 2.5. However, X and Xt must be expressed in terms of volume fraction (Equa-

tion 2.6), which gives:

0 for0 < g < Xeri /Pd

B+ (ag—Xerit/ pa)*pd forag > Xait/pd
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Therefore, similarly to the 1D model, the compression function is only active when
the volume fraction (a4) is higher than the critical volume fraction i.e. Xcit/pq4. This
relation has three parameters to be calibrated: A, f and Xcyit.

Hindered settling term

OpenFOAM® allows the user to select among several hindered settling functions.
The original solver includes Vesilind (1968) and Takdcs, Patry, and Nolasco (1991)
expressions. Diehl’s function (Equation 2.3) (Diehl, 2015) was added because it
has been suggested to give more accurate predictions than exponential expressions
when coupled to compression function (Torfs et al., 2017). The combination of this
relation with equation 2.6 now results in:

Uo

22/ X/pa)" (2.20)

Ugj(aq) = T

2.1.4 Numerical procedure

OpenFOAM® uses the finite volume method to discretize the partial differential
equations, by integrating them over each element/cell (different schemes are avail-
able). This method is conservative, the flux entering the cell is the same leaving to
the adjacent cell. The finite volume method can be applied to unstructured meshes
(providing that there are no overlapping elements) since the variables are evaluated
in the center of the cells and not at the cells faces (Moukalled, Mangani, and Dar-
wish, 2016).

In OpenFOAM® the integration of the algebraic equations is based on the sum of the
values on the cell faces being interpolated to the center of the cell. The discretiza-
tion schemes used are: Euler for the time derivative and Gauss Linear for the space
derivatives (gradient, divergent, Laplacian). To ensure the stability and convergence
of the simulation, the solver includes an automatic time step adjustment according
to stability criteria (Courant number < 0.9).

2.1.5 Test case: batch settling column

To demonstrate the reliability of the solver, a 2D mesh was built to represent the
sludge settling behavior in a batch settling column. The dimensions of the column
are 1m in height and 0.40m in diameter: only rigid walls and free surface boundary
conditions are considered (see section 2.1.6). Mesh independence of the column was
reached for 500 cells in the vertical direction.



52

2.1.6 Test case: axisymmetric clarifier
Geometry and meshing

The dimensions of the circular clarifier are based on the data of Lakehal et al. (1999).
The clarifier is 20m in radius and 4m height. Assuming that flow is axisymmetric, a
2D geometry can be chosen to simulate the hydrodynamics of the system (Griborio,
2004) which will reduce the number of cells of the geometry and therefore lower the
computational cost. Patziger (2016) also uses this approach to study the effects of
the inlet design on SST performance.

Thus, the same five patches as used by Lakehal et al. (1999) are appliedd: inlet,
outlet, sludge removal, walls, symmetry and wedge as explained in Section 2.1.6
(Figure 2.1).
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FIGURE 2.1: Mesh of the axisymmetric clarifier

The snappyHexMesh tool for meshing in OpenFOAM® generates 3D meshes con-
taining unstructured hexahedral cells. The original geometry is enclosed in a rect-
angular coarse mesh (called blockMesh). Then, snappyHexMesh iteratively refines the
mesh over the defined geometry (given as st! files input) according to the surface re-
finement and to the number of cells between layers one has assigned (Greenshields,
2017).

Surface refinement is an important feature to get a flat boundary. To obtain a 90°
intersection between the boundaries (surfaces), i.e. avoid incomplete corners, one
should extract the lines of the boundary and define a level of refinement. The bigger
the level is, the more complete the corner will be; but the number of cells will in-
crease. This mesh has a Level 5 refinement for back, front, walls and baffles bound-
aries. As OpenFOAM® works natively in 3D, the generated mesh has to be con-
verted into a 2D axisymmetric mesh. An extrusion tool extrudeMesh allows such
conversion. To perform mesh sensitivity analysis, three different meshes were gen-
erated (6900, 13307 and 21647 cells).
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Turbulence Model

The implemented turbulence model is the buoyant k — €, which includes a buoyancy
term (Brennan, 2001; Lakehal et al., 1999). It is based on the density gradient gener-
ated by the variation of the composition in the mixture. The model is described in

section 1.6.2, on paragraph buoyancy k — € model.

Boundary conditions

Inlet This is a patch with fixed values for inlet volume fraction aq4, kinetic energy
k, dissipation rate €, turbulent viscosity v, velocity of the mixture U, and pressure
p. The inlet mixture velocity is calculated by dividing the inflow Qj, by the inlet
section Aj,. The initial values of k and € are calculated from Equations 2.21 and
2.22 respectively assuming values of T2 = 0.05, C- = 0.09 and turbulence length scale
(1) of 0.5 times the inflow radius to the inlet baffle (Lakehal et al., 1999). Turbulent
viscosity vt is computed automatically by OpenFOAM®.

k = 1.5(Ty0m)? (2.21)

(2.22)

Effluent outlet Since the outlet is located far from any geometry disturbances that
impact the flow direction, all the variables outlet boundary conditions are set to ze-
roGradient (Versteeg and Malalasekera, 2007) except for the pressure which is set to a
fixed value of 0 Pa (relative pressure). The zeroGradient boundary condition extrap-
olates a quantity to the patch from the nearest cell value: the quantity is developed
in space and its gradient is equal to zero in the normal direction of the boundary.

Sludge removal Mixture velocity at the recirculation boundary v, is imposed
and calculated with Equation 2.23, where R is the recirculation ratio and A,,. the
section of the withdrawal. R is the ratio of the RAS flow-rate returning to the bio-
logical reactor over the through-flow of the wastewater treatment plant. The rest of

the variable boundary conditions are set-up to zeroGradient.

Qin R

) === 2.2
Umrec (1 + R)Arec ( 3)
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Walls No-slip boundary condition is applied for velocity. The volume fraction
and pressure boundary conditions are set up to zeroGradient and fixedFluxPressure
respectively. The latter is used for pressure in situations where zeroGradient is gener-
ally used, but where body forces such as gravity and surface tension are present in
the solution equations. The gradient is adjusted accordingly to Greenshields (2017).
Concerning turbulence variables, standard OpenFOAM® wall functions are used
(Greenshields, 2017).

Free surface Symmetry boundary is applied here. Similar to zeroGradient for scalars,

the normal component is set to zero for vectors.

Wedge boundaries The wedge boundary makes sure that one cell thick is running
along the centre line, straddling one of the coordinates planes Greenshields, 2017.
It is only imposed to front and back boundaries of the 2D axisymmetric clarifier,
ensuring that OpenFOAM® will use the cylindrical coordinates.

Sludge properties

Sludge properties used in this study originate from experimental work carried out
in previous studies by Locatelli (Locatelli et al., 2015) The sludge inlet concentration
and density are 3.9 kg-m~3 and 1050 kg-m 3 respectively.

A Bingham rheological model Bingham, 1916 is used. The Dick and Ewing (Dick and
Ewing, 1967) exponential function (Equation 2.24) correlates the sludge concentra-
tion and the yield stress. Parameters a4; and b; can be obtained by fitting the modeled
yield stress to the experimental data for different sludge concentrations. Here, the
solver correlates the yield stress to the volume fraction. The corresponding values
for a; and by are 5 % 1073 Pa and 141.363 respectively. Then, the obtained viscosity is
used in the stress tensor in the momentum equation 2.10.

Ty = ap x 1071% (2.24)

2.2 Results and discussion

2.21 Code verification in batch settling column

To validate the simulation results of the improved solver, the batch settling curves
(SBH vs time) obtained from the simulations and experimentally during one hour of
sedimentation are compared. The sludge properties and initial conditions are those
mentioned in Section 2.1.6.



55

Two different model configurations are assessed:

1. Scenario considering only hindered settling (no compression): Diehl’s function
(equation 2.20) is used to describe settling velocity;

2. Scenario considering both hindered and compression settling regimes: Diehl’s
function describes hindered settling velocity and the constitutive function dcomyp
(relation 2.18) describes compression.

Such configurations are based on the research carried out by Torfs et al. (2017) which
pinpointed that power-law functions for hindered settling coupled to the compres-
sion function describe more accurate SBH dynamics in 1D models than exponential

ones.

The parameters for the settling model are calibrated with the experimental data of
Locatelli (2015). The corresponding values are summarized in Table 2.1.

Elaborating an independent calibration process only for Vesilind or Diehl equations
would result in similar values to those shown in Table 2.1 coupling the compression
parameters. The parameters of Vesilind and Diehl equations are only valid for the
hindered zone.

TABLE 2.1: Settling model parameters. Diehl’s function and the com-
pression function

Parameters Value

Vo 6.1143.10 3 m-s 1

q 1.7003

X 8.4958 kg-m >

A 8.4228.107! kg-m~1.s72
B 2.4603 kg-m 3

Xerit 4.8815kg-m~3

Comparison to the batch settling curves obtained experimentally and with both
model configurations is provided in Figure 2.2. Physically, one can observe a clear
interface between the water and the sludge, this is the SBH. Initially, the SBH linearly
decreases for the first 860 s. This is characteristic of the hindered settling regime. The
determined slope is the hindered settling velocity which is a function of sludge con-
centration (or volume fraction in the solver). Here, this function is the power-law
established by Diehl (Diehl, 2015) (Equations 2.3 and 2.20). As expected, this regime
is equally predicted by both model configurations that use the same parameters for
the Diehl function. The original 1D model (Biirger et al., 2013) shows similar pre-
dicted heights to those of the CFD code in one dimension (figure 2.2 blue line).

After 860 s, the compression regime starts to be predominant and the settling veloc-
ity decreases. The model without compression fails to predict this accurately: the
settling velocity remains constant much later and the SBH is highly underestimated.

In comparison, the model including compression constitutive function fits very well
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with the experimental data: above the critical sludge concentration, the sludge starts
to exert a solid stress acting up in the vertical direction, this slows down the observed
settling velocity.

These results clearly illustrate the validity of the equations and constitutive functions
implementation in the new solver. They are equivalent to what can be obtained
using the 1D framework presented in Section 2.1.1. However, the added value of
a CFD code is to simulate the processes occurring within the actual geometry. The
following section therefore presents the benefits of the improved solver within a
full-scale clarifier geometry.
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FIGURE 2.2: Settling curves for: experimental data (black points),
model using the compression function (blue continuous line) and
model without the compression function (red continuous line)

2.2.2 Simulation of full-scale clarifier

Results obtained in a batch settling column showed that the compression term now
included in the drift-flux solver successfully fits the experimental data. The impact
of this modification on results obtained within a realistic clarifier geometry was in-
vestigated by conducting simulations with the design and operating conditions sug-
gested by Lakehal et al. (1999).

Results of the scenarios with and without compression constitutive function are
compared in terms of SBH and sludge concentration.

First, constant inlet (1685 m3-h~!) and RAS flow-rates (779 m3-h~!) were applied un-
til reaching steady-state of the system. Then, hourly inlet flow-rate fluctuations were
applied using previous values as average and the pattern defined by Copp (2001).
The RAS flow-rate also varied proportionally according to boundary conditions ex-
posed in Section 2.1.6 (Equation 2.23).
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Steady-state simulation

Convergence to steady-state was reached when SBH and RAS concentrations were
constant and the overall mass conservation of suspended solids was satisfied.

The CFD simulation results allow for the description of the clarifier hydrodynamics
and sludge behavior in the vertical and horizontal directions. Figure 2.3 shows the
sludge blanket height and sludge concentration inside the clarifier for the two model

configurations.

Using the model with the compression function, a higher SBH is expected as this was
previously shown using 1D models including compression as a constitutive function
(Torfs et al., 2015a). This was confirmed as the predicted SBH was 1.95m and 1.55m
at 5m radial distance for the models with and without compression function respec-

tively.

As expected, the compression slows down the settling velocity. Indeed, compres-
sion can be understood as a force exerted by the sludge that does not allow itself to
accumulate quickly at the bottom. Thus, lower concentrations along the bottom of
the clarifier are observed (Figure 2.3, upper). This is particularly relevant at the right
side of the SBH. Without compression, concentrations up to 40g-L~! are observed
locally. This high predicted concentration is probably the consequence of two phe-

nomena:

* overestimated settling velocity in these conditions: one main reason for this
is that the hindered-settling function is not zero at a finite concentration. The
function of Diehl (Diehl, 2015) is meant to be used together with a compression
term. The often used Vesilind (1968) function, or double-exponential function
Takéacs, Patry, and Nolasco (1991), are neither zero at a finite concentration.
However, they consist of exponential functions that tend to zero very fast,
which means they are effectively zero for high concentrations when used by
any numerical method; hence, the problem is not visible. An alternative would
be to slightly redefine the function so that it is zero at a large concentration
when using it without compression.

* rheological behavior: as the concentration is very high in this zone, the yield
stress increases to a high extent (equation 2.24). As this is a zone with low
velocity and low shear stress, sludge phase is not going down along the slope
of the clarifier.

Hence, it can be observed that, without compression, the model predicts some sludge
accumulation in the lower baffle of the inlet device. The model without compression
is giving more realistic predictions in this respect.

Different conclusion can be drawn regarding the RAS concentration. It should be
noticed that it was computed as the average of solid phase concentration over the
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removal patch. The predicted concentration is similar with the two model configu-
rations (7.59 kg'm~% and 7.37 kg-m > with and without compression respectively).
This may be due to the particular geometry of the clarifier simulated here (large
sludge removal zone, horizontal baffle).

All of these results illustrate the added value of using a compression term and its
constitutive function within a CFD model. This could allow to better evaluate the

impact of geometrical features and operation modes on predicted SBH and RAS

concentration.
INLET Sludge Blanket Height
Qp, = 1685 m3/h 1.95m

X, =39 g/l

Concentration (g/)

EEM?\;?; m3/h 0.00 10 20 30 40.00
rec [EEREEEE R
Xen=7.59 g/ | ] .
INLET

Qp, = 1685 m3/h Sludge Blanket Height

X, =39 g/l 1.55m

REMOVAL
Qe =779 Mi/h
X = 7.37 g/l

FIGURE 2.3: Sludge concentration and SBH at steady state, upper:
Diehl and compression function, lower: Diehl with no compression
function

Transient simulation

In order to simulate transient state conditions, flow-rate variations were simulated
by changing hydraulic loads at the inlet and the RAS variation according to equation
2.23 for 2 days. Inlet sludge concentration (3.9 kg-m ™) is kept constant. The SBH at
radial distances of 5m and 15m and the average RAS concentration are monitored
(Figures 2.4 and 2.5 respectively).

The simulation starts with the initial conditions from the steady state obtained for
each case. For both models, there is a decrease of SBH when the inflow decreases

(Figure 2.4). This is a normal behavior: less mass coming into the system results in
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FIGURE 2.4: SBH measured at a radial distance from the inlet of 5m
(Upper) and 15m (Lower) with model using and not using the com-
pression function respectively during 2 days transient simulation

less mass settling. Whatever the radial distance, the predicted SBH with the com-
pression model is still higher than the predicted SBH with no compression model e.g.
maximum 3.05m and 2.56m respectively at 5m radial distance (Figure 2.4 - upper).
This is in agreement with the results of steady-state simulation.

One interesting observation is that the model with compression function seems to be
more sensitive to flow-rate variations. The relative SBH elevation is indeed higher
during peak flows with this model configuration. Afterwards, when the hydraulic
load drops, SBH diminution is slower with the model considering compression.

Regarding the RAS concentration, both simulations predict a lower value with higher
flow-rate (Figure 2.5), which was expected. There is a dilution of this concentra-
tion. Comparing the results obtained with the Takacs 1D model (Takéacs, Patry, and
Nolasco, 1991) not considering compression and the Biirger-Diehl model (Biirger,
Diehl, and Nopens, 2011), Torfs et al. (2015a) observed that this dilution effect as
well as the relative RAS concentration variations were significantly less pronounced
with the latter model. However, Takacs and Biirger-Diehl 1D models differ not only
by the absence or presence of the compression term but also by considering or not
a separate underflow zone. Here, the 2D CFD model considers this underflow zone
in a similar way for the two approaches. Thus, in this study, the observed effect in
RAS trend is due only to the consideration of compression. The difference between
two modeling frameworks is less important but still significant. It should be also
noticed that model parameters used here were calibrated on a real activated sludge
and results in a lower solid stress than parameters used by Torfs et al. (2015a).
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FIGURE 2.5: Average sludge concentration measured at the sludge
withdrawal using and not using the compression function respec-
tively during 2 days transient simulation

2.3 Conclusions

This study presents the development of a modified drift-flux solver for the Open-
FOAM® open-source platform. The solids transport equation includes an extra
second-order term that accounts for compression. Here, the constitutive function
of De Clercq (De Clercq et al., 2008) is used but one can select another expression
in a modular way. In addition to Takacs (Takdcs, Patry, and Nolasco, 1991) and
Vesilind (Vesilind, 1968) hindered-settling velocity functions, the power-law expres-
sion of Diehl (Diehl, 2015) was also implemented. These developments integrate
the most up-to-date knowledge of activated sludge sedimentation mechanisms that

were surprisingly never implemented in the present form in a CFD code.

To validate this approach, a batch settling column was simulated. By comparing ex-
perimental settling curves and the simulations, it has been concluded that the sludge

blanket height prediction is improved by using the compression function.

Simulations of a 2D axisymmetric clarifier geometry were also performed in or-
der to evaluate the advantages of considering compression in a continuous system.
Through such simulations, it was found that the settling velocity is slowed down
above a critical concentration when adding the compression function, thus leading
to a higher sludge blanket prediction.

Transient simulation with high hydraulic loads showed that sludge blanket height
varied to a higher extent with compression. Return activated sludge concentration
was also more impacted despite the fact that these variations were less important in
comparison with 1D models. However, these 1D models obviously do not consider
the clarifier geometry (baffles, removal, slope...).

Further research will focus on model validation with experimental data measured
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within a full-scale clarifier (refer to chapters 3 and 4. Future development also in-
cludes the incorporation of discrete settling behavior which requires the inclusion of
several particles classes or even the use of Population Balance Models.
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Chapter 3

Parameter estimation and
validation in Batch settling column

by coupling DAKOTA toolkit and
OpenFOAM

3.1 Introduction

In order to build a robust SST model, it is necessary to estimate the values of the
parameters of the hindered and compression settling functions. Batch settling test
are the most widespread method to evaluate settling velocities (Ramin et al., 2014a,
Griborio, 2004).

For this purpose, a mathematical algorithm is performed to evaluate an objective
function. The objective function qualifies the output/results of a certain variable of
the model and compare it to the physical measurements of the same variable.

In the well-posed 1D Biirger-Diehl framework (Biirger, Diehl, and Nopens, 2011),
used for activated sludge settling modeling, one can choose among different con-
stitutive functions for hindered and compression settling description. This is where
calibration becomes complex, due one can have different numbers of parameters
according to the chosen functions.

Different optimization processes can be carried out to find the correct set of param-

eters. Most of them are a global optimization algorithms.

Torfs et al. (2013) performed a Global Sensitivity Analysis (GSA) using a Brute Force
Monte Carlo method to calibrate 2 hindered settling models, and 1 compression
model. They found that parameters of the Vesilind (equation 1.6, Vesilind, 1968)
function are identifiable while one of the parameters of the Takacs equation (equa-
tion 1.7 Takdcs, Patry, and Nolasco, 1991) is unable to be identifiable. The compres-
sion parameters of the simplified function of DeClercq (equation 1.13, De Clercq et
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al., 2008) are not able to describe different batch settling curves with a unique set
of parameters (Torfs et al., 2013). In summary, no unique set of parameters can be

found for the combined equations for hindered and compression settling.

Locatelli (2015) used an automatic differentiation tool to model sludge settling. He
chose a Vesilind-DeClercq (equations 1.6 and 2.5) coupling for hindered and com-
pression settling respectively in the Biirger-Diehl (Biirger, Diehl, and Nopens, 2011)
approach. Those four parameters have an important effect on the prediction of the
simulated sludge blanket height. The model with the calibrated parameters can be
accurate only within the three first hours of settling, beyond this time the SBH is
overestimated. Seven different parameter sets were tested and the quality of the es-
timation was measured by visually comparing the simulated and observed sludge
blanket height.

The HTC model (equation 1.15) calculates the solids flux in a domain of 60 horizontal
layers to represent the settling behavior in a batch column. Ramin et al. (2014a) used
only 3 parameters to estimate. The global calibration optimization method selected
was Markov Chain Monte Carlo (MCMC), in which a large number of iterations
(sometimes more than 100000) are made in order to find the best parameters set to fit
the experimental data. They reported no identification issues for the three calibrated
parameters. Even if MCMC is an accurate method, the main disadvantage of the
method is that it requires a large number of simulations making it computationally

intensive.

These calibration methodologies are usually performed using 1D models and the
associated numerical methods. The identified parameters could then be used within
a CFD simulation, usually performed by another software package with different

numerical methods.

One of the advantages of the OpenFOAM platform is that the same solver can be
used to perform 3D, 2D-axisymmetric, 2D or even 1D simulations. In practice, the
user has always to provide a 3D mesh but by defining specific "empty" or "wedge"
boundary conditions into the mesh, the solver adapts the numerical procedure to
the dimensions of the system. Therefore, the same solver and numerical methods
can be used for parameter estimation and validation in a batch settling column as
well as for simulation of a full-size clarifier. This makes the process easier and more
reliable.

DAKOTA® (https://dakota.sandia.gov/) is an open-source (GNU LGPL license)
toolkit that provides an interface between simulation codes and a variety of itera-
tive systems analysis methods, including optimization, uncertainty quantification...
It has applications spanning defense programs for climate modeling, computational
materials, nuclear power, renewable energy, and many others. DAKOTA® can there-
fore be coupled to OpenFOAM in order to perform the identification of the best set

of parameters for the settling model developped in chapter 2.
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The objective of this chapter is to show a local process of calibration and validation
of the settling model developed in OpenFOAM (2) using the sludge blanket height
(SBH) experimental information obtained in a batch column and the simulated SBH.
Calibration is made by using a 1D mesh created in OpenFOAM.

This study is using a local optimization method: this allows to lower the compu-
tational cost (as a CFD code is used). In addition, not enough experimental points
were available to perform a global analysis.

In order to illustrate this calibration and validation procedure, two sets of experi-
mental data were chosen, due to the extremely varying characteristics of the sludge
in the studied treatment plant. According to the number of experimental data points
available, a different settling model (hindered and compression functions) is chosen
for calibration. Indeed, the settling functions assessed in this study involve a dif-
ferent number of parameters. The choice of different functions therefore allowed to

adjust the degrees of freedom of the calibration process.

A non-linear squares method is performed in order to minimize an objective func-
tion. In such method, the model equation is fitted to the experimental data rather
than transforming it into a linear form (Sagnella, 1985). Estimation consist in finding
the optimal values for the parameters that can minimize a cost function or Quantity
of Interest (Qol). The cost function, often described as the sum of the squared errors
between the observed data and the simulated data, is minimized with respect to the

parameters.

In this approach, we will evaluate the quality/accuracy of the model outputs by
introducing a statistic called Nash Sutcliffe Efficiency (NSE). Hence, the NSE statis-
tic can be decomposed in three components: correlation, the bias and the relative
variability in the simulated and observed values to show the inherent systematic

problems due to calibration (Gupta et al., 2009).

Finally, validation of the model is carried out by using another set of batch sludge
settling experimental data and the settling velocities, and evaluating it through the
NSE statistic. With the found values of the settling parameters, the CFD model will
be validated in a full-scale clarifier.

3.2 Materials and Methods

3.2.1 Sludge settling Model

Equation 2.17 is the model of interest. Such model can be used for 1, 2 or 3 dimen-
sions. As stated before, this model consists of 1 general PDE, where one can choose
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among different hindered settling velocities (U},s) and effective solids stress ( oe) func-
tions to describe the settling behavior. Two different sets of experimental data are
used to calibrate the model, thus the model 2.17 is used in two configurations:

¢ Vesilind equation (Vesilind, 1968), and the simplified function of DeClercq for
effective solids stress (equation 3.1).

¢ Diehl equation (equation 2.20) and simplified function of DeClercq for effective
solids stress (equation 3.1).

0 for 0 < ag < Xerit/ P4

Oe(ag) = . (3.1)
/\(lxd - pﬁm) for g > Xcrit/Pd

In the OpenFOAM code, equation 2.2 is expressed as the volume fraction of the
dispersed phase (x4) and not the sludge concentration (X) (see chapter 2).

Parameter A indicates the magnitude in which the settling velocity is slowed down.
The compression function is calculated with equation 2.18, but is only active when
the sludge volume fraction crosses the critical volume fraction defined as Xt/ 0q4.

3.2.2 Experimental Test on Batch settling column

For the calibration analysis different sludge samples were grabbed at different sea-
sons (January to October 2018) from the aerated tank of the WRRF of Achenheim
(WRREF details in chapter 4). Batch settling tests were performed in order to obtain
the settling velocities and the sludge blanket heights using an Ultrasonic Transducer
device developed by ICube laboratory (Abda et al., 2009; Frangois et al., 2016; Pal-
lares et al., 2017).

The batch settling column consisted of a cylindrical transparent PEXIGLAS column
of 1m height and 0.4m diameter with a total volume of 126 liters (figure 3.1 right).
Prior to sedimentation test, the sludge mixture was homogenized by a reversible
pump system working in closed-loop. Air bubbles must be removed from the en-
tire column, since they can disturb the velocity measurements. Wall effects can be

neglected due to the large diameter of the cylinder.

Determination of the sludge properties

Prior to data acquisition, the homogeneous activated sludge was sampled to deter-
mine the TSS, Volatile Suspended Solids (VSS) and sludge densities. The TSS and
the VSS were determined following the procedure AFNOR NFT 90-105, 1997 (Qual-
ité de I'eau - Dosage des matiéres en suspension). The sludge floc density was measured
by pycnometer, centrifuging the bulk sludge following the procedure described in
Locatelli (2015). The properties were measured three times for each dilution.
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FIGURE 3.1: Ultrasonic transducer device position (left) and Exper-
imental batch column with settled sludge from January 16" 2018
(right)

Table 3.1 presents a summary of the sludge properties for all the batch tests from Jan-
uary to October (without dilution). The sludge floc density is an intrinsic property
that is not affected by the dilution.

TABLE 3.1: Sludge properties of the Achenheim WRRF

Date TSS (kg.m—>) | VSS (kg.m~>) | NVSS (%) | Density (kg.m>)
January 4.16 +0.06 2.63+0.03 36.68 + 1.52 1018.2+5.9
February 5.39 +0.03 3.324+0.03 38.44 +0.48 1000.2 + 2.0
April t 5.54 +0.020 3.41£0.007 | 38.49 +0.10 10104 +4.2
Augustt | 2.84£0.003 1.18 £0.003 | 58.57 +0.49 1012.7 0.8
October t 4.554+0.03 2.05£0.07 54.88 +1.39 1001.1 £ 1.6

t Dilutions were made during these tests
T Not a representative value, maintenance at the WRRF was done during the
measurements.

Ultrasonic transducer description

The data obtained from the Ultrasonic transducer device is based on the Doppler ef-
fect. The transducer sends an acoustic signal to the activated sludge suspension and
it receives back an echo called backscattered signal. From this signal, the position and
velocity of a particle (scatterer) can be known. This is a non-invansive technique for
sludge settling velocity recording. The device is placed over the surface of settling
column (see figure 3.1 left) to perform vertical measurements.

The transducer emits a Pulse Repetition Frequency (PRF) at an emission frequency

(fo), then the acoustic beam will be propagated in a conical shape measurement
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TABLE 3.2: Properties and parameters of the ultrasonic transducer,
can be fixed to the desired measures.

Sensor diameter 1cm
Maximum Pulse Repetition Frequency + 300 Hz
Maximum Pulse Repetition Frequency,s¢* 15 Hz
Maximum measurable velocity 0.001 m/s
Central frequency 1.565 MHz
Carrier frequency 1.5-1.25 MHz
Spatial Resolution 2 mm

Time Resolution 0.66 s

+ Number of ultrasonic bursts emitted per second

* Number of emitted ultrasonic bursts recorded per second

cell (spatial resolution). After emitting the ultrasonic pulse, the electronic system
switches to “receiving” mode. The acoustic wave propagates along the beam axis
and each scatter that crosses the beam will diffuse an echo towards the transducer.
The backscattered signal (echo) is composed, at a given time, by the sum of the echoes
of all scatterers located in the measurement cell. The scatters/particles will induce
a frequency shift in the backscattered signal, i.e., the Doppler shift fp. In each cell,
the information obtained from several pulses is processed by the instrument to es-
timate the projection of the velocity vector over the beam axis. The features of the
Ultrasonic device are summarized in table 3.2.

To get the information for the sludge blanket height, the values of amplitude are
needed. The strength of the backscattered signal increases sharply giving a higher
value in the amplitude signal. Thus, the amplitude will show a high value when the
ultrasound burst reach the top of the sludge blanket (Frangois et al., 2016). Higher
the backscattered intensity is, higher the particle concentration (Thorne and Hanes,
2002). Therefore, the interface of the clear water and the sludge or SBH, can be
estimated by relating the height where the sharp intensity jump of the amplitude

sign was found.

To obtain the settling velocity of the particles U5 within the sludge blanket, the Doppler
shift frequency (fp) is needed, equation 3.2 correlates both variables:

. Cfp
Ug = ZfC

Where C is the sound speed and f. the carrier frequency (Hz). The settling velocity

(3.2)

can be obtained by measuring fp at different depths. A variation of 1°C in water
temperature will produce a variation of 0.1 and 0.3 % in the particle velocity and cell
position. Thus, a correction by the speed of sound at 20°C has to be done.

The average time for velocities and amplitude data acquisition was 1 hour. Separate
tests were also carried out for more than 5 hours. Particles settling velocity and the
amplitude (backscattered intensity) of the signal were recorded every 0.15 sec.
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3.2.3 1D simulation in OpenFOAM®

OpenFOAM® natively performs 3D simulations. However, calibration and valida-
tion of the settling behavior is studied here in batch. It is therefore necessary to set
specific boundary conditions to convert the 3D mesh into a 1D mesh.

The initial mesh reproduces the PLEXYGLASS column structure (figure 3.1). A 1Im
height, 40cm long and Imm thick mesh is built. To create the 1D mesh, one cell
thickness in the horizontal and depth directions are set up.

At the beginning of the simulation the column is considered to have an homoge-
neous sludge concentration, therefore the initial concentration is set to the same
value in each one of the cells/layers. The rectangular system is limited by walls
located at the bottom, left and right side. The atmosphere is located in the upper
part of the column, this is a free surface indicating that no walls/inlets/outlets are
present (figure 3.2).

The one cell thickness is required in the x direction. By setting the “empty” condi-
tion to the front and back patches, will make OpenFOAM® to understand that no
calculation is required in the z direction. The vertical axis (y direction) is divided
into 500 layers, indicating a cell size of 2mm.

Atmosphere

-» Back

Left wall
oM Jybry

Yy

L.

FIGURE 3.2: OpenFOAM 1D mesh and boundary conditions

Bottom wall

The code used for the simulations is compressionFluxFoam described in section 2.1.3
and Valle Medina and Laurent (2020).
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The Courant-Friedrichs-Lewy condition (CFL) condition (equation 3.3) is fixed to
0.9, to ensure the convergence of the simulation. This condition assures the informa-

tion of a cell traveling directly to its neighbor and do not skip it.

At
CFL=d " (3.3)
Where: d is the velocity magnitude, AT is the time step and Az is the length between

mesh elements.

3.24 DAKOTA® optimization process

DAKOTA® is a software developed by U.S. Sandia National Labs and stands for De-
sign and Analysis toolkit for Optimization and Terascale Application. This software
allows for model optimization, uncertainty quantification, parameter study and de-
sign of experiments. It can be used with its own syntax or it can be coupled to an
external software (acting like a black box tool) to perform the optimization process.

Optimization process with DAKOTA®

DAKOTA® can perform an optimization process just by setting-up an input file,
with the experimental and model output information, and choosing the optimiza-
tion model/code.

Dakota has different optimization methods (gradient-based, efficient global opti-
mization, nonlinear least squares, etc.) to find the response for the objective func-
tion. The model to be optimized can be set directly into DAKOTA® environment or
it can be linked to another software (see next section). One can set the initial guess
and domain of the values of the parameters where the optimization method should
seek. Finally, a series of calculations are performed to obtain the objective function
and make a new iteration (if necessary) with a new set of parameters automatically
calculated by DAKOTA®.

Figure 3.3 illustrates the closed-loop of an optimization process using DAKOTA en-
vironment. DAKOTA already contains algorithms to perform an estimation process,
such as the Rosenbrock function, which is a test problem used to evaluate the charac-

teristics of an optimization process (convergence, precision).

Optimization process coupling DAKOTA® and OpenFOAM®

Coupling DAKOTA and OpenFOAM® mainly consists in running an OpenFOAM
solver in order to get a response or output, in which later, DAKOTA will read to
analyze the response. If the response has not a desirable value then DAKOTA will
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FIGURE 3.3: Optimization process used by DAKOTA. In italics the
information that the user needs to provide to start the process.

set new conditions for a new simulation in OpenFOAM until a convergence criterion
is reached.

When coupling DAKOTA to an another software, an external analysis driver (it can
be a shell code) will link both. DAKOTA calls OpenFOAM through it and acts like a
black box simulator to calculate the objective function and estimate the parameters.

OpenFOAM and some other shell codes included in the case base, perform the re-
quired calculations for DAKOTA to obtain the cost function and then to estimate the
new values of the parameters to complete the identification process.

The basic OpenFOAM case must contain: the initial and boundary conditions, mesh
information, constant values, time controls and tools to extract the information of
interest (simulated data). After setting the optimization method and the initial guess
of the parameters, DAKOTA® will call OpenFOAM® to run a simulation with the
initial guess of the parameters. Then, OpenFOAM will sample the points of interest
in the mesh. With the additional shell codes, the simulated settling curve is extracted
and the values are compared to the experimental data. The latter values are then
used by DAKOTA to obtain the cost function and estimates the new parameter set if
needed. Figure 3.4 illustrates the coupling process for both softwares.

In general, DAKOTA is linked to OpenFOAM to perform parametric study, e.g. to
find the optimal velocity or for geometry/shape optimization (“Coupling of Dakota

and OpenFOAM for automatic parameterized optimization”) and geometry parametriza-

tion like the Ahmed body, a geometrical body used for aerodynamic studies (Ahmed,
Ramm, and Faltin, 1984). This is logical if we consider that OpenFOAM® is a CFD
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FIGURE 3.4: Dakota environment (continuous blue line) coupled to
an OpenFOAM

software applied mainly for aerospace, aeronautics, automotive industries. Some of
these optimization processes consist in changing the position of the inlet in order to
see how this movement change the output field.

In our study, the novelty comes when DAKOTA® is coupled to OpenFOAM to make
a parameter estimation in a 1D model, to further use these parameters in a 2D ap-
proach for sludge settling modeling (refer to chapter 4).

3.2.5 Parameter Estimation using the Non-Linear Squares (NLS) method
of DAKOTA®

The least squares method is the most widely used procedure to estimate the model
parameters (Sweeney, Williams, and Anderson, 2019). This is a deterministic cali-
bration where parameters are adjusted in order that simulation data points are the
closest to the experimental data points.

When using, Non-Linear Squares (NLS) method in DAKOTA, the case is considered
as unconstrained problem. The Gauss-Newton based algorithms neglect terms in
which residuals multiply Hessians (second partial derivatives) when assuming that
residuals tends to 0 at the solution. Thus, the first order information is enough to

define the objective function.
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Optimization problems through the NLS, involve the minimization of an objective
function f(x) such as:

F@) = Y [Humi(8) — Hopos? (3.4)
i=1

1

This objective function f(x), called sum Sum of Squared Errors (SSE), is defined as
the difference between experimental data (H,ps) and the model predictions (Hgim) in
a particular location or time step.

Here, 6 would be the set of the model parameters that are being calibrated.

The NL2SOL gradient based method

The NL2SOL method looks for a local minimum, the gradient acts as a compass and
always points downhill. The method starts with an initial guess of the parameters
values and then moves to a set of parameters that can minimize the cost function.
An iteration process is created to improve the performance of such initial guess to
reach the best fit.

To illustrate this problem, only the compression parameters: A and Xt are con-
sidered, but the calibration process include also the hindered settling parameters
(equations 2.2 and 2.20). With the initial guess, the model function is expressed as a
Taylor series expansion near the initial values (Ag and Xcit0), the expansion can be

represented in a linear parameter equation:

df(/\—/\o)+

Yi = f(A Xerit - t) = f(Ao, Xerito, i) + dA

d
—— (Xerit — Xeri 3.5
d Xcrit ( crit crltO) ( )
Where T, is the independent experimental variable assumed to be free of error for
n pairs of data points and Y; the experimental value. Values can be obtained for
(A — Ap) and (Xuit — Xerito) by solving the difference between the experimental and

predicted values with the initial parameter guess.

The new obtained values are used for the next initial guess and repeated several
times. In each iteration the SSE (equation 3.4) is calculated and evaluated until a
converging criterion is achieved. Convergence is reached when the change in the
value of the SSE from one iteration to another is below a tolerance value (here a
value of 1072 is used).

Thus, the NL2Sol algorithm in Dakota®, uses the Gauss-Newton gradient method to
minimize the cost function. Assuming that the first derivative of [Hgim (6) — Hops)?

tends to zero and thus the Hessian matrix of the second derivative of f(x) can be
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approximated by using only the first derivative of [Hgim(0) — Hyps)?. This approxi-
mation is corrected by a secant update method.

Confidence intervals on estimation

The 95 % confidence intervals are computed as the optimal value of the estimated
parameters & a t-test statistic times the standard error of the estimated parameter
vector. The standard error is a linearization involving the matrix of the derivatives
of the model with respect to the derivatives of the estimated parameters (Adams et
al., 2014).

3.2.6 Evaluating the estimated parameters

The Nash-Sutcliff Efficiency (NSE) normalized statistic evaluates the quality of the
estimation by determining the relative magnitude of the residual variance compared
to the measured data variance, thus it is expressed as:

b inm\2
(Hzo S HZSZm)

NSE=1-"

(3.6)

M= &M:

(qubs _ H‘obs)2

Il
—_

Where Ifli,obs is the mean of the measured data for the constituent being evaluated.

NSE can range from oo to 1. Moriasi D. N. et al. (2015) developed this evaluation
criteria based on measures for watershed hydrological modeling (nutriments, flow
and sediments). To determine the quality of the calibrated parameters one can take
such criteria for the NSE, as it is shown in table 3.3

TABLE 3.3: Evaluation criteria for estimated parameters

Criteria NSE Value
Very Good > 0.8
Good 0.6 < NSE <0.8

Satisfactory 0.5 < NSE < 0.6
Not Satisfactory <05




3.3 Results

3.3.1 Experimental study
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The results for the hindered settling velocities measured in the batch column are

shown in graphic 3.5. One can observe that the correlation between the settling ve-

locities and the MLSS concentrations is more or less acceptable. However, gathering

all the points to do just one calibration process may be inaccurate. For example, the

sludge of October and January have similar concentrations, but the sludge of Octo-

ber settles almost four times faster than the sludge of January. This behavior may

be due to the high content in mineral matter of the October sludge (see table 3.1).

Visually, the sludge of October had more a gray color, instead of having a brown

sludge normal color.
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FIGURE 3.5: Relation between the sludge concentration and settling

velocities from the batch experimental tests

Therefore, two different calibration process are carried on. One calibration process

for the experiments held in April and other using the experimental data of October.

Those experiences, where chosen because of two reasons:

1. For both sampling campaigns, batch tests with several dilutions of the same

sludge using treated water from the same WRRF were performed;

2. The experimental data obtained in the full-scale clarifier is representative (chap-

ter 4).

6
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Measured data in April

The sludge blanket height information was extracted for the three different initial
concentrations durint the first hour. Figure 3.6 shows the experimental settling
curves for the three different initial concentrations (Xp). Only the test with initial

concentration of X(=3.95Kg-m > was performed during 11 hours (see figure 3.8b)
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FIGURE 3.6: Experimental settling curves from the batch tests held in
April

The experimental hindered settling velocity (Unse) can be obtained by calculating the
slope in the linear part of the curve (dotted black line in figure 3.6). The slope can be
defined by visually setting the limits, i.e., for the settling curve at Xy = 3.95 Kg'm*3
it is located between 300 and 1200 seconds.

However, this visual technique may not be accurate enough due to human subjec-
tivity on setting up the limits of the slope. This can be the case for the settling curve
at Xp = 4.62Kg-m 3, which do not show a clear hindered zone and by consequence
there is hardly a steep slope. The settling curve at Xy = 5.54 Kg-m > shows a large
lag-phase, suggesting that the sludge is already in compression and thus it is hard
to determine a true settling velocity within the hindered zone.

To avoid the bias, the method of Stricker (Stricker, Takécs, and Marquot, 2007) is
used. To calculate the slope of the curve, such method makes a correction by consid-
ering the lag phase in the settling curve and the compression zone. Table 3.4 shows
the values of the experimental hindered settling velocities (V}¢e) using the Stricker
method.

TABLE 3.4: Measured settling velocities at different sludge concentra-
tions with the samples taken in April

Concentration (Kgm>) Vje(m=s™ 1)
3.95 1.83.10°%
4.62 8.25.107°
5.54 5.98.10°°
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To calibrate this experimental data, configuration one is used (section 3.2.1) i.e., the
coupling of equation 2.2 and equation 3.1. Therefore 4 parameters need to be cali-
brated.

The measured settling velocities are needed to determine the initial guess of the
parameters of the Vesilind equation for further calibration. This was made by min-
imizing the cost function (equation 3.4) using the values of the hindered settling
velocities. The GRG Non-Linear algorithm of Excel for the estimation process was
used. The found values for the initial guess of the parameters of Vesilind equation
are in table 3.5.

The initial values for the compression parameters (A and X¢) are based on literature
values (table 3.5). Another guide to set-up the initial value of X is that it shall be
higher than the initial concentration.

TABLE 3.5: Initial guess of the parameters and their limits

Parameter  Initial Guess Upper bound Lower bound

Uo(m-s 1) 0.0024 0.1 0.001
rh(m®-Kg1) 0.682 0.912 0.456

AMm?-s72) 0.05 0.1 0.001
Xerit(Kgm™3) 5.5 6 5

Measured data in October

The 3 settling curves of the sludge sample taken in October 2018 are shown in figure
3.7. For each sludge dilution the sludge blanket height was tracked during one hour.
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FIGURE 3.7: Experimental settling curves from the batch tests held in
April

For the three sludge dilutions, a clear delimitation between the hindered and com-
pression zones is distinguished. Steeper slopes are present for this sludge, indicating
a higher hindered settling velocity. Hence, at the lowest sludge concentration, the
sludge blanket is low (~ 14cm) by the end of the experiment. Only a visual method
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is used to determine the limits of the hindered zone. With a linear regression, the
values of the slopes of the settling curves are obtained. The hindered velocity values
are shown in table 3.6.

TABLE 3.6: Measured settling velocities at different sludge concentra-
tions with the samples taken in October

Concentration (Kgm=3) e (m-sT1)
2.08 1.765.1073
3.05 1.089.10~*
4.54 6.817.10~*

Comparing the velocity values at similar concentrations, (for the same WRRF sludge
but in different season), it results that velocity for Xo = 4.54Kg-m~3 is 20 times
higher than the velocity for the sludge at Xo = 4.62Kg-m 3. This increase in the
velocity can be due to the fact that the sludge of October has a higher percentage of
NVSS.

For this experimental data, the calibration/validation process is made with configu-
ration two (section 3.2.1), i.e., the coupling of equation 2.20 and equation 3.1. Thus,
5 parameters are calibrated. The initial guess for the values are listed in table 3.7.

TABLE 3.7: Initial guess of the parameters and their limits

Parameter  Initial Guess Upper bound Lower bound
Uo(m-s~ 1) 0.009 0.1 0.001
q 1.5 2 0.5
X(Kgm~3) 0.7 1 0.1
A(m?.s72) 0.02 0.01 0.001
Xerit(Kgm™3) 5 6 4.6

3.3.2 Calibration and Validation on sludge blanket height
April data

Calibration process for the complete settling curve, (estimation of the 4 settling pa-
rameters at the same time) was done taking the results of the measured sludge blan-
ket at the initial concentration of Xy = 3.95Kg-m~ for one hour of settling. The
simulated SBH is where a high volume fraction gradient is observed. In the simu-
lation results, the value of such height was obtained at the layer where the sludge
concentration is X = 0.9Kg-m~3. The values of the estimated settling parameters
and their confidence intervals are shown in table 3.8.

Calculating the NSE for the complete settling curve yields a value of 0.995 which
indicates a good quality of the estimated parameters according to Moriasi D. N. et
al. (2015) criteria. If the same statistic is applied separately for both zones, hindered
and compression, values of 0.987 and 0.945 are obtained respectively. Thus, even if
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TABLE 3.8: Values for the estimated settling parameters and their
confidence intervals for April data

Parameter Estimated Value Confidence intervals

vo(m-s~T1) 0.0046 +1.28.10~*
r(m®-Kg1) 0.7573 +5.19.10°3

A(m?-s72) 0.05 +8.76.10~*
Xerit(Kg-m~3) 5.51 +0.045
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FIGURE 3.8: a) Measured and simulated settling curve at Thour. b)
Log-Log settling curve for measured and simulated data during 11
hours of settling for X; = 3.95Kg-m~3
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a local minimum of the cost function is found, the estimated values perform a good
simulation of the batch settling behavior within the first hour of settling. Hence, the
low uncertainty (red dotted lines in figure 3.8a) of the parameters ensures the good
definition of the estimation process.

The log-log plot of the experimental data (figure 3.8b) shows a linear trend which
indicates that the SBH moves according to a power law. The simulated SBH shows a
marked breakdown around 1800 s caused by the constant sludge critical concentra-
tion. Hence, after 4200 s, the simulated SBH does not follow a linear trend, suggest-

ing that compression parameters should vary with time.

To validate the 1D model the estimated parameters are used to model batch settling
behavior at two different initial concentrations. The estimated parameters seem to
reproduce the same behavior as the experimental data within the hindered zone
at Xo = 4.62Kg-m~3 (figure 3.9a). Within the first hour the model can predicts
accurately the settling behavior. After this time, the models over predicts the sludge
height, indicating again that compression parameters should vary with time (figure
3.9b).

Validation at the initial concentration of Xy = 5.54 Kg-m~3 is not included due to the
large lag-phase during the settling experiment where it is complex to determine a
true hindered settling velocity. Within this experiment, the compression parameters
are not truly validated in batch column due to the lack of measurement points. But
for hindered settling zone the model makes a good agreement with experimental

data when using the estimated parameters.

October data

Calibration process was done in the same manner as in the previous campaign but
using a Diehl’s function (equation 2.20) for hindered settling modeling. Thus, the
estimation is made simultaneously for 5 parameters. The values of the estimated
settling parameters and their confidence intervals are reported in table 3.9. The ini-

tial concentration was set to Xo = 4.54Kg-m 2

TABLE 3.9: Values for the estimated settling parameters and their
confidence intervals for October data

Parameter Estimated Value Confidence intervals
vo(m-s 1) 0.00926 +1.57.10°%
q 1.36 40.01
X(Kg:m~3) 0.7146 +0.0105
A(m?.s72) 0.01671 +2.00.10~4
Xerit (Kgm™3) 4.6 +0.0992

Calculating the NSE for the complete settling curve yields to a value of 0.982 which
indicates a good quality of the estimated parameters. The NSE for the hindered and
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compression zones are 0.933 and 0.916 respectively. As in the previous case, the

estimated values perform a good simulation of the batch settling behavior within

the first hour of settling. The low uncertainty of the estimated parameters ensures

the good estimation of the parameters (dotted red lines figure 3.10).

The normal settling curve (figure 3.10a) shows the good fit of the predicted SBH,

however after 1 hour it seems that the simulated height will be overestimated by

the model. This can be confirmed with the log-log plot (figure 3.10b) in which the

linear trend of the simulated curve is finished after 1800 seconds and not following

the same trend as the experimental curve.
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bols) settling curves at different initial concentrations in October.
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dicate the 95% of confidence interval

Validation of the model is done with the two supplementary set of experimental

data. Figure 3.11a shows the normal settling curves of the measured and predicted
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sludge blanket for these additional initial concentrations. The parameters of the
hindered settling can accurately describe the settling zone.

The log-log plot (figure 3.11b) illustrates again the power law behavior of the settling
curves, and that the estimated parameters can accurately describe the hindered zone
marked by the curvy trend of the line. The model can also reproduce accurately the
compression curve within the first hour. However, the trend of the curve is to remain

constant with time once in the compression regime.

For this sludge, it is observed that a unique set of compression parameters can accu-
rately describe the sludge blanket height during the first settling hour for all sludge
concentrations. However those parameters fails to predict an accurate SBH after one
hour. This unsuccessful prediction is expected as the compression parameters do not

change in time.

Ramin et al. (2014a) introduced a model with a varying critical concentration which
is estimated in function of the initial concentration. Even if their model seems to
overcome this problem, the approximation of X+ being dependant of the initial
concentration is not feasible in a full-size clarifier where the initial concentration is
not know and a sludge blanket height is physically hard to track. (Refer to chapter 4
to see the problems when measuring the sludge blanket height in a full SST).

Locatelli (2015) implemented a time varying critical concentration model. The time
dependant critical concentration was described with an empirical equation. The
sludge blanket model predictions were successful for different parameters sets, but
only within the first 3 hours of batch settling.

3.3.3 Validation on settling velocities for October data

The validation on the settling velocity in column presented here, only concerns the
initial concentration at Xg = 4.54 Kg-m_3 at two different times. The experimental
velocity profiles are compared to the calibrated model, using the found values, and
a model that do not use the compression function. The model without compres-
sion function employs the same calibrated parameters for the Diehl function used to
simulate the hindered settling.

Both models do not follow the distribution of the settling velocities within the dis-
crete and hindered zone, hence the ending of the hindered zone (represented by the
vertical continuous line on figure 3.12-right) is overestimated. This is expected, the
models do not calculate the individual particles velocities and thus the distribution
is impossible to predict including the distribution in the hindered zone (Locatelli,
2015, Torfs et al., 2017). Only in the bottom of the column the model with the com-
pression function predicts accurately the settling velocities, where such velocities
mostly depend on the local sludge concentration.
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However, after 44 minutes of settling (figure 3.12 right). The model do not predict
a linear behavior of the velocities within the compression zone, and a discontinu-
ity between the clear zone and the compression zone is created. This is due to the

constant critical concentration through time.

Despite the fact that the prediction of the individual settling velocities are not in-
cluded in both models, the model including the compression function, estimates
better settling velocities when compared to a model that do not use the compression
function (figure 3.12 black dotted line).

To evaluate the accuracy of the model, the Mean Absolute Error (MAE) is obtained,
lower is the value closer the predicted values are to the measured ones. Such statistic
measures how close the predicted values are to the measured ones by summing the
absolute differences of the values, i.e.

i ’l—)’sim o l—)’obs

MAE = 1:17 (3.7)

where: #°" and #°*° are the simulated and measured settling velocities respectively.

At 5 minutes, the model within the compression function, shows a MAE of 3.68x10~*
within the compression part. Compared to the MAE (8.75x1073) of the model with-
out compression function, the latter is clearly less accurate when predicting the par-
ticles settling velocities within a batch column.

The same evaluation made with the velocity profiles at 44 minutes is performed.
The MAE are 3.15x10~# and 8.58x10~3 for the model with compression and without
compression function respectively. The model including the compression function is
still more accurate for the predictions of the settling velocities even at longer times.

3.4 Conclusions

DAKOTA software was successfully coupled to a 1D model performed in Open-
FOAM®. A local minimum gradient based method for parameter optimization was
used. This allows to have a less computationally intensive process and obtain accu-
rate values for the estimated parameters. DAKOTA constitutes a powerful tool that
can be used also to perform a global optimization process opening a new opportu-
nity for developers to study deeply the compression parameters in the OpenFOAM
model.

The two calibration processes were made with different couples of settling functions
(hindered + compression): this was because there was a lack of experimental points
for some datasets. Calibration performed with equations of Vesilind (1968) and sim-
plified form for oe of Declercq was chosen because only two sets of experimental



86

1 1
Clear 0.9 Vs
o o7
Zone 0.8 RS
S5
o7 . ¥ Clear
06 ’ Ty Zone
_ Hindered _ L e e
£
E Zone £ o5
) =) <
2 2 04
0.3
i 0.2
ggrr]r;pressmn Compression
0.1 Zone
0 T T r 0
OE+0  5E-4 1E-3 2E-3 2E-3 1E-7
Velocity (m/s) Log Velocity (m/s)
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data were available and this reduces the number degrees of freedom for the hin-
dered settling model. Such settling model showed a good fit of the SBH within the
tirst hour of batch settling. Validation in batch settling was hard to evaluate since
only one set of experimental data was available. Using the calibrated parameters
into a new experimental data set resulted in an underestimation of the SBH in the

compression zone.

Calibration made with equations of Diehl (2015) and simplified form for ¢e of De-
clercq was chosen in order to follow the suggestions made by Torfs et al. (2017) when
using the Biirger-Diehl framework (Biirger et al., 2013). As in the former calibration
process, such model approach gave accurate results during the first hour of settling.
The estimated parameters can predict accurately the SBH within the hindered zone
when they are used in other experimental data set. However, they tend to overesti-

mate the SBH in the compression zone.

One of the reasons why the model (in both approaches) is over predicting the SBH
is because the critical concentration is modeled as a constant value in time. The
research made by De Clercq (2006), Ramin et al. (2014a) and Locatelli et al. (2015)
indicates that compression parameters should vary with time to obtain a more ro-
bust model. However, no physical evidence proves this statement. In Ramin et al.
(2014a) approach the critical concentration is in function of the initial concentration,
such suggestion is difficult to consider in a full-size clarifier due that a true initial
concentration is impossible to identify.

Hence, the different nature of the sludge taken from the WRRF in different seasons
made difficult to obtain a general relation between the concentration and the settling
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velocity (higher is the concentration, lower is the settling velocity). The settling ve-
locity is highly affected by the content in NVSS. Faster velocities were found when
the content of NVSS was higher at similar MLSS concentrations. This behavior lead
us to realize two calibration/validation processes with the sludge of Achenheim
WRRFE.

Identification problems can occur within the model, due to the fact that values for
the optimized parameters depend on the initial guess. This is because a gradient
based method tries to find a local minimum quantity of interest or cost function.
However, the estimated parameters showed a good accuracy, the quality has been
measured through the NSE statistic for the different settling zones and the complete
settling curve, the values showed a very good evaluation (NSE > 0.75). Using a
global sensitivity analysis was not within the scope of this study.

The flocculation state is a possible phenomenon that can explain the time-dependant
compression parameters, this was included in a multiclass 1D settling model by
Torfs et al. (2016). However, the same methodology would be hardly compatible
with a drift-flux approach in CFD since to this stage there is no code to model the
velocity of the different class of particles.

Nevertheless, it was decided to use the estimated parameters from the batch settling
tests and 1D simulations presented here to simulate the intermittent operation of
the full-scale WRREF (clarifier feeding and recirculation every 20 minutes). They can
predict an accurate sludge blanket height within the first hour of settling which is in

the order of magnitude of the sludge residence time within the clarifier.
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Chapter 4

Hydrodynamic study of the
full-scale Clarifier

4.1 Introduction

Within suspended growth biological processes, Secondary Settling Tanks (SST) must
achieve sludge-water separation, biomass recycling and storage in case of hydraulic
overloading. Hence, SST govern effluent quality in terms of suspended solids and
indirectly in terms of biokinetic processes (Torfs et al., 2015a). Modelling this unit

process is therefore essential to achieve an optimal operation of WRRF.

When using 1D models based on the Biirger-Diehl framework (Locatelli, 2015) (Torfs
et al., 2017) to describe sludge settling behaviour, adding a compression function re-
sulted in improved predictions of sludge blanket height in a settling column. In Torfs
et al. (2015a), a 1D continuous flow simulation of a conventional activated sludge
process is performed. It reveals that adding compression as constitutive function,
greatly improves the sludge blanket height prediction when high loads are present
into the clarifier, hence predicting a more realistic sludge concentration in the bio-

logical reactor.

Since the 70’s, CFD has been used increasingly for analysis and design of water and
wastewater treatment. Its use for mass transport modelling was visualized 20 years
ago (Samstag et al., 2012). The advantage of such approach is that one can have an
insight of the internal behavior of the tank. Secondary sedimentation was one of
the first unit processes to be modelled using Computational Fluid Dynamics (CFD)
(Samstag et al., 2016). However, to date, few CFDstudies incorporate a mechanistic
compression equation to describe settling tanks and no validation of such a model
exists at full-scale.

To optimize SST geometry and operation, CFD modelling is of great interest as it
allows to capture the complex hydrodynamics within the clarifier. Even if it is con-
sidered that particles settling and the arriving flow is constant and uniform, regions
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with high circulation exist and the flow field deviates from ideal uniform distribu-
tion (Tamayol, Firoozabadi, and Ashjari, 2010).

Some WRREF often operate with an intermittent flow, i.e. the inlet and recirculation
flows are discontinuous, and depend on the period of the day. This is the case for
small WRRFs, e.g., in France, the 95% of the WRRF based on CAS technology have a
capacity less than 9000 People Equivalent.

In small WRRF the inlet flow is controlled by a pumping station operating with
on/off control according to the water level in the sump. Hence, the recirculation
pump often also works discontinuously: the return activated sludge RAS flow-rate
is constant but the pump operates only several minutes (5 to 30 minutes) per hour
according to the inlet and RAS ratio. Thus, the discontinuous feeding and extraction
is likely to impact both sludge blanket height and sludge inventory in the settling
tank.

The objective of this chapter is to employ the CFD solver described in chapter 2 (Valle
Medina and Laurent, 2020) including: hindered settling and mechanistic compres-
sion equations to simulate a full-scale SST operating discontinuously.

The small Achenheim WRREF, has a sequential flow, i.e., depending on the upstream
flow coming from the combined sewer network, level sensors will trigger one or two
pumps to feed the tanks. Water is fed when the level on the pump station rises 1.3m
and it stop when level is up to 0.8m.

Therefore, this intermittent behavior may affect the prediction of the sludge blanket
height as well as the RAS concentration and the quality of the ESS. However, the
quality of the ESS is not included in this approach since the model (described before
in chapter 2) does not include the discrete settling modeling.

For this hydrodynamic simulation, the conditions of April and October 2018 experi-
mental campaigns are presented. These experimental campaigns were held in order

to gather data about the sludge blanket height and particles settling velocity.

The simulations with different sludge concentrations and boundary conditions were
made to validate the data obtained in April and October. Thus, the cases were set as
follows:

® April. First, a simulation with constant inflow (Qjn) and RAS flow (Qy) was
performed until the simulation reached the convergence. Departing from this
state, another simulation with dynamic inflow and RAS flow during 24 hours
was performed. Validation is made at different radial positions, only during
the time were the experimental data was done, i.e. from 9:00-11:00 am.

* October. Also, a first simulation was performed to set the basis of the dy-
namic scenario, such simulation is finished when a constant SBH and RAS are
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observed. Thus, the dynamic scenario deals with the intermittent inflow and
RAS flow of the Achenheim WRRF during 51 continuous hours.

According to the mass balance, the incoming flow to the clarifier (Qin) is calculated
as follows:

Qin=0Q0+Qr (4.1)

Where Q is the incoming flow to the wastewater treatment plant, Qjy, is the incoming
flow to the clarifier, Q; is the recirculation flow of the activated sludge (RAS). Thus,
Qis equal to Qe, which is the effluent flow.

The MLSS concentration coming into the clarifier will be noted by Xj,. The sludge
concentration at the removal/recirculation is represented by X, and the sludge con-
centration at the effluent will be X.. However, the model does not include the pre-
diction on the X,, thus this parameter may be not mentioned later. A representation

of the dynamics of the CAS process in given in figure 4.1.

Q  Qin Biological reactor ~ Qin* Xin Clarifier Qe Xe
MLSS (Xin)

Qr‘" Xr

FIGURE 4.1: Representation of the flow configuration in the CAS pro-
cess

The turbulence and viscosity models are kept the same for the three different cases.
The settling model parameters (hindered, compression) are those calibrated using
the batch settling test as presented in chapter 3. The numerical solution and algo-
rithms are also kept the same, however because of the changing inflow the CFL
conditions may be modified.

4.2 Materials and methods

421 Achenheim WRRF and Clarifier description

The Achenheim WRRF is located 13 Km far from the city of Strasbourg in France. Its
capacity is of 9930 people-equivalent and it has a design average flow of 2735m3-d !
(114m—3-h~!) and a design peak flow of 200m3-h~1.

The wastewater treatment is based on a conventional activated sludge process per-

forming biological nitrogen removal through nitrification/denitrification process and
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chemical phosphorus removal with iron chloride (FeCl3). Wastewater comes from a
combined sewage network of domestic places and some wineries.

The process of wastewater treatment is as follows:

¢ Wastewater arrives first to a pumping station where level sensors control pumps
operation based on on/off control.

¢ Then, water passes to an automatic screening to retain solids larger than 1cm.

* Water is conducted to a dissolved air flotation tank for grit and greases re-

moval.

¢ Wastewater arrives to a cylindrical biological reactor composed of two zones:
one external aerobic zone for carbon and nitrogen removal (alternate aeration
for nitrification/denitrification), and an internal anaerobic zone for enhanced
biological phosphorus removal . Iron chloride is added to the mixture for POi_
precipitation.

¢ The mixed liquor suspension passes through a degasser before entering the
secondary clarifier

¢ Treated water is finally released in the receiving aquatic medium which is the
Bruche canal.

Effluent quality limits should fulfill the Arreté du 21 juillet 2015, which is the French
national regulation, and should also fulfill the local regulation for discharging the
treated wastewater into the water sources (see table 4.1).

The dimensions and design parameters of Achenheim WRREF are listed on table 4.2.
Image 4.2 shows an aerial view of the Achenheim WREFF. The red circle encloses the

secondary settling tank. The yellow circle confines the biological treatment.

TABLE 4.1: French national and local effluent quality limits concen-
trations. All limits are in mg-L~!

Biological Oxygen Demand BOD5 25
Chemical Oxygen Demand COD 100
Total Suspended Solids TSS 30
Ammonium N — NH, 10

Total Phosphorus 2

Achenheim Clarifier

The cylindro-conical clarifier is 21.4m of diameter, the height at the center and near
the external walls is 3.8m and 3m respectively (Figure 4.3). The inflow (Qi,), enters
through a center feed well at design average velocity of 0.0109m-s~!. The inlet is
limited by an internal baffle in order to reduce the velocity and turbulence of the

mixture to allow quiescent conditions. An external baffle is placed near the outlet to
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TABLE 4.2: Achenheim WRRF design parameters and biological re-
actor dimensions

Maximum Peak flow in dry weather 165 m>h!
Maximum Peak flow in wet weather 220 m3h!
Average flow in dry weather 114 m3-h!
COD maximum load capacity 1022 kg-d!
Volume of the aerobic tank 3085 m3
Volume of the anaerobic and contact tank 375 m3
Hydraulic retention time in the biological tanks  53.2 h
Sludge concentration in biological treatment 4 —6 Kg-m™3

Clarifier
Biological

treatment

FIGURE 4.2: Aerial view of the Achenheim WRRF
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avoid floating particles to escape into the treated stream. The sludge at the bottom of
the clarifier is conducted to the center by a scrapper (which velocity is 3 revolutions
per hour). The RAS flow (Qr) is designed to be 1.15 times Qj,. The design variables
of the clarifier are listed in table 4.3

TABLE 4.3: Clarifier dimensions and design parameters

Clarifier volume 1200 m>
Maximum peak RAS flow rate in dry weather 190 m*h~!
Average RAS flow rate in dry weather 130 m3-h!

Diameter 214 m

Surface area 330 m?

Design Hydraulic retention time 3.87 h
Maximum peak surface overflow rate 0.61 mh!
Average peak surface overflow rate 031 mh!

4.2.2 Experimental campaigns carried on SST

Several experimental campaigns were carried out from January to October 2018 in
order to study the behavior of the sludge blanket and the settling velocities inside

the clarifier. The measurement campaigns can be divided in two arrangements:
1. Punctual measurements

2. Continuous measurements.

Punctual measurements

Four experimental campaigns: one in January, one in February, one in April and one

in August were done using the following methodology:

For each campaign the same ultrasonic transducer used for batch experiments (chap-
ter 3), was employed to track the vertical velocity and amplitude of the particles in
the clarifier. The ultrasonic transducer device was placed, vertically, over the surface
of the water at three radial distances: 3.5m, 7.4m and 8.6m from the inlet.

To perform the measurements at 7.4m and 8.6m, the ultrasonic device was held on
a vertical aluminum tube which is fixed to 4m long horizontal tube, we will call this
ensemble “big T”. The horizontal tube was fixed as well, to a heavy base standing
outside of the clarifier (figure 4.4). The length of the horizontal tube was adjustable.
The “big T” was pushed manually into the clarifier just right after the skimmer of
the clarifier has passed by. Once the “big T” stopped shaking from the former move-
ment, the data acquisition began. The acquisition time lasted around 20 minutes
which is the time for the skimmer to perform a complete tour of the clarifier. In this

manner, the settling process is not perturbed by a sudden stop of the skimmer.
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FIGURE 4.4: Layout for the data acquisition system

The measuring process at a radial distance of 3.5 m was different because the length
of the horizontal tube was not enough to reach this distance. Therefore, we asked
the operators of the WRRF to stop for a moment the movement of the scraper. Then
we placed only the “big L” over the scraper and after it stopped shaking, the data
acquisition began. The acquisition process at this position finished after 30 minutes.

Unfortunately, the data acquired in January, February and August is not representa-
tive: it was hard to obtain a real value of the sludge blanket height and no particles
velocities were recorded. Therefore, the experimental results presented here con-
cern only the campaign carried on during the morning of April 6th 2018 from 8h00
to 13h00.

The water temperature at the surface of the clarifier was 10.8°C during the test car-
ried out in April and the water temperature in October was 16°C. Settling velocity is
temperature dependent, therefore the obtained velocity values from the transducer
shall be corrected, i.e., the measured velocity is adjusted by the sound velocity at
25°C.

On-site data acquisition

The features of the ultrasonic device used for this experimental campaign appear on
table 4.4. The procedure to obtain the data for the amplitude and particles settling
velocity is the same described in section 3.2.2

Figure 4.5, illustrates an example of how the recorded values can be interpreted.
The amplitude profile obtained during the data acquisition process at a radial po-
sition of 8.6m is shown at a given time. The high amplitude value found at 1.70m
depth corresponds to the beginning of the sludge blanket. Another amplitude peak
is observed at 3.5m indicating the bottom of the clarifier. If the amplitude profile is
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TABLE 4.4: Configuration of the ultrasonic transducer used in the

clarifier.
Sensor diameter 1cm
Maximum Pulse Repetition Frequency + 300 Hz
Maximum Pulse Repetition Frequency,s¢* 15 Hz
Maximum measurable velocity 0.001 m/s
Central frequency 1.565 MHz
Carrier frequency 1.25MHz
Spatial Resolution 1cm
Time Resolution 1s
+ Number of ultrasonic bursts emitted per second
* Number of emitted ultrasonic bursts recorded per second

decreasing from the upper part of the SBH to the bottom, it is due to the diffusion of

the ultrasounds induced by the particles.

Sludge blanket

Depth (m)

e o o

N

Bottom

0.0002 0.0004 0.0006 0.0008 0.001 0.0012
Amplitude (V)

FIGURE 4.5: Amplitude profile measured at the clarifier at a given
time

Continuous measurements

Continuous particle velocities and amplitude measurements began at 11h00 on Oc-
tober 17" and ended at 14h00 on October 19". To get the continuous measure-
ments, a different system (Peacok UVP device developed by Ubertone, France®

www.ubertone.com) was installed in the clarifier.

The Peacok UVP system consists of an electronic system, two ultrasonic transducers
(centered at 1.5MHz and 500kHz) and a battery powered logger (figure 4.7). This
device, is based on coded pulsed coherent Doppler system (Burckbuchler and Fis-
cher, 2017) and gives access to the acoustic turbidity through the backscattered ul-
trasonic energy from the suspended particles. The procedure in how the ultrasonic
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device obtains the amplitude and velocity information is the same described in sec-
tion 3.2.2. One of the advantages of this system is that data can be recorded online

and no power connection is needed.

The Peacok UVP device was placed at 3.5m away from the centre of the clarifier on
the skimmer. A vertical support containing the ultrasonic transducers was held on
the skimmer and placed over the water surface in a vertical position. Due to the
skimmer motion, the device tracked the sludge blanket height and particles settling

velocity in a radial way (figure 4.6).

FIGURE 4.6: Overview of the support and Peacock UVP system
placed in the clarifier

Measurements were performed at three different carrier frequencies (fy), 1.64MHz,
1.29MHz and 0.5MHz. According to Pallares et al., 2017 the radius of a particle can
be correlated to the frequency of the acoustic signal but this has been made only with
regular particles. The results presented here concerns just to one frequency emission,
1.64 MHz. No significant differences in the values of the velocities or blanket height
were found at the other carrier frequencies (f). The characteristics of the transducer
using the carrier frequency of 1.64MHz are in table 4.5

TABLE 4.5: Characteristics of the ultrasonic transducer used at a car-
rier frequency of 1.64MHz

Setting Value
Sensor Diameter 2cm
Central frequency 0.5 MHz
Maximum PRF 50 Hz
Interval of measured velocities | —2.0.1072 t0 2.53.1073 m.s !
Time Resolution 45s
Spacial Resolution 2cm

The vertical orientation of the device means that only the vertical velocity is recorded.
Positive velocities indicates a direction towards the transducer.
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Ultrasonic 1.5MHT”
fransducess O.5MHz

FIGURE 4.7: Layout of the Peacok UVP system placed in the skimmer
of the clarifier

4.2.3 Sludge rheology measurements

Sludge rheology is an important characteristic impacting the description of the fluid
domain (the viscous tensors intervene in the momentum equations). The sludge vis-
cosity was determined experimentally by using an AR2000 (TA Instruments) rheome-
ter. Such rheometer uses a double plate geometry with a gap of 2.0mm which rotates

progressively until a maximum shear rate (Locatelli, 2015).

The rheology test was only made with the sludge samples from April. Thus, the vis-
cosity of same samples used for the batch experiment (section 3.3.1) was measured.
The samples were sieved at 2mm prior to testing. The initial operating conditions
for the rheometer are in table 4.6.

TABLE 4.6: Rheometer Characteristics

Setting Parameter
Plate diameter 2cm
Gap 2mm
Temperature 20°C
Pre-shear duration 1 min
Accelaration mode Linear
Maximum shear rate 500s !
Duration of the ramp 5 min

The evolution of the shear stress with respect to the shear rate for one of the sludge
samples can be observed in figure 4.8. The point corresponding to the intercept of the
curve is considered as the yield stress (T) and the slope of the curve is the apparent
viscosity (yp). The sludge presents a viscoelastic behavior at the beginning of the
test. After crossing the shear stress of 100s~! the behavior is plastic, thus the sludge
can be considered as a plastic fluid.

The apparent viscosity and the yield stress can be both related to the sludge con-
centration in an exponential equation (figure 4.9). Table 4.7 shows the values of the
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FIGURE 4.8: Rheogram for the sludge sample at initial concentration
of 5.54Kg.m =3

parameters of the models. For the simulations, an equation type Bokil and Bewtra
(1972) is used to model the sludge rheology:

0 = C.1092% (4.2)
Iz

The values used for parameters C; and C; are in table 4.7.

(a) 0.003 ®) o1z |
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FIGURE 4.9: Relation a) Concentration and apparent viscosity and b)
Concentration and yield stress for the sludge samples taken in April
2018

The found values for the yield stress and apparent viscosity of the activated sludge
are sightly slower to those reported in Khalili-Garakani et al. (2011).
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TABLE 4.7: Parameters for the viscosity models

Parameter Value
C 0.0017Pass
C 0.0852L-g~!
Aq 0.0019Pas
A 0.432L-g~!

4.2.4 CFD Simulation Description
Sludge Settling Model

The settling model used for the sim<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>