N

N

Optimisation de la digestion anaérobie de la vinasse de
canne a sucre: modélisation et expérimentations a
I’échelle du laboratoire
Hélene Caillet

» To cite this version:

Hélene Caillet. Optimisation de la digestion anaérobie de la vinasse de canne a sucre: modélisation
et expérimentations a 1’échelle du laboratoire. Génie des procédés. Université de la Réunion, 2019.
Frangais. NNT: 2019LARE0029 . tel-02894979

HAL Id: tel-02894979
https://theses.hal.science/tel-02894979
Submitted on 9 Jul 2020

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-02894979
https://hal.archives-ouvertes.fr

LR | UNIVERSITE Vid .
REGION ReUNION
DE LA REUNION B

* *
* o Kk

avec le FEDER

Ecole doctorale n°542 : Sciences Technologies et Santé
Section 62 - Spécialité Génie des Procédés
Doctorat Université de La Réunion

THESE

pour [’obtention du grade de docteur délivré par [’Université de La Réunion

Présentée et soutenue publiquement par

HELENE CAILLET

Le 30 novembre 2019

Optimisation de la digestion anaérobie de la

y

vinasse de canne a sucre : modélisation et

expérimentations a I’échelle du laboratoire

Jury

Laetitia Adelard Maitre de Conférences HDR, Université de La Réunion
Jean Castaing-Lasvignottes Maitre de Conférences HDR, Université de La Réunion

Directrice
Co-directeur

Présidente et

Hélene Carrére Directrice de recherche, INRA Narbonne ‘

' Rapportrice
Kamal El Omari Maitre de Conférences HDR, Université de Pau Rapporteur
Daniel Madyira Maitre de Conférences HDR, Université de Johannesbourg Rapporteur
Alain Bastide Professeur des Universités, Université de La Réunion Examinateur
Lingai Luo Professeure des Universités, Université de Nantes Examinatrice
Thomas Petit Professeur des Universités, Université de La Réunion Examinateur







Titre : Optimisation de la digestion anaérobie de la vinasse de canne a sucre :

modélisation et expérimentations a 1’échelle du laboratoire
Résumé : La digestion anaérobie est un processus naturel ot la matiére

organique est dégradée par des micro-organismes en 'absence d’oxygene générant ainsi
un biogaz composé essentiellement de méthane et de dioxyde de carbone.
L’industrialisation du procédé et 'intérét de la production de biogaz en tant qu’énergie
renouvelable, poussent au traitement de substrats variés. A [’échelle industrielle,
lagitation mécanique ou la recirculation doivent permettre la diffusion des micro-
organismes vers la matiere organique a traiter. Ces apports mécaniques constituent un
poste important de consommation énergétique. En outre, le couplage et les interrelations
entre agitation mécanique a l'intérieur des digesteurs et les transferts de masse ont été
peu approchées en méthanisation. Ces recherches proposent une premiere contribution a
cette problématique. Dans cette optique, nous étudions I'impact de l'agitation sur les
rendements en biogaz de la digestion anaérobie de la vinasse brute en s’appuyant sur des
expérimentations et des simulations numériques basés sur la mécanique des fluides
(CFD). Les expérimentations menées portent sur la détermination du potentiel
méthanogene de la vinasse ainsi que l'étude dans des conditions réelles a différentes
intensités d’agitation, en suivant les propriétés physicochimiques du milieu au cours de
la digestion. En parallele, des simulations CFD sur les écoulements au sein d’un digesteur
agité mécaniquement sont effectuées afin d’apporter des éléments de compréhension sur
les écoulements. Ces travaux sont en accord avec l’étude bibliographique, notamment

sur le fait que I'agitation mécanique ait un impact sur les rendements en biogaz.

Mots-clés : Digestion anaérobie, expérimentation, simulations CFD,

hydrodynamique, agitation mécanique, vinasse.
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Title: Optimisation of anaerobic digestion of sugar cane vinasse: modelling and

experimentation at the laboratory scale

Abstract: Anaerobic digestion is a natural process where organic matter is

degraded by microorganisms in the absence of oxygen, generating a biogas composed
mainly of methane and carbon dioxide. The industrialisation of the process and the
interest of biogas production as a renewable energy source led to the processing of a wide
range of substrates. On an industrial scale, mechanical agitation or recirculation must
allow the diffusion of microorganisms to the organic matter to be treated. These
mechanical contributions are an important factor in energy consumption. In addition,
the coupling and interrelationships between mechanical agitation inside the digesters and
mass transfers have been poorly addressed in methanisation. This research proposes a
first contribution to this problem. In this perspective, the impact of mechanical agitation
on biogas yields of anaerobic digestion of raw vinasse using experiments is studied and
numerical simulations based on fluid mechanics (CFD) are carried out. The experiments
carried out concern the determination of the methanogenic potential of the vinasse as
well as the study under real conditions at different agitation intensities, following the
physicochemical properties of the medium during digestion. In parallel, CFD simulations
on flows in a mechanically stirred digester are performed to provide understanding of
flows inside. This work is in line with the literature review, particularly the fact that

mechanical agitation has an impact on biogas yields.

Keywords: Anaerobic digestion, experimentation, CFD simulations,

hydrodynamic, mechanical stirring, vinasse.
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Introduction générale

Cette these, financée par la Région Réunion, a été menée au sein du Laboratoire
PIMENT (Physique et Ingénierie Mathématique pour I'Energie, I'environnemeNt et le
batimenT) rattaché a 'Université de La Réunion (France). Ces travaux ont porté sur
I'étude de la digestion anaérobie de la vinasse de canne a sucre, plus communément
appelée méthanisation. La méthanisation permet de répondre a deux enjeux majeurs qui
sont la production d’énergie renouvelable et le traitement des déchets organiques. Nous
donc allons dans un premier temps présenter le contexte énergétique régional puis dans
un deuxiéme le traitement des déchets a La Réunion. Ce qui nous amenera dans un
troisieme temps au contexte scientifique. Et enfin dans un quatrieme temps nous

résumerons 'organisation du manuscrit.

Le contexte énergétique régional :

13%

Energies renouvelables

B Energies fossiles

Figure 1: Consommation d’énergie primaire en 2017 a La Réunion (SPL Energies

Réunion)

A La Réunion, en termes de consommation d’énergie primaire, les énergies fossiles
représentent 87 % des consommations avec le pétrole, le charbon et le butant. En effet,
ce territoire insulaire ne dispose pas de centrale nucléaire ainsi ce dernier est fortement
dépendant aux énergies fossiles importées. Ceci est un obstacle important pour atteindre
une autosuffisance énergétique. Quant aux énergies renouvelables, nous retrouvons
I'énergie produite a partir de la combustion de la bagasse (7 %), I'hydraulique (2,5 %),
-
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le solaire PV (panneaux photovoltaiques) et 'éolien (1,6 %), le solaire thermique (1,5
%), le biogaz (0,3 %) et enfin les huiles usagées (0,1 %). Nous constatons que la part
d’énergie renouvelable est faible mais les sources d’énergie sont variées. Comme énoncé
précédemment, nous travaillerons sur la production de biogaz qui est aujourd’hui peu
exploitée mais ayant un fort potentiel de développement notamment par 1'utilisation de

déchets organiques en intrants.

Le traitement des déchets a La Réunion :

Le gisement réunionnais total représente 4,3 Mt. Nous avons notamment les déchets
inertes du BTP (2 Mt), les déchets organiques ou non des activités économiques (DAE)
(1,8 Mt) et les déchets ménagers et assimilés (DMA) (0,5 Mt). La production moyenne
de DMA est de 618 kg/hab/an.

Les déchets produits peuvent étre valorisés selon les voies de traitement choisies. La
valorisation organique des déchets consiste a les utiliser en tant qu’amendement
organiques sous forme de compost, de digestat ou de déchets organiques transformés par
voie biologique. La valorisation énergétique est l'exploitation du gisement d’énergie
contenu dans les déchets. Enfin, la valorisation matiere est 1'utilisation des déchets ou

d'une fraction des déchets en remplacement d'un élément ou d’un matériau.

A La Réunion, il y a deux centres d’enfouissement situés a Pierrefonds et a Bel Air, dix-
huit stations d’épuration ainsi que trois distilleries industrielles (Savanna, Riviere du Mat
et Isauthier). Parmi ces installations, du biogaz est capté au niveau des centres
d’enfouissement, la station d’épuration de Grand Prado est équipée d'un digesteur de
boues et la distillerie Riviéere du Mat possede un digesteur de vinasses. La production

totale de biogaz est de 4,2 ktep.

La Figures 2 présente la répartition des modes de traitement des DAE en 2015 (Espélia).
Pour cette catégorie de déchets, 61 % sont déchets sont valorisés organiquement, 36 %

sont valorisés énergétiquement et seulement 6 % sont éliminés.
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® Valorisation organique
Valorisation énergie

B Elimination

Figure 2: Répartition des modes de traitement des DAE en 2015

La Figures 3 présente la répartition des modes de traitement des DMA en 2015
(Espélia). 20 % des déchets sont valorisés organiquement, la valorisation matiere
représente 13 % et la valorisation énergie seulement 1 %. Une grande proportion des
déchets sont enfouis avec 66 % du gisement. La fraction biodégradable des déchets enfouis
est naturellement méthanisée. Il en résulte la production des biogaz composé
essentiellement de méthane et de dioxyde de carbone. A La Réunion, ce biogaz est capté
afin de produire de I'énergie, cependant des pertes subsistent et la production n’est pas

optimisée.

Valorisation énergie
® Valorisation organique
® Valorisation matiere
B Enfouissement

Figure 3: Répartition des modes de traitement des DMA en 2015

En France, d’apres TADEME (2011), 2,6 % des émissions des gaz a effet de serre (GES),
soit 12,9 million te.co: sont attribués au traitement des déchets (hors valorisation
énergétique). Le méthane non capté émis par les installations de stockage, naturellement
produit par le processus de la méthanisation, représente la principale source d’émission
(ADEME). La digestion anaérobie est un processus naturel au cours duquel la matiere
organique est dégradée par quatre groupes de micro-organismes en l'absence d’oxygene.
En fin de réactions bio-physico-chimiques, les produits obtenus sont un biogaz ainsi qu'un
digestat pouvant étre valorisé en amendement organique. L’industrialisation de la
-
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méthanisation et l'intérét de la production de biogaz en tant qu’énergie renouvelable,
poussent au traitement de substrats variés ayant des comportements physiques différents.
De surcroit, les déchets organiques sont une ressource inépuisable pour la digestion
anaérobie. Le tonnage de biodéchets produits par les gros producteurs est conséquent,
doit réglementairement étre traité pour éviter 'enfouissement en ISDND (Installations
de Stockage de Déchets Non Dangereux) (articles L. 541-21-1 et R. 543-225 du code de
I’environnement, Arrété du 12 juillet 2011 fixant les seuils définis a l'article R. 543-225
du code de 1'environnement). Nous retrouvons les résidus agricoles, les boues de stations
d’épuration urbaines (STEP), les caux usées, les déchets verts et la Fraction
Fermentescible des Ordures Ménageres (FFOM). Il est donc indispensable d’adapter la
stratégie de l'unité de méthanisation selon les déchets traités pour optimiser les
rendements. Les parametres industriels influents sont notamment la température, le pH,
le brassage du milieu, la nature du substrat organique, le chargement organique et le
temps de séjour hydraulique du digesteur. Compte-tenu des déchets pouvant étre traités
par méthanisation, nous observons une augmentation de l'intérét de la digestion par voie

seche.

Dans ce travail, nous nous concentrons sur la digestion anaérobie de la vinasse de canne
a sucre. En effet, la superficie consacrée a la culture cannicre (22 664 ha) représente
environ 52,94 % de la superficie agricole a La Réunion (DAAF Réunion, 2015). En 2015,
1 896 656 tonnes de canne ont été produites, générant ainsi 80 000 Hectolitres d’Alcool
Pur (DAAF Réunion). Les vinasses de canne a sucre sont les eaux résiduaires générées
lors de la phase de distillation. Les vinasses sont des déchets liquides, récalcitrants
(difficilement biodégradables) et ayant une forte teneur en matiéres organiques. Il y a
donc une nécessité de les traiter afin de les dépolluer avant leur rejet dans le milieu
naturel. La méthanisation est donc une solution conciliant les enjeux : énergétique et le
traitement de ce déchet. C’est d’ailleurs pour cette solution que la distillerie Riviere du
Mat a opté. L'énergie produite est directement utilisée par le site. Nous avons ainsi une
valorisation énergétique avec la production de biogaz et la valorisation organique avec
I'amendement organique. Nous explicitons dans la partie suivante le contexte scientifique

de ces travaux.
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Le contexte scientifique :

Dans ce contexte. le laboratoire PIMENT a déja encadré quatre theses portant sur
'analyse du gisement de déchets sur La Réunion (Hatik, 2015), et la méthanisation de
déchets tels que les boues de STEP (Morau, 2006), les déchets fermiers en
cométhanisation (Rakotoniaina, 2012), et la recherche de prétraitements optimisés pour
la méthanisation de biomasse récalcitrante comme les vinasses issues de l'industrie
sucriere (Chupa Tostain, 2016) [1]. Une cinquiéme thése est actuellement en cours sur la
problématique de la méthanisation par voie seche des déchets ménagers (Lebon, 2019).
La suite logique de ces recherches est 'optimisation de la codigestion des déchets et
I'optimisation de la digestion anaérobie. La thése présentée apporte ainsi une contribution

a cette problématique.

Le processus de digestion anaérobie est gouverné par cing réactions biologiques qui
sont : [l'hydrolyse, lacidogenese, l'acétogenese, 1'homoacétogenese et enfin la
méthanogenese. Le processus est détaillé sur la Figure 4. Chaque réaction a lieu sous
I'action d’un groupe de micro-organismes spécifiques. Il est ainsi indispensable qu’il v ait
une population bactérienne diversifiée et suffisante pour permettre la production du

biogaz.

I ———————
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Polymeres complexes

Glucides, protéines, lipides

HYDROLYSE Bactéries hydrolytiques et fermentatives
v

Molécules organiques solubles

Sucres, acides aminés, acides gras

ACIDOGENESE l Bactéries acidogenes

Acides gras volatils, alcools, acétate ACETOGENESE
—l Bactéries acétogenes
v
HOMOACETOGENESE ,
H,, CO, Acétate
Archaca Bactéries homoacétogenes Archaca
méthanogenes METHANOGENESE méthanogenes
réductrices de CO» CH., CO, < acétoclastiques

Figure 4: La digestion anaérobie

L’agitation du milieu facilite le contact entre les bactéries, les enzymes et les
substrats a digérer, empéchant l'accumulation de substrats et intermédiaires dans le
milieu et garantissant des conditions homogenes [2]. En effet, 'accumulation de produits
intermédiaires conduit a des inhibitions et des zones mortes existent dans le cas d'un
brassage insuffisant. Les inhibitions du milieu sont principalement dues a 'apparition de
zones acides (acidose), 'excés d’ammoniac (alcalose), le sulfure d’hydrogene, les métaux
lourds et les antibiotiques. Par ailleurs, les bactéries acétogenes et archaea méthanogenes
vivant fixées les unes aux autres, une agitation trop vigoureuse risquerait de détruire ce
lien d’ou la recommandation d'un brassage lent [3]. L’agitation du milieu est ainsi une
problématique majeure pour la digestion anaérobie. Il faut garantir le contact entre les
micro-organismes et les substrats et homogénéiser le milieu sans déstabiliser les réactions
bio-physico-chimiques. La question se pose autant dans le cas de la digestion par voie
humide que par voie séche. La compréhension des écoulements au sein des digesteurs

pour ces deux cas de digestion est un atout pour optimiser l'agitation du milieu. La

I ———————
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Figure 5 décrit de maniere qualitative les effets de la vitesse d’écoulement sur le

rendement en bhiogaz.

Rendement biogaz

Diminution du contact micro- Diminutionde la période de contact
organismes/substrat T micro-organismes/substrat

Augmentation du volume de Augmentation des coilts énergétiques
zones mortes | et matériels

>

»  Vitesse d'écoulement

Figure 5: Description qualitative des effets de la vitesse d’écoulement sur le

rendement en biogaz

D’un point de vue modélisation, le modele de la digestion anaérobie n°1 (ADMI)
prend en compte la composition des substrats. la cinétique des réactions bio-physico-
chimiques ainsi que les réactions d’inhibition. Cependant le mode d’agitation (fréquence
et intensité) n’est pas pris en compte dans ce modele. Or il a été prouvé
expérimentalement que ce parametre influe largement sur la digestion anaérobie [4, 5].
En effet une agitation adaptée permet de conserver les centres méthanogenes lors du
lancement d'un digesteur mais aussi leur extension au sein du digesteur [6]. De plus,
I'agitation optimale dépend également de la réaction limitante [6]. En outre, 'évaluation
de lI'impact de l'intensité d’agitation montre I'existence d'un seuil de gradient de vitesse
au-dessus duquel un mélange accru devient contre-productif induisant la diminution de
la production de biogaz [7]. De méme, d’autres expérimentations montrent que les
conditions de mélange ont une incidence sur la production de méthane due a
'accumulation d'acides gras volatils (AGV) [8]. Tous ces aspects, v compris le besoin
croissant de simulations d'écoulement précises, justifient le recours a la CFD
(Computational Fluid Dynamics) [8]. En effet, ces simulations permettent de caractériser
les écoulements au sein des digesteurs en prenant en compte le comportement du milieu
de digestion, notamment grace aux modeles rhéologiques. Dans cette optique, la vitesse
d’agitation optimale, pour le lancement d’un digesteur, peut étre déterminée en fonction
du volume de zones mortes [9]. En comparant les rendements en biogaz et

I’homogénéisation du milieu griace a la simulation des écoulements pour différentes
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intensités d’agitation, il est possible de déterminer lagitation nécessaire pour
homogénéiser le milien [10]. Ces résultats réaffirment l'existence d’une intensité
d’agitation optimale pour la production de méthane [10]. L’agitation mécanique a donc
un effet non négligeable sur les rendements de la méthanisation. De plus, le brassage est
nécessaire pour homogénéiser le milieu, favoriser les transferts de chaleur, empécher la
stratification, maintenir les particules en suspension et réduire le volume des zones
mortes. L'agitation du milieu doit étre adaptée en fonction du taux de matieére seche du
substrat [11] qui est lié & la viscosité. En effet, les phénomenes de diffusion sont fortement
réduits dans le cas de la digestion par voie seche car la viscosité de ces substrats est plus

importante et la teneur en eau, qui favorise les écoulements, est réduite [11].

La Figure 6 présente les principales entrées et sorties des modeles de la digestion
anaérobie et des modeéles locaux basés sur la mécanique des fluides. La modélisation des
écoulements est un outil adapté pour l'optimisation de la digestion par voie liquide et
par voie séche. Elle permet d’avoir une compréhension fine et locale de la digestion
anaérobie contrairement aux modeles biochimiques globaux. En effet, les entrées des
modeles biochimiques sont la composition et les propriétés physico-chimiques des
effluents ainsi que les constantes cinétiques et d’inhibitions et les sorties sont le volume
est la composition du biogaz avec les propriétés physico-chimiques du milieu. Tandis que
les entrées des modeles CFD sont les données permettant de décrire le comportement
rhéologique des substrats (par exemple la viscosité) ainsi que les conditions physiques, et
les sorties sont le champ de vitesse, le champ de température ou encore les zones mortes

et turbulente. Nous voyons ainsi que les résultats obtenus par les modeles CFD sont

I ———————
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locaux et permettent d’avoir une description précise alors que les résultats des modeles

de digestion anaérobie sont globaux.

Composition des substrats
Propriétés physico-chimiques des substrats Comportement rhéologique des substrats
Constantes cinétiques Conditions physiques (température, etc)
Constantes d’inhibitions

Modele Digestion Modeles PHENOMENOLOGIE

MACROSCOPIQUE anaéerobie locaux

Volume de biogaz Champs de vitesse
Composition du biogaz Champ de température
Propriétes physico-chimiques du milieu Zones mortes

Zones turbulentes, etc

Figure 6: Les entrées et sorties des modeles de la digestion anaérobie et locaux

De plus, selon le ou les déchets a traiter, la digestion peut se dérouler aussi bien par voie
liquide que par voie seche. Cependant, la teneur en eau et la viscosité corrélées aux
écoulements au sein des digesteurs ne sont pas pris en compte dans les modeéles
biochimiques classiques. En résumé, la viscosité impacte les écoulements, qui a leur tour
ont un effet sur les rendements du processus. Par conséquent, nous nous proposons dans
ce travail, d’évaluer I'impact de l'agitation meécanique sur les rendements en biogaz,
expérimentalement et en ayant recours a la modélisation basée sur la dynamique des

fluides numérique (CFD).

Ces travaux de these consistent dans un premier temps a confirmer ou infirmer que
I'agitation mécanique impacte les rendements de la digestion anaérobie de la vinasse qui
est un déchet liquide présentant des suspensions solides. Dans un second temps. nous
chercherons a expliquer cet impact par la compréhension des écoulements. Nous utilisons
le dispositif AMPTS pour I'étude du potentiel méthanogene de la vinasse (conditions
optimales) et un digesteur pilote de 16 L pour celle de la méthanisation de ce déchet a

une plus grande échelle dans des conditions réelles. Apres avoir lancé le pilote en
- -~ ]
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respectant un protocole précis, nous testons de maniére successive différentes intensités
d’agitation mécanique afin d’évaluer son impact sur les rendements en biogaz, sur les
propriétés physicochimiques du milieu ainsi que sur I'homogénéisation du milieu en
effectuant des mesures en différents points du pilote. En paralléle, nous réalisons des
simulations numériques basées sur la mécanique des fluides d'un milieu monophasé agité
mécaniquement. Les simulations a différentes intensités d’agitation permettent d’obtenir
le taux d’homogénéisation du milieu ainsi que le pourcentage de zones mortes. Les
simulations CFD apportent des informations supplémentaires, a un niveau local,
permettant d’apporter des connaissances supplémentaires sur I'impact de ’agitation sur
les rendements en biogaz. L’agitation du milieu est en effet nécessaire pour
I’homogénéiser, cependant, une agitation excessive pourrait inhiber le processus en
limitant la durée de contact entre le substrat et les micro-organismes ou encore en
déstabilisant les centres de la méthanogénese. C’est pour cela qu’il est crucial de
comprendre d'une part I'impact de 'agitation a la fois sur I’homogénéisation du milieu
grace aux simulations CFD et aux mesures expérimentales locales des propriétés
physicochimiques du milieu ; et d’autre part 'impact de 'agitation sur les rendements
en biogaz du processus. Ces études couplées permettent de déterminer le degré
d’homogénéisation optimal et ainsi le champ de vitesse optimal pour la digestion
anaérobie. Ces conclusions sont bien évidemment valables uniquement dans le cas de la

vinasse de canne a sucre.

I ———————
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Introduction générale

Organisation du manuscrit :

Le manuscrit de these est divisé en sept chapitres. Le premier chapitre
bibliographique ainsi que le chapitre sur les conclusions et perspectives générales de la
thése sont rédigés en francais. Les autres chapitres sont rédigés en anglais sous forme
d’articles scientifiques. Afin de faciliter la lecture du manuscrit, chaque chapitre en
anglais comporte un en-téte en francais afin d’introduire les articles. Nous récapitulons

sur la Figure 7 'organisation et le contenu du manuscrit.

Nous exposons dans les chapitres I et II la synthese bibliographique du projet de these.
Le chapitre I aborde le contexte scientifique général avec les technologies de digesteurs,
les équations de réaction de la méthanisation, les équations de conservation, le modele
de RANS, les modeéles de turbulence et les modeles rhéologiques. Le chapitre II (format
article) porte sur la rhéologie des substrats de digestion et les lois de comportements ;
les modeles biochimiques ; ainsi que les modéles basés sur la mécanique des fluides. Cet
article sur la revue de littérature a été soumis au journal « Renewable & Sustainable
Energy Reviews » (juillet 2019). La bibliographie relative a I'étude expérimentale est

explicitée dans les chapitres concernés.

Nous présentons dans les chapitres III, IV et V I'étude expérimentale de la digestion
anaérobie de la vinasse brute en régime mésophile. Dans le chapitre III, nous présentons
I’étude pour la détermination du potentiel méthanogene de la vinasse brute. Ces travaux
ont été présentés lors du congres SMPM en Afrique du Sud (mars 2019). Le chapitre
1V expose le lancement du pilote expérimental avec le protocole et le suivi des parameétres
physicochimiques du milieu de digestion. Le chargement organique est augmenté
progressivement et la stabilisation des propriétés physicochimiques du milieu a permis
de conclure sur la durée de la phase de lancement. Ces travaux ont été présentés au
congres ICEECC a I'ile-Maurice (juillet 2019) et Particle est également soumis au journal
« Waste and Biomass Valorization » (juillet 2019). Enfin, le chapitre V concerne I'étude
de I'impact de 'agitation mécanique sur les rendements de la digestion anaérobie de la
vinasse brute et les propriétés physicochimiques du milieu de digestion. Les résultats
expérimentaux sont produits sur une durée d’étude de 6 mois au cours desquels l'agitation
mécanique a varié de 20 a 60rpm. Cet article sera soumis a la suite de 'article précédent.

Les travaux de la partie 2 ont mis en exergue I'impact non négligeable de I'agitation sur
-
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les rendements. Ainsi, il est nécessaire d’avoir une analyse fine de la digestion anaérobie
dans les modéles pour comprendre 'impact de I’hydrodynamique sur les cinétiques de
réactions afin d’optimiser le procédé. Les modeles biochimiques étant des modéles

globaux, nous ne pouvons pas prendre en compte ces effets de maniere précise.

Ainsi, le chapitre VI présente les premiers travaux sur la simulation des écoulements
basée sur la mécanique des fluides. Ce chapitre comporte des éléments d'un article
présenté au congres WasteEng a Prague (2018) dont l'objectif était de montrer
I'importance de la prise en compte de I'’hydrodynamique du milieu de digestion dans les
modeles ainsi que 1'état de 'art sur les objectifs des modeles CFD. Ensuite les premiers
résultats des simulations numériques d'un digesteur agité mécaniquement dans le cas

d’un fluide Newtonien. Ces résultats seront valorisés ultérieurement.

Enfin, le manuscrit est clot avec le chapitre VII. Dans un premier temps, les apports
et résultats des études expérimentales et numériques sont discutés, puis les conclusions

et perspectives générales de ces travaux de these sont exposées.
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Introduction générale

Comment améliorer la digestion anaérobie par une meilleure

maitrise de ’hydrodynamique 7

CHAPITRE I et 11 :

Etat de I'art sur la digestion anaérobie, les digesteurs anaérobies, la rhéologie des substrats, les

modeles de cinétiques et la modélisation des écoulements.
Approche expérimentale
CHAPITRE III : CHAPITRE IV :

Détermination du potentiel méthanogene Etude du démarrage du pilote du

de la vinasse en adaptant le protocole a la laboratoire et suivi de la digestion anaérobie

vinasse, qui est un substrat récalcitrant. de la vinasse en régime mésophile.

CHAPITRE V :

Etude en pilote de laboratoire de I'impact de l'intensité d'agitation sur la production de

biogaz et les propriétés physico-chimiques du milieu lors de la digestion anaérobie de la vinasse.
Les intensités d’agitation testées sont : 20, 30, 40, 50 et 60 tr/min.

Analyses du milieu de digestion avant et apres agitation a différentes profondeurs du pilote.

Dynamique des fluides numérique (CFD)

CHAPITRE VI:

Compréhension locale du milieu de digestion.

Mise en ceuvre d'un maillage adapté a 1'étude de 1'agitation mécanique.

Modélisation et simulations des écoulements au sein d'un digesteur agité mécaniquement
(modele RANS monophasé et fluide Newtonien) : 20, 40, 60 et 100 tr/min.

CHAPITRE VII :

Discussions des résultats, conclusion et perspectives générales de la these

Figure 7: Schéma récapitulatif du travail de these
|
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Chapitre 1

La digestion anaérobie et la modélisation des

écoulements

Dans ce chapitre, nous allons exposer les différents éléments bibliographiques
nécessaires a la compréhension du travail mené. Une premiere partie est dédiée a la

digestion anaérobie et une deuxieme partie a la modélisation des écoulements.

Tout d’abord, il est important d’expliquer le processus complexe de la digestion
anaérobie. Il découle de cette complexité l'importance de caractériser les substrats
(intrants) destinés a la méthanisation mais aussi le milieu de digestion afin de controler
le procédé, notamment a I'échelle industrielle. A cette échelle, différentes technologies
ont vu le jour, nous explicitons donc leurs caractéristiques. Enfin, la modélisation de la
digestion anaérobie a été l'objet de nombreux travaux, nous présentons donc dans ce

chapitre le modele global de la digestion anaérobie (ADMI).

Les écoulements au sein des digesteurs anaérobies peut causer des inhibitions et est
au sein des réflexions dans le développement des technologies de méthanisation. Nous
utilisons dans cette thése le modele de RANS (Range Averaged Navier Stokes) qui signifie
en francais, les équations de Navier-Stokes moyennées. Pour cela, nous présentons les lois
de comportement, les équations de conservation, les équations de Navier-Stokes, les
modeles de turbulence (k-epsilon et k-omega). Et enfin, nous explicitons la décomposition

de Reynolds qui nous permet d’écrire le modele de RANS.
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I-1. La digestion anaérobie

I-1.1. Le processus de la digestion anaérobie

La digestion anaérobie est un processus gouverné par cing réactions biochimiques
qui sont : l'hydrolyse, l'acidogenese, l'acétogenese, 'homoacétogenese et enfin la
méthanogenese. La disponibilité des réactifs et 'accumulation de produits intermédiaires
sont a l'origine de diverses inhibitions voire de la défaillance du procédé. Nous présentons

donc les différentes étapes, les réactifs et les produits dans les lignes suivantes.

De maniere globale, la méthanisation est décrite par la réaction :

C,H,,0, —3CO, +3CH, )
Avec c H,,0, une molécule de sucre, co, le dioxyde de carbone, cH, le méthane, C

le carbone, H T’hydrogéne et O l'oxygene.

L’hydrolyse est la premiere étape de la digestion anaérobie, durant cette étape,
les biopolymeres (protéines, lipides, hydrates de carbone, polysaccharides, cellulose...)
sont hydrolysés en monomeres et oligoméres hydrosolubles (acides aminés, Sucres acides
gras, glycérol..) grace a des enzymes extracellulaires excrétées par des micro-organismes

(bactéries hydrolytiques) [12, 13].

En considérant la dégradation de cellulose en glucose sous l'action d’enzymes, les

réactions d’hydrolyse enzymatique sont représentées ainsi :
(C6H1005 )n +nH,0 ->nC,H,,O, (2)

Dans le Tableau 1, nous présentons les temps de croissance, la gamme de pH optimal,
les réactifs et la sensibilité de chaque groupe de micro-organismes. Les bactéries
hydrolytiques ont un temps de croissance rapide (de 'ordre de 1 a 5 heures) et agissent
dans des gammes de pH comprises entre 4,5 et 6,3 [3, 14]. De plus ce sont des bactéries
relativement résistantes et tolérantes a 'oxygene [3]. Le temps de croissance des bactéries
hydrolytiques est le plus court avec quelques heures, tandis que celui des bactéries
acétogenes est de 80 a 90 heures et celui des bactéries méthanogenes est de 5 a 16 jours
3, 14, 15]. En outre, les bactéries acétogenes et archaea méthanogenes sont également
-
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Chapitre I : La digestion anaérobie et la modélisation des écoulements

les plus sensibles [3, 14, 15]. Il est donc nécessaire de garantir des conditions optimales

pour ces bactéries mais également de conserver les micro-organismes au sein du réacteur.

Tableau 1 : Tableau récapitulatif des caractéristiques des micro-organismes

intervenant dans le processus de digestion anaérobie [3, 14, 15]

Bactéries Temps de H : e
/ L ~ Réactifs Sensibilité
Archaea croissance optimal
Matiere
B. hydrolytiques 1-5 heures 4,5-6,3 . -
organique
Exces d’ammoniac, sulfure
B. acidogenes 36 heures 4,5-6,3 Monomeres d’hydrogene, sels
minéraux, antibiotiques
Oxygene, exces de
dihydrogene, sulfure
d’hydrogene, d’ammoniac,
B. acétogenes 80-90 heures  6,8-7,5 AGV Y ) g
sels minéraux,
antibiotiques, variations de
température
A. méthanogenes Acide Oxygene, variation de pH
acétotrophes acétique et de température,
chargement hydraulique et
) . 5-16 jours 6,8-7,5 Dihydrogene g' J _ .q
A. méthanogenes , organique, composition de
) Dioxyde de . .
hydrogénotrophes Pinfluent, cuivre, sels
carbone

minéraux

L’acidogeneése est réalisée par des bactéries dites acidogeénes, c’est I'étape durant
laquelle les produits de I'hydrolyse (molécules simples de matiére organique : monomeéres)
sont transformés en AGV (tels que l'acétate, le propionate, le butyrate), en acides
organiques (lactique, succinique,...), en alcools, en hydrogene, en dioxyde de carbone
(CO.), et en ammonium [12, 13].

La cinétique de l'acidogenese étant la plus élevée, une accumulation d’éléments
intermédiaires tels que l'acétate et le dihydrogene peut survenir en conditions de
surcharge organique, conduisant a I'inhibition des activités des bactéries acétogenes et
méthanogenes intervenant dans les étapes suivantes, pouvant aller jusqu’a I'arrét de la

digestion anaérobie [16].

I ———————
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Tableau 2 : Réactions de fermentation du glucose (Dolfing, 1988 ; Angelidaki
& Ellegaard, 2002 ; Rodriguez 2006) [13]

Produits Réactions

Acétate CsH1206 — 2CH;COOH +2CO; + 4H:;

Propionate + acétate 3 CeH120s — 4CH;CH,COOH + 2CH;COOH + 2CO, + 2H,0
Butyrate CsH,06 — CH;CH.CH.COOH + 2CO, + 2H,

Lactate CeH1:06 — 2CH;CHOHCOOH

Ethanol Ce¢H1:06 — 2CH;CH,OH + 2CO.

Les bactéries concernées, appelées bactéries acidogenes ou fermentaires, sont nombreuses
et sensibles notamment & 'ammoniac (NH;), au sulfure d’hydrogéne (H.S), aux sels
minéraux et antibiotiques [3]. Les bactéries acidogenes sont sensibles a 'oxygene [3]. Elles
participent en général a 'étape d’hydrolyse également [3]. Ces bactéries ont un temps de
croissance relativement court, d'une durée inférieure a 36 heures [14]. La gamme de pH

optimale est de 4,5 a 6,3 tout comme celle de I"étape d’hydrolyse [3].

L’acétogenése transforme les produits de I'hydrolyse et de l'acidogenése (sauf
'acétate) en acétate et dioxyde de carbone sous l'action des bactéries acétogenes [12, 13].
II v a les bactéries acétogenes syntrophes productrices d’hydrogene et les bactéries
acétogenes non-syntrophes avec les bactéries fermentatives acétogenes et les acétogenes
hydrogénotrophes ou homoacétogenes. Les réactions de I'acétogénese avec production de

dihydrogene et de formate sont présentées dans le Tableau 3 :

Tableau 3 : réactions de 'acétogénese avec production de dihydrogene et de
formate [17]

Produits Réactions
CH;CH.COOH + 2H.O — CH;COOH + 3H, + CO:
CH;CH>,COOH + 2H,0O + 2C0O, — 2CH;COOH + 2H,
CH;CH.CH,COOH + 2H,O — 2CH3;COOH + 2H.

Propionate

Butyrate

CH;CH:CH.COOH + 2H,0 + 2C0; — 2CH3COOH + 2H,+ 2HCOOH
Lactate CH;CHOH + 2H,O — CH3;COOH + 2H,
Ethanol CH;CHOHCOOH + H,O — CH;COOH + 2H, + CO.
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Chapitre I : La digestion anaérobie et la modélisation des écoulements

La méthanogeneése, derniére étape du processus de dégradation, forme le méthane
suivant deux métabolismes. Les méthanogenes acétotrophes transforment 'acétate en
méthane et dioxyde de carbone alors que les méthanogeénes hydrogénotrophes combinent

I’hydrogeéne et le dioxyde de carbone pour former du méthane et de I'eau [12, 13].
L’homoacétogenése combine 'hydrogene et le dioxyde de carbone en acétate [12].

Les réactions de la méthanogénese, de 'oxydation de 'acétate et de 'homoacétogenese

sont présentées dans le Tableau 4 :

Tableau 4 : Réactions de la méthanogénese (acétoclaste et hydrogénotrophe)

[18]
Réactions Equations
Méthanogénese acétoclaste CH;COOH + H, — CO, 4+ CH,4
Méthanogénese hydrogénotrophe CO. + 4H, — 2H,O + CH,
Oxydation d’acétate CH;COOH + 2H:0 — 4H: + 2CO0;
Homoacétogénese 2HCO? + 4H, + H — CH;COO + 4H,0
Homoacétogénese 4H, + CO; — CH3;COOH + 2H,0

La méthanogenese est influencée par les conditions de fonctionnement du digesteur, telles
que la température, le taux de chargement hydraulique, le taux de chargement organique

ainsi que la composition du substrat influent [15].

Dans les digesteurs anaérobies, environ 60 a 70% du méthane est produit par les

méthanogeénes acétoclastes [19].

Les archaea sont des micro-organismes proches des bactéries [3]. Ces micro-organismes
se développent en condition anaérobie stricte et sont totalement intolérantes a 'oxygene
[3]. Elles nécessitent également la présence de nickel (Ni) pour se développer [3]. Les
archaea sont également sensibles aux variations de pH et de température ainsi qu’au
cuivre (Cu) et sels minéraux [3]. Elles évoluent dans une gamme de pH de 6,8 & 7,5 [3].
Elles se régénerent en 5 a 16 jours, ce qui est le temps de régénération le plus long [14].
Deux groupes de méthanogeénes interviennent durant la digestion anaérobie : les archaea

acétotrophes et hydrogénotrophes [3]. Les acétoclastes produisent du méthane a partir
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de I'acide acétique [3]. Les archaea hydrogénotrophes produisent du méthane a partir de
dihydrogéne (Hs) et de dioxyde de carbone (CO.) [3].

Selon la nature du substrat, I’étape limitante et les conditions de réaction ne seront

pas les mémes, en effet :

o Avec des substrats contenant de la cellulose (qui sont difficilement
dégradables), 1'étape limitante est 1'hydrolyse [14].

. Avec des substrats riches en protéines, le pH optimal identique dans toutes
les étapes du processus anaérobie, donc un seul digesteur est suffisant pour une bonne
performance [14].

. Avec des substrats riches en matieres grasses, la vitesse d'hydrolyse

augmente avec une meilleure émulsification, l'acétogenese est ainsi I'étape limitante [14].

I-1.2. La caractérisation des substrats et du milieu de digestion

Plusieurs parametres permettent de caractériser un substrat, le digestat et le milieu
au cours de la digestion. En effet, compte tenu des cotits importants résultants de la
défaillance d’un réacteur, des mesures physico-chimiques sont réalisées afin d’anticiper
les inhibitions du processus. Dans le cadre de ces travaux de theses, nous réalisons une
étude expérimentale a 1'échelle du pilote de laboratoire (16 L). La durée de démarrage
d'un pilote étant de l'ordre de plusieurs mois. il est nécessaire d’anticiper les
dysfonctionnements. De plus, il est intéressant de produire des données complétes sur le
suivi expérimental d'un digesteur. dans ce sens des mesures physico-chimiques du milieu
seront réalisées. C’est pour cela que nous présentons les intéréts des mesures couramment

réalisées.

Les tests BMP (Biochemical Potential Test) ont pour objectif de déterminer le
potentiel méthanogene d'un substrat, c’est-a-dire le volume de méthane maximum que
I'on peut produire a partir d’'une quantité donnée de substrat. Cette mesure est réalisée
dans des conditions controlées (limitation des inhibitions, présence des nutriments
essentiels, conditions optimales) de maniére a obtenir la quantité maximale de méthane.
La valeur du BMP est généralement exprimée en Litres de CH, par gramme de Maticre
Volatile (MV) en condition standard (0°C, 1013 mbar), ce qui correspond a des m?* par

kg. La production de méthane peut aussi étre exprimée en fonction de la DCO de
|
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Iintrant. Il existe une relation intéressante entre le potentiel méthane et la DCO. En
effet, un kg de DCO dégradé produit toujours la méme quantité de méthane (0,35 m?).
I1 est donc possible d’estimer la biodégradabilité dun produit selon la formule suivante :
Biodégradabilité = BMP / (DCO x 0,35). Cette relation est intéressante car elle permet
d’estimer la quantité de méthane qu’il est possible d’obtenir avec un déchet donné, et la
quantité de matiere organique résiduelle qui n’aura pas été dégradée et qui se retrouvera
donc dans le digestat. Et enfin de vérifier que le réacteur fonctionne convenablement, en

comparant le méthane réellement produit avec le BMP.

Les teneurs en MS et en MV sont des parametres incontournables pour la
caractérisation du substrat. En outre, les propriétés du substrat telles que le pH, les
AGV, l'azote total de Kjeldahl, l'ammonium (ou azote ammoniacal) et l'alcalinité
méritent d'étre déterminées car elles peuvent étre utilisées pour prévoir les phénomenes

d'inhibition lors des tests BMP (Biochemical Methane Potential) [20].

Les matiéres volatiles sont assimilées a la matiére organique, en effet, seule la matiere
organique pourra étre éliminée par la méthanisation, a condition d'étre biodégradable
[21]. De plus, une faible part de la matiére organique dégradée sera convertie en biomasse
microbienne (entre 5 et 10%) [21]. Notons que dans le cas de déchets tels que les déchets
ménagers, des matieéres volatiles non biodégradables (plastiques) sont prises en compte

dans la mesure et peuvent la fausser de maniére significative.

Le Carbone Organique Total (COT) et la composition élémentaire (CNHX)
peuvent-étre des parametres utiles. Un autre parametre intéressant a analyser est la
DCO. Il est suggéré d'utiliser des procédures analytiques spéciales pour résoudre les

problemes liés a la détermination de la DCO [22, 23].

Les AGYV sont les produits de l'acidogénese, qui seront ensuite convertis en
méthane ou en hydrogene au cours de 'acétogénese. L'accumulation d’AGV au sein des
digesteurs provoque des dysfonctionnements [24]. La concentration en AGV a un impact
sur les cinétiques de réaction [25]. Il est donc essentiel de suivre les concentrations en
AGV.

L’alcalinité mesure le pouvoir tampon dans le digesteur et donc sa capacité a
maintenir un pH stable. L’alcalinité du milieu dépend principalement de la concentration
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en bicarbonate, en AGV et en ammonium [25]. La mesure de l'alcalinité due au

bicarbonate permet d’évaluer I'état biologique des digesteurs [25].

La détermination de la teneur en fibre, par la méthode de Van Soest (1963),
a pour objectif d’évaluer la complexité de la matiere organique présente dans le déchet.
En effet, les composés complexes, tels que la lignine, ne peuvent pas étre dégradés par
les micro-organismes. Les déchets riches en lignine seront donc difficilement

biodégradables (récalcitrants).

Une revue de littérature porte sur les inhibitions dues a4 'ammoniac [26]. En effet,
en cas de trop fortes concentrations, la méthanogénése est inhibée [26]. L’ammoniac est
produit suite & la dégradation des matiéres azotées [26]. L’ammoniac et I'ion ammonium
sont les deux principales formes de I'azote ammoniacal inorganique, toutes deux peuvent
étre a l'origine d’inhibitions, directement ou indirectement. L’augmentation du pH du

milieu de digestion entraine une augmentation du ratio NH;/NH,* [27].

La présence de métaux lourds dans le processus de digestion anaérobie peut
provoquer des effets indésirables, ce qui entraine une toxicité pour les activités
microbiennes et provoquer une perturbation ou une défaillance du processus. Dans une
étude approfondie de la performance du digesteur anaérobie, il a été constaté que la
toxicité des métaux lourds est I'une des principales causes de défaillance du digesteur
[28]. Les métaux lourds ne sont pas biodégradables, ils peuvent donc s’accumuler jusqu’a
atteindre des concentrations potentiellement toxiques pour le processus de digestion

anaérobie [29].

I-1.3. Les technologies de traitement des effluents par

méthanisation

A T'échelle industrielle, la digestion anaérobie se déroule dans un environnement
controlé : les digesteurs anaérobies. Nous présentons dans cette partie les digesteurs
destinés a la digestion anaérobie par voie liquide (taux de MS inférieur a 15%). En effet,

Ieffluent étudié au cours de cette theése est liquide.

Différentes technologies de traitement par méthanisation ont ainsi été développées
en vue d’améliorer les rendements et la stabilité du procédé mais aussi pour s’adapter a
-
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plusieurs types d’effluents. Comme le souligne Moletta, une installation de méthanisation

doit répondre aux caractéristiques suivantes [24] :
e La digestion anaérobie se déroule en absence d’oxygene ;
e La vitesse de croissance des micro-organismes est lente ;

e Le milieu de digestion doit étre homogene : distribution des micro-organismes,

concentration en matiere organique et température ;
e Les conditions hydrodynamiques, régies par I'agitation, doivent étre adéquates ;
e Le biogaz est composé de méthane, de dioxyde de carbone et parfois de dihydrogene.

Pour répondre a ces exigences, les digesteurs doivent étre clos. Il faut également conserver
les populations de micro-organismes au sein du réacteur [24]. Le choix de 'agitation
employée est également important [24] et doit étre fait en fonction du type de réacteur
et des substrats a traiter. Enfin un systéeme de récupération du biogaz doit étre mis en
place [24].

La digestion anaérobie peut étre réalisée avec un procédé a une ou deux étapes.
Dans le premier cas, I'ensemble des réactions chimiques se déroulent dans une cuve
unique. Dans le deuxieme cas, '’hydrolyse et I'acidogénese se déroulent dans une premiere
cuve et l'acétogénese et la méthanogénese dans une deuxieme cuve. Des conditions
particuli¢res sur le temps de séjour hydraulique (quelques heures) et le pH (autour de 6)
de la premiére cuve permettent la séparation du procédé en deux phases [24]. Les intéréts
du procédé a deux étapes sont de traiter dans la deuxiéme cuve les déchets ayant une
charge organique plus importante, d’augmenter la stabilité du processus et enfin c’est

une stratégie adaptée a la digestion par voie seche [24].
I-.1.3.i. Les procédés mettant en ceuvre des micro-organismes libres [24]

Les procédés mettant en ceuvre des micro-organismes libres (ou en flocs) ont été
qualifié de « premiére génération ». Les micro-organismes étant dans le milieu de
digestion et ainsi dans le digestat, il est nécessaire de mettre en place des solutions pour
les conserver dans le milieu réactionnel. Ceci est possible soit en maitrisant

I’hydrodynamique du réacteur et donc en limitant la perte de micro-organismes lors du
- - -
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retrait du digestat ; soit en récupérant les micro-organismes directement en sortie a 1'aide

d'un décanteur. Les différentes technologies, illustrées dans la Figure 6, sont :

e Le réacteur mélangé et le contact anaérobie ont été concus pour la digestion
des boues aérobies. Ce sont ainsi des réacteurs agités mécaniquement ou par recirculation.
Dans le cas du contact anaérobie, un systeme de décantation est mis en place pour
récupérer une partie des micro-organismes. Ces réacteurs sont adaptés aux effluents

chargés en matieres en suspension.

e Le réacteur a lit de boues est développé pour mieux conserver les micro-
organismes au sein du réacteur. La décantation est réalisée au sein méme du réacteur, on
a donc une séparation boue/liquide. Les micro-organismes sont ainsi sous forme de flocs.
L’effluent a traiter traverse le lit de boue, il est donc nécessaire de maitriser

I’hydrodynamique afin de maintenir une bonne rétention des boues.

e Le réacteur a compartiments oii, comme son nom l'indique, I'effluent passe par
différents compartiments en séries ayant des lits de boues anaérobies. Ce type de réacteur
est souvent utilisé dans le cas de la digestion solide. L'intérét de cette technologie est la
possibilité de récupérer l'hydrogéne produit en phase acidogene pour limiter les

inhibitions de I'acétogénese et de la méthanogénese acétoclaste.

e Le bassin de méthanisation qui est un bassin couvert contenant un lit de boues
pouvant faire plusieurs dizaines de milliers de m?. Des effluents chauds sont souvent
utilisés, ce type de réacteur ne possédant pas de systeme de régulation de température.
La répartition des micro-organismes est faite grace a un brassage séquentiel ou par un
garnissage a l'intérieur des lagunes anaérobies. Enfin, le biogaz est récupéré a I'aide d'un

dispositif de couverture flottante.
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Réacteur mélangé Contact anaérobie Lit de boues

Figure 1: Procédés mettant en ceuvre des micro-organismes libres ou en flocs
(réacteurs de premiere génération) (A : Alimentation, G : Biogaz, R :

Recirculation, S : Sortie de 'effluent)

I-.1.3.ii. Les procédés mettant en ocuvre des micro-organismes formant un
biofilm [24]

Il existe deux types de biofilms, ceux formés sur un support minéral ou organique
(fixe ou mobile) et les granules (agglomération naturelle de micro-organismes de quelques
dizaines de microns a plusieurs millimétres de diameétre). La particularité de ces granules
est qu’ils sédimentent plus facilement que les flocs. Ces réacteurs permettent d’avoir des
concentrations en micro-organismes plus importantes et ainsi de meilleures performances.
Au niveau des supports fixes, ils peuvent étre positionnés de maniére aléatoire ou de
maniére ordonnée. Les réacteurs a supports fixes sont qualifiés de « deuxieme

génération ». Les technologies, illustrées sur la Figure 7, sont :

¢ Le réacteur UASB (Up-flow Anaerobic Sludge Blanket) est caractérisé par son
lit de boues, essentiellement constitué de granules mais aussi de flocs de micro-
organismes. Le systéme de piégeage du biogaz, permettant la réalisation d'un décanteur

intégré, est placé en partie supérieure du réacteur.

e Le filtre anaérobie est composé d'un support fixe (en vrac ou orienté) colonisé
par des micro-organismes formant un biofilm [24]. L’effluent entrant dans le réacteur
traverse ainsi ce filtre, favorisant le contact entre le substrat et les micro-organismes.
Afin de conserver un filtre homogéne, il est nécessaire de remettre les micro-organismes

en suspension momentanément & 1’aide de la recirculation de biogaz [24].
- |
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e Le lit fluidisé est un réacteur possédant un support particulaire continuellement
en suspension grace a un systéme de recirculation. La vitesse de recirculation est donc
suffisamment importante pour maintenir le lit de particules, de 5 a 10 m.h'. Par
conséquent, le temps de séjour est court. Ce type de réacteur permet d’appliquer des
charges volumiques et organiques élevées grace a sa forte concentration en micro-

organismes et aux faibles risques de colmatage et d’encombrement.

¢ e réacteur a recirculation interne utilise la production de biogaz pour agiter
le milieu de digestion. En remontant, le biogaz entraine également une fraction de boue
de liquide. Le biogaz est récupéré tandis que le mélange boue et liquide redescend dans

le digesteur, ce qui participe a 'agitation du milieu.

6 : 6

S S+ — s
Support fixe
Lit de R| | colonisé par
R particules les biofilrrs
Lit de boues
A Attt >
Lit de boues a flux . o . , .
Litfluidisé Filtre anaérobie

ascendant (UASB]

Figure 2: Procédés mettant en ceuvre des micro-organismes formant un biofilm
(A : Alimentation, G : Biogaz, R : Recirculation, S : Sortie de 'effluent)

Les modifications apportées aux réacteurs anaérobies ont pour objectif principal la
conservation des micro-organismes au sein des réacteurs. En effet, leurs concentrations
diminuaient lors du retrait du digestat. L’enjeu est important car les temps de croissance
des micro-organismes sont longs. De plus, il est d’autant plus important de conserver la

biomasse active puisqu’elle s’acclimate aux conditions du milieu avec I'age du digesteur.

D’autres modifications visent a réduire les inhibitions du processus avec notamment la
séparation des réactions chimiques pour que les produits des premieres réactions

n'inhibent pas les réactions suivantes. Dans le cas des réacteurs a compartiments,

These de doctorat, Héléne Caillet, Novembre 2019 26
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I’hydrogene formé lors de l'acidogénese est capté, réduisant les risques d’inhibition de

I'acétogénese et de la méthanogénese acétoclaste.

I-1.4. La modélisation de la digestion anaérobie

Le modele ADM1 (Anaerobic Digestion Model No 1) développé par D.J.Bastone et
al., en 2002, permet de modéliser les processus biochimiques et physico-chimiques mis en
jeu en méthanisation. Ce modele repose sur le fractionnement de la DCO en considérant
3 phases (solide, liquide, gazeuse), 5 étapes de la digestion anaérobie, 7 populations de
micro-organismes, 19 processus biochimiques et 3 processus cinétiques de transfert gaz-
liquide. Les étapes biochimiques comprennent la désintégration des particules homogenes
en glucides, protéines et lipides ; I'hydrolyse extracellulaire de ces substrats particulaires
en sucres, acides aminés et acides gras a longue chaine, respectivement ; l'acidogénese
des sucres et des acides aminés en AGV et hydrogene ; 'acétogénese des acides gras a
longue chaine et AGV en l'acétate ; et des étapes distinctes de méthanogénese a partir
de l'acétate et de I'hydrogene / CO.,. Les échanges physico-chimiques avec les équilibres
acide/base et les transferts entre les phases liquides et gazeuses sont également pris en
compte [30]. Les voies métaboliques et les processus modélisés dans le modéle ADM1 sont

récapitulés dans la Figure 3.
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Figure 3: Processus bio-physico-chimiques considérés dans le modele ADM1
(Source : IWA Task Group for Mathematical Modelling of Anaerobic Digestion
Processes, 2002)

Le domaine de la méthanisation se développe rapidement, avec 'apparition de
nouvelles technologies. En effet les nouveaux procédés tendent a comporter des teneurs
en MS plus importantes. Les défis liés a ces nouveaux processus ainsi que l'optimisation
des processus existants, nécessitent la considération de la variance spatiale et
I'amélioration de la caractérisation des intrants. De plus, les processus microbiens
émergents remettent en question la compréhension du role du métabolisme central du
carbone catabolique dans la digestion anaérobie. En effet, Batstone et al., relevent une
importance accrue du phosphore, du soufre et des métaux en tant que source et puits
d'électrons, et la prise en compte de I'hydrogéne et du méthane comme sources
potentielles d'électrons. Les nouveaux processus ne sont généralement pas compatibles
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avec la structure existante du modele ADM1. D’ou la nécessité du modele ADM2 [31].
Ainsi Flores Alsina et al., en 2015 proposent des extensions de modéle qui décrivent les
interactions entre le phosphore (P), le soufre (S), le fer (Fe) et leurs effets sur la
production totale de biogaz (CO,, CHy, H, et HaS) [32].

Les différentes modifications apportées aux modeles de la digestion anaérobie seront

détaillées dans le chapitre suivant.

I-2. La modélisation des écoulements : les équations
de Navier-Stokes et le modele de RANS

L’étude bibliographique a clairement montré que les écoulements ont un impact sur
les rendements de la digestion anaérobie et sur la stabilité du procédé. La modélisation
des écoulements est ainsi digne d’'intérét dans le domaine de la méthanisation. Une partie

de ces travaux y est donc consacrée.

Nous présentons donc les lois de comportement décrivant les écoulements des fluides
Newtoniens et non-Newtoniens ; les équations de conservation : puis les équations de
Navier-Stokes ; les modeles de turbulence ; la décomposition de Reynolds qui nous

permet d’aboutir au modele de RANS.
La turbulence est modélisée avec différentes méthodes :

¢ DNS (Direct Numerical Simulation) : cette méthode est la plus cofiteuse en termes
de calculs. En effet, toutes les échelles de la turbulence sont calculées. Les résultats sont
ainsi extrémement précis et le maillage doit-étre trés fin. Dans notre cas, nous souhaitons
modéliser les écoulements au sein d'un digesteur qui est un domaine grand. Cette

méthode n’est donc pas adaptée a nos besoins.

e LES (Large Eddy Simulation) : cette méthode reste couteuse en temps de calcul
méme si une partie des échelles de turbulence n’est pas calculée (les échelles de turbulence
de taille inférieure & la plus petite des mailles du maillage). Les échelles non calculées
sont modélisées. Les résultats obtenus sont précis mais le maillage nécessaire reste
conséquent. Cette méthode restant couteuse ne sera pas utilisée dans ces travaux de
these.
-
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¢ RANS (Reynolds Averaged Navier-Stokes) : c’est la méthode la moins couteuse en
calcul et qui permet l'utilisation d'un maillage moins fin. En effet, la turbulence est
modélisée mathématiquement. On s’intéresse dans ce cas aux quantités moyennes. Pour
cela, on applique 1'opérateur de moyenne d'ensemble sur les équations instantanées en
pratiquant la décomposition de Reynolds sur les inconnues du probleme. Les méthodes
de RANS sont moins précises que les méthodes DNS et LES. Cependant ces méthodes
ont 'avantage de calculer des configurations complexes & grand nombre de Reynolds [33].

Nous utilisons cette approche dans ces travaux de these (Chapitre VI).
I-2.1. Les équations de conservation et de Navier-Stokes

I-.2.1.i. La conservation de la masse

D’apres le principe physique, la masse se conserve, a l'exception des réactions

nucléaires. L'équation de la conservation de la masse s’écrit :

%wpdv:—jsjpu.ﬁds (3)

Avec p la masse volumique du fluide, U le champ de vitesse du fluide, V le volume,

S la surface et fi est un vecteur normal unitaire défini localement sur S .

Le principe de conservation de la masse conduit a 1’équation de continuité :

Z—/to+V.(pU)=O (4)

Dans le cas d'un fluide incompressible, cette équation devient :
Vi=0 (5)

I-.2.1.ii. La conservation de la quantité de mouvement

L’équation de la conservation de mouvement vient de la loi de Newton qui dit que
la somme des forces et égale a 'accélération suivant le mouvement du fluide. La forme
générale de ’équation de la conservation de la quantité de mouvement dans le cas d'un

écoulement incompressible est :
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%I\J;IpUdV:—JJpU(Uﬁ dS+> F, (6)

Avec p la masse volumique du fluide, 0 le champ de vitesse du fluide, V le volume,

S la surface et F, les forces extérieures.

L’équation de conservation de la quantité de mouvement s’écrit [33] :

%(pﬁ)+V.(pU®U)+V.(pI —7)=F, (7)

I-.2.1.iii. L’équation de conservation de I’énergie

L’énergie totale massique est la somme de I’énergie cinétique et de 1’énergie inerme

massique. L’équation de la conservation de I’énergie est :

Ip J.( pE)+V(pqu I IU r—pl)- )ﬁ (8)

\%
Avec E 1énergie, i le champ de vitesse, ( la densité de flux d’énergie transporté par
conduction thermique, o la masse volumique, F_, les forces extérieures, 7 la contrainte

totale, 1 est un vecteur normal unitaire défini localement sur S .

En utilisant la formule de Stokes, la relation devient :

%(pE)+V.(U(pE+ pl))=V.(Gz+q)+0.Fy (9)

I-.2.1.iv. Les équations de Navier-Stokes

Sous I'hypothése d'un fluide Newtonien et celle d'incompressibilité, les équations

du mouvement prennent la forme des équations dites de « Navier-Stokes ».
A coefficients de viscosité constants, I'équation devient :

a’:%+p(U.V)U=—Vp+,u|:Al]+%V(V.l])}+pF (10)

Avec p la masse volumique du fluide, U le champ de vitesse du fluide, P la pression,

F.. les forces extérieures, £ la viscosité dynamique.
-
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En considérant un fluide incompressible, I'équation devient :

opu N _ ~
%+p(u.V)u=—Vp+yAu+pFext (11)
Cette équation s’associe a I’équation d’incompressibilité pour former les équations
de Navier-Stokes. De plus, en supposant que le systeme n’est soumis a aucune force
extérieure, nous obtenons les équations de Navier-Stokes. Le développement complet est

détaillé dans la these [33].

%fw.(pu):o (12)
%+V.(pﬁ®ﬁ)=v.0 (13)
a'g—tE+V.(pl]E)=V.(U'o-)—Vq (14)

Avec o =—pl+1

1-2.2. Les lois de comportement des fluides Newtoniens et non-
Newtoniens [34], [35]

Le comportement rhéologique d'un fluide a une importance non négligeable sur les
écoulements au sein dun digesteur. En effet, les modeéles rhéologiques décrivent la
maniére dont un fluide s’écoule en fonction des contraintes de cisaillement qui lui sont
appliquées. Dans le cas d'un digesteur anaérobie, les substrats sont soumis a des
contraintes de cisaillement. Selon le comportement rhéologique des déchets, les
écoulements seront différents. Il est donc nécessaire de modéliser avec précision leurs
comportements. C’est pour cela que différents auteurs ont étudié le comportement
rhéologique de différents fluides. Ces études ne sont pas uniquement concentrées sur les
déchets. Nous retrouvons notamment des études sur la boue, dues aux enjeux industriels
pétroliers mais également sur les lisiers dans le cadre de la digestion anaérobie, ou encore
sur les légumes et fruits nécessaires pour 'optimisation des industries agroalimentaires.
Ainsi nous présentons les modeles rhéologiques retenus par les auteurs pour décrire le
comportement rhéologique d'un ensemble de substrats, car ces modeles seront utiles pour

la modélisation des écoulements au sein d'un digesteur.
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Les fluides Newtoniens obéissent a la relation linéaire suivante :

S
ey (15)

Avec T la contrainte de cisaillement, £ est la contrainte intrinseque appelée viscosité

(dynamique) a température donnée ety le taux de cisaillement.
Cette loi expérimentale se généralise :

2=-pl+2uD (16)
Avec > le tenseur des contraintes et D=%(VU+VUT) le tenseur des taux de

déformation.
Les fluides non-Newtoniens sont regroupés dans trois classifications :

¢ Les fluides non-Newtoniens indépendants du temps, ou le taux de cisaillement est

unique mais est une fonction non-linéaire de la contrainte de cisaillement [35].

¢ Les fluides non-Newtoniens dépendants du temps, ot la relation entre la contrainte
de cisaillement et le taux de déformation est plus complexe. Le taux de cisaillement n’est
pas une valeur unique fonction de la contrainte de cisaillement. Le taux de cisaillement

dépend de la durée du cisaillement ou des précédents taux de cisaillement subis par le
fluide [35].

e Dans le cas de fluides viscoélastiques, la déformation de cisaillement ainsi que le
taux de déformation sont en relation avec la contrainte de cisaillement. Contrairement a
un fluide visqueux dans lequel la totalité de 1'énergie de déformation est dissipée, une
partie de I'énergie de déformation d'un fluide viscoélastiques peut étre récupérée comme

lors de la déformation d'un solide élastique [35].

D’apres la revue de littérature, le comportement rhéologique des différents déchets

recensés est décrit par les modeles de Bingham, d’Hershel-Bulkley, d’Ostwald et de Sisko.

Le modele plastique de Bingham est adapté aux fluides viscoplastiques qui se

comportent comme un fluide parfait & de faibles contraintes puis comme un fluide
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visqueux au-deld d'une contrainte seuil. Les fluides plastiques de Bingham présentent
une contrainte d'élasticité a un taux de cisaillement nul, suivies d'une relation linéaire
entre la contrainte de cisaillement et le taux de cisaillement. Les équations qui régissent

le comportement d'un fluide plastique de Bingham sont :

ou 0 T <7,
(17)

5: (T—TO)//JP T 27T,

Avec ou/oy la vitesse de déformation, z, la contrainte d’écoulement, - la contrainte de

cisaillement, et 4, la viscosité plastique ou viscosité de Bingham.

Les modeles d'Hershel-Bulkley et d’Ostwald (loi de puissance) permettent de
modéliser le comportement des fluides pseudo-plastiques. Ces derniers ne possedent pas
de contrainte d’élasticité. Ils sont également caractérisés par une diminution progressive
de la pente de la contrainte de cisaillement en fonction du taux de cisaillement. Cette

pente est définie comme la viscosité apparente :

u ==
=y (18)

A un taux de cisaillement élevé, la viscosité apparente devient constante et égale a ;4 et

la contrainte de cisaillement par rapport au taux de cisaillement devient linéaire. Il existe
un certain nombre de relations empiriques qui ont été utilisées pour décrire les fluides

pseudo-plastiques. La loi de puissance d’Ostwald est la plus simple :

r=ky" (19)

Avec ; la contrainte de cisaillement, k la consistance du fluide (k = pour un fluide
Newtonien), 7 le taux de cisaillement et N l'indice de structure (ou d’écoulement). n<1
dans le cas d'un fluide rhéofluidifiant (ou pseudoplastique), n>1 dans le cas d'un fluide

rhéoépaississant (ou dilatant) et n=1 dans le cas d'un fluide Newtonien).
Malgré sa relative simplicité, la loi de puissance d’Ostwald n’est pas idéale du fait que la

consistance k n’a aucun sens physique, sa dimension étant liée a la valeur de 'exposant
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N . Pour cette raison, on essaie de se raccrocher a la notion de viscosité en introduisant

une « viscosité apparente » :

- n-1

Hy =Ky (20)

Et enfin, I'équation qui régit le comportement d'un fluide d’Herschel-Bulkley

développée en 1926 s’énonce de la maniere suivante :
T=1,+ky" (21)

Avec z, le seuil de contrainte.

I-2.3. Le modele de RANS et le modele de turbulence k-epsilon

standard

I-.2.3.i. La décomposition de Reynolds et le modele de RANS

Nous expliquons dans cette partie le principe de la décomposition de Reynolds. Elle
consiste a décomposer les grandeurs physiques (le champ de vitesse et la pression) en la

somme de leur valeur moyenne et d'une fluctuation aléatoire centrée :
- ! 4
U =0 +u avect =0 (22)
Avec U’ la composante turbulente.

Nous introduisons donc la décomposition du champ de vitesse et la pression dans

les équations de Navier-Stokes.

Dans le cas d'un fluide incompressible et Newtonien, I'équation de conservation de

la masse devient :

ou, a(u_i+ui') B

ox.  ox 0 (23)
2a. o(u, +u/

Zl:(I N ( oX. ) =0 (24)
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% %: g _i ap Vazui 26)
ot ! 8XJ. : L OX asz (
a i ! a ' a = i 62 ’
(U|+U|)+(u +U'-) (U|+UI)_ |_£ (p+p) v (u|:_u|) (27)
ot Lo p O X
o(m +u)) . o(m+u 10(p+p) (T +u/)
o (@) x U, & T (28)
o g O, U 1 O
ot lox, leax, T pox o (29)

Ainsi dans cette expression, le terme U; — représente I'influence de 'agitation turbulente

OX i

sur le bilan moyen de la quantité de mouvement.

U' al"li, _ (urur)
Pox, ox; V! (30)
On obtient donc :
£+U ﬂ—g _3854_3 o aq +8U] — ou'u’
ot ek, S pax  pox | “lax, ax ) (31)

Avec g7 un nouveau terme inconnu appelé le tenseur des contraintes de Reynolds 7,

apportant 6 inconnues supplémentaires au systeme.

Dans le cas d'un probleme turbulent. nous avons 4 équations avec 'équation de
continuité et les équations de Reynolds (issues de Navier-Stokes) et 10 inconnues

(ﬁ, 0, Vv, Wet — plTu;) Le systéme est donc ouvert. La fermeture du systéeme est assurée

par un modele de turbulence.

I ———————
These de doctorat, Héléne Caillet, Novembre 2019 36



Chapitre I : La digestion anaérobie et la modélisation des écoulements

La fermeture du systéme est basée sur 'hypothese de Boussinesq, qui suppose que
le tenseur des contraintes de Reynolds a la méme forme qu’'un tenseur des contraintes

visqueuses :

Les équations de Navier-Stokes Moyennées sont donc :

W _g
OX
_ 33
ou, ouU  1gp* 0", )
—t=— =4 (v+y)
ot Ox; P OX OX;0X;

Avec p*=p+ % pk la pression modifiée.

I-.2.3.ii. Le modele de turbulence k-epsilon standard

Comme énoncé précédemment, la décomposition de Reynolds est utilisée dans le
modele de RANS. Ceci a pour conséquence ’ajout d’inconnues. Il v a faut donc fermer

le probleme avec un modele de turbulence. Il existe deux grandes classes de modeles :

¢ Les modeles a viscosité turbulente (modéles de premier ordre) basés sur I'hypothese

de Boussinesq ;

e Les modeles du deuxieme ordre ou les tensions de Reynolds sont directement

calculées et la modélisation porte sur les moments d’ordre supérieur.

Les modeles de premier ordre, que nous utilisons dans cette these, sont classés selon
le nombre d’équations. Il existe ainsi des modeles a 0 équation (longueur de mélange),
des modeles a 1 équation (énergie cinétique turbulente k) et des modeéles a 2 équations

(tels que les modeéles K—¢& et k—w).

La qualité des résultats est lice au choix du modele de turbulence choisi. D'un point

de vue industriel, les modeles du premier ordre a deux équations permettent d’obtenir
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des résultats satisfaisants. Nous présentons dans le Chapitre II les modeles de turbulence

utilisés pour la modélisation des écoulements au sein des réacteurs agités.

Nous présentons dans ce chapitre le modeéle K—g standard, un modele
fréquemment utilisé dans la littérature. Les simulations numeériques présentées dans le

Chapitre VI sont effectuées en utilisant le modele k —& standard.

Il est possible de relier, en se basant sur une analyse dimensionnelle, 'énergie
cinétique turbulente k, la dissipation de I'énergie cinétique ¢ et 1'échelle de longueur de

la turbulence | par la relation :

k3/2
|~ — 4
. 39)

Prandtl et Kolomgorov ont ensuite dérivé la relation pour obtenir la viscosité

turbulente :

k2
#=Cup— (35)

Avec Cﬂ une constante adimensionnelle & déterminer.

L’équation de I'énergie cinétique turbulente k s’écrit :

C K’ C.k*( ou, |
ok, o _ 0 (w ’ Jﬁ .S (au,+aukJau,_g 36)

ot Fox, ox o |ox, | & \ox,  ox )ox
Avec &, I'équivalent d’'un nombre de Prandtl turbulent (constante).

L’équation de la dissipation ¢ est :

C K’ . . 2
@+U oe 0 [v+ - jgx—g +C61Cﬂk(au'+aUkJaU'—C€28— (37)

ot Fox, o c.& |ox, ox,  ox ) ox, k

Avec c, Cc_, et o, les constantes adimensionnelles a déterminer.

g2
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Chapitre I : La digestion anaérobie et la modélisation des écoulements

Dans le modele k-epsilon standard, les valeurs des constantes sont : Cﬂ =0.09,

C,=144,C_,=192, o, =1 ¢t o, =1.22.

I-3. Conclusion

Nous avons présenté les éléments de base nécessaires a la compréhension des
travaux menés. La partie sur la digestion anaérobie, la caractérisation des substrats et
les technologies de traitement des effluents liquides par méthanisation seront utiles pour
les chapitres III, IV, V qui portent sur les expérimentations. La partie sur la modélisation
des écoulements a présenté les grandes étapes pour obtenir le modele de RANS, utilisé

pour les simulations numériques présentées dans le chapitre VL.

Nous nous intéresserons dans le chapitre suivant a la revue de littérature des
modeles développés, notamment les modeles de la digestion anaérobie et les modeéle basés

sur la mécanique des fluides pour la simulation des écoulements.
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Chapitre 11

Anaerobic digestion modelling and waste

rheology: a review

Nous avons vu dans le chapitre précédent le procédé de la méthanisation ainsi que
technologies de digesteurs dans un premier temps. La nécessité de maitriser
I’hydrodynamique des digesteurs est clairement apparu. Ainsi, dans un deuxieme temps,
nous avons exposé les équations de base des modeéles basés sur la mécanique des fluides

(CFD) pour la modélisation des écoulements au sein des digesteurs.

Ce chapitre est une revue de littérature rédigée au format d’article scientifique. L'objectif
est de relater I'ensemble des travaux menés pour la modélisation du procédé et des

écoulements des réservoirs/digesteurs agités ou non pour différents types de déchets.

La premiere partie concerne la rhéologie des substrats de digestion avec les modeles
rhéologiques et les données de la littérature utilisées dans les modeles rhéologiques de
divers substrats (vinasse, eaux usées, boues, fumiers et biodéchets). Dans une seconde
partie, une revue de littérature sur les objectifs et les avancées des modeles biochimiques
et CFD est développée, en passant en revue les objectifs du modele, les méthodes
numeériques, la modélisation de la turbulence et le maillage. Puis les modeles thermiques
sont présentés. Enfin, la contribution et les intéréts de CFD dans la modélisation

numdérique seront discuteés.
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Abstract

Anaerobic digestion is widely used for waste treatment and energy production. Anaerobic digestion is a
complex process which involved both physico-chemical reactions driven by four microbial groups and
hydrodynamics phenomena. Consequently, many researches have been carried out on the process
modelling. Research firstly focused on the development of various models based on kinetics. The
different developed models are adapted to a specific waste or mix of waste. Moreover, parameters such
as mass transfer and temperature influence the physicochemical and biological reactions. These latter
are modelled with computational fluid dynamic (CFD). The knowledge of waste rheology is
unavoidable for CFD modelling. In this paper, we present a literature review on waste rheology,
mathematical models based on kinetics, and CFD models with the studies aims, numerical methods and
turbulence modelling and lastly the thermal models. Finally, all these aspects are discussed. The general
conclusion of this literature review is firstly, that rheological behaviour of manure and sludge are best
described, however the rheological of behaviour a mix of biowaste is poorly known. Secondly, modified
ADM1 will be used for the development of ADM2 and more research are needed. Thirdly, the aim of
CFD modelling are numerous. In particular, it allows to provide knowledge and helps with the
dimensioning of anaerobic digestion units. Fourthly, the thermal modelling are mainly useful in cold
countries and those experiencing significant temperature variations. Few studies concerned the coupling
of biochemical and CFD models. This strategy is of interest depending on the objectives of the study. It
allows, however, to take into account both the biochemical aspects of the environment and the flows.

Highlights:

o The rheological behaviour of a mix of biowaste is poorly known.

Modified ADM1 will be used for the development of ADM2 and more research are needed.

CFD modelling allows to provide knowledge and help with the dimensioning of anaerobic
digestion units.

The thermal modelling are mainly useful in cold countries and those experiencing significant
temperature variations.

Few studies concerned the coupling of biochemical and CFD models. This strategy allows to take
into account both the biochemical aspects of the environment and the flows.

Keywords: Anaerobic digestion, kinetic models, CFD, rheology, waste, thermal model
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Abbreviations:

ADM1 Anaerobic Digestion Model n°1
ASM Activated Sludge Model

CARPT Computer Automated Radioactive Particle Tracking
CFD Computational Fluid Dynamics
FIW Food Industry Waste

HRT Hydraulic Retention Time

KET Kinetic Energy Transport

KTGF Kinetic Theory Of Granular Flow
LDA Laser Doppler Anemometry

LES Large Eddy Simulation

MRF Multiple Reference Frame
OFMSW Organic fraction of municipal solid waste
RANS Reynolds-averaged Navier-Stokes
RF Reference Frame

RNG Re-Normalisation Group

RSM Reynolds stress model

SGS Subgrid-scale

SHW Slaughter house waste

SL Smagorinsky-Lilly

SM Sliding Mesh

SRT Solid retention time

T Temperature (°C)

Thix Thixotropy (Pa.s™)

TDS Total Dissolved Solid

TS Total Solid (% or g.L™?)

TSS Total Suspended Solid (%)

ul Uniformity Index

VFA Volatile Fatty Acids

WALE Wall-Adapting Local Eddy-Viscosity
Y Working volume (mq)

R2 Coefficient of determination

k Consistency index (Pa.s")

7, Critical shear rate (s™)

P Density (kg.m?)

Mayn Dynamic viscosity (Pa.s or mPa.s))
FCI Flow consistency index (s)

Ty Hershel-Bulkley yield stress (Pa)
a, High shear rate viscosity or Bingham viscosity (Pa.s")
Mr Infinite-rate viscosity (Pa.s")

Niim Limit viscosity (mPa.s)

Minax Maximum viscosity (Pa.s")

Min Minimum viscosity (Pa.s")

n Power law index
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UR Pseudoplastic viscosity (Pa.s")

y Shear rate (s)

T Shear stress (Pa)

C, Specific heat (J.kg*.K™)

A Thermal conductivity (W.m1.K?)

7 Yield stress (Pa)

Tayn Yield stress obtained by dynamic measurements (Pa)
T ttow Yield stress obtained by flow measurements (Pa)

n Viscosity (Pa.s")
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1. Introduction

The development of renewable and sustainable energies is generally growing in relation to the current
context, particularly the depletion of fossil fuels and the need to limit the negative effects on the
environment. Anaerobic digestion is one of the existing options. Indeed, this process makes it possible
to produce a biogas rich in methane while respecting the natural carbon cycle. In addition, the raw
material required is none other than organic waste. This solution also allows to manage a whole category
of waste and thus to promote it energetically. This permits to solve two problems at the same time. The
digesters, units necessary for anaerobic digestion have been existing for a long time. Originally, they
were mainly used for the treatment of agricultural waste (manure and green waste) and wastewater, but
they are nowadays studied for the treatment of other wastes such as food remains but also for cases of
co-digestion of different waste. In addition, the current interest is mainly to guarantee both the quality
and the quantity of biogas produced. Thus, numerical models are developed in order to understand the
existing digesters but also to optimise future digester configurations. The general model for the
conversion of biomass into biogas is the IWA ADML1 [30] which is based on mass transfers. Some
authors proposed modified ADM1 and ADM2 models will probably be developed [31], based on
modifications provided to the ADM1 model. However, given the industrialisation of this process,
parameters such as mixing and pumping strategies, which require energy, must be optimised. These
parameters are all the more important since solid-state digestion is gaining importance considering the
treated waste, and whose interests are savings in water. Zhou and Wen (2019) highlighted that the
number of publications with keywords “solid-state anaerobic digestion” has a major increase in interest
in this area [36]. All these aspects, including the growing need for accurate flow simulations [8], justify
the use of CFD. Indeed, Van Hulle and al. (2014) showed that at pilot scale (120 L), the mixing
conditions (mixing and non-mixing conditions) impact the methane production due to VFA
accumulation [8]. Indeed, the mixing drives mass and heat transfer through the digestion medium, thus
the physicochemical and biological reactions. CFD enables the study of the fluid flow, with greater
detail and accuracy [37]. The appropriate model varies according to the waste nature. The knowledge
of the waste rheology is necessary for the CFD modelling of all of the type of waste. Moreover, the
choice of the turbulence models adapted to the problem dealt with is significant. Indeed, an important
condition is the contact between biomass and substrate thanks to mixing [37]. Therefore, turbulence
becomes a crucial factor [37].

This paper is thus organised in the following way, the first part concerns the rheological models and the
literature data used in rheological models of various waste (vinasse, wastewater, sludges, manures and
biowaste). Next, the second part addresses the existing global models on anaerobic digestion with the
kinetic models. Then, in the third part, we present a review on the CFD models, going through the model
objectives, the numerical methods, the turbulence modelling and the meshing approach of stirred tanks.
Hereafter, the thermal models are presented. Lastly, the contribution and future interests of CFD in
numerical modelling are discussed.

2. The substrates physical properties used in rheological models

Bjorn et al. (2018) studied the relationship between the rheological properties of 12 full-scale continuous
stirred-tank biogas reactors and operational conditions [38]. Both mono-digestion and co-digestion
under mesophilic and thermophilic conditions were studied [38]. They studied various feedstocks:
sewage sludge, primary and biological sewage sludge, FIW, whey, fodder residues, manure, starch, fat,
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OFMSW, and SHW [38]. The authors found correlation between TVS content and the apparent viscosity
(shear rate of 20 s) and limit viscosity of reactor with sewage sludge substrate [38]. Moreover, they
also found correlation between TS content and limit viscosity, in the case of thermophilic co-digestion
reactors [38]. They did not found correlations in the case of mesophilic mono-digestion [38]. Thereby,
the authors warn us about the necessary consideration of the operating conditions of continuously stirred
digesters in the study of the rheology of digestion media [38]. Consequently, in this section, a review on
the modelling of waste rheology is presented. A literature data about various waste (vinasse, sewage
sludges, manures and other biowaste) rheological properties are compiled, specifying operational
conditions. The data presented are thus valid for specific cases and additional studies must be carried
out if the conditions change.

2.1. Wastewater

Some authors characterised the vinasse as a Newtonian fluid [39-41]. We show in the Table 1 the
dynamic viscosity of the vinasse.

Table 1: Dynamic viscosity of vinasse

Source Substrate £ (kg.m?) Nayn (Pa.s)
[39] Vinasse 1044.69 0.001 0097
[42] Sludge 999.66 0.065

In another study, the vinasse is characterised by the Herschel-Bulkley model [41]. The authors also show
that the flow behaviour index approaches the Newtonian behaviour [41]. The Table 2 presents the yield
stress, and the parameters of the models at different temperature.

Table 2: Herschel-Bulkley model parameters of vinasse [41]

T(°C) z, (Pa) k (Pa.s") n

20 0.11177 1.774.10° 1.1
25 0.10537 1.68.10° 1.08
30 0.0998 1.479.108 1.05
35 0.08950 1.392.10° 1.01

In a study conducted by Chacua et al. (2016), it has been shown that vinasse has a pseudoplastic
behaviour for temperatures between 10 and 20°C [43]. Indeed, when the temperature is superior to 30°C,
the power-law index is close to 1, indicating an approach to the Newtonian model [43]. In the Table 3,
we show power-law model parameters [43].

Table 3: Power-law model parameters (sugarcane vinasse) [43]

Soluble solids content (°Brix) T(°C) k(Pasm n

44 20 0.04 0.89
60 0.40 0.74
44 30 0.03 1.09
60 0.18 1.02
44 40 0.02 1.12
60 0.11 1.01

I ———————
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Yu et al. (2013), developed a multiphase model of settling and suspension in anaerobic digester. They
made assumptions for the three phases. Concerning the liquid phase (wastewater), they considered the
same properties of water at 35°C which is a Newtonian fluid [44]. This assumption is valid when TS is
inferior to 1% in the liquid phase [44]. They highlighted that, depending on TS content, the fluid is
Newtonian or non-Newtonian [44]. Thus, the shear stress equation for a non-compressive Newtonian
fluid could not be suitable for wastewater with high concentration of colloidal solids [44].

2.2. Sludges

In this part, the experimental studies on sludge rheology measurements and models used by various
authors are presented. The rheological data used in CFD modelling are also presented.

In 2008, experimental studies were performed to determine the pseudoplastic viscosity and the power-
law index [45]. These parameters are related in the Table 4 [45]. The authors used equations to describe
the relationships between the viscosity coefficients and the solid concentration [45]. The two equations
describing the relationships are [45]:

p, =0.018e%07 (38)
n = 0.68e0-0069X (39)

Table 4: Anaerobic digestion sludge rheological properties in Pseudoplastic model (non-Newtonian)

Data source Sludge Concentration (kg.m) 1M, (Pas n
19 0.085 0.58
[45] 63 1.80 0.43
72 3.0 0.41

In 2013, Ratkovich et al. did a review on the data collection and modelling of activated sludge [46]. This
work consisted in reviewing the measurements and experimental protocols, used to study the rheology
of sludge [46]. As the authors pointed out, the quality and validity of the models resulting from
rheological measurements depends on the accuracy of the experimental measurements and protocols
[46]. Thus the authors did a critical analysis of the protocols and models found in literature [46]. The
authors warn us about the precautions to take when using a model, they advise us to verify that the model
has been developed properly [46].

Baudez et al. (2013) carried out a study on the impact of temperature on the rheological behaviour of
anaerobic digested sludge [47]. The authors did rheological experimental measurements at different
temperatures: 10°C, 25°C, 40°C and 60°C [47]. The viscosity and the yield stress decrease with the
temperature increasing [47]. They also showed that the rheological behaviour is irreversibly modified
by the thermal history [47]. Craig et al. (2013) did CFD simulations of anaerobic digester with variable
sewage sludge rheology [48]. The Table 5 shows the rheological properties used in different models.

Baroutian et al. (2013) carried out rheological measurements on a mixture of primary and secondary
sewage sludge with the aim of studying the impact of solid concentration and temperature [49]. They
used the Hershel-Bulkley model because it allows to study the rheogram on the complete range of shear
rate while the Ostwald model only allows rheogram to be studied in the case of the modelling of the
shear-thinning zone [49]. The authors concluded that the Hershel-Bulkley model fits well with the
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experimental data [49]. Moreover, the solid concentration and the temperature have a significant impact
on the yield stress and the model parameters [49].

Table 5: Sludge rheological properties used in Hershel-Bulkley model

Model usingdata ~ T(°C) TS (%)  Sludge age (days) k(Pas") n 7. Yz, (Pa)
3-4 0 0.5 0.5 0 0.9
[48] 34 0 0.75 0.66 0.01 0.7
34 40 0.0017 1.15 0.01 0.3
[47, 50] 1.85 - 0.169 0.308 0.01-30 0.092
o5 2.55 - 0.436 0.308 0.01-30 0.293
[47] 3.25 - 0.905 0.308 0.01-g30 0.711
4.90 - 2.769 0.308 0.01-30 2.300

Lotito and Lotito (2014) carried out rheological measurements on sewage sludge in the aim to design
pump [51]. The measurements were done at different solid concentrations (1.69 to 9.35% for
anaerobically digested sludge, 3.37 to 12.16% for raw mixed sludge and 1.30 to 7.55% for return
activated sludge) and different temperature (10 to 30°C) [51]. The Bingham model was used and the
Ostwald model provided good correlation coefficients [51]. The authors concluded that the yield stress
and consistency coefficient increased with TS concentration and decreased with temperature [51].
Moreover, they suggested that the raw mixed sludge would be pumped most easily and the return
activated sludge the less easily [51]. The coefficients of the three sludge studied at 30°C are shown in
the Table 6 [51].

Table 6: Bingham coefficients and thixotropy at 30°C [51]

Sludge TS (%) 7, (PQ)  k(Pas") Thix (Pa.s™)
1.69 0.518 0.0065 22.18
3.48 4.365 0.0185 95.67
. . 5.07 11.04 0.0500 153.3
Anaerobically digested sludge 6.39 28.87 0.0841 315.3
7.96 44.92 0.1165 1197
9.35 85.30 0.1129 2260
3.37 0.920 0.0084 6.416
5.07 4.103 0.0189 51.06
Raw mixed sludge 7.43 9.140 0.0253 147.6
9.02 24.46 0.0362 506.4
9.66 36.92 0.0619 864.8
12.16 62.10 0.0663 2311
1.30 1.195 0.0092 5.446
3.50 13.97 0.0547 308.0
Return activated sludge 4.88 34.88 0.0913 633.8
5.88 48.56 0.1193 1620
7.55 120.5 0.1524 3990

Jiang et al. (2014) published a paper on the characteristics of highly concentrated anaerobic digested
sludge with TS upper to 8% [52]. The impact of TS (8 to 16%) and temperature (35, 55 and 70°C) were
studied [52]. The Hershel-Bulkley model was used to model the sludge rheology [52]. The authors
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concluded that the sludge rheology is more impacted by the TS than the temperature [52]. The Table 7
presents the yield stress obtained by flow and dynamic measurements [52].

Table 7: Yield stress obtained by flow and dynamic measurements [52]

TS (%) T fiow (Pa) Tdyn (Pa)
8 25.3 35

10 81 91

13 171 300

16 319.2 420

Dai et al. (2014) studied the rheology evolution of sludge through high-solid anaerobic digestion [53].
The influence of the SRT and the temperature were studied [53]. The authors also used the Hershel-
Bulkley model [53]. In conclusion, shear stress, viscosity, yield stress, consistency index are lower and
flow index is higher with longer SRT [53]. Furthermore, the TS of the thermophilic digester is higher
than the TS of the mesophilic digester, but has a better flowability [53]. The authors said that the sludge
rheology could be a controlling parameter of anaerobic digestion process [53].

Table 8: Rheological properties and models [54]

. TS . . . n 77tim
Digested substrate Viscosity curve behaviour dyn
g (%) y (mPas) (mPa.s)
Slaughter house waste 3.9 Viscoplastic 18 6
Biosludge paper mill industryl 3.8 Thixotropic 436 8
Biosludge paper mill industry?2 3.7 Viscoplastic 267 29
Wheat stillage 3.0 Pseudoplastic or viscoplastic 33 6
Cereal residues 7.7 Viscoplastic 443 36
Table 9: Obtained results from mathematical modelling of rheogram data [54]
Herschel-Bulkley Ostwald Bingham
Digested substrate 7 n ) Kk ) 7o )
(Pa) n k (Pa.s") R n (Pas") R (Pa) R
Slaughter house waste 0.24 1.06 0.003 093 0.69 0.35 0.8 0.21 0.92
Biosludge paper mill 257 340 510 045 008 228 0002 1.88 0.12
industryl
Biosludge paper mill 289 059 042 099 044 123 099 636 095
industry?2
Wheat stillage 0 0.65 0.04 088 0.64 004 087 0.33 0.95
Cereal residues 238 049 0.98 096 039 198 096 831 0.91

Farno et al. (2014) studied the impact of temperature and thermal history (20°C to 80°C, then to 20°C)
on the sludge rheology [55]. The authors concluded that the changes in temperature, previously cited,
affect irreversibly the rheology and the yield stress [55]. Moreover, a proportionality was found between
the soluble COD and the yield stress and infinite viscosity [55]. Next, Farno et al. (2015) studied the
impact of temperature and duration of thermal treatment on anaerobic digested sludge [56]. The authors
used a modified Hershel-Bulkley model by coupling the Herschel-Bulkley and Bingham model,
developed by [47, 56]:

I ———————
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T=T,o+y+Ky" (40)
Where 7/ 7, isdimensionless shear stress. A new model for the prediction of yield stress and apparent

viscosity at various temperatures and thermal histories is proposed [56]. Moreover, the variation of the
yield stress and the apparent viscosity of the digested sludge (in the case of thermal treatment) can be
estimated by the soluble COD measurement [56].

In the CFD model developed by Lépez-Jiménez et al. (2015), according to the sludge treated in a
Wastewater treatment plant anaerobic digester, different TDS contents sludge were used in simulations:
2.5, 5.4 and 9.1 TDS. At the beginning, the fluid was considered Newtonian. The physical parameters
are given in the Table 1 [42]. This hypothesis was supported by viscosity measurements from a rotating
viscometer [42]. The physical parameters are given in the Table 5. As a second assumption, the sludge
was considered non-Newtonian, the rheological properties used in the CFD model are those of liquid
manure given in the Table 17 [42].

According to the study conducted by Hong et al. (2015), the solid concentration, the temperature, and
the sludge age affect the viscosity, the yield stress, the flow index and the flow consistency [57]. The
authors also noted that a low temperature storage (4°C), thus the sludge age, affected the sludge rheology
[57]. Moreover, they tested various rheological models: Bingham, power law (Ostwald), Herschel-
Bulkley, Casson, Sisko, Careau and Cross models [57]. They concluded that the Bingham plastic and
Sisko models best fitted with experimental data [57]. The yield stress and viscosity (Bingham model),
and the infinite-rate viscosity, flow consistency index and flow index (Sisko model) for different
temperature are shown in the Table 10. The Table 11 presents the rheological parameters of sludge for
different sludge age. The Table 12 presents the yields and the viscosity for varying TS.

Table 10: Yield stress and viscosity (Bingham model), and the infinite-rate viscosity, flow consistency
index and flow index (Sisko model) for different temperature [57]

. Bingham model Sisko model
T -, (Pa) 1 (Pas) 7 (P2S) FCI (s) I
25 6.8 0.02 0.02 3 0.2
30 7.9 0.02 0.02 5 0.1
35 8 0.02 0.01 3 0.2
40 5.8 0.02 0.02 4 0.1
55 4.5 0.01 0.01 2 0.2

Table 11: Yield stress and viscosity (Bingham model), and the infinite-rate viscosity, flow consistency
index and flow index (Sisko model) for different sludge age [57]

D S (L1 VS (L Bingham model Sisko model

ays QL7 (@.L5) -, (Pa) 7 (Pas) | g, (Pas)  FCI(s) FI
1 29 25.4 5.8 0.020 0.02 3.9 0.3
15 28 24.9 6.1 0.019 0.01 1.9 0.1
32 25 21.65 4.9 0.016 0.01 2.2 0.2

Table 12: Yield stress and viscosity for different TS [57]
TS (g.LY) Rheological model z, (Pa) 1 (Pa.s) n R2
30 Casson 4.6 0.010 - 0.99
Bingham 7.4 0.021 - 0.98
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Power - 1.100 0.46 0.94
Casson 0.8 0.017 - 0.99
25 Bingham 2.1 0.024 - 0.97
Power - 0.154 0.73 0.99
Casson 0.3 0.015 - 0.98
20 Bingham 1.1 0.018 - 0.98
Power - 0.061 0.83 0.99

Seyssiecq et al. (2015) carried out in situ rheological characterisation of wastewater sludge in order to
compare stirred bioreactor (helical ribbon impeller equipped with a rheometer) and pipe flow
configurations [58]. The use of the two configurations is discussed in the paper [58]. The authors
concluded that the Hershel-Bulkley model best fits with the experimental data obtained with the helical
ribbon impeller [58]. Nonetheless, the measurements on suspensions were not consistent, and thus
required an adjustment du to wall slip effect [58]. The model parameters are given in function of TSS
concentration [58]. The principal interest of in situ characterisation is to overcome the effects of the
study of a sample, especially since it will not necessarily be representative of the medium in the case of
heterogeneous fluid. Moreover, this method facilitates the study of the medium during digestion process
in real time.

Cheng and Li (2015) studied the rheological behaviour of sewage sludge with TS content ranging from
2 to 15% [59]. They found that the influence of organic content was non-significant at low TS (inferior
to 6%) [59]. A new model was developed, combining the exponential model and power model in order
to describe the relation between TS, shear rate and viscosity of the high solids sludge [59].

Eshtiaghi et al. (2016) carried out a study on the prediction of apparent viscosity and yield stress of
digested and secondary sludge mixtures [60]. The sludge studied (1.4 to 7% TS) were chosen because
it can be treated in anaerobic digester [60]. A master curve was developed in order to predict the sludge
flow behaviour independently of TS concentration [60].

Feng et al. (2016) studied the rheological behavior of the sludge in an anaerobic digester (105 days)
[61]. The Herschel-Bulkley model, the Bingham Law equation and the Power-Law equation were
compared [61]. The Herschel-Bulkley model best fitted [61]. The authors observed that the TSS
concentration influenced the viscosity [61].

Al-Dawery (2016) studied the effects of suspended solid and polyelectrolyte on the settling and the
rheological properties of municipal activated sludge [62]. The authors used the Bingham model [62].
They concluded that yield stress and limit viscosity increased with the increase of TS and the limit
viscosity is strongly dependent on TS [62].

Zhang et al. (2016) studied the variation of the rheological characteristics of high-solid (15-20% TS)
municipal sludge during the anaerobic digestion process [63]. The two-part Hershel-Bulkley model was
used to characterise the rheological behaviour of the sludge [63]. The model parameters at different
stage of digestion are given in the paper [63]. The authors observed that the yield stress, viscosity, and
critical shear rate decreased with the digestion [63].

Cao et al. (2016) studied the rheology of municipal sewage sludge (with and without anaerobic
digestion) [64]. The authors performed rheological measurements at 20, 35 and 55°C, and at TS
concentration from 4 to 10% [64]. In this study, the authors compared three rheological models (Ostwald
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de Waele, Herschel-Bulkley and Bingham), and found that Ostwald de Waele model best fitted with
experimental data [64]. The authors concluded that the TS concentration and temperature impacted
sludge rheology critically [64].

Markis et al. (2016) established an equation to predict the viscosity in function of the pH [65]. The
authors worked on various mixtures of primary, secondary and anaerobically digested sewage sludge
[65]. The equation developed is [65]:

7 = —0.0135pH 2 +0.1965pH —0.667 (41)
The authors [65] used a dimensionless Hershel-Bulkley form, developed by Markis et al. (2014) [66].
In this paper, the authors studied the impact of TS content on the viscosity of the sludge [66]. The study
showed that the apparent viscosity, the yield stress and the fluid consistency increased with the
increasing of TS concentration [66].

Hong et al. (2017) showed that the yield stress and the viscosity of digested sludge increased with the
increasing of TS and VS concentration [67]. Moreover, Hii et al. (2017) showed that the treated sludge
viscosity and the yield stress decrease linearly with temperature [68]. Furthermore, the soluble COD has
linear correlation with yield stress and apparent viscosity [68]. The authors used the Hershel-Bulkley
model and gave the calculated parameters [68].

Liang et al. (2017) proposed a protocol of uniaxial compression test for studying the transition between
solid and fluid behaviour of sludge (TS around 20%) [69]. They studied various samples: raw sludge,
six days aging sludge, 5 min mixing sludge and 20 min mixing sludge [69]. It was found that the
viscosity and yield stress are the most sensitive rheological factors to operational conditions [69]. The
impact of the aging and the mixing of sludge is a decrease of the viscosity and the yield stress with an
increase of the adhesive effect [69].

Abba et al. (2017) studied the rheology and microbiology of sludge from a thermophilic aerobic
membrane reactor [70]. The Hershel-Bulkley model fitted with experimental data [70]. In this work, the
authors studied the influence of pH, aeration, temperature and suspended solid concentration (biomass
concentration) on rheological behaviour of sludge [70].

Bobade et al. (2017) studied the impact of gas injection on the apparent viscosity and viscoelastic
property of waste activated sewage sludge [71]. In another study published in 2018, the authors proposed
a linear relationship between the change of viscoelastic properties and the change of other
physiochemical properties [72].

Gienau et al. (2018) carried out study on the rheological characterisation of 16 anaerobic sludge from
agricultural and bio-waste biogas plants [73]. The power-law equation was used to describe the
rheological behaviour and the Arrhenius law was used for the temperature dependency [73]. The authors
highlighted that the temperature-dependent rheology is essential for engineering utilisations such as
pressure drops, agitators and pumps design [73].

Cao et al. (2018) studied the effect of TSS content and heat and anaerobic digestion treatments on the
rheological properties of municipal sludge [74]. They found that the sludge exhibits shear-thinning
behaviour [74]. The viscosity of the anaerobically digested sludge is the lowest, then it is fresh mixed
sludge and the most viscous is the thermal hydrolysed sludge [74]. The Hershel-Bulkley model fits well
with the experimental results [74].
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Bjorn et al. (2018) studied the rheology of sewage sludge [38]. They found that the Bingham model, the
Ostwald model and the Hershel-Bulkley model fitted with experimental data, depending on the sample
[38]. The rheological models and parameters are shown in the Table 13.

Table 13: Rheological models and parameters of primary and biological sewage sludge [38]

TVS wv .

0 o Pa 2

TS (%) (%) T (°C) () Rheological model 7, (PQ) k(Pas) n R
Ostwald - 0.1900 0.4627 0.48
24 16 5153 170 Bingham 0.6404  0.0047 - 0.90
Ostwald - 0.3377 0.4448  0.98
3.0 18 36-38 200 Hershel-Bulkley 09130 0.0372  0.7479  0.96
3.9 24  36-38 ' Ostwald 1.8640 0.1559 0.6128  0.97
' ' Hershel-Bulkley 15385 0.0913 0.6862 0.98

2.1. Manure

Achkari-Begdouri and Goodrich (1992) carried out rheological measurements on Moroccan dairy cattle
manure at different TS content and temperature [75]. They studied this fluid between 2.5 and 12.1% TS
and from 20 to 60°C [75]. We present in the Table 17 the rheological parameters k and n for different
TS content at 35°C [75]. The consistency coefficient k and the power-law index n of liquid manure are
expressed [75-77]:

K= [ 8.72 2e(4830[r +0.58319><TS):| <1010 (42)
n=0.6894+0.0046831x (T —273)—0.042813xTS (43)
The density, the specific heat and thermal conductivity are expressed [75, 76, 78, 79]:
C,=4187.5-28.9xTS (44)
A1 =0.6173—0.0069xTS (45)
p=0.0367xTS® -2.38xTS? +14.6x TS +1000 (46)

Rheological properties of liquid manure are dependent on TS [79]. Moreover, viscosity and shear stress
increase exponentially with the increase of TS [79]. The authors used non-linear regression technique
to get the following relations [79]:

5 =0.0010-462TS (47)

7 =0.1579462TS (48)
The rheological properties used in this study are shown in the Table 17. (Bakker et al., 2009) carried
out numerical modelling of non-Newtonian slurry, using Hershel-Bulkley and Bingham models [80].
We show in the Table 14, the rheological properties used in the models for the simulations [80].

Table 14: Bindura nickel ore slurry rheological properties used in Hershel-Bulkley and Bingham

models [80]
Model wf % k (Pa.s) n £ (kg.m?) z, (Pa)
Hershel-Bulkley 40 0.439 0.34 1364 0.456
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50 2.130 0.323 1500 2.130

50 3.774 0.565 1667 3.774

40 6.79.10°3 - - 1.945
Bingham 50 1.47.10°2 - - 8.189

50 7.42.10 - - 52.180

Thota Radhakrishnan et al. (2018) studied the rheology of two types of slurries using a narrow gap
couette rheometer: black water (consisting of human faecal waste, urine, and flushed water from vacuum
toilets) (sample 1) and black water with ground kitchen waste (sample 2) [81]. Depending on the
percentage of TSS, the slurry rheological behaviour is described by the Hershel-Bulkley model, the
Bingham model or the linear model [81]. The viscosity increases with increase in TSS concentration
and decreases with increase of temperature [81]. The authors concluded that the Hershel-Bulkley model
best suits. The physical properties (at 30°C) are related in the Tables 15 and 16. In their model, Wu
(2010) considered that the manure slurry exhibits non-Newtonian pseudo-plastic fluid behaviour when
TS is superior to 2.5% [82]. The rheological properties of liquid manure are presented in the Table 17.

Table 15: Slurry rheological properties at 30°C (sample 1) [81]

Model TSS (%)  k(Pas") n z, (Pa)
11.2 0.9462 0.45 1.07
10 0.28666 0.56 0.803
Hershel-Bulkley 7.2 0.08741 0.65 0.325
5 0.02123 0.78 0.135
3.9 0.01187 0.82 0.073
3.2 0.00764 0.87 0.053
Bingham 2.6 0.00293 1 0.052
1.8 0.00223 1 0.011
1.4 0.00204 1 0
Linear 0.7 0.00152 1 0
0.4 0.00125 1 0
Table 16: Slurry rheological properties at 30°C (sample 2) [81]
Model TSS (%) k (Pa.s") n z, (Pa)
Hershel-Bulkley 3 0.01021 0.85 0.054
2.6 0.00343 1 0.074
2.1 0.00303 1 0.061
Bingham 1.8 0.00278 1 0.044
1.2 0.00244 1 0.035
1 0.00227 1 0.023
Linear 0.8 0.00159 1 0

I ———————
These de doctorat, Héléne Caillet, Novembre 2019 54



Chapitre II : Anaerobic digestion modelling and waste rheology: a review

Table 17: Liquid manure rheological parameters used in Pseudoplastic model [10, 42, 75, 76, 78, 79, 82-84]

TS (%) Manuretype T (°C) k(Pas") n 7 (%) p (kgm?) 5. (Pas) 5. (Pas) C (JkgK) A (W/(mK)
2.5 35 0.042 0.710 226-702 1000.36 0.006 0.008 4186.78 0.6171
5.4 35 0.192 0.562 50-702 1000.78 0.01 0.03 4185.94 0.6169
7.5 DC 35 0.525 0.533 11-399 1001.00 0.03 0.17 4185.33 0.6168
8.9 17-24 2.6 0.42 - - - - - -
9.1 35 1.052 0.467 11-156 1001.31 0.07 0.29 4184.87 0.6167
12.1 5.885 0.367 3-149 1001.73 0.25 2.93 4184.00 0.6165
DC 5.3 0.11 0.90-23.90 999.6 - - - -
S 17-24 2.7 0.33 0.90-23.90 1008.3 - - - -
P 8.9 0.29 0.96-24.14  1036.5 - - - -
10 Pi 2.2 0.21 0.90-23.90 1025.7 - - - -
35 16.1 0.348 - - - - - -
DC 40 16.7 0.325 - - - - - -
50 13.0 0.332 - - - - - -
14.2 DC 17-24 229 041 - - - - - -
DC 31.3 0.3 0.61-24.37 973 3.35 44.24 4183.17 0.6163
15 S 19.4 0.29  0.70-23.90 965.1 2.04 24.99 4183.17 0.6163
P 1700 2% 0.38  0.80-23.90 1063.6 0.34 2.76 4183.17 0.6163
Pi 2.4 0.38  0.96-23.90 967.7 0.34 2.46 4183.17 0.6163
P 35.4 0.29  0.64-24.14 1091.8 3.69 48.6 4181.72 0.6159
20 Pi 56.8 0.35  0.24-23.90 1090 7.22 143.62 4181.72 0.6159
- 35 56.8 0.35 0.24-23.90 1090 34.47 172.5 - -

(DC=dairy cattle, S=sheep, P=poultry, Pi=pig).
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2.2. Other types of biowaste

There is very little research on the rheology of solid waste such as food waste. However anaerobic
digestion of biowaste is worthwhile. (Diamante and Umemoto, 2015) presented a review on the
rheological properties of fruits and vegetables [85]. The corresponding models and source to specific
categories of waste are presented in the Table 18.

Table 18: Rheological models of fruits and vegetables

Model Waste Source
Berry fruits products [86-90]
Stone fruits [90-97]
Coriander puree [98]
Hershel-Bulkley Mint puree [98]
Tamarind juice [99]
Tomato juice [100, 101]
Citrus fruit juice [102, 103]
Kiwifruit juice [102]
Power-Law Guava products [104, 105]
Fenugreek paste [106]
Tomato ketchup [107]
. Sloe juice [96]
Bingham Pineapple juice [108]
Cherry juice [92]
. Carrot juice [109]
Newtonian Apple juice [91, 110]
Pear juice [103, 110]

A study was conducted in 2017 in order to characterise treated and non-treated putrescible food waste
[111]. In this study, the authors worked on anaerobically digested and diluted carbohydrates, vegetables
& fruits, and meat samples [111]. Rheological measurements were performed at different temperature
(25, 35 and 45°C) using a model ARG2 stress-controlled rotational rheometer (TA Instrument Ltd, US)
[111]. They concluded that food waste exhibits shear-thinning flow behaviour; viscosity is a function of
temperature and composition; the composition affects the flow properties; at a given temperature, the
viscosity decreased as the carbohydrate proportion increased, thus the high water content of vegetable
and fruits (or TS) is a key controlling factor of the rheology; and the Hershel-Bulkley model is used to
characterise the food waste flow behaviour [111].

Bjorn et al. (2018) studied the rheology of full-scale digester feedstocks, in mesophilic and thermophilic
conditions [38]. The rheological models and parameters are shown in the Table 19.
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Table 19: Rheological models and parameters [38]

WV TS TVS T Rheological 7o K )
Feedstock m) %) (%)  (°C) model Pa) (Pas " R
27 L6 Ostwald - 0.0000 2.0831 0.97
OFMSW (62%), SHW (9%), fodder residues (13%), ' ' Ostwald - 0.0000 2.2345 0.89
! 3.20 52-55
na (16%) 26 18 Ostwald - 0.0000 1.8681 0.99
' ' Ostwald - 0.0000 2.0276 0.94
Ostwald - 0.0001 1.5865 0.92
SHW (45%), Manure (29%), whey (14%), fat (12%)  1.70 5.0 3.8 51-53

Ostwald - 0.0003 1.4265 0.93
Bingham 0.1394 0.0074 - 0.96

OFMSW (23%), SHW (45%), Manure (32%) 6.50 3.9 2.8 37 :
Bingham 0.4527 0.0102 - 0.95
4.0 2.9 Hershel-Bulkley  0.3322 0.0001 1.5581 0.69
OFMSWI/SHW (32%), Manure (68%) 2.25 35 2.5 38 Ostwald - 0.0001 1.6643 0.98
4.0 2.9 Ostwald - 0.0007 1.2796 0.70
. - Hershel-Bulkley — 1.2207 0.0370 0.7618 0.71
OFMSW (57%), SHW (12%), starch (21%), na* o ' ' a7 Hershel-Bulkley ~ 0.5489 0.0193 0.8754 0.99
(10%) ' i1 - Bingham 3.4542  0.0068 - 0.52
' ' Hershel-Bulkley ~ 1.0244 0.0227 0.8519 0.91
OFMSW (95%), fat (5%) 1.10 2.1 1.5 53 Ostwald - 0.0000 1.9554 0.90
SHW (in majority), FIW na 5.3 3.8 37 Bingham 0.8060 0.0119 - 0.95

* Information not available.
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2.3. Gas

The physical properties of the biogas used in the CFD model developed by (Yu et al., 2013) are presented
in the Table 20.

Table 20: Gas rheological properties

Source £ (kg.m?) n (Pa.s) Bubble diameter (mm)
[44] 1.139 1.9.10-5 0.1

3. Global models: kinetic models

Anaerobic digesters are subject to various instabilities that can lead to process failure. On an industrial
scale, the consequence can go as far as stopping the digester and sludge or chemicals addition to relaunch
the unit. As the costs generated are very important, it is essential to put in place strategies to avoid
malfunctions. Models are thus developed in order to adapt the industrial parameters (hydraulic residence
time, applied organic load, agitation, etc.) according to the composition of the inputs. For this reason,
research on the biochemical modeling of anaerobic digestion and the adaptation of models to various
substrates are carried out. In this part, we present the evolution of biochemical models of anaerobic
digestion. Their improvements, leading to the development of more and more complex models, are
possible thanks to measurements of intermediate products and Kinetics of reactions.

A review on the modelling of anaerobic digestion was published by Lyberatos and Skiadas (1999). This
review addresses the mathematical models developed before 1999 [112]. The first models were limited
to the modeling of the rate-limiting step, also called the rate-determining step, which is the slowest [112,
113]. However, depending of parameters, such as hydraulic loading rate, temperature and so on, the
rate-limiting step is not always the same [112]. This is how various models are developed, based on
different rate-limiting step [112]. Thus, the author pointed out that in considering the limiting-step
hypothesis, we obtain simple and readily models, but the models do not describe very well the digester
behaviour [112]. The limiting-step considered in literature are the hydrolysis, the acetogenesis and the
methanogenesis [112]. Depending of the models, different inhibitions are taken into account, the
different key parameters are the unionised VFA, the unionised NHs, the unionised acetate, the toxic
substances, the total VFA, the H, partial pressure, the unionised propionate and butyrate and the pH
[112]. The different developed models are adapted to various substrates: soluble organics matter, animal
waste, easily fermentable substrates, biodegradable organic particulate, glucose and soluble
carbohydrates [112].

Andrew and Graef developed a dynamic model of anaerobic digestion [114]. The methanogenesis was
considered as the rate-limiting step [114]. They integrated an inhibition function for volatile acids
concentration and specific growth rate for methanogens [114]. The unionized acid as the growth limiting
substrate and inhibiting agent were considered [114]. Finally, the consideration of the interactions
between the liquid phase, the gas and the biological phases was included. Then, Graef and Andrews
(1974) added an expression for organism death due to a conservative toxic agent [115]. The unionised
VFA inhibition was accounted [112, 115].

Hill and Barth (1977) included a group of hydrolytic bacteria to consider the degradation of the soluble
substrate into acetic acid [113]. The model is suitable for animal waste anaerobic digestion [113]. The
formation of gases, the carbonate equilibrium and the nitrogen balance were added [113]. The
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mathematical model predicted the percent of methane, the percent of carbon dioxide and the percent of
ammonia [113]. The authors considered two microbial culture model, composed of the acid-formers
(facultative heterotrophs) and the methane-formers (obligate anaerobes) [113]. They took into account
the inhibitions due to unionised VFA and unionised NHz [112, 113]. Furthermore, the kinetics is in
function of process temperature [112, 113].

Thanks to advances in microbiology, Hill (1982) developed a more complete model which considered
the acidogenesis; the acetogenesis, the homoacetogenesis and the methanogenesis steps [116]. The H»
methanogenic archaea and the acetate methanogenic archaea were considered separately [112, 116]. The
acetogenesis was the limiting-step [112, 116]. The inhibitions due to total VFAS concentrations were
accounted [112, 116]. The model is valid for swine, dairy, beef and poultry manures [116].

Kleinstreuer and Poweigha (1982) developed a transient two-culture anaerobic digestion model [117],
suitable for various substrates [112]. The acetogenesis and the methanogenesis were integrated in the
model [117]. The mathematical model consisted in 11 coupled, non-linear first-order rate equations
based on mass conservation and biochemical reaction kinetics [117]. The unionised acetate and toxic
substances were accounted as inhibition at each reactions [112, 117]. Moreover, the Kinetics is in
function of process temperature and pH [112, 117].

Bryers (1985) considered the four chemical reactions of anaerobic digestion process and the
acetogenesis as the limiting-step [112, 118]. The kinetics are modelled with the Monod model and the
Monod kinetic is a function of pH for the methanogenesis step [112, 118]. The equations were
transformed to a unit mass of COD [118]. His model is suitable to biodegradable organic particulate
substrates [112]. Moletta et al. (1986) also considered a two-stages model with acidogenesis and
methanogenesis [119]. The model is suitable for the digestion of easily fermentable substrates [112].
Moreover, as [113, 117], the inhibitory effects of the unionised acid concentration on microorganisms
growth rate and the methane production from acetate were taken into account separately [119].

Afterwards, models using H, as control parameter are developed [112]. We find the model of Mosey
(1983) [120] and Costello et al. (1991) [121]. They both modelled the acidogenesis, the acetogenesis
and methanogenesis steps [112, 120, 121]. The acetogenesis was the limiting-step [112, 120, 121].
Concerning the bacterial groups, they both took into account the acid-forming bacteria, the propionic
acid bacteria, the butyric acid bacteria, the acetoclastic methane archaea and the hydrogen-utilising
archaea [112, 120, 121]. Costello et al. regarded in addition the lactic acid bacteria [112, 121].

Angelidaki et al. (1993) accounted more inhibition in their model of anaerobic digestion of cattle manure
in continuously stirred tank reactor [122]. The inhibition due to total VFA, the acetate and free ammonia
were taken into account [112, 122]. In addition, the pH and the temperature of the process were also
accurately predicted because these two parameters strongly impact the free ammonia content [122]. The
mathematical model is complex with the account of the enzymatic hydrolytic step, four bacterial steps
and 12 chemical compounds [122]. The acetogenesis is the limiting step and the failure of the digester
is predicted by the pH drop [112, 122].

Siegrist et al. (1993) developed a mathematical model for the mesophilic anaerobic digestion of sludge
[123]. The hydrolysis, the fermentation of aminoacids and sugars anaerobic oxidation of fatty acids, the
anaerobic oxidation of propionate, the acetate conversion to methane and the hydrogen conversion to
methane were included in the model [112, 123]. The limiting step was the acetogenesis step [123] as
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[122]. Furthermore, the inhibitions due to the H. partial pressure, the acetate, the pH and the free
ammonia were considered in this model [112, 123].

Batstone et al. (2002) developed the ADM1, with the aim of developing a generalised anaerobic
digestion model. The ADM1 considers the substrate composition, the kinetic of micro-organisms, the
biochemical (cellular step: acidogenesis, acetogenesis of both VFAs and LCFAs and methanogenesis;
extracellular step: disintegration and hydrolysis) and physico-chemical (ion association/dissociation,
and gas-liquid transfer) processes and the inhibition phenomena. Precipitation phenomenon is not
included in this model [30].

Keshtkar et al. (2003) developed a kinetic model for cattle manure which takes into account the mixing
conditions of the digester [124]. Indeed, the authors highlighted that existing models consider optimum
mixing conditions while imperfect mixing patterns are more common [124]. The authors are able to
evaluate the effects of the hydraulic retention time, the composition of feed, the initial conditions of the
reactor and the degree of mixing on process performance [124]. They concluded that mixing had
significant effect on the reactor performance [124].

Wu et al. (2006) developed a three-dimensional model for the prediction of the biogas production of
liquid manure [125]. The authors neglected the momentum and turbulence, considering very low flow
rate [125]. The model is based on the mass conservation equation, the energy equation, the species
transport equations and the chemical reaction equations [125]. The simulations results are validated with
experimental data [125].

Libken et al. (2007) used and modified the ADM1 for simulating the energy production from cattle
manure and renewable energy crops [126]. The simulations showed that a continuous feeding has a
negative effect on the net energy yield [126]. Moreover, the ratio of co-substrate to liquid manure
impacted the energy production when the inflow load was split [126].

Yasui et al. (2008) proposed a modified ADM1 structure for the modelling of municipal primary sludge
hydrolysis [127]. They considered a more elaborate particle disintegration/hydrolysis model for
considering the degradation of large-sized particles, which requires disintegration before hydrolysis
[127].

Ramirez et al. (2009) developed a modified ADM1 disintegration and hydrolysis structures for
modelling batch thermophilic anaerobic digestion of thermally pre-treated waste activated sludge. The
Contois model (1959) [128] was first introduced for the disintegration and the hydrolysis steps instead
of first-order kinetics and the Hill function was used for modelling the ammonia inhibition of aceticlastic
methanogens instead of a non-competitive function [129].

Fezzani and Ben Cheikh (2009) proposed an extension of ADM1 for including phenolic compounds
biodegradation processes to simulate the anaerobic co-digestion of olive mill waste at thermophilic
temperature. The general structure of the ADM1 was unchanged except for the modifications related to
the inclusion of phenolic compounds degradation processes into acetate and into methane and CO». The
impact of soluble phenolic compounds on the pH was considered in the pH simulation equations. The
inhibitory effect of phenolic compounds on the fermenting process and methanogenic sub-populations
was considered by the use of non-competitive inhibition functions [130].
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Gali et al. (2009) developed a modified version of ADM1 for agro-waste [131]. Astals et al. (2011)
proposed a modified ADM1 to model the co-digestion of pig manure and glycerine. It appeared useful
to predict the methane production and the limitations related to the lack or excess of nitrogen [132].
Soda (2011) applied the modified ADM1 to long-term experiments for methane and hydrogen
production from organic waste [133]. Antonopoulou et al. (2012) modelled the fermentative hydrogen
production from sweet sorghum extract based on modified ADM1 which included lactate and ethanol
among the metabolites [134].

Abbassi-Guendouz et al. (2012) studied anaerobic digestion at TS content ranging from 10 to 35% [135].
They noted a decrease in methane yields with the increase of the dry matter content from 10 to 25%
[135]. Then, they noticed two different behaviours when increasing from 25 to 35% [135]. One of the
digesters saw its production identical while the other encountered inhibitions of the process [135]. Thus,
the authors take into account in the ADM1 model mass transfers, which explain the inhibitions of
anaerobic digestion at significant dry matter levels [135]. The effect of the reduction of mass transfer is
the reduction of the microbial hydrolysis rate [135]. A mass transfer coefficient was integrated, taking
into account the difference between the diffusivity coefficient in the digestate and in water [135]. The
authors recommended to carried more studies to understand the impact of TS content on the microbial
community for both wet and dry anaerobic digestion [135].

Mottet et al. (2013) proposed a new model structure for the hydrolysis step [136] as (Yasui et al., 2008)
[127]. They introduced the new model in the ADML1 to improve the representation of the bioaccessibility
of particulate organic matter [136]. Two particulate organic matter fractions were determined: a readily
hydrolysable fraction and a slowly hydrolysable fraction [136].

Hinken et al. (2014) developed a modified ADM1 to model an up-flow anaerobic sludge blanket reactor
laboratory plant treating starch wastewater. Lactic acid fermentation (formation, degradation and
inhibition processes) was added to ADML1 [137].

Batstone et al. (2015) presented a review on the application and future needs concerning the
mathematical modelling of anaerobic digestion processes. They observed an increased demand on
mathematical modelling in terms of complexity, particularly in anabolic processes, need to consider
complex behaviour (distributed parameter and non-linear characteristics in space) and the need to better
characterise inputs and their primary conversion processes, as well as supporting models such as the
chemistry models [31].

Flores Alsina et al. (2015) proposed extensions to the ADML1 in order to describe the interactions among
phosphorus, sulphur, iron and their potential effect on total biogas production (CO2, CHa, Hz and H.S)
during sludge stabilisation processes in wastewater treatment plants [32].

Barrera et al. (2015) developed a modified ADML1 for the modelling of the anaerobic digestion of cane
molasses vinasse, extending the ADM1 with sulphate reduction for a very high strength and sulphate
rich wastewater [138]. The authors included volatile fatty acids (propionic and acetic acids) in the
sulphate degradation reactions, hereby including an accurate prediction of the concentrations of total
aqueous sulphide, free sulphides and gas phase sulphides [138].

Bai et al. (2015) developed a modified ADML to simulate substrate degradation and the influence of pH
on VFAs production. They found that the Monod model best simulated the soluble protein and
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carbohydrate degradation, whereas the Contois model best simulated the particle protein and
carbohydrate degradation [139].

Xie et al. (2016) published a critical review of mathematical modelling on anaerobic co-digestion [140].
Compared to anaerobic digestion models, the transient variation in pH and inhibitory intermediates must
be considered in the anaerobic co-digestion model [140]. Moreover, the conversion and distribution of
sulphur, phosphorus, and nitrogen need to be developed in anaerobic co-digestion model [140].

Bai et al. (2017) developed a modified ADM1 for modelling free ammonia inhibition in anaerobic
acidogenic fermentation with high-solid sludge [141]. The modification made to the model allows to
simulate the VFA (acetate, propionate, butyrate and valerate) generation in batch, semi-continuous and
full scale sludge [141]. The authors tested simple inhibition, Monod and non-inhibition forms [141].
The VFA accumulation were successfully simulated with the three models [141]. They concluded that
the simple inhibition model provides accurate outcomes on VFA generation [141]. The predictions of
the VFA production with the non-inhibition model are lower than in the experiments [141]. The Monod
model was the better model in case of semi-continuous fermentation [141].

4. Local models: CFD modelling

4.1. Work Contributions

In this part, we expose the work contributions of CFD modelling studies. Indeed, this tool has been
widely used for anaerobic digester or stirred tank flow modelling and process optimisation. The
contributions are manifold. The Figure 2 presents a histogram showing the number of work per
contributions. Most of the work have been done on the mixing mode or design, the multiphase study
and the effect of rheology and TS content. Other studies also include the dead zone study, the turbulent
flow modelling, the bioreactor configuration, the settling and suspensions modelling and the scale-up
effect. The Table 21 shows the objectives of the CFD simulations carried out between 2005 and 2019
and the corresponding papers.

The mixing mode and design was the most studied aspect, with 34 papers between 2005 and 2019. It
regroups the choice of mixing system (mechanical mixing, gas mixing or mechanical pumping) [142—
147], the choice of technology (for instance the type of impeller) [83, 142, 146, 148-155], the optimum
impeller rotational velocity [9, 10, 82, 144, 147, 150, 151, 155-166] or liquid/gas velocity inlet [50, 147,
154, 167-172] and the position of stirring system [144, 154]. The aims of these studies were the
reduction of energy consumption. In the same context, studies have also been carried out on the
bioreactor configurations [82, 143, 146, 149, 151, 165, 167, 169, 172, 173].

The study if the effect of substrate rheology and TS content on the flow pattern was also carried out by
many authors. In fact, the choice of mechanical system is linked to the substrate rheology. Therefore,
these works allowed to evaluate the impact of the substrate on the power input. It is useful for
engineering applications. As detailed in the previous part on waste rheology, the choice of rheological
model and waste characterisation are essential for flow modelling.
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Furthermore, the turbulent modelling study is worth of interest. In fact, turbulent flow generally appears
with stirring. Hence, many works have focused on the choice of the turbulent model such as [77, 162,
174]. Details on the different approaches are specified in a dedicated section.

The dead zones volume is a typical result from CFD simulations in anaerobic digestion tank. Indeed, it
informs the non-agitated areas within the reactor. Thus, based on this, it is possible to evaluate and
compare agitation strategies and different configurations. We report 16 studies that have produced this
outcome [9, 42, 45, 79, 82, 149, 153, 158, 160, 163, 167, 169, 170, 172, 174, 175].

Many works concerned the multiphase study. Multiphase flow modelling is necessary for gas mixing
[145, 152] and mechanical pumping modelling [144, 176]. In addition, it is also used to model the
settling phenomena’s, such as [44]. These works are detailed in a subsequent section.
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Figure 2: Contributions of work using CFD modelling in stirred tank
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Table 21: Objectives of the CFD simulations

Sources Authors Date Objectives
[167] Vesvikar and Al-Dahhan 2005

[157] Zadghaffari et al. 2009

[177] Wu 2010 Visualisation of flow pattern, proxy of hydrodynamic parameters and study of mixing time
[42] Lopez-Jiménez et al. 2015

[162] Cheng et al. 2017

[178] Alcamo et al. 2005

[156] Zhengming 2006

[79] Wu and Chen 2007

Hgg} éii%ﬂ?:::gtesléll ggig Computation of the turbulent flow in a stirred tank

[162] Cheng et al. 2017

[181] Madhania et al. 2018

[155] Wiedemann et al. 2018

[79] Wu and Chen 2007

[172] Karim et al. 2007

[175] Mendoza et al. 2010

[170] Sajjadi et al. 2016 Characterisation of the mixing and dead zones/ Reduction the percentage of poorly mixing zone
[153] Mohammadrezaei et al. 2017

[163] Lebranchu et al. 2017

[169] Leonzio 2018

[79] Wu and Chen 2007

[177] Wu 2010

[771 Wu 2012

[158] Bridgeman 2012

[48] Craig et al. 2013

[182] Ryma et al. 2013

Eig} gﬁ;ﬁéoeita?.ll ggig Study of the effect of TS content on rheological properties, on the mixing time or on the required impeller torque
[159] Wang et al. 2017

[111] Mishra and Ein-Mozaffari 2017

[146] Meister et al. 2018

[50] Dapelo and Bridgeman 2018

[181] Madhania et al. 2018

[165] Rasouli et al. 2018
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[166] Xie et al. 2019

[168] Wei et al. 2019

[148] Jahoda et al. 2007 Study of the liquid homogenisation in stirred tank
[172] Karim et al. 2007

[149] Meroney and Colorado 2009

[169] Leonzio 2018 Test of different configurations of the bottom of the digester or of the tank
[165] Rasouli et al. 2018

[173] Foukrach et al. 2019

[45] Terashima et al. 2009 Addition of 3D pseudoplastic laminar model in the CFD model in order to describe the rheological properties of sludge
[142] Wu 2009

[152] Wu 2014

[144] Trad et al. 2015

[145] Dapelo et al. 2015

[176] Zhang et al. 2016

[159] Wang et al. 2017

[183] Zhang et al. 2017

[160] Rasool et al. 2017

[153] Mohammadrezaei et al. 2017

[163] Lebranchu et al. 2017 Study of mixing designs in anaerobic digesters
[146] Meister et al. 2018

[50] Dapelo and Bridgeman 2018

[169] Leonzio 2018

[154] Zhang et al. 2018

[164] Xinxin et al. 2018

[10] Zhai et al. 2018

[165] Rasouli et al. 2018

[155] Wiedemann et al. 2018

[166] Xie et al. 2019

[83] Yuetal. 2011

[170] Sajjadi et al. 2016 CFD study in high solid anaerobic digester

[146] Meister et al. 2018

[175] Mendoza et al. 2011

[44] Yuetal. 2013

Ei?} g:sr;% :It_ al. ggi; Study of the stratification, settling, suspension or granulation in anaerobic digester
[154] Zhang et al. 2018

[166] Xie et al. 2019
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[44] Yuetal. 2013 Evaluation of the biomass retention physical process

[79] Wu and Chen 2007

[177] Wu 2010

Eio] \\/(vuuet al ggg Study of the scale effect

[174] Vesvikar and Al-Dahhan 2015

[159] Wang et al. 2017

[184] Okiyama et al. 2017 Study of the species concentration profiles
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4.2. Reactors and mixing systems

Various reactors have been studied in literature. First of all, a distinction is made between laboratory,
pilot and full-scale reactors.

Then, three mixing systems are used in stirred tanks (anaerobic or aerobic): gas mixing, mechanical
pumping and mechanical mixing. The Figure 1 presents the proportion and the numbers of studies of
each mixing systems from 2005 and 2019. Mechanical mixing is the most studied with 36 papers (58%).
Then, gas mixing and mechanical pumping were studied in 12 (19%) and 14 papers (23%) respectively.

i Mechanical
Mech I M
puri%iﬁglcla ﬁ mixing, 36, 58%
23%

Figure 1: Proportion and number of studies of each mixing systems: Gas mixing, Mechanical
pumping and Mechanical mixing

Furthermore, we have different types of digesters with different stirring modes and shapes. Details on
agitation mode, reactor type, diameter, agitation speeds or flow rate and exact agitation technology are
shown in the Table 23. Various stirring technologies have been tested such as the six-blade Rushton
turbine, the Lightnin A310 and draft tube with different diameters. The aim was to determine the most
efficient technology and the appropriate stirring velocity or flow rate to achieve the desired agitation
and homogenisation of the medium.

The modelling of the mechanical stirring can be carried out by different methods. We report in the Table
22 the approaches chosen in the different studies and specify the interests of each method. In the case
of stirred digesters or tanks, two main methods were frequently used: the Moving Reference Frames
(MRF) and the Sliding Mesh (SM). In the case of SM, two zones are defined. A mobile zone where the
mechanical agitator is located, and a stationary zone. The interface between the zones must be identical
for the two regions. Regarding the MRF, we consider a multi-fluid flow. Indeed, a speed rotation is
assigned to the moving volume.

Cortada-Garcia et al. did experimental and CFD studies of power consumption in the agitation of highly
viscous shear thinning fluids. The two main approaches for modelling stirred tanks are the MRF and the
SM [185]. The MRF converged fast, but it was suitable only for steady-state flows [185]. In a stationary
.
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frame of reference (stationary relative to the laboratory) the flow in the stirred tank is unsteady [185].
In contrast, SM was suitable also for unsteady flows, for which it provided a time dependent solution,
but at the expense of significant computational effort and time [185]. In the SM approach, the geometry
should have at least two connected non-deforming sections that slide in relation to each other [185].

The SM technique was more accurate, but it was also much more time consuming than the MRF [148].
Wu (2010) also compared the two techniques [177], the authors preferred the MRF approach in terms
of prediction accuracy and computing time [177].

In conclusion, two meshing approaches exist for the modelling of mixing. Both MRF and SM are used
by many authors. The SM approach provided more accurate results but it was more time-consuming.
Furthermore, the SM approach should be used in case of transient simulations.

Table 22: Mechanical stirred tank meshing approach

Multiple Reference Frames Sliding Mesh
(Steady-state simulations) (Transient simulations)
Jahoda et al., 2007 [148]
Zadghaffari et al., 2009 (MRF at the start and then SM) [157]
Zadghaffari et al., 2010 (MRF at the start and then SM) [179]
Wu, 2010 [177]
Wu, 2012 [77]
Cortada-Garcia et al., 2017 [185]
Madhania et al., 2018 [181]

Wu, 2009 [142] Hartmann et al., 2004 [187]

Wu, 2010 [82] Jian and Zhengming, 2006 [156]

Wu, 2011 [150] Mishra and Ein-Mozaffari, 2017 [161]
Yuetal., 2011[83] Lebranchu et al., 2017 [163]

Craig et al., [48] Fan et al., 2018 [147]

Ryma et al., 2013 [182]
Trad et al., 2015 [144]
Zhang et al., 2017 [183]
Rietal., 2017 [186]
Rasool et al., 2017 [160]
Wang et al., 2017 [159]
Cheng et al., 2017 [162]
Mohammadrezaei et al., 2017 [153]
Mohammadrezaei et al., 2018 [9]
Xinxin et al., 2018 [164]
Rasouli et al., 2018 [165]
Meister et al., 2018 [146]
Wiedemann et al., 2018 [155]
Foukrach et al., 2019 [173]

4.3. Multiphase flow modelling

There is different ways to model the digestion medium. First, we can consider one liquid phase,
regrouping the both liquid part and particles, neglecting the biogas. This assumption is largely used for
the study of mechanical mixing. Second, liquid-solid two-phase flow [161, 183] or liquid-gas-solid
three-phase flow [44] can be used to study the settling and suspensions phenomena. Third, we can
consider two-phase flow: liquid-liquid or liquid-gas. These approaches are used for the study of
mechanical pumping and gas mixing respectively.
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We summarise in Table 24 the multiphase studies with the considered phases, the mixing system, the
mathematical model the turbulent model, the fluids and the multiphase approach. Three multiphase
approaches to describe the fluid motion have been used: the Euler-Euler approach [44, 143, 147, 152,
154, 159, 161, 165, 166, 183], the Lagrange-Lagrange approach [174] and the Euler-Lagrange approach
[50, 145, 168, 180].

In an Eulerian approach, each phase is mathematically considered as follows interpenetrating continua.
Each phase volume is defined. The sum of all volume fractions is equal to one. The fluid properties are
written in function of space and time. In the Lagrangian approach, the fluid flow is modelled by
following the motion and the properties of the particles. The computational cost of the Lagrangian model
is more expensive than the Eulerian model.

The three methods provided good results. The Euler-Euler approach is the most used for the multiphase
modelling of anaerobic digesters.
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Table 23: Agitation mode, reactor type, diameter, agitation speeds or flow rate and exact agitation technology

Intensity / Inlet

Sources Authors Date  Mixing system Reactor Reactor diameter velocity / flow Stirring technology
rate
Vesvikar and Al- . Mimic anaerobic 0.027, 0.048,
[167] Dahhan 2005 Gas mixing digester 0.2032m 0.072 cm/s Draft tube
[178] Alcamo et al. 2005 nl\ﬁliexcif;z;mcal Stirred tank 0.19m 200 rpm 6-blade Rushton turbine
[156] Jian and_ 2006 M_ec_hanlcal Stirred tank 0.476 m 150, 180, 260, 3-narrow blade hydrofoil CBY impeller
Zhengming mixing 300 rpm
. Stirred anaerobic 0.12, 1, 1.26,
[79] Wu and Chen 2007 Gas mixing digester 144.16,1.72m 2,5m/s Draft tube
[148] Jahoda et al. 2007 M_ec_hanlcal Stirred tank 0.29m 300 rpm Six-blade 45° pitched _blade turbine,
mixing standard Rushton turbine
28.32, 56.64,
84.96 I/h
[172] Karim et al. 2007 Gas mixing Gas-lift digester 0.2032 m (superficial gas Draft tube (4.4 cm internal diameter)
velocities: 0.02,
0.05, 0.07 cm/s)
. Full-scale circular . . .
[149] Meroney and 2009 Mechgmcal anaerobic digester 13.7,21.3, 30.5, 395 I/min Sl_ngle and ml_JI'glpIe draft impeller tube
Colorado pumping tank 33.5m mixers (jet mixing)
[45] Terashima et al. 2009 m(xz?:;al Er?a?e-rsc?t?irz: egigester 11m 0.2 m3/min Draft tube mechanical mixer
(1) Mechanical pumping by two 10 hp
Mechanical propellers in two external draft tubes, (2)
Mixing & Full-scale mechanical stirring by two 10 hp side-
[142] Wu 2009 Mechgnical anaerobic digester 12m entry propellers, (3) mechanical pumping
umoin by one 20 hp propeller in an internal draft
pumping tube, and (4) mechanical stirring by one 20
hp top-entry propeller.
[157] Zadghaffarietal. 2009 M_e qhamcal FL_J“y baffled 0.30m 225, 300, 400 Two six-blade Rushton turbines
mixing stirred vessel rpm
[179] Zadghaffarietal. 2010 Ir\n/liei::i:?}nlcal Baffled tank 0.30m 250 rpm Six-blade Rushton turbine
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Intensity / Inlet

Sources Authors Date  Mixing system Reactor Reactor diameter velocity / flow Stirring technology
rate
Mechanical Full-scale 12,13.74,15.12, 0.1381t0 0.209 . .
[171] Wu 2010 pumping anaerobic digester  16.29, 17.31 m m/s Pumped circulation
[1771  Wu 2010 Mechanical Full-scale 0.147m 600 rpm Rushton turbine
mixing anaerobic digester
Mechanical Egg-shaped and 400, 450, 500,
[82] Wu 2010 UMDin cylindrical shape 20.1m 550, 600, 650, Draft tube (pumped recirculation)
pumping anaerobic digester 700, 750 rpm
Gas mixing &
Mechanical Cylindrical tank
[143] Wu 2010 pumping & with conical 12m 7.6 m/s Draft tube (0.66 m diameter)
Mechanical bottom
mixing
Lab-scale and full-
Mechanical scale (model 60, 150, 250, Pitched blade turbine (Lightnin A310 and
[150] ~ wu 2011 ixing application) 0.9mand12m 350 800rpm  PMSL 3LS39)
anaerobic digester
[175] Mendoza et al. 2011 Mechgmcal Full—sca_le . 30.5m - 2 nozzles DINOMIX system (jet)
pumping anaerobic digester
Cylindrical
Mechanical anaerobic digester A-310 impeller (62 mm diameter) and
[83] Yuetal 2011 mixing with conical 0.152m 500 rpm helical ribbon (120 mm diameter)
bottom
Lo Cylindrical tank:
. Cylindrical tank
Mechanical 40.844, 64.618, 400, 416, 425, .
[151] Wu 2012 mixing ?:dogenctangular 71.932. 86.564. 420, 440 rpm 6 impellers (3 blades)
g 65, 120 m
. Egg-shaped plug-
[188] Wu 2012 Ivlljenih?:mal flow anaerobic - - -
pumping digester
Cylindrical
[77] Wu 2012 Mechanical anaerobic digester 5, -, 500 rpm (model | ;ninin A310
mixing with conical validation)
bottom
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Intensity / Inlet

Sources Authors Date  Mixing system Reactor Reactor diameter velocity / flow Stirring technology
rate
[158] Bridgeman 2012 Mechanical Lab-scale 0.160 m 30, 50,100,200 5 iy hilades paddles
mixing cylindrical vessel rpm
Bench-scale
[180] Coughtrie et al. 2013 Gas mixing anaerobic gas-lift ~ 0.2032m Central draft-tube
digester
Lab-scale and
pilot-scale
[44] Yuetal. 2013 Gas mixing anaerobic digester 8.ﬂ$2mm and 1.24 m/s Jet agitation
with conical '
bottom
. Mechanical Full-scale Impeller situated in a centrally-located
[48] Craig et al. 2013 mixing anaerobic digester 135m 500 rpm draft tube (0.61 m diameter)
[182] Ryma et al. 2013 M_ec_hanlcal Stirred tank 0.36 m 250 rpm S|_x—blade Rushton turbine (0.1243 m
mixing diameter)
Unconfined mixing by 2 bottom diffusers,
[152] Wu 2014 Gas mixing Cylindrical tank 10 m 76and8oms  confined mixing by one draft tube,
unconfined mixing by 2 cover mounted
lances, confined mixing by 2 bubble guns
Ontinyent
[42] Lopez-Jiménez et 2015 Mechanical Wastewater 15m "HEATMIX": 2 tubes (31 mm internal
al. pumping Treatment Plant diameter)
anaerobic digester
rl:q/lie;cir:]angal ergﬁ;?b;% 100. 150. 200 Four-blade disk Rushton turbine (56 mm)
[144] Trad et al. 2015 g¢ g 0.170 m P e & three-blade, 45° pitched blade turbine
Mechanical membrane 400 rpm (82 mm)
pumping bioreactor
Mechanical
[145]  Dapelo et al. 2015 mixing & Gas  Lab-scale digester (()éioerrniment) rzngi 030,863
mixing P
Gas-lift loop
174 i 15 Gas mixin & 18 inches ' ' Draft tube
[174] Vesvikar and Al 20 G g anaerobic digester 6 & 18 inch 2.74 & 4.5 mm/s ft tub

Dahhan

(lab-scale & pilot-
scale)

respectively
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Intensity / Inlet

Sources Authors Date  Mixing system Reactor Reactor diameter velocity / flow Stirring technology
rate
Mechanical Stirred tank Three-layered 45° pitched blade (0.17 m
[176] Zhang et al. 2016 mixing reactor (STR) 0.20m 80 rpm diameter)
[170] Sajjadi et al. 2016 mﬁg?:écal Cylindrical tank 0.19m 0.6, 1.3, 2.6 I/min  Jet agitation
. Continuously
[159] Wang et al. 2017 Me ghamcal stirred tank reactor  0.25m 20, 60, 100, 140 Six-blade radial Rushton turbines
mixing rpm
(CSTR)
[183] Zhang et al. 2017 :\n/lie;(c}zzmcal Stirred tank 0.20m 80 rpm 4 two-blade impellers
[160] Rasool et al. 2017 nghamcal Fl.my batfled 0.30m 60 to 135 rpm three-blade impeller
mixing stirred tank (step 15 rpm)
Lab-scale up-flow
[184] Okiyama et al. 2017 mﬁg?ﬁécal Eggeroblc packed 0.08 m 4.6 l/day Pumped circulation
reactor (APBR)
. . . Stirred tank :
Mishra and Ein- Mechanical . . Maxblend impeller (250 mm
[161] Mozaffari 2017 mixing (ex_perl_ment. 0.40m 180 to 600 rpm diame+Ad2:142ter)
cylindrical vessel)
Mechanical 170, 220, 300,
[162] Cheng et al. 2017 mixin Stirred tank 0.24m 400, 425, 440, Rushton turbine (0.08 m diameter)
9 500, 540 rpm
. . Full-scale . . . .
[153] Mohammadrezaei 2017 M_ec_hamcal anaerobic digester - 30 rpm Six-blade tqrblne, f_our-blade turbine, six-
etal. mixing (1200 1) flat-blade disc turbine
[163] Lebranchu et al 2017 Mechanical Stirred tank 0.136 m 10, 50,90 rpm &  Double helical ribbon & six-blade Rushton
' mixing ' 22,66, 110 rpm turbine
Mechanical
. mixing & Cylindrical & egg- Impeller (helical & 4PBT 45) rotating
[146] Meister et al. 2018 Mechanical shaped digesters 20.10m 840 rpm within a mechanical draft tube.
pumping
Full-scale
[50] Da_pelo and 2018 Gas mixing unconfined 14.63 m 4.717.10-3 m3/s 12 nozzles
Bridgeman per nozzle

anaerobic digester
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Intensity / Inlet

Sources Authors Date  Mixing system Reactor Reactor diameter velocity / flow Stirring technology
rate
. . Full-scale
[9] Mohammadrezae 2018 Meghamcal anaerobic digester 1 m 0,40, 80, 120 45° six-blade turbine (0.3 m diameter)
etal. mixing (1200 1) rpm
[181] Madhania et al. 2018 Mec_hamcal Stlr_red tank with 028 m 1000 rpm S!de-entry Marine propeller (0.036 m
mixing conical bottom diameter)
Mechanical L 100, 250, 300 . . . .
[147] Fan et al. 2018 mixing & Gas Aerobic stirred 0.165 m (pm & 450, 925 Plast!c cuboid baffle agitator & diffuser (3
L tank cm diameter)
mixing L/h
. Anaerobic .
[169] Leonzio 2018 Mechgmcal continuously 8m Inlet velocity: 0.5 External pumps
pumping . - to1mils
stirred digester
Spiral symmetry
Mechanical stream anaerobic Inlet velocity: . 0 1m0 Ano
[154] Zhang et al. 2018 mixing bioreactor 0.08 m 2 0%10-3 m/min cutting angle set to 30°, 45°, 60
(SSSABR)
L Mechanical Full-scale 200, 250, 300, . . .
[164] Xinxin et al. 2018 mixing anaerobic digester 16 m 400, 450 500 rpm Side-entering agitator
. Cylindrical pilot- . o i i .
[10]  Zhaietal. 2018 Mechanical scale anaerobic ~ 1.2m 50,100, 150 rpm  20UDle disc 457 six pitched-blade turbine
mixing X impeller (6PBT-45)
digester (1m3)
Novel prototype
[165] Rasouli et al. 2018 nghamcal radla}l mixed semi- 0.73m 20, 50, 100 rpm 32 blades impeller
mixing continuous plug-
flow reactor (PFR)
Wiedemann et al., Mechanical Cylindrical 18 m (CFD), 1.5 3 types of mechanical mixers (propeller
[155] 2018 2018 mixing anaerobic digester  (experiments) 60, 80 rpm and paddle)
Cylindrical,
. polygon
[173] Foukrach et al. 2019 M_eqhamcal (without/with 0.6m - Six-blade Rushton turbine
mixing .
baffles), circular
tanks
[166] Xie et al. 2019 M_eqhanlcal Stirred tank 0.146 m 100, 200, 250, Stirring paddle
mixing 300 rpm
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Intensity / Inlet

Sources Authors Date  Mixing system Reactor Reactor diameter velocity / flow Stirring technology
rate
28.32, 56.64,
[168] Wei et al 2019 Gas mixing Gas-lift anaerobic 0.2032 m ?:aggnl‘/izial gas Gas injection pipe (0.5 cm diameter) &
digester (7.2 1) velocities: 0.02, draft tube (4.4 cm diameter)
0.05, 0.07 cm/s)
Table 24: Multiphase CFD studies
Sources Authors Date Mixing system Phases Fluids Multiphase approach
[167] \[;gmffr and Al- 2005 Gas mixing Liquid-Gas  Dilute slurry (physical properties of water); air -
[143] Wu 2010 Mechanical mixing Liquid-Gas  Liquid manure Euler-Euler
[180] Coughtrie et al. 2013 Gas mixing Liquid-Gas  Slurry Euler-Lagrange
. . Liquid-Gas- Eulerian approach
[44] Yuetal. 2013 Mechanical mixing Solid Wastewater for each phases
.. - Addition of variable quantity of CMC :
[182] Ryma et al. 2013 Gas mixing Liquid-Gas (carboxymethylcellulose) in water Euler-Euler
[152] Wu 2014 Mechanical pumping Liquid-Gas  Power-law fluid Euler-Euler
Mechanical mixing Liquid- :
[144] Trad et al. 2015 & Gas mixing Liquid Euler-Euler
[145] Dapelo et al. 2015 Gas mixing Liquid-Gas  Addition of variable quantity of CMC in water Euler-Lagrange
[174] \[;gf]\(]!(r?r and Al- 2015 Mechanical mixing Liquid-Gas  Slurry (water density) Lagrange-Lagrange
[176] Zhang et al. 2016 Mechanical pumping t:gﬁ:g Cattle manure & corn stover (incompressible, pseudo-plastic) -
- . .. Liquid- Highly viscous xanthan gum solution for simulating municipal
[170] Sajjadi et al. 2016 Mechanical mixing Liquid wastewater (power-law model)
. .. — Mixture of food waste and activated sludge (homogeneous & 5
[159] Wang et al. 2017 Mechanical mixing Liquid-Gas incompressible) Euler-Euler
. . Liquid- - . . - . Eulerian approach
[183] Zhang et al. 2017 Mechanical mixing Solid-Solid Distilled water, floating particles & sinking particles for each phases
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Sources Authors Date Mixing system Phases Fluids Multiphase approach
Mishra and Ein- . . Liquid- - . .
[161] Mozaffari 2017 Mechanical mixing Solid Slurry (water is used in experiment) Euler-Euler
[162] Cheng et al. 2017 Mechanical mixing L!qu!d- Water, immiscible kerosene oil & air Eulerian approach
Liquid-Gas for each phases
Dapelo and . . -
[50] Bridgeman 2018 Mechanical mixing Liquid-Gas  Wastewater sludge Euler-Lagrange
[181] Madhania et al. 2018 Mechanlga! mixing L!qu!d- Water, molasses (miscible liquids with high viscosity i
& Gas mixing Liquid difference)
[147] Fan et al. 2018 Mechanical pumping Liquid-Gas  Water, air bubbles Euler-Euler
[154] Zhang et al, 2018 Mechanical mixing qu_lJld—Gas— Wastewater (primary phase), gas & sludge granules (second Eulerian approach
Solid phase) for each phases
[165] Rasouli et al. 2018 Mechanical mixing Liquid-Gas ~ Cow dung, biogas Euler-Euler
. L Liquid- PPD (pphenylenediamine) solution (liquid phase), solid PMDA :
[166]  Xieetal. 2019 Gas mixing Solid (pyromellitic dianhydride anhydride) (solid phase) Euler-Euler
[168] Wei et al. 2019 Liquid-Gas  Liquid phase (water, sludgel, sludge2), Gas phase (air) Euler-Lagrange
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4.4. Turbulence modelling

Turbulence phenomena occur in anaerobic digesters. Different turbulence models exist. Both RANS and
LES turbulence models were used. In the following part, we specify the choice of turbulence model of
the different authors for these two categories of turbulence models. In the Table 25, the turbulence
model studied and chosen and the respective sources are presented.

In general, the main RANS and LES turbulence models studied in the literature were:

o Standard k-epsilon, Realisable k-epsilon, Re-Normalisation-Group (RNG) k-epsilon, Reynolds
Stress Model (RSM), Standard k-omega, SST k-omega;

e Smagorinsky-Lilly, Smagorinsky-Van Driest, Wall-Adapting Local Eddy-Viscosity (WALE),
Kinetic Energy Transport (KET).

In the following sub-sections, we first detail the studies that used a RANS approach, and then those that
used an LES approach.

4.4.1. RANS approach

RANS approach was widely used by many authors for turbulent flow modelling. In fact, this approach
requires less fine meshes and is therefore less time-consuming.

In the case of the settling and suspension model, the standard k-epsilon turbulence model wad used for
suspension process [44]. Just as the previous model, the CFD models [42, 79] employed the standard k-
epsilon turbulence model. Indeed, this turbulence model has been successfully used by many researches
for similar problems as we can see in Table 25 [42]. The k-epsilon model was also used for the liquid
phase modelling of the mimic anaerobic digester [167]. The realisable k-epsilon model was used for
mixing simulations in anaerobic digesters realised by Wu (2009), Wu (2010) and Zhai et al. (2018) [10,
82, 142]. The model [83] which concerned the high solid anaerobic digesters did not consider turbulent
flow but laminar flow, assuming that the turbulent flow was suppressed by high viscosity. In [83], the
standard k-epsilon model was used when the Reynolds humber was upper to 1000, the low-Re-k-epsilon
model was used when the Reynolds number was comprised between 10 and 1000, and the laminar model
was used when the Reynolds number was inferior to 10 [83].

The RNG k-epsilon turbulence model was used also used in many studies as specified in Table 25, such
as for studying the effect of the impeller on sinking and floating behaviour of suspending particles and
the effect of impeller rotational speed and velocity field [183].

Wu (2011) conducted a study on turbulence models. The studied turbulent models were the standard k-
epsilon model, the RNG k-epsilon model, the realisable k-epsilon model, the standard k-omega model,
the SST k-omega model and the RSM. It was found that the realisable k-epsilon model and the standard
k-omega model were the most appropriate models through comparing power and flow numbers [150].

Craig et al. (2013) used the SST k-omega turbulence model for the turbulent closure [48]. This choice
was based on previous authors experiences and recommendations [48, 80, 171]. In this study, the results
from the RSM and SST k-omega turbulence model were compared. The authors concluded that the
outcomes were adequately closed for justifying the use of the cheaper SST k-omega turbulence model
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[48]. In addition, the turbulent flow of the CFD model developed by Wu (2014) [152] was also modelled
by the SST k-omega model, as proposed in a previous work [143].

Coughtrie et al. (2013) tested four RANS turbulence models (RNG k-epsilon, k-omega SST, Linear
RSM, and SST Transition) for a gas-lift loop reactor modelling [180]. They concluded that the
turbulence model had an impact on the flow predictions [180]. Moreover, the SST transition turbulence
model provided the most accurate predictions for velocity, separation and reattachment and overall flow-
field, whereas the k-omega SST and RSM provided the most accurate results with inaccuracies with
velocity and separation and reattachment predictions [180].

In 2016, a study was carried out to compare different models of turbulence (Spalart-Allmaras, transition
SST k-omega, k-epsilon, realisable k-epsilon, and RSM) for low Reynolds flow [37]. The authors
concluded that isotropic models could underestimate the turbulence phenomenon and that the RSM
model provided the most accurate predictions [37].

In their review, Karpinska and Bridgeman (2016) presented a comparison between the standard k-
epsilon model, the RNG, the realisable k-epsilon model, the standard k-omega model, the SST k-omega
model and the RSM [189]. The standard k-epsilon model was more stable than RNG model [189]. The
different turbulence models were adapted to different case studies, for instance, the realisable k-epsilon
model was suitable for planar and rounded jet [189]. Moreover, the SST k-omega model was less
suitable for free shear flows [189]. The RSM provided accurate results but was computationally
expensive [189]. They concluded that RANS/URANS closed by the standard k-epsilon model was the
most computationally efficient scenario for the modelling of activated sludge tanks [189].

4.4.2. LES approach

Different authors explored the LES approach in order to compare the two approaches and to improve
the simulations precision. In addition, compared to the available numerical resources, we can use
methods that require more computing time. Therefore, the studies presented below compared LES and
RANS approaches in different case studies.

Hartmann et al. (2004) carried out LES and RANS simulations on the flow in a baffled stirred tank
[187]. They used Smagorinsky and Voke (modified Smagorinsky) subgrid-scale (SGS) models in LES
simulations, and numerical Lattice-Boltzmann scheme for Navier-Stokes equation discretisation [187].
The simulations results were compared with experimental data from LDA [187]. Both models provided
an accurate representation of the flow field compared to experimental data [187]. The authors concluded
from the comparison of simulations and experiments that LES provided better results than RANS in
terms of the structure and levels of the turbulent kinetic energy in the impeller discharge flow [187].
The upward directed radial impeller outflow was well represented by the LES model but not found with
the RANS model [187]. Thereby, LES provided more accurate results than RANS simulations.

Jian and Zhengming (2006) performed LES with Smagorinsky-Lilly SGS model of mixing process in a
stirred tank [156]. They found better results (power demand and mixing time) with this approach than
with RANS approach (with the standard k-epsilon model) compared with experimental predictions
[156]. Moreover LES was a good tool to investigate the unsteady and quasi-periodic behaviour of the
turbulent flow in stirred tanks [156].
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Jahoda et al. (2007) also compared RANS with standard k-epsilon model (with MRF and SM
techniques) and LES with SL SGS model (with SM technique) approaches [148]. They concluded that
LES was the most time-consuming method but the results on flow patterns and liquid homogenisation
were closer to reality [148].

By comparing results from LES and RANS simulations and experimentations, Zadghaffari et al. (2010)
concluded that the predictions can be substantially improved with LES [179]. The authors used an eddy
diffusivity scalar SGS model [179].

Jiang et al. carried out CFD simulations and compared three turbulent models: Standard k-epsilon,
Realisable k-epsilon and Smagorinsky-Lilly [181]. They also recommended the LES approach with the
Smagorinsky-Lily SGS model [181].

In a study conducted by Wu in 2012, the free SGS models investigated were SL model, WALE model
and KET model [77]. The three models gave very similar results for flow fields [77]. The comparison
between simulated and measured axial velocities showed that the LES shapes were in general agreement
with the experimental data but they differed clearly in velocity magnitudes [77]. Concerning the impeller
power and flow numbers, the SGS models gave excellent predictions, with the KET model provided the
best results [77]. The author also compared the results with six RANS turbulence models (realisable k-
epsilon model with SM, standard k-omega model with SM, Reynolds stress model with SM, realisable
k-epsilon model with MRF, standard k-omega model with MRF, Reynolds stress model with MRF)
[77].
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Table 25:

Turbulence modelling approach

Mathematical

Sources Dimension model Turbulence model Recommended turbulent model
[167], [174] 3D RANS Zero-equation model (gas phase) -
[45], [44], [163] 3D Laminar flow | aminar :
[79], [176], [170], [159], [153],
[42], [182], [166], [173], [147], 3D RANS Standard k-epsilon -
[169], [161], [9]. [149], [175], [167]
ng} [160], [168], [165] [154].  5p RANS RNG k-epsilon :
[142], [82], [10], [151] 3D RANS Realisable k-epsilon -
[145] 3D RANS Reynolds stress model (RSM) -
[48], [152] 3D RANS SST k-omega -
[178] 3D LES Smagorinsky-Van Driest -
[157], [179] 3D LES Smagorinsky-Lilly -
[156] 3D RANS & LES gﬁgggrr?nlgki/pf_l:ﬁ; LES Smagorinsky-Lilly
[148] 2D RANS & LES gﬁggﬁfﬂik‘;’pﬂ:ﬁ; LES Smagorinsky-Lilly
Three high-Reynolds-number k-epsilon Chang-Hsieh-Chen low-Reynolds-number k-epsilon and
Six low-Reynolds-number k-epsilon standard k-omega [171] . .
[171], [143] 3D RANS Two k-omeda 3 low-Reynolds-number k-epsilon (Abid, Abekondoh-
ROV g Nagano, Chang-Hsieh-Chen) for TS=2.5 % [143]
Chang-Hsieh-Chen for TS=5.4 % [143]
Standard k-epsilon
[177] 3D RANS EeNa(ﬁsl;_beIgSII(I—ngilon Realisable k-epsilon
RSM
Standard k-epsilon
RNG k-epsilon
[150] 3D RANS Realisable k-epsilon Realisable k-epsilon and Standard k-omega

Standard k-omega
SST k-omega
RSM
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Sources

Dimension

Mathematical
model

Turbulence model

Recommended turbulent model

(83]

3D

RANS

Standard k-epsilon (Re>1000)
Low-Reynolds-k-epsilon (10<Re<1000)

Laminar (Re<10)

[77]

3D

LES & RANS

Smagorinsky-Lilly

Wall-Adapting Local Eddy-Viscosity

(WALE)

Kinetic Energy Transport (KET)

6 RANS turbulence models

LES KET

[158]

3D

RANS

Standard k-epsilon
Realisable k-epsilon
RNG k-epsilon
Standard k-omega
RSM

RSM (MRF)

[180]

3D

RANS

SST k-omega
RNG k-epsilon
Linear RSM
Transition-SST

Transition-SST

[144]

1D & 3D

RANS

Standard k-epsilon
RNG k-epsilon
Chen-Kim k-epsilon

Chen-Kim k-epsilon

[174], [155]

3D

RANS

Standard k-epsilon
Standard k-omega

[146]

3D

RANS

Realisable k-epsilon
Standard k-omega

Realisable k-epsilon

[162]

3D

RANS

Standard k-epsilon model
RSM

RSM

[181]

3D

RANS & LES

Standard k-epsilon
Realisable k-epsilon
Smagorinsky-Lilly

LES Smagorinsky-Lilly
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5. Thermal modelling

Anaerobic digestion proceeds at a precise optimal temperature, thus some models have been developed
in order to provide temperature profiles in digesters. These models allow several thermal digester
optimisation.

Gebremedhin et al. (2004) carried out simulation of heat transfer for biogas production. The
mathematical model developed described the heat exchange between the digester and the environment
during the year [190].

Gomez et al. (2007) developed a two-phase (liquid-gas) mathematical model of autothermal
thermophilic aerobic digesters. The biochemical and physico-chemical transformations are similar to
those proposed in ADM1 of IWA. The authors added an energy balance in order to predict the
temperature of the system [191].

Perrigault et al. (2012) developed a one-dimensional, time-dependent heat transfer model in order to
optimise tubular digester in cold climates. In this model, Radiative, convective and conductive heat
transfer phenomena were considered. The model was validated with experimental data, with a standard
error of 2% [192].

Merlin et al. (2012) developed a steady-state heat transfer model based on energy balance for forecasting
the biogas production depending on ambient air and dairy wastewater temperatures variations in a
continental climate context. The uncertainty of the model predictions compared to experimental
measurements was about 10%. They concluded that the heat transfer must be taken into account for the
biogas plant design and unheated digester are very sensitive to external temperature conditions [193].

Wu (2012) carried out simulations which include mixing (with CFD), heat transfer, and biochemical
reaction kinetics in anaerobic methane fermentation. The main hurdle for coupling these phenomena is
to solve the physical-biological interactions concurrently using the small time interval required for the
mixing and heat transfer. Thus the chosen approach was to develop a two-stage simulation strategy that
predicts the temporal biological process using a large time step based on steady fluid flow and heat
transfer, in which a computational cell is physically treated as an individual bioreactor with its own
residence time and temperature. In conclusion, the temperature was the most important physical
condition for bacterial growth, residence time determined the duration of digestion by anaerobes, and
pH regulated the microbiological process [188].

Terradas-1ll et al. (2014) developed a thermal model to predict biogas production in unheated fixed-
dome digesters buried in the ground. The authors used a one-dimensional thermal model. In conclusion;
this model could be used for assessing the methane production and for improving the digesters during
cold period [194].

Hreiz et al. (2017) developed a zero-dimensional transient thermal model is proposed for predicting
temperature variations in semi-buried anaerobic digesters as a function of climatic conditions (ambient
temperature, solar irradiation, rain intensity). This model provides the identification of phenomena
leading to major energy losses from the reactor, and thus to propose technical solutions to reduce these
heat losses. The thermal model was written in Fortran 90. The fourth order Runge-Kutta scheme was
used for time integration. The model is presented by the authors as a powerful predictive tool for
assisting engineers in determining optimal design and in studying the influence of materials type on the
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reactor heating requirements. Furthermore, it may be coupled with the ADM1 for predicting biogas
production as a function of environmental conditions[89][88]. Indeed, ADM1 provides data like biogas
composition and production rate that are needed for an accurate modelling of some heat transfer terms.
Moreover, digestate and biogas temperature, calculated in the thermal model, are required for
determining the biochemical reactions rates and gas-liquid mass transfer rates [195].

The model results [195] revealed that the required heat to warm the inputs and radiations to the cover
constitute the major heat losses, each one accounting for about 30% of the total thermal energy lost by
the digestate. Besides, heat transfer to the ground and to the biogas constitute each one for about 15%
of the heat lost by the digestate [195]. Regarding the cover heat losses, it may be noticed that average
heat gains from solar irradiance are considerable in spring and summer [195].

Singh et al. (2017) studied a fixed type anaerobic digester. They studied the temperature distribution
around the digester using CFD simulations. The ANSY'S software was used with the SIMPLE algorithm
and the standard k-epsilon model [196].

6. Discussions

6.1. Rheological properties

Many studies have been carried out on the rheological characterisation of various waste. The authors
agree on the rheological models to be used to characterise each waste. The appropriate model depends
on the type of waste, the temperature, and the total solid content.

The vinasse is mostly characterised by a Newtonian model at temperatures above 30 °C, even if the
Hershel-Bulkley model or the power-law model are also suitable. The rheological behaviour of sludge
has been well studied, the models used were the Hershel-Bulkley model, the modified Hershel-Bulkley
model, the Bingham model and the Sisko model. The rheological behaviour of the manure is modelled
by the Hershel-Bulkley model or the Bingham model, depending of the study. In CFD modelling, the
authors used the rheological data of sludge for the modelling of manure rheology. Concerning the
biowaste, rheological measurements have been done only on fruits and vegetables, some are Newtonian
and others non-Newtonian. Most of the studies have been done on one fruit or vegetable, and not on a
mixture. Hershel-Bulkley model, power-law model and Bingham models are used to model the
rheological behaviour of fruits and vegetables. However, because of the diversity of biowaste, only
specific studies of biowaste rheological behaviour have been done, thus we have few literature data on
a mix of biowaste. It is important to note that the rheological properties depend on the mix of biowaste,
the total solid and volatile solid contents. Thus, the data available in the literature are a basis, they allow
us to have a general idea of the rheological behaviour of some biowaste: manure, vinasse, sludge, fruits,
vegetables, mix of OFMSW, SHW, starch, fat, whey, fodder residues. However, in the case of anaerobic
digestion of specific biowaste or biowaste mixture, we should perform rheological measurements on the
waste mixture.

Moreover, some authors highlighted relation between soluble COD, pH and the viscosity of the sludge.
These relations allow us to estimate the viscosity from these parameters. The highlighted relationship
are only valid for the studied waste. Moreover, the studies on the impacts of temperature, or thermal
treatment have shown that it impact the viscosity of the fluid.

These de doctorat, Héléne Caillet, Novembre 2019 83



The choice of the rheological model is crucial for the modelling of hydrodynamics (CFD model). Indeed,
the flows depend on the rheological behaviour of the fluid. In CFD modelling, we can use literature data
if the rheological behaviour of the studied fluid is known. Otherwise, it is possible to use the data of a
similar fluid or we have to carry out rheological measurements.

6.2. Biochemical modelling

Anaerobic digestion of waste faces various inhibitions. The latter are related to the operating conditions,
such as hydraulic loading rate, temperature, mixing conditions and pH. In order to control digesters and
avoid malfunctions, biochemical models of anaerobic digestion have been developed and adapted to
various substrates.

The first models were simple. Indeed, only the limiting step was taken into account. However, the results
obtained were not precise enough, nor valid for all the waste. Thanks to a better understanding of the
chemical reactions involved and the process microbiology, it is possible to develop more complex
models. Thus, all the chemical reactions are gradually integrated into the biochemical models, but also
the inhibitions of the reactions of the process. All these models, more and more complete and precise,
led to the development of a generalised model, the ADM1 model, which takes into account the main
reactions of anaerobic digestion. Nevertheless, this model is not suitable for the digestion of all waste.
Several modifications are therefore still necessary to adapt the model. Any changes made to the ADM1
model will contribute to the realisation of the ADM2 model.

However, these are one-dimensional models based on mass transfer. Thus, these models rarely consider
the fluid dynamics of the digester [42], while the mixing conditions, the pH and the temperature impact
the digestion process [4, 5]. Keshtkar et al. (2003) developed a kinetic model which takes into account
the mixing inside the digester and concluded that it affects the methane yield [124]. Lindmark et al.
(2014) published a review on the effect of mixing on the anaerobic digestion process [197]. The
literature review on experimentations showed that mixing mode and mixing intensity have direct effects
on the biogas production [197]. Moreover, the authors recommended to carried out research on the effect
of mixing on chemical and microbial level and on different steps of the process [197]. Furthermore,
more studies are needed to understand the effect of TS content on the microbial community [135]. CFD
is a powerful tool for optimising the process [197]. Therefore, local models using CFD are developed
by many authors. Their applications and interests are manifold.

6.3. CFD modelling

CFD have been used in several tank and digester studies. Indeed, the mixing conditions impact the
anaerobic digestion process, which gives a major interest for the study of the flows within the digesters.
CFD simulations provide precise description of the flow around the tank. Indeed, most of the studies
have been carried out on stirring. Moreover, as CFD models are local models, the characterisation of the
fluid is crucial, thereby, some studies concern simulations on different substrate (Newtonian and non-
Newtonian). For each substrate, different rheological models are tested in order to choose the better one
for each case. The turbulence modelling is also important in CFD, it has been shown that LES models
give more precise outcomes with more simulations time than RANS models. Then, the last point of
interest is the meshing approach. The appropriate mesh is chosen depending of the study. Studies of
different types of mesh have been carried out on mechanical stirred tank, the three studied meshes are
the moving frame of reference, the multiple reference frame and the moving mesh. The moving frame
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of reference is the least used mesh. Both the multiple reference frame and the moving mesh give accurate
predictions. The moving mesh can be used to model unsteady flows contrary to multiple reference frame.

The literature review shows that more studies have been carried out with RANS approach than with LES
approach. This is explained by the fact that simulations of models based on RANS equations are faster
than simulations of models based on LES. Nevertheless, LES provides more accurate outcomes. In
conclusion, the choice of the approach must be done according to the expected accuracy of the results
and the computation time.

Various RANS turbulence models have been studied. The turbulence model must be chosen in function
of the study. It has been shown that some models are more suitable for some studies. Indeed, all the
models have their advantages and disadvantages. The standard k-epsilon model and the realisable k-
epsilon model are used by many authors, both the models provide accurate results. Moreover, the SST
k-omega model is recommended by others authors. The RSM provides the more accurate results but
with the more computation-time. Therefore, choice of the turbulence model must be done according to
the aim of the study, the expected accuracy of the results and the computation-time.

Some studies are accompanied of experimental studies on pilot digesters. These studies demonstrated
the interest of the choice of appropriate mixing in anaerobic digestion optimisation. These papers
reinforce the interest of CFD. However, more studies are needed to fully understand the impact of flows
on anaerobic digestion process. Actually, the numerical models allow to understand why a given mixing
among several agitations tested, is the more efficient. Contrariwise, we do not choose a proper stirring
solely from CFD simulations outcomes but considering experimental studies on pilot digester. Many
authors recommend that biochemical phenomena be taken into account in numerical simulations of
flows. The coupling of CFD models and biochemical models could be a solution to make possible to
choose the appropriate mixing from simulations.

6.4. Thermal modelling

Thermal models have been developed essentially in the case of cold climates. Indeed, as the temperature
affects the digestion process, variations of process temperature are avoided. The simulations have shown
that the environmental conditions affect the process temperature, especially during winter period. The
authors agree on the hypothesis that thermal transfers due to chemical reactions are negligible.
Moreover, some thermal models are coupled with biochemical models or CFD models. Thermal models
can be used to optimise digesters.

7. Perspectives of the bibliographic study and the objectives of the thesis
work

Considering the exposed elements, this thesis focuses on both the experimental aspect with the launch
and follow-up of a pilot as well as the modelling of the flows of a mechanically stirred digester. Indeed,
we propose to optimise anaerobic digestion with a view to the local behaviour of the digestion medium.
Global models, such as ADM1, predict biogas production and composition based on waste composition
and chemical reaction kinetics. However, the literature review clearly showed that yields are impacted
by flows. However, this aspect is still not very well considered in numerical models and requires
additional work to understand the impact of hydrodynamics on reaction kinetics. From an experimental
point of view, it is difficult to explain the variations in biogas production observed during changes in
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agitation. Indeed, the mixing of the medium is partly responsible for the differences in the efficiency of
laboratory and industrial digesters. A detailed analysis of the digestion medium is essential to understand
its differences and optimise agitation. The objective of this thesis is to provide elements of understanding
on the impact of flows on anaerobic digestion, based on biogas production and the physicochemical
properties of the digestion medium. The literature review also revealed that CFD is a proven tool for the
characterisation of flows in agitated reactors. Applications to anaerobic digesters are recent but multiple.
CFD is used in particular to compare the geometric configurations of digesters and agitators based, for
example, on dead zone volumes. The authors also compare simulation results from different numerical
models or different types of substrates. In CFD models, substrates are characterised by their rheological
behaviour which is closely related to their water content. This tool is therefore very interesting and has
a high potential to study agitation parameters in the case of wet and dry digestion. The integration of the
equations of biochemical models into a CFD model is an interesting research area despite the significant
computation times for this type of simulation.

First, the anaerobic digestion of the raw vinasse, a Newtonian fluid, is studied in a mechanically agitated
pilot digester. The protocol for the pilot launch is first proposed. The impact of mechanical agitation on
biogas vyields is explored through the monitoring of physico-chemical parameters of the digestion
medium over a year. In a second step, CFD simulations are performed for different agitation regimes to
compare experimental results and flows.
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Chapitre 111

Influence of inoculum to substrate ratio on
methane production in Biochemical Methane
Potential (BMP) tests of sugarcane distillery

waste water

Ce chapitre, rédigé au format d’article scientifique, présente les premiers travaux
expérimentaux menés sur la vinasse de canne a sucre. En effet, la premiere étape est la
détermination du potentiel méthanogéene d'un déchet, c’est-a-dire la production de
méthane qui nous pouvons produire dans des conditions optimales pour un déchet donné.
Les tests sont effectués en régime mésophile (37°C). La vinasse étant un déchet
récalcitrant, il est nécessaire d’adapter le protocole classique du test de potentiel
méthanogene a ce substrat. Dans cette étude, le test est réalisé avec différents rapports
inoculum (boue contenant les micro-organismes) sur substrat (I / S). Les résultats sont
notamment le potentiel méthanogéne (production maximale de méthane par unité de
matiére organique) et des constantes de cinétiques essentiels pour la modélisation de la

digestion anaérobie.
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III-1. Abstract

The sugarcane distillery wastewater (vinasse) are generated throughout sugarcane
molasses fermentation and distillation respectively. Regarding the vinasse, a part of the
production is treated by anaerobic digestion process. However, the remaining part is
diluted then discharged into the sea 900 m of the coast. In this study, the mesophilic
biochemical methane potential (BMP) test, with different inoculum to substrate (I/S)
ratios, are presented in this paper as well as the methane production and kinetic results.
The BMP is modelled by both the first order linear regression and the modified Gompertz
model. In a future study, we will propose an alternative solution in order to treat both
wastes simultaneously while producing energy with the co-digestion of the vinasse and

the activated sludges in semi-industrial scale.
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III-2. Introduction

Anaerobic digestion is an extensive process for waste treatment. Moreover, it allows the
production of renewable energy. In this context, many studies have been carried out in
order to characterise the methanogenic potential of waste and to model the anaerobic
process. This led to the publication of standardised protocol for the biochemical potential
(BMP) tests to increase the probability of obtaining validated and reproducible results
[198]. The I / S ratio is a point of interest as the obtained methane production of the
BMP depends on this parameter. Moreover, the optimal I/S ratio depends on the tested
substrate. For instance, the optimal I/S (based on VS) ratio of microalgae BMP is 2 in
order to avoid volatile fatty acids (VFAs) accumulation [199]. In the case of the BMP of
maize, the authors noticed only slight variations of methane yield with different /S
(based on VS) ratios (1, 1.5, 2 and 3) and the optimal ratio is 1 [200]. In a study on
okara, S/I (based on VS) ratios in the range of 0.1 to 3 are tested [201]. The authors
highlighted that the methane yield reaches its maximum at S/I values of 0.6 to 0.9, and
inhibitions occur when the ratio exceeds 1, due to VFAs accumulations [201]. Other
authors recommend to test different ratios, based on a study on piggery slaughterhouse
waste [202]. Moreover, they recommend an S/I (based on VS) ratio inferior to 0.1 [202].
In the latest study, the recommended ratios based on VS contents are between 2 and 4
[198]. However, it is also mentioned that for easily degradable substrates where rapid
accumulation of fermentation intermediates such as VFAs could lead to inhibition of
anaerobic digestion, a ratio greater than or equal to 4 should be applied; and for less
degradable substrates, such as lignocellulosic organic matter, a ratio less than or equal
to 1 can be applied [198]. Regarding the BMP modelling, linear or non-linear regression
can be used [203].

This paper deals with the study of the BMP tests of vinasse from sugarcane with vinasse

sludge as inoculum. First, we present the BMP tests methods and results for four I/S
-]
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ratios, indeed this ratio is a key parameter of BMP tests [198]. Second, the BMP is
modelled with both linear and non-linear regressions and the results are compared to

literature data.

I11-3. Nomenclature

TS total solid

VS  wvolatile solid

B biodegradability

Y.ax methane production potential (Nleus.kgeon™)
time (days)

(t) cumulative methane production (Nlcus.kgeon™)

kinetic constant (day™)
methane production rate (Nlcyi.kgeon™.days™)

wi measured cumulative methane production (Nlews.kgeon™)

t

Y

k

R

A lag-phase time (days)
Y

Y.; calculated cumulative methane production potential (Nleuikgeon™)
11

number of measurements during the experiment

III-4. Materials and methods

I11-4.1. The Inoculum and substrate

The vinasse and the inoculum come from the active mesophilic biogas plant of the sugar-
cane distillery Riviere du Mat (Saint-Benoit, Reunion Island). They come from the same
industrial plant, thereby the sludge is already acclimatised to the vinasse. The inoculum
is stored at ambient temperature and incubated at 37°C before the BMP tests, which is
the process temperature (mesophilic conditions). Regarding the vinasse, it is stored at -
20°C and then at 4°C before the tests.

I11-4.2. The physico-chemical characterisation

The substrate and inoculum are homogenised with the Ultra turrax IKA T25 digital at
12,000 rpm for 10 min before the characterisation tests. We carried out TS, VS, pH,
chemical oxygen demand (COD), total organic carbon (TOC), VFA, ammonium (Am),
alkalinity (Alk) and Kjeldahl nitrogen (Ni) measurements. The TS content is obtained

after drving 20 g of the samples for 24 h at 105 °C and the VS content after burning the
-
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dried samples for 4h at 550°C. The chemical tests were conducted on the Hach Lange
DR5000 Spectrophotometer, using the Hach Lange tests LCK 914 (COD), LCK 381
(TOC), LCK 365 (VFA), LCK 303 (Am), LCK 362 (Alk) and LCK 338 (Ni). The
physico-chemical characteristics of the vinasse and the sludge are given in the Table 1.
The C/N ratio is 15.20, which is in the range of optimum C/N ratio from the study, i.e.
10-30, carried out by (Yadvika et al.) [204]. Nevertheless, other authors reported upper
ranges, i.e. 16-25 and 25-35 [205].

Table 1: Physico-chemical characteristics of vinasse and inoculum

Characteristics IS VS oH CoD TOC VFA Am Alk Ni C/N
% % g L7 gL gL mg.L"'  mgecwos. L’ gL' ratio

Inoculum 225 097 7.57 993 - - 517.67 - - -

Vinasse 6.64 4.04 4.84 79.67 27.65 3.05 239.00  3651.25 1.82 15.2

I11-4.3. The BMP tests

The BMP tests are carried out using the Automatic Methane Potential Test System II
(AMPTS 1I - Bioprocess Control). The experimental system is presented in the Figure
1. We refer to the last recommendations for the BMP test organisation [198]. The

digestion is carried out in mesophilic regime at 37°C.

Temperature- Soda solutions for carbon dioxide Methane recovery and
controlled incubators capture metering system

Figure 1: Automatic Methane Potential Test System II (AMPTS II - Bioprocess
Control)
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The total volume of the digesters is around 590 mL. The operating volume is 400 mL.

The digesters volume is adjusted with distilled water in order to have the same test

Gaseous sky (nitrogen)

Completed with distilled water
VINASSE

400 mL
Inoculum
300 mL

Total volume: 590 mL

volumes. Then, the headspace is flushed with nitrogen gas. The experiment includes the
substrate tests, the positive tests and the blank tests. All the tests are carried out in
triplicates. The BMP value is expressed in the volume of methane produced per gram of
organic matter which is expressed in COD as the vinasse is liquid. The schematic of a

reactor filler is shown on Figure 2.

Figure 2: Schematic of a reactor filler

The studied substrate to inoculum ratios (gcon/gvs) are 0.5 (A), 0.75 (B), 1 (C) and 2
D). These ratios correspond to inoculum to substrate ratios (gvs/gvs) of 3.9, 2.6, 2.0 and

1.0. The digesters preparation is summarised in the Table 2.

Table 2: Digesters preparation for BMP tests

Ratio Inoculum Inoculum Substrate Substrate Substrate 1/S ratio S/l ratio
volume ml VS g CoD g VS g VS/VS CoD/VS

A 300 2.91 Vinasse 1.46 0.74 3.9 0.50

B 300 2.91 Vinasse 2.18 1.11 2.6 0.75

C 300 2.91 Vinasse 2.91 1.47 2.0 1.0

D 300 2.91 Vinasse 5.82 2.95 1.0 2.0

III-4.4. The biodegradability
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The biodegradability is estimated by the following equation:

Y
B =M 4

350 (49)
Where 350 represent the theoretical maximum biodegradability of methane expressed in

litters of methane per kilogram of COD.

III-4.5. Regression analysis

In accordance with Kim et al. (2003) anaerobic degradation after initial lag time is limited
by the terms associated with substrate and kinetics, which generally could be represented
by a first order kinetic law with some assumptions [203]. According to the approach
reported by Llabres-Luengo and Mata-Alvarez (1987), the first order linear regression is
206

Y (t)=-Y,, (e -1) (50)

It has been shown that the BMP fits with the modified Gompertz equation in case of

mono-digestion is [203, 207]:

Y(t) =Y., *exp{—exp(R*w*(/l—t)ﬂﬂ (51)

max

The root mean square error (RMSE) and determination coefficient R* are used to

evaluate the model results. The RMSE is expressed as follows:

13 2
RMSE = [= Y 52
> n ;(Ym‘, ch,) (52)

ITI-5. Results and discussion

ITI-5.1. BMP tests performances

The Table 3 shows that the highest methane production is obtained with the ratio D
followed by the ratio C, then the ratio B and the ratio A with the lowest production.
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The methane production increases when the I / S ratio decreases. The methane potential
of the vinasse (ratio D) is 109.58 Nlcus.kgeon™ after 16 days with a biodegradability of
0.31. Consequently, in the case of BMP vinasse test, we should use an I(VS) / S(VS) of
1. As previously said, this ratio (inferior or equal to 1) is recommended for less degradable
substrates. Moreover, the maximum methane production is reached between 12 and 19

days for the four ratios.

Table 3: Experimental performances of BMP tests at different 1/S ratios

. S/I ratio Methane yield Mammum . .
Ratio COD/VS production Biodegradability
Nl(;HJ‘.kg\'s’l Nlcm.kg.‘,‘m[{1 N]-(,‘HLLmnlple Days
A 0.50 93.96 47.60 3.86 12 0.14
B 0.75 162.28 82.64 6.67 15 0.24
C 1.0 169.17 85.46 6.72 19 0.24
D 2.0 216.18 109.58 8.74 16 0.31

ITI-5.2. Results from regression analysis

The Figure 3 shows the comparison between the measured data, the calculated data
with the first order regression and calculated data with modified Gompertz model for
each ratio, and the Table 4 shows the coefficients for the two models. The results from
the first order regression don’t fit exactly with the measured data, indeed, the
determination coefficient for the four ratios are comprised between (.82 and 0.91 and the
RMSE between 4.547 and 15.210. However, the outcomes from the modified Gompertz
fit very well with the measured data, this time, the determination coefficient for the four

ratios is upper than 0.99 and the RMSE is lower than 2.6.

Regarding the kinetic constant, the first order regression gives values between 0.1137 and
0.1629 days! for the ratios A. B and D. The kinetic constant for the ratio C is lower than
the others with 0.0883 days™. This value is lower due to a higher lag-phase of 6.247 days.
Indeed, the minimum lag-phase for the BMP with ratios A, B and D are respectively
2.232, 3.728 and 4.110 days. This time is due to the fact that the inoculum is already

acclimatised to the vinasse.
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Figure 3: Cumulative methane production (Lens.kgeon?) in function of time (days):

comparison between measured data (point), calculated data with the first order

regression (blue full line) and calculated data with modified Gompertz model

(red full line) for cumulative methane production at different I/S ratios.
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Table 4: First-order regression and modified Gompertz model coefficients

Coefficients at different I/S

ratios
A B C D

Kinetic constant k Day! 0.1629  0.1189  0.0883  0.1137
First-order Y max Nlcuskgeop™ 47.60 82.64 85.46 109.58
regression Correlation factor R? 0.9196  0.8844  0.8246  0.8715

RMSE Nlenskgeon! 4.547 10.560  14.790  15.210

R Nlcuskgeop'.days?  7.35 10.50 10.65 14.23

A Days 2.232 3.728 6.247 4.110
Modified Wiz Nlenskgeon! 47.60 82.64 85.46 109.58
Gompertz model  Correlation factor R? 0.998 0.9954  0.9987  0.9963

RMSE Nlenskgeon 0.734 2.100 1.268 2.582

I11-5.3. Comparison of kinetic constant and methane yield with

literature data

From the Table 5, we notice that the methane yield obtained in our study (ratio D) is
low compared to the methanogenic potential of vinasse found in literature. This difference
can be explained by a different of chemical compounds concentrations, resulting from

different vinasse treatment. Indeed, as previously said, the C/N ratio may not be optimal.

Table 5: Comparison of kinetic constant and methane yield of crude vinasse with

literature data (mesophilic regime) (B: Biodegradability)

Kinetic Lag- Methane
Reference constant phase Inoculum source yield
Days™ Days Nlcus.kgeop ped’

Ratio D 0.1137 4.110 79.67 goo. ! Sugarcane distillery waste water  109.58 0.31

[208] 0.30 1.99 62.63 goo.kg! Pig and cow manure digestate 240 0.69
reactors used for hydrogen

[209] 0.17 - 20.73 mgo2.L''  production from sucrose based ~ 255.4 0.73
synthetic wastewater

[210] - - 68.56 gos.L! Brewery wastewater reactor 250 0.71

[211] - - 120.221 goo. L' Wastewater plant 264.83 0.77

The kinetic constant obtained in this study is 0.1137 days' and the kinetic constants in
literature are 0.17 day [209] and 0.30 days™’ [208]. Regarding the biodegradability, it is

0.31 in this study, and the maximum biodegradability is 0.73 in another study [209].
-
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I11-6. Conclusion

This study focused on the variation of the substrate to inoculum ratio in BMP tests. We
studied four ratios ranging from 1 to 4 (Ivs/Svs). Based on the experimental results, the
production of methane increases with the decrease of this ratio, thus the maximum
production was obtained with the ratio 1. The methanogenic potential of vinasse is thus
109.58 Nlcps.kgeop™. This production is obtained in 16 days. The regression analysis
showed that the modified Gompertz model is suitable for the methane production of
BMP tests with a coefficient of determination greater than 0.99 and an RMSE less than
2.6. Moreover, the first order regression allowed us to determine the hydrolysis constant

of vinasse, which varies from 0.0883 to 0.1629 days™.

Compared to the literature, the methane production of vinasse obtained in this study is
lower. Future studies will focus on pre-treatment of the vinasse for the optimisation of

methane production.
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Chapitre IV

Start-up strategy and process performance of
semi-continuous anaerobic digestion of raw

sugarcane vinasse

Nous avons étudié dans le chapitre précédent le potentiel méthanogene de la vinasse
(conditions optimales). Nous allons donc étudier la digestion anaérobie de la vinasse dans
des conditions réelles en pilote de laboratoire. Ce chapitre, rédigé au format d’article
scientifique, présente les travaux réalisés pour le démarrage du pilote de laboratoire. En
effet, c’est une phase sensible durant laquelle le procédé est instable avec des phénomenes

d’inhibition fréquents.

Le potentiel méthanogeéne de la vinasse pouvant varier d'une campagne sucriere a
I'autre est dépendante des conditions de stockage. Les tests de potentiel méthanogenes
sont donc effectués sur le nouvel échantillon de vinasse selon le protocole du précédent

chapitre.

Une étude en laboratoire est menée sur la production de méthane de vinasse brute
sur une période de 130 jours. La stratégie de démarrage du projet pilote de 16 L est
proposée, avec notamment ’augmentation progressive du taux de chargement organique.
L'analyse physicochimique du milieu est nécessaire pour prévenir et expliquer les
dysfonctionnements du processus. Ainsi, la production de biogaz et les mesures

physicochimiques lors de la digestion sont présentées et discutées dans ce chapitre.

I ———————
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IV-1. Abstract

INPUT: sludge > ANALYSIS: pH, VS, TS, COD,
and rawvinasse VEA, Ammonium, Alkalinity
/ 4 v
{ | | BIOGAS

production

A-E-I-ITATII:IH

Start-up strategy of semi-continuous anaerobic digester

The sugarcane distillery waste water is generated throughout the sugarcane
molasses fermentation and distillation. In Reunion Island, a part of the vinasse
production is treated by anaerobic digestion process. However, the remaining part is
diluted then discharged into the sea. The aim of this study is to propose an alternative
solution in order to treat the vinasse while producing energy through anaerobic digestion.

Nonetheless, vinasse pollutant load is difficult to treat.

I ———————
These de doctorat, Héléne Caillet, Novembre 2019 100
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anaerobic digestion of raw sugarcane vinas

Regarding the experimentations, the biochemical potential (BMP) test is used for the
determination of the methanogen potential. The BMP is then modelled with the modified
Gompertz model, and first order regression. Furthermore, a laboratory study is carried
out for studying the methane production of raw vinasse in semi-industrial scale over a
period of 130 days. The start-up strategy of the 16 L pilot is proposed, in particular the
gradual increase of organic loading rate. The physico-chemical analysis of the medium is
needed to prevent and explain the failure of the process. Indeed, the biogas production
and physico-chemical measurements during the digestion are presented and discussed.
The maximum methane yield of the BMP is 185.59 NLcpus.kgeon?, obtained with I / S
ratio in terms of volatile solids of 0.7. The outcomes showed that the first-order regression
and modified Gompertz model fit well with the BMP test curves. Concerning the pilot,
the launching period lasted 45 days the maximum specific production was 151.00
NLcuskgeon™ (232.31 NLyiogas-kgcon™). In further studies, different mixing strategies will
be studied.

Keywords: Anaerobic digestion; Sugar cane vinasse; Pilot scale; BMP; Process

performance

IV-2. Introduction

Anaerobic digestion is a widely used process for waste treatment and energy
production with the biogas. This natural process consists in the degradation of organic
materials by microorganisms in absence of oxygen, unlike aerobic digestion. Anaerobic
digestion respects the natural cycle of carbon. The biogas produced is mainly composed
of methane and carbon dioxide, with traces of hydrogen sulphide and water vapour. The

five modes of biogas valorisation are [212]:

e Heat production: energy efficiency is interesting if the heat requirement of the
outlets is high enough to allow the maximum use of the available energy to be
exploited. In addition, nearby outlets are needed to limit the costly transport of

heat or biogas.

e Electricity production: lower energy efficiency due to the energy yield of the

electricity, ranging for motors from around 33%.
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e The combined production of electricity and heat, also called cogeneration: this is
the most common biogas recovery system. Besides the electricity produced by a
generator, heat is recovered, mainly from the cooling system. The valorisation of

heat requires a nearby outlet.

e Fuel for vehicles: The biogas follows a series of purification/compression steps to

be used as a vehicle fuel.

e The injection of clean biogas into the natural gas network: in some European
countries, the injection of biomethane into dedicated or non-dedicated networks
are more common: Sweden, Germany, Switzerland, Netherlands, etc. The injection
of purified biogas into the natural gas network is the most efficient method of

valorisation.

Anaerobic digestion is very interesting for an insular territory such as Reunion
Island, which is dependent on imported fossil energies. The ambition to achieve energy
self-sufficiency by 2025-2030 was initiated by the Region in 2000 through its Regional
Plan for the Development of Renewable Energies and Rational Use of Energy
(PRERURE) [213]. Following the environment Grenelle, this ambition was relayed by
the government with the GIP Project GERRI and it also materialised in 2009 with the
program STARTER (Strategy of Energy Autonomy for the Recovery and Transition of
the Reunionese economy) [213]. The PETREL report, prepared by the ARER (the
regional energy agency of Reunion Island), presents an initial assessment of the Reunion
energy mix in the horizons of 2020 and 2030 [213]. The demand and the electricity
production are evaluated according to two scenarios, one of them following STARTER
[213]. The valorisation of biomass is preponderant in the latter scenario, especially as it
provides a so-called "base" energy because it is permanently available [213]. Different
ways of biomass valorisation exist, such as the extraction of nanocrystalline cellulose
[214-216]. The methanisation biomass is composed by all putrescible organic matter,
animal manure, wastewater, wood waste and green waste. According to a study
conducted by ADEME in 2010, the methanisation of waste in Reunion Island corresponds
to the production of 34.3 million m3 of biogas per vear from 853,000 tons of waste, of
which: 44% of effluents from farming, 21% of agro-industrial effluents, 21% of sewage

sludge, 11% of bio-waste and 3% of wet green waste [213]. The assumptions made are

I ———————
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that 25% of the livestock effluents produced to date on the island will be valorised by
anaerobic digestion by 2020 and 50% by 2030 [213]. The sewage sludge would be 91%

mobilised, 44% wet green waste and 100% agro-industrial and biowaste effluents [213].

In addition, the waste in Reunion are currently landfilled, however, this method is
not sustainable because it is land consuming, not adapted to insular territories. The
vinasses (sugarcane distillery waste water generated throughout alcohol production) are
treated and then discarded on the high seas via an emissary at 80 m depth. The sugarcane
vinasse is treated by anaerobic digestion process in many countries on an industrial scale
especially in Brazil, India and South Africa by adapted processes and a simple
acclimation of the microbial flora to the conditions of the vinasse. In Reunion Island, the
first major biogas unit was built at the Riviere du Mat distillery in 2011. Its
implementation was directly linked to the drastic increase in energy costs over the last 5
years [213], and the need of vinasse treatment. The distillery produces 8,000 m3 of pure
alcohol per year and the production of vinasse is around 600 m3.d-1 during the sugarcane
crop season [213]. Experimental results showed particular difficulties for anaerobic
digestion process, given high salinity and high organic matter content (80-120 kgCOD.m-
3) [213]. The first phase of the project of anaerobic digestion of the vinasse (2011)
concerned only half of the vinasse, which is treated in a 5,800 m3 digester. The organic
load is reduced by 80% and the biogas produced is used in a steam boiler, ensuring the

energy autonomy of the process distillation [213].

Vinasse is characterised as a highly polluting effluent, containing high levels of
organic compounds and nutrients (mainly potassium but also nitrogen and phosphorous)
[40, 217]. Furthermore, vinasses are recalcitrant effluents with high pollutant content.
The direct discard of vinasse to environment leads to severe environmental impact like
salinity, sodicity, phytotoxicity, anoxia, eutrophication, death of aquatic life, and many
severe health problems [40, 217]. Moreover, the Riviere du Mat distillery in Reunion
Island is constrained to treat a diluted vinasse to guarantee its anaerobic digestion while
avoiding inhibitions of the process. The drawback is therefore the massive use of water
for the anaerobic digestion of the vinasse. This is why this study focuses on the anaerobic

digestion of raw vinasse on a laboratory scale.

These de doctorat, Héléne Caillet, Novembre 2019 103



Before the industrial treatment of a specific waste, the process must be studied on
a laboratory and pilot scale. Indeed, biochemical potential test (BMP) are broadly used
for evaluating the methanogenic potential of organic materials. The protocol of this test
have been recently standardised because the outcome can vary significantly between
laboratories [198]. Nevertheless, a key parameter of this test, the ratio of volatile solid
(VS) from inoculum to VS from the substrate (I / S ratio) depends on the substrate
[198]. The ratio should be between two and four for most applications [198]. However,
for less degradable substrates, a ratio less than or equal to one can be applied, and only
if two ISRs lead to the same BMP. one can assume that there was no overload or
inhibition [198]. Concerning unknown substrates, the authors recommend to test several
ratios [198]. Thereby, in this study, different ratios were tested in order to evaluate the

methane yield of the sugarcane vinasse.

There is no standardised method for the pilot experiments. Studies have recently
been carried out on pilot tests on sugarcane vinasse, mainly in co-digestion. Among these
studies, we find the work led in 2015 on start-up strategies of anaerobic co-digestion of
sugarcane filter cake and bagasse [218]. At the beginning of the pilot start-up phase, the
load increase is done gradually and the steady conditions were obtained after 70 days
[218]. The effect of total solid was studied with the addition of water [219]. The result
showed that vinasse / water ratio of 1 / 3 (TS 7.015%) produced the maximum total
biogas (37.409 mL.gCOD-1) however vinasse / water ratio of 1 / 2 (TS 9.310%) had the
biggest COD removal (23.580%) than others [219]. Moreover, in a study published in
2015, the authors said that biogas production failed when sugar beet vinasse alone was
fed to the reactor [205]. For this reason, they studied the addition of cow manure during
digestion, which has the consequence of increasing the C / N ratio, which is low in the
case of vinasse substrate [205]. Anaerobic digestion was the most stable when cow manure
was supplied to digestion of vinasse [205]. The steady conditions were obtained after 50
days [205]. Another study has been carried out on vinasse in 2016 in order to evaluate
the anaerobic conversion of vinasse into biomethane with gradual increase in organic
loading rate (OLR) in two up flow anaerobic sludge blanket (UASB) reactors of 21.5 L
(R2) and 40.5 L (R1), in mesophilic conditions [220]. The OLR values applied in the
reactors were 0.2-7.5 gCOD.L-1.d-1 in R1 and 0.2-11.5 gCOD.L-1.d-1 in R2 [220]. The
average COD removal efficiencies ranged from 49% to 82% [220]. In 2017, co-digestion

of sugarcane press mud with vinasse was studied in order to improve the digestion of
.
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press mud [208]. The methane yield was 64% higher in case of co-digestion compared to
mono-digestion of press mud and the process was more stable [208]. All these studies
show that co-digestion of vinasse improves yields and stabilises the process. Nevertheless,
in this study, we will not carry out experiments in co-digestion. We present the outcomes
for the case of vinasse in mono-digestion and slowly increase the OLR to avoid

destabilisation of the process as [205].

Furthermore, these studies previously mentioned presented examples of pilot start-
up. We retain from these articles that the pilot digester must be started with inoculum
(such as manure or sludge), followed by the micro-organisms acclimation and then a
gradual increase in load. In this paper, we present the methodology and outcomes for the
vinasse and sludge characterisation especially the BMP test of vinasse, the pilot start-up
and the monitoring of experimentation over a period of 130 days. The aim of this study
is firstly to propose a protocol for start-up a pilot with raw vinasse as substrate. Secondly,
we study the increase of OLR of the pilot while following the physico chemical properties
of the medium to avoid dyvsfunctions of the process in case of an increase of OLR too
fast. Finally, we study the pilot in steady-state conditions while following the physico
chemical properties. In this work, we choose not to add chemicals to adjust the physico-
chemical parameters. and not to dilute the vinasse. Indeed, we want to obtain data
without interfering with the process and let the process stabilise alone. This case has not
been studied yet. The data produced will allow us to create an experimental database to
study the impact of mechanical agitation on the anaerobic digestion of raw vinasse in

further studies.

IV-3. Methodology

IV-3.1. Substrate and inoculum

The vinasse and the sludge come from the active mesophilic biogas plant of the
sugarcane distillery Riviere du Mat (Saint-Benoit, Reunion Island). The sludge is used
as the inoculum in the biochemical potential (BMP) tests and the start-up of the pilot
digester. It is then stored at ambient temperature and incubated at 37°C before the BMP
tests, which is the process temperature (mesophilic conditions). Regarding the vinasse,
it is stored in cold storage at 4°C before the tests in order to avoid the degradation of
-
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the substrate before the digestion in the pilot. The vinasse is stored in the cold storage
for a maximum of two months before being used. In this study, the vinasse is not frozen
because the freezing has the effect of breaking up the cells, which improves the digestion

of the latter.

IV-3.2. Physicochemical analysis

The substrate and inoculum are homogenised with the Ultra turrax IKA T25 digital
at 12.000 rpm for 10 min before the characterisation tests. We carried out total solid
(TS), volatile solid (VS), pH, chemical oxygen demand (COD), total organic carbon
(TOC), volatile fatty acids (VFA), ammonium (Am), alkalinity (Alk) and Kjeldahl
nitrogen (Ni) measurements. The TS content is obtained after drying 20 g of the samples
for 24 h at 105°C and the VS content after burning the dried samples for 4 h at 550°C.
The chemical tests were conducted on the Hach Lange DR5000 Spectrophotometer, using
the Hach Lange tests LCK 914 (COD), LCK 381 (TOC), LCK 365 (VFA), LCK 303
(Am), LCK 362 (Alk) and LCK 338 (Ni). The physico-chemical characteristics of the

vinasse and the sludge are given in the Table 1.

Table 1: Physico-chemical characteristics of vinasse and sludge

Characteristics Sludge Vinasse

TS % 1.99 6.64
VS % 0.72 4.04
MES g.L* - 10.0
pH 7.57 4.84
COD goo. ! 11.60 86.70
TOC mg.L? - 29 875
VFA g.I! 16.34 19.36
Am mg.L! - 37.40
Alk mgcacos. L 2,361.9 1,080.6
N mg.L! 1070 1120
Phosphorus mg.L* - 190
Alk/COD 0.204 0.013
VFA /alk 6.92 17.91
C / N ratio - 26.67

The BMP tests are carried out using the Automatic Methane Potential Test System
IT (AMPTS II - Bioprocess Control). We refer to the last recommendations for the BMP
|
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test organisation [198]. The tests are carried out in mesophilic conditions in 50 days. As
the substrate is unknown, we must test different inoculum to substrate ratios [221]. The
ratios of COD from the substrate to VS from the inoculum tested are 1, 2, 2.5 and 3,
which corresponds to a ratio of VS from the inoculum to VS from the substrate of 1.8,
0.9, 0.7 and 0.6. The total volume of the digesters is 650 mL. The operating volume is
400 mL. The digesters volume are adjusted with distilled water in order to have the same
test working volumes. The experiment includes substrate tests, the positive tests and the
blank tests. All the tests are carried out in triplicates. The BMP value is expressed in
the volume of methane produced per gram of organic matter which is expressed in COD

as the vinasse is liquid.

IV-3.3. The biodegradability and the COD removal

The biodegradability of the substrate in the BMP test is estimated by the following

equation:

Y
B — max 53
350 (3)

Where 350 represents the theoretical maximum biodegradability of methane expressed

in litters of methane per kilogram of removal COD at normal temperature and pressure.

The COD removal is calculated by the following equation:

R= MCOD.digested *100 = MCOD.added B MCOD.piIot *100 =100 — MCOD,piIot *100 (54)

COD, added COD, added COD, added

Where, Mcop.aadea is the cumulated mass added in terms of COD, Mcopdigestea is the
cumulated digested mass in terms of COD and the Mcop pio is the COD measured on the

sample collected from the pilot.

IV-3.4. Kinetic models

IV-.3.4.i. First-order model

According to Kim et al. (2003), anaerobic degradation after initial lag-phase time

is limited by the terms associated with substrate and kinetics, which are generally
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represented by a first order kinetic law [203]. According to the approach reported by
Llabres-Luengo and Mata-Alvarez (1987), the first order model is expressed by [206]:

Y (t)=-Y,, (e -1) (55)

Where Y is the volume of produced methane (NLcuikgeon!) at digestion time 1

(seconds), Y,.. is the maximum volume of methane accumulated at an infinite digestion

time (NLcui.kgeon?) and k the kinetic constant (d'). Nielfa et al. (2015), assumed that

k is the specific microorganisms growing speed [222] (d).
IV-.3.4.ii. Modified Gompertz model

It has been shown that the BMP fits with the modified Gompertz equation in case
of mono-digestion [203, 207]. This model assumed that the biogas production is
proportional to the microbial activity [207, 222].

Y(t)=Y,,, exp {—exp [M +1H (56)

max

Where y__ is the maximum volume of methane accumulated at an infinite digestion
time (NLcnskgeon'), R is the specific rate constant (NLcuikgeon™.d!) and A is the lag-

phase time constant (d).
IV-.3.4.iii. Statistical analysis

The root mean square error (RMSE) and the determination coefficient R2 are used

to evaluate the model results. The RMSE is expressed as follows:

RMSE = \/lzn:(vm,i Y, ) (57)

N

Where Nl is the number of measurements, 2 is the sum operator, Ym’i is the measured

cumulated methane production (NLcuikgeop!) and Yy is the calculated cumulated

methane production (NLcuikgeon™).
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As mentioned in the last recommendations for the BMP tests, test results must be
rejected if the standard deviation is upper than 10% [198]. The standard deviation is

calculated with the following equation:

o= [ 26-%) (58)

Where N is the number of assays, x, are the maximum volume of methane produced

of each assays (NLcuikgeon') and X is the average value of the maximum volume of

methane produced (NLcnskgeon™).

IV-3.5. Pilot tests

IV-.3.5.i. Degradation index

The degradation index is calculated according to the following equation [218]:

SMP
= 59
index TMP ( )
Where, SMP is the specific methane production of the pilot (NLcui.kgcon™) and TMP the

theoretical methane production of the biochemical potential tests (NLcus.kgcon™).

I ———————
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IV-.3.5.ii. The pilot set-up

16 L - Reactor Thermostatic bathtub : 37°C

Ao
_A( |

Agitation system
20-100 rpm

Bucket Biogas storage pocket

Figure 1: Pilot 16-L set-up

The set-up of the pilot is shown in the Figure 1. The total volume of the pilot is
16 L. The operating volume is 14.5 L. and the headspace is 1.5 L. The experiment is
carried out in mesophilic conditions at 37°C in order to limit energy consumption. The
temperature is controlled with water recirculation in the double membrane. The water
is maintained at a constant temperature with a thermostatically controlled water bath.
The digester is equipped with a mechanical mixing system. Its intensity can vary from
20 rpm to 100 rpm. The mixing mode employed in this work is detailed subsequently in

the document. The biogas volume is measured with a bucket counter.

IV-.3.5.iii. Pilot start-up and monitoring

For the start-up of the digester, the digester is filled with 13.5 L of sludge from the
sugarcane distillery (which corresponds to 97.20 gvs and 156.60 gcop) for the micro-
organisms input and 500 mL of vinasse (which corresponds to 24.40 gvs and 43.35 gcop).

The physico-chemical properties of the sludge are presented in the Table 1. As the
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sludge comes from the same distillery of the vinasse, the sludge is already acclimatised
to the vinasse and therefore, acclimatisation period is not needed. Next, the digester is
fed with 500 mL of vinasse and a digestate sample of 500 mL is taken once a week during
one month. Experimentally, for the digester feeding, we have to open it to recover the
digestate and add the substrate. The objective of the launch of the pilot phase, is to
gradually replace the sludge by the vinasse. We slowly feed the digester with vinasse in
order to avoid inhibitions and failure of the process. The major drawback of the feeding
of the digester is the fact of allowing oxvgen to enter the medium, which must stay

anaerobic.

Physico-chemical tests are carried out on the digestate samples: the pH, the COD,
the ammonium concentration, the VFA concentrations, alkalinity and the TS and VS
percentages. The biogas volume is measured with a bucket counter and then stocked in

a 1500 mL gas storage pocket.

As previously said, if the physico-chemical parameters are not optimal, we do not adjust

them with addition of chemical, but change the organic loading rate.

IV-.3.5.iv. Mixing conditions

During the start-up of the pilot, the mixing is minimal: 15 min at 20 rpm before
the taking of sample in order to homogenise the medium. This choice is made in the aim
to homogenise the medium before taking a sample without destabilising the process or
the bacterial centers. Indeed, opening the pilot and allowing oxygen to enter necessarily
disrupts the process that can cause the death of methanogenic archaea, and so the
reduction of the population of micro-organisms. Moreover, as the growth of methanogenic

populations is slow, we must preserve them.

Then the minimal mixing was maintained during two weeks before modification.
Indeed we then tested intermittent agitation: 10 hours per day at 20 rpm. As it revealed
an absence of biogas production, the mixing was stopped and returned to minimal
agitation for the rest of the experiment. We supposed that the continuous stirring
prevented the micro-organisms from digesting the substrate. Consequently, the OLR was
changed, in order to recover initial physicochemical parameters and biogas production.
Indeed, according to Vavilin and Angelidaki (2005), during the start-up of the digester,
-
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the methanogenesis is the limiting-step, consequently, vigorous agitation must be avoided

to prevent the dissipation of methanogenic centers [6].

IV-.3.5.v. Organic loading rate (OLR)

The Table 2 shows the OLR used in literature for vinasse in case of mono and co-
digestion. The maximum OLR in terms of volatile solids is 3.0 and 11.5 in terms of COD.
During the digestion of the sugar beet vinasse and press mud, the authors made the
choice to dilute the vinasse with water. In addition, recirculation allowed to reduce the
dilution of the vinasse [220]. Moreover, press mud is used as co-substrate for the digestion
of vinasse [208], or cellulose and straw for additional carbon source [205]. Vinasse having
a pH lower than the optimal pH of the anaerobic digestion, the authors alkalised the
vinasse by adding NaOH solution [208].

With this pilot test, we chose to study the vinasse in mono-digestion, in that
respect, no addition of carbon source was made. Moreover, we also chose to not dilute
the vinasse as we want to study the anaerobic digestion without consuming water. As
these actions would help to stabilise the process, the organic load was increased very

gradually to avoid inhibitions of the process.

Table 2: Organic load in literature

Substrate OLR range
gvs.L1.d? gcop.L1.d?!
[223] Molasses Mono-digestion - 1.5-7.5
Dilution of vinasse
[205] Sugar beet vinasse Addition of cellulose 2.0-3.0 -
and straw
Sugarcane filter cake Co-digestion
[218] and bagasse Addition of water 20-3.0 )

Dilution with water,
[220] Vinasse then recirculation - 0.2-11.5
Addition of NaOH

Mono-digestion with
Press mud and water 8

[208] . addition of water 0.5-2.2 =
Vinasse and press mud . .
co-digestion
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The organic load and the feeding frequency used in this study are recapitulated in
the Table 3 for the whole study. The initial feeding is 13.5 L of sludge and 0.5 L of
vinasse, which corresponds to 14.28 geop.L . During the first study phase, the digester is
fed with 500 mL of vinasse every two days. The biogas is produced in two days when
adding 500 mL, which corresponds to an OLR of 0.85 gys.L'.d"and 1.51 gpco.L'.d". A
low initial OLR is chosen because inhibitions due to an accumulation of VFA occur
during an excessive OLR during the anaerobic digestion of the vinasse. The latter having

a low C / N ratio, the inhibitions are frequent in the case of mono-digestion of vinasse.

The feeding frequency is then changed in order to open the digester less often, to
reduce the oxygen input into the digester. Thus 750 mL of vinasse are added every three
days, then 1000 mL every 4 days. During the next phase, the OLR is increased from 0.25
L.d' to 0.38 L.d"

In case of a drop in biogas production, 250 mL of vinasse and 250 mL of sludge are added

instead of 500 mL of vinasse. Sludge is introduced to input micro-organisms.

Table 3: Mixing strategies and organic load

Average feeding
Period Mixing Feeding rate
(day) strategy frequency Sludge Vinasse
(L.d) (L.d?)

Average OLR

Description

(g\'.\j.Lil.d’l) (‘g(j()D.Lil.d’l)

N
Initial feeding 0 _O i Initial 13.5 0.5 8.69 14.28
mixing
Minimal  Once a
. 1-28 . - 0.07 0.25 0.45
Launching of mixing* week
the pilot Minimal  Every 2
29-42 . - 0.25 0.85 1.51
mixing days
Continuous 10h at 20 Every 2
. 43 - 0.25 0.85 1.51
mixing test rpm days

R ti f
S Minimal Every 2

minimal 44-53 . - 0.25 0.85 1.51
o mixing days
agitation
Addition of Minimal  Every 2
54-63 . 0.125 0.125 0.49 0.85
sludge mixing days
Minimal Every 3
64-68 - 0.25 0.85 1.51

mixing days

I ———————
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Modification of

E 4
feeding 69-72 very
days
frequency
Increase of 73-112 Minimal Every 4 - 0.31 1.06 1.88
OLR 113-130  mixing days - 0.38 1.27 2.26

*Minimal mixing: 15 min at 20 rpm before feeding.

IV-4. Results and discussions

IV-4.1. Biochemical potential test performance

The methane production of the vinasse and the blank are represented in Figure 2.
The maximum production is reached in 12 days for the vinasse and in 43 days for the
inoculum. The biochemical potential of vinasse measured with the ratios in terms of VS
0.9, 0.7 and 0.6 are almost the same (181.72 to 185.59 NLcus.kgeon?). The maximum
value is obtained with the ratio 0.7. The potential obtained with the ratio 1.8 is lower
with a value of 152.95 NLcns.kgeon®. As we obtained similar methane yields for different
ratios, we can retain the BMP value. The biodegradability (B) for each ratio is given in
the Table 4. The biodegradability is 0.44 for the S / I ratio 1, 0.52 for the ratios 2 and
2.5, and 0.53 for the ratio 3. Thus, we recommend to use an I / S ratio inferior to 1 for
the vinasse BMP and we retain the BMP value of 185.59 NLcus.kgcop™.

I ———————
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Cumulative methane Blank test Vinasse test (ratio A)
production Vinasse test (ratio B) Vinasse test (ratio C)
—e—Vinasse test (ratio —e—Vinasse test (ratio
(NLepskgcop™)
—e—Vinasse test (ratio D)
200 - 185.59
181.91
180 - )
181.72
160 -
152.95
140 +
120 +
107.33
100 -
80 -
60 -
40 -
20 A
0 - T T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45 50
Time (days)

Figure 2: Biochemical potential test results

Table 4: Methane yield and standard deviation

_ Standard
. . Standard deviation .
Ratio S / I Methane yield o deviation
B NLcha. kgcop %
gcop-gvs ™ NLcaskgvs!  NLcmkgeor!  NLcmsLampe!  Min  Max  Average Min Max Average

1 0.44 180.53 152.95 8.81 19.51 53.49 42.51 15 38 28

2 0.52 219.93 181.72 16.14 3.80 9.17 5.33 2 13 3

2.5 0.53 251.86 181.59 12.35 7.36  11.10 10.11 5 12 6

3 0.52 322.95 181.91 15.72 0.61 9.19 461 1 6 3

I ———————
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The methane yield in terms of COD, VS, sample and the standard deviation are given
in the Table 4. We clearly see that the methane yield is becoming more important with
increasing the ratio S / I. Moreover, we notice that the standard deviation is at least five
times more important for ratio 1 than for the other ratios. The maximum standard
deviation for the ratio 1 is 53.49 NLcus.kgcop” (38 %), which is upper than 10%, thus
this test result must be rejected. Since the standard deviation for the ratio 1 is important,
this means that the dispersion of the BMP results for this ratio is important, the average
BMP results for this ratio is therefore not representative. We interpret this result as
follows, for this ratio we put a sample mass too small to be representative of the
substrate. Indeed, vinasse being heterogencous, it requires a sufficiently large sample to
be representative of the substrate in terms of methanogenic potential. We free ourselves
from the heterogeneity of the vinasse by increasing the ratio S / I, allowing to obtain
representative results with standard deviation less than 10 %. A second explanation is
that inhibitions occur at this ratio, which would explain that the production of some
BMP is lower. Concerning the other tested ratios, the average standard deviation is lower

than 6 %, thus the BMP results are acceptable.

IV-4.2. Modelling the kinetics of methane production

Table 5: First-order regression and modified Gompertz model coefficients

Parameters Units Coefficients
S/1 gvs? 1 2 2.5 3
Ratio / 8coD-gvs A*
I/S gvs.gvs™ 1.8 0.9 0.7 0.6
Kinetic constant k Day 0.61 032 029 025 0.29
Maxi th
First-order oo U N kgeon! 1520 1817 185.6 1825 1833
. production Ymax
regression
& Correlation factor R* - 0.97 099 098 0.99 0.99
RMSE NLcus.kgeon™ 4.60 4.01 477 398 4.25
Meth ducti NLcnask L
erhane prodiieron cn-scop 50.39 2854 2544 22.01 25.33
rate Rm .day
Modified Lag-phase time A Day 0.866 1.483 1.598 1.967 1.683
G t Maxi th
ombery AR TEARE Nlowkgeon? 1504 181.2 1848 1810 1823
model production Y max
Correlation factor R* - 0.97 097 097 098 0.97
RMSE Nlcuskgeon! 406 565 6.29 553 583

*Average of BMP (ratio 2, 2.5 and 3)
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The coefficients for the first-order regression and the modified Gompertz model for
each ratio are given in the Table 5. The first-order kinetic model provides the kinetic
constant of hydrolysis. The highest value of 0.61 d' is obtained with the S / I ratio 1.
However, the kinetic constant for the ratio 1 is rejected because this BMP was rejected.
Then, the kinetic constant decreases with the increasing of S / I ratio. The kinetic
constant is 0.32 d' for S / I ratio 2. The lowest value is therefore obtained with the S /
I ratio 3 with a value of 0.25 d'. Thereby, despite the fact that the kinetic constant is
higher for the ratio S /11 (I / S of 1.8), the maximum methane production is the lowest.
Thus, lower kinetic coefficients led to higher methane yields. Moreover, the average
kinetic constant, rejecting the value of the ratio 1, is 0.29 d'. The kinetic constant values
obtained are similar, with a standard deviation of 0.04 d' (12 %). The kinetic constant
will be used in biochemical model as the hydrolysis constant. As the hydrolysis phase is
considered as the rate-limiting step, this coefficient is crucial in the anaerobic digestion
modelling. The correlation factor is between 0.97 and 0.99 and the RMSE between 3.98
and 4.77 NLcus.kgeop™. The modified Gompertz model provides the methane production
rate and the lag-phase time. The methane production rate decreases with the increasing
of S / I ratio from 56.16 to 27.43 NLcus.kgeon'.d'. The correlation factor is between 0.97
and 0.98 and the RMSE between 4.06 and 6.29 NLcui.kgeon™.

The Figure 3 shows the comparison between measured data, calculated data with
the first order kinetic and the calculated data with modified Gompertz model for
cumulative methane production at different S / I ratios. The correlation factor of the
first-order kinetic is between 0.97 and 0.99. It is similar to the correlation factor of the
modified Gompertz model, which is between 0.97 and 0.98. Concerning the RMSE; it is
between 3.98 and 4.77 for the first-order kinetic, and between 4.06 and 6.29 for the
modified Gompertz model. The first-order kinetic and the modified Gompertz model fit

well with the measured data.
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Figure 3: Cumulative methane production (Lens.kgeon?) in function of time (days):
comparison between measured data (point), calculated data with the first order
regression (blue full line) and calculated data with modified Gompertz model

(red full line) for cumulative methane production at different I/S ratios.

IV-4.3. Comparison of results with the Chapter III and the

literature

In the Table 6, we present the comparison of kinetic constant (first-order
regression) with literature. In this work, we retain the range 0.25-0.32 d', we exclude the
value 0.61 d* because the methane production of this BMP has a standard deviation
upper to 10%. The average value is therefore 0.29 d'. Compared to literature, the kinetic
constant found in this study is similar to [208] with a value of 0.30 d' [208] and vinasse
with press mud with a range of 0.23-0.33 d' [208].

I ———————
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In comparison with the Chapter III, the kinetic constant obtained in this study is
higher. Indeed, the inoculum was different for the two studies. In this work, we used
fresh inoculum. Therefore, it makes sense that the kinetic constant is higher with fresh
inoculum. The micro-organisms concentrations might be larger. Consequently, the
obtained methane potential is higher with the fresh inoculum. However, the same trend

is observed, i.e. the methane potential is obtained when the Ivs/Svs value is 1.

Table 6: Comparison of kinetic constant (first-order regression) with literature

Substrate Kinetic constant range d’

This chapter Vinasse + water 0.25 - 0.32
Chapter III Vinasse + water 0.088 — 0.16

Vinasse + water 0.30
[208] Press mud 0.16

Vinasse + press mud 0.23 - 0.33
[224] Vinasse + rumen 0.0.73 - 0.210

Vinasse + rumen + urea 0.087 - 0.206

IV-4.4. Pilot tests performance and physico-chemical analysis

IV-.4.4.i. The specific biogas production and COD removal

The Figure 4 shows the specific biogas production in litters per kilogram of COD
added in the digester and the OLR. The graph illustrates two phases, the start-up phase
from day 0 to day 45 and the steady conditions phase from day 46 to day 130. The
steady conditions phase begins when the production of biogas stabilises. The duration of
the start-up phase is in the same order of magnitude as the duration that the study [205]
which is 50 days. During the continuous agitation test (day 43), the production of biogas
stopped, so we only tested this stirring for a period of 10 hours and then return to
minimal agitation that we maintained until the end of the experiment. Thus, this
agitation was tested just before the end of the pilot start-up period. However, as the
production of biogas stabilises during the recovery of minimum agitation, we still consider
that the steady-conditions phase starts on day 46. We conclude from this test that
continuous agitation stops the production of biogas, this may be due to the fact that
there is no longer sufficient contact between the microorganisms and the substrate.

Stirring the medium only during the filling of the pilot is enough in the case of the

I ———————
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treatment of a liquid waste for the studied volume (16 L). However, it would be

interesting to study other intensities of agitation.

During the period 113-130 days, the production of biogas per kilogram of COD is
three times higher than in the previous period. It seems that the micro-organisms
concentration is larger and the micro-organisms are better acclimated, which would
explain this consequent increase in production. In fact, the TS and the VS of the sludge
and the liquid phase increase over this period, which means that the biomass
concentration increases within the digester. Thus, the physico-chemical conditions at this

time are conducive to the anaerobic digestion of the raw vinasse.

SBP (NLbiogas' kgCOD,added_l) OLR (g(j()l)lfl-d_l)

150 - Start-up | Steady conditions 95
400 N [ ) : [ ] [ ] ° ()
350 - : . 2.0
[ N ] |
300 A | o °
° o0 °q L) e oo ) - 15
250 e, I ® .
1
200 A 1 °
° . o - 1.0
150 - 1 oo
1 °
1 - .l ° ° N |
00 1 ° R ° . ¢ ° 0.5
50 A 1 te, "7 %
0 T ! T T T | | | T T 00
30 40 50 60 70 80 90 100 110 120 130

Time (days)

Figure 4: Specific biogas production in NL.kgcop.aaieda® and organic loading rate
(OLR)

The Table 7 shows the COD removal, the specific methane production (SMP), the
specific biogas production (SBP) and the degradation index. The biogas production
during the start-up phase is more important than the production during the steady

conditions phase. It goes from an average of 182.69 NLcus.kgeop' during the period 29-
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42 days (start-up phase) to an average of 37.79 NLcus.kgeon™ during the period 43-53
days (beginning of the steady-conditions phase). Indeed, during the start-up phase, the
production of methane is due to the digestion of the vinasse but also to the digestion of
the sludge initially introduced into the digester. This is consistent with the BMP blanks
assays where only vinasse sludge is inserted into the digesters, we note that the maximum
production of methane is reached after days around 45 days, the same duration as the

start-up phase.

Table 7: COD removal, specific methane production, specific biogas production

and degradation index

c0D SHP SHP SBP
Period (daY) removal I)index
% NLcns.kge D NL('HLkg('()DJ NLbioges-kgc« D

1-28 51 - - - -

29-42 49 - 182.69 281.07 0.98
43-53 64 59.64 37.79 58.13 0.20
54-63 68 58.59 40.10 61.68 0.22
64-68 75 40.65 30.32 46.65 0.16
69-72 74 58.50 43.48 66.89 0.23
73-112 79 69.06 52.60 82.74 0.28
113-130 84.3 179.40 151.00 232.31 0.81
Steady conditions 46-130 73 87.54 68.21 104.93 0.37

*COD,r: removal COD

The average production of biogas during the start-up phase is 281.17 NLupiogas.Kgcon
! and during the steady conditions phase is 104.93 NLpiogs.kgcop™. During the steady
conditions phase, the minimum and maximum biogas production are respectively 37.90
NLpiogas-kgcon™ at day 54 (OLR is 0.85 geop.L'.d!) and 298.10 NLyiogs.kgeon™ at day 130
(OLR is 2.26 gcop.Li1.d!). We observe that the production of biogas per kilogram of COD
added tends to increase: with an average of 58.13 NLuiges.kgcon™? over the period 43-53
days, 61.68 NLyioes.-kgcop™ over the period 54-63 days, 66.89 NLyioes-kgcon™ over the period
69-72 days, 82.74 NLyigs.kgcon! over the period 73-112 days, and 232.31 Liogs.kgcon ! over
the period 113-130 days. In the Table 7, for the calculation of the production of methane,
we assume that the percentage of methane in the biogas is 65% in the results following

the analysis of biogas on some samples, all samples must be analysed by chromatography

to obtain the proportion of gases for the entire study. Thereby, the specific methane
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production has an average of 37.79 NLcus.kgcon™ over the period 43-53 days and 151.00
NLcuskgeon™ over the period 113-130 days (Table 8). The maximum biogas production
is obtained with the maximum OLR tested of 2.26 gcop.L'.d'. The Table 7 shows also
the percentage of COD removal and the degradation index for each period delimited by
a change in OLR. During the start-up phase (the first two periods of the Table 7), the
COD removal has an average of 50%, and during the steady conditions phase, the COD
removal gradually increases from 64% to 85% with an average of 73%. Concerning the
degradability index, it varies from 0.16 to 0.81 during the steady conditions phase with

an average value of 0.37.

IV-.4.4.ii. The follow-up of the physico-chemical properties of the pilot

medium and the sludge analysis

Table 8: Physico-chemical properties of the pilot sludge

COoD VFA Am Alk

e Eoo. L' mg.L""  mg.L"  mgeacos L VFA/alk
109  7.469 5.48 2.85 53.1 10760 312 10685 1.01
117 7813 5.81 3.92 47.7 18500 226 14868 1.24
129 7428 - - 41.3 14900 224 13507 1.10

The Figure 5 regroups the graphics of the physico-chemical analysis of the effluent: the
ammonium, the VFA| the alkalinity, the VFA / Alk ratio, the pH, the COD and COD
removal, the TS, the VS and the VS / TS ratio. The Table 8 shows the maximum,
minimum and average values of physico-chemical analysis of the effluent during the start-
up period, and the Table 10 shows the values during the rest of the study. These values
must be taken cautiously because of the layer of sedimentation at the bottom of the
digester. Thus, the results correspond to the liquid phase of the pilot. As the test
progresses, the solid particles sediment and accumulate at the bottom of the pilot,
forming a mud. The mud is also present on the side walls as well as on the agitator. The
physico-chemical measurements on this mud were carried out. The measurements are
given in the Table 8. The COD, the VFA and the alkalinity of the sludge are higher
than the medium. The pH and the ammonium concentration of the sludge are in the
same range as the medium. Thus the recalcitrant COD and VFA accumulate in the
bottom of the pilot, but the pH is barely affected thanks to the increasing of the

alkalinity. Furthermore, the VFA concentration is two to three times that of the liquid
|
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anaerobic digestion of raw sugarcane vinas

medium, this means that the products of the acidogenesis accumulate in the mud, and
that organic loading is too high compared to the kinetics of acetogenesis reactions.
Indeed, under ideal digestion conditions, AGV production rates are compensated for by
the rates of consumption and thus there is no accumulation of AGV. Nevertheless, certain
conditions can cause imbalances: an organic overload, the presence of organic or inorganic

toxins, or temperature fluctuations [11].

Table 9: Maximum, minimum and average values of physico-chemical analysis of

the effluent during the start-up period

Start-up 0-45 days

Parameters :
Min Max Average

Ammonium mg.L! 314 511 425.4
VFA mg.L! 1980 5270 3751.8
Alkalinity mgCaCOs.L! 5594.4 5947.2 5770.8
VFA / Alk - - - -

pH - 7.10 7.50 7.32
COD g.L? 7.66 17.90 14.38
COD removal % 36.25 62.65 50.96
TS % 1.69 2.18 1.96
VS % 0.48 0.80 0.64
VS /TS - 0.25 0.37 0.32

Table 10: Maximum, minimum and average values of physico-chemical analysis of
the effluent at different OLR

46-72 days 13-112 days 113-130 days
Parameters Units  1.51 geop.L'.d? 1.88 geop.L.d™! 2.26 gcop.L1.d!
Min Max A* Min Max A* Min Max A*
Ammonium  mg.L! 297 380 325.6 284 313 297.6 217.0 298  260.0
VFA mg.L! 3230 5570 4037 3890 4350 4108 4510 6290 5123

Alkalinity Mg L' 5645 6653 6300 6602 7691 6931 6854 7268 6996

VFA / Alk - 049 0.87 0.65 0.56 0.65 0.59 0.65 087 0.73
pH - 735 751 746 740 7.59 7.54 746 7.60 7.53
COD g.L! 149 18.7 16.9 16.0 21.2 178 16.8 195 179
coD % 62.5 76.5 68.5 71.3 82.3 7838 82.7 85.0 84.3
removal

TS % 225 234 229 242 253 247 251  3.01 279
VS % 0.75 098 0.88 0.89 096 0.93 0.82 1.19 1.05
VS /TS - 0.33 0.42 0.38 0.37 0.38 0.38 0.33 043 0.38

I ———————
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*Average value

The Table 9 shows the maximum, minimum and average values of physico-
chemical analysis of the effluent during the start-up period. The Table 10 shows the

maximum, minimum and average values of physico-chemical analysis of the effluent at
different OLR.

The ammonium concentration (A) decreases during the start-up phase from 511
to 314 mg.L!, and stabilises during the steady-conditions phase with an average value of
310.45 mg.Li't. The VFA (A) increases during the start-up phase from 1,980 to 5,270
mg.L!) and stabilises during the following phase with an average value of 4,279.00 mg.L-
. Sludge was added in the digester between days 55 and 65, we note that the VFA
decreases from 4,310 to 3,230 mg.L'. Thus, the addition of sludge has the effect of
reducing the VFA concentration. The VFA and ammonium concentrations stabilised
over the period 46-112 days. However, when we increase the OLR from 1.88 to 2.26
geop.Lit.d! (113-125 days), we note an increase in VFA concentration from 4,570 to 7,260
mg.L*! and a decrease in ammonium concentration from 298 to 217 mg.L. This may lead
to inhibitions of digestion, we stop the increase of the OLR until these concentrations
stabilise. Despite the increase in the VFA concentration and the decrease in the
ammonium concentration, the biogas production increases significantly over this period,
from 73.67 to 285.29 NLpigs-kgecon. We conclude that these concentration variations do
not lead to inhibitions of the process, but on the contrary, favour the production of
biogas. However, inhibitions may occur if the VFA concentration continues to increase
and ammonium to decrease. Indeed the acclimation of the microorganisms and the
selection of the populations makes it possible to have a better resistance to the high
contents of AGV for a stability of the processes [11]. Compared to literature, the VFA
was between 3,570 and 7,850 mg.L-1 in the case of the digestion of vinasse [205].

The alkalinity (B) globally increase over the test period. It varies between 5,594
to 7,691 mg, ... L' The VFA / Alk ratio (B) varies from 0.49 to 0.87 with an average

value of 0.65 over the period 46-72 days. Then, it varies from 0.56 to 0.65 with an average
value of 0.59 over the period 73-112 days. Next, the ratio increases over the period 113-
130 with the augmentation of the OLR, the ratio varies from 0.65 to 0.87 with an average
value of 0.73. The minimum value follows the addition of sludge from day 54 to 63. The

VFA / Alk ratio above 0.8 may inhibit methanogenic archaea, of 0.3-0.4 indicates an
- |
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anaerobic digestion of raw sugarcane vinas

unstable system, and a ratio of 0.1-0.2 is appropriate [220, 225]. Compared to the ranges

of literature, we have an unstable system. However, the digester has only started for 130

days and the ratio decreases so we could be in appropriate conditions.
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Figure 5: Physico-chemical analysis in function of time (days) of the effluent: (A)
Ammonium and VFA, (B) Alkalinity and VFA / Alk ratio, (C) pH, COD and

COD removal, (D) TS, VS and VS / TS
o
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Chapitre IV : Start-up strategy and process performance of semi-continuous
anaerobic digestion of raw sugarcane vinas

The anaerobic digestion process occurs in the pH range of 6.0 to 8.3 [226]. Most
methanogens have an optimal pH between 7 and 8 while acid-forming bacteria often have
a lower optimum [226]. The pH (Fig. 5-C) of the influents were 7.57 for the sludge and
4.84 for the vinasse. Then, the pH of the medium varies between 7.10 and 7.50 during
the start-up phase with an average of 7.31. It varies between 7.35 and 7.60 during the
next phase with an average of 7.49. According to the graphic, we see that the pH
stabilises during the steady conditions phase. The pH remains stable over the period 113-
130 days despite the increase in VFA concentration during this period. Thus, the
alkalinity of the digestion medium is sufficiently important to guarantee the stability of
the pH. In most digesters, a neutral condition, as indicated by an average pH of 6.8-7.2,

is considered normal [225].

Concerning the COD concentration (C), the initial concentration of COD is 14.28
g.L't. During the start-up phase, small amount of vinasse was added, thus, the
concentration of COD in the pilot is mainly brought by the sludge. As in the BMP tests,
the maximum methane production of the blanks assays (sludge only) is reached in 43
days, we make the assumption that the COD of the sludge is fully consumed after 45
days (steady conditions phase). It slowly decreases between days 1 to 17 from 14.28 to
8.95 g.L't. Then, the COD concentration globally increases during the rest of the test
from 8.95 to 19.5 g.L'' with a maximum value of 21.20 g.L'tat day 73. We deduce from
this outcomes that the vinasse has a recalcitrant COD which will accumulate in the
digestion medium, unlike the sludge. However, this accumulation of organic matter does

not seem to affect the production of biogas since it increases over the test period.

In terms of the variation of TS and VS (D), both increase during the assay period.
The TS of the samples varies from 1.69% (day 5) to 3.01% (day 125) and the VS from
0.52% to 1.18% (day 125). The averages of TS and VS during start-up phase are
respectively 1.96% and 0.64%, and during the steady conditions phase are 2.45% and
0.92%. The ratio VS / TS (E) ranges from 0.25 to 0.42 with an average of 0.32 for the
start-up period and ranges from 0.31 to 0.43 with an average of 0.38 for the steady
conditions period. The TS and the VS increase on the period 113-130 days, respectively
from 2.51 to 3.01% and 0.82 to 1.19%, and the VS / TS ratio remains constant. As

previously said, it is the period with the maximum biogas production, which means that
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this augmentation of TS is due to the micro-organisms growth. Measures of biological

oxygen demand could confirm this hypothesis.

As we see on the graphic (Fig. 5-A), the VFA and ammonium concentrations do not
stabilise on the last period. Therefore, we need to continue the test until the

stabilisation of these parameters.

IV-5. Perspectives

In this work we obtained the results (biogas production and physicochemical
analysis) in the case of mono-digestion of vinasse without any pre-treatment and with
constant stirring. Thus, we have data on the physicochemical properties of the digestion
medium with the biogas yields. We now have a working pilot. We can vary a selectable
parameter to assess its impact on yields and properties of the digestion medium.
Thereafter, we will continue the increase of the OLR up to a value of 3 gvs.L1.d* as did
the authors cited in this article during their pilot studies. The broader perspectives will
be to study a pre-treatment of vinasse to improve the biogas yields obtained without
diluting the vinasse. The major interest is to limit water consumption in anaerobic
digestion plants. In addition, a study will also be performed on different modes of

agitation including intermittent agitation and the variation of the stirring intensity.

IV-6. Conclusion

The study showed that the first-order kinetic and the modified Gompertz model
fit well with the BMP test curves with a correlation coefficient respectively upper to 0.98
and 0.97. Concerning the I / S ratio, the outcomes demonstrated that a ratio in terms of
volatile solids lower than 1 (0.9, 0.7 and 0.6 ratios) gives the maximum methane yield
with a value of 185.59 NLcui.kgcon™ (I / S ratio of 0.7). Moreover, we retain a value of
0.29 days™ for the kinetic constant of the sugarcane vinasse. This parameter is useful for

the modelling of the anaerobic digestion process based on reactions kinetics.

In the present study, the biogas production and physico-chemical analysis are
given for the pilot test over a period of 130 days. The results showed that the start-up
period with vinasse sludge from the same distillery as the vinasse, lasted 45 days. Then

the physicochemical parameters and the biogas production were stabilised for each OLR.
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anaerobic digestion of raw sugarcane vinas

That said, although the physicochemical parameters have stabilised, the production of
biogas continues to increase. Indeed, with the increase of the pilot's age, the biogas yield
improves. The BMP of the vinasse was 185.59 NLcus.kgeon! and the average specific
biogas production of the last period (OLR of 2.26 gcop.L'.d!) of the test was 151.00
NLcuskgeon! (232.31 NLipiggas-kgcon™), which gave a degradability index of 0.81. The
maximum COD removal is 84.3%, it was obtained during the steady-conditions phase
(OLR of 2.26 gcop.L'.d!). We emphasise that the experimental results show that biogas
production can be optimised by varying the OLR. It would have been interesting to be
able to compare the biogas yields with different pilot start-up strategies, notably by
increasing the OLR more or less quickly in order to study the impact of the pilot's loading

rise in the start-up phase.

As the biogas yield gradually increased in pilot test, the OLR will be further
increased progressively in future studies; in order to avoid inhibitions. The objective is
the creation of a database for mesophilic mono-digestion of raw vinasse. The next step

will be to test different mixing conditions and pre-treatment on vinasse.
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Chapitre V

Study of the impact of mechanical agitation on
the performance of semi-continuous anaerobic

digestion of vinasse

Dans le chapitre précédent, le démarrage du pilote de laboratoire pour la digestion
anaérobie de la vinasse a été effectué avec une agitation minimale de 20 tr/min durant
15 min avant d’extraire le digestat et de nourrir. La consommation électrique de
I'agitation des digesteurs industriels étant un pole de consommation important. L'objectif
de ce chapitre, rédigé au format d’article scientifique, est donc de proposer une étude
expérimentale sur l'impact de l'intensité du mélange sur la digestion anaérobie de la
vinasse brute. Pour cela, des mesures globales et locales des propriétés physicochimiques
du milieu de digestion sont effectuées. L’expérimentation est menée pendant 365 jours.
Le mélange minimal est employé. Les intensités de mélange testées sont de 20, 30, 40, 50
et 60 tr / min. La relation entre les rendements en biogaz et les propriétés
physicochimiques du milieu est étudiée afin de comprendre l'impact de 1'agitation

mécanique sur la digestion anaérobie.

I ———————
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V-1. Abstract

Sugarcane vinasse is known as a recalcitrant waste in the context of anaerobic
digestion on one hand. For this reason, it is typically co-digested or diluted with large
amount of water. On the other hand, the electrical consumption of the agitation of
industrial digesters is important. Therefore, the aim of this paper is to propose an
experimental study on the impact of mixing intensity on the anaerobic digestion of raw
vinasse. For this purpose, global and local measurements of the physicochemical
properties of the digestion medium are performed. The experimental study is done with
a 16 L pilot during 365 days. The mixing mode is a minimal mixing, which consists in
15 min stirring before extraction/feed. The tested mixing intensities are 20, 30, 40, 50
and 60 rpm. The relationship between biogas yields and these properties makes it possible
to understand the impact of mechanical agitation. The biogas production gradually
increases for stirring intensities ranging from 20 to 60 rpm, with a maximum production
of 477 Lens.kgeon”. Finally, peaks in biogas production are observed during the stirring
change. In parallel, variation in VFA and ammonium concentrations are apparent.
Nevertheless, the local study allows to understand the impact of mixing on the whole
medium and to interpret the yields. Indeed, the homogenisation of the medium is known
thanks to these measurements. Furthermore, the local measurements show the location

of the acidic zones.

Keywords

Anaerobic digestion, vinasse, mixing conditions, experimental study

V-2. Introduction

The cultivation of sugar cane is predominant in Reunion Island with a cultivated
area of 27 000 ha [227]. Reunion Island is a region of France located in the Indian Ocean,
in a tropical environment. The molasses are directed to three distilleries for the
production of rum, 38% to the Savanna distillery, 59% to the Riviere du Mat distillery
and 3% to the Isautier distillery [227]. The vinasse is a waste generated during the alcohol
production. In 2000, approximately 150 000 t of the vinasse were produced [227]. All the

vinasse was previously diluted due to the potash content, then rejected in sea. However,

I ———————
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the rejection of vinasse may causes environmental pollution such as salinity, sodicity,
phytotoxicity, anoxia, eutrophication, death of aquatic life, and many severe health
problems due to its high pollutant content [40]. Faced with these risks, the distilleries
must treat the vinasse before rejecting it. Anaerobic digestion is an appropriate method
for treating this organic waste, as it reduces its pollutant content. This natural process
reduces the organic matter content of the waste while producing a biogas. During this
process; organic matters are digested by a set of bacteria in the absence of oxygen,
producing the digestate and biogas. The biogas produced, rich in methane, which is a
source of renewable energy. The biogas production from the vinasse has a large potential
[228]. Thus the Riviere du Mat (Reunion Island) distillery has developed an industrial
anaerobic digester for the treatment of its vinasse with energy recovery. In this context,
we wonder how to reduce the consumption of water for the treatment of vinasse while

optimising anaerobic digestion.

The sugarcane vinasse is a recalcitrant waste, which means that part of its organic
matter is hardly biodegradable. The consequences are that the treated vinasse will keep
a polluting organic fraction, and that the production of biogas will depend on its
degradation. Studies are therefore needed to optimise the anaerobic digestion of sugar
cane vinasse. Janke et al., 2015 assessed the kinetic challenges for biogas production from
different types of sugarcane waste [228]. The authors recommended biomass
immobilisation system for the anaerobic digestion of vinasse due to it low solid content
[228]. At industrial scale, the parameters are mostly: the OLR, the HRT and the stirring
conditions. Barros et al. (2016) carried out experimental study on the OLR in UASB
reactors [220]. Two pilot digesters were launched (21.5 and 40.5 L), in mesophilic
temperature, for 230 days, with different OLR [220]. Cabrera-Diaz et al. (2017) carried
out an experimental study on the anaerobic treatment of raw sugarcane vinasse in a
combined system [229]. The system consists in two reactors: UASB and APBR reactors
with respective working volumes of 4.3 L and 3.5 L [229]. The authors determined that
the optimum OLR was 12.5 kgcon.L'.days™ for the UASB reactor and 4.4 kgcon.L'.days
! for the APBR [229]. Moreover, it was concluded that the OLR had a major impact on
H2S emissions, so on the biogas quality [229]. In addition, the digestion medium is subject
to acidification during the anaerobic digestion of the vinasse [209]. For this reason, an
experimental study was conducted to compare yields for one- and two-step processes
209].
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The choice of the mixing conditions (mode, intensity and frequency) is an important
factor. It has been shown that that this parameter largely influences anaerobic digestion
[4, 5]. In fact, the process yield depends on the contact between the active microbial
community and the substrate. Agitation should be chosen so as to create this contact
without destabilising chemical reactions with too vigorous mixing [6]. The agitation of
the medium allows this contact and also impacts the physico-chemical parameters of the
medium such as the temperature, the pH or VFA concentration. Optimum physico-
chemical conditions are necessary to optimise the process and to avoid inhibitions. Van
Hulle et al. (2014) showed that at pilot scale (120 L), the mixing conditions (mixing and
non-mixing conditions) impact the methane production due to VFA accumulation [8].
The homogenisation of the medium also allows the reduction of dead zones in the digester
and promote heat transfer and mass within the digester [9]. Moreover, the agitation of
the digestion medium is at the origin of energy consumption which is directly linked to
operating costs. Indeed, up to 50 % of the consumption in biogas plant is due to mixing

[155]. It must therefore be chosen so as to minimise electric consumption.

The aim of this paper is to study the impact of the mixing intensity on the
performances of anaerobic digestion of raw sugarcane vinasse. In addition the effect of
mixing on the physico-chemical properties of the digestion medium is studied. This paper
follows a first study on pilot scalability where agitation was kept constant. Firstly, a
literature data on the experimental study of mixing is presented. Secondly the

experimental protocol of the study is presented. Lastly the results are discussed.

V-3. Literature review on experimental study of
mixing

It exists three types of mixing: gas lift mixing, impeller mixing and draft tube
impeller mixing. As the study is about impeller mixing, the literature review mainly
focuses on this mode of mixing. Various authors studied the impact of mixing on process

performance.

Stroot et al. (2001) studied the effect the mixing under various OLR during liquid
anaerobic digestion of municipal solid waste, primary sludge and waste activated sludge

in mesophilic conditions [230]. The authors showed that a reduction of level of mixing
I ——
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improved the performances [230]. Furthermore, at higher OLR, unstable performance
was obtained with continuous mixing contrary to minimal mixing [230]. Lastly, an
unstable, continuously mixed digester was quickly stabilised by reducing the mixing level
[230]. The authors concluded that a continuous mixing is not the most appropriate

mixing for the performance and causes inhibitions at higher OLR [230].

Vavilin and Angelidaki (2005) carried out an experimental study on the effect of
mixing on the anaerobic digestion of municipal household solid waste and digested
manure in mesophilic conditions. The authors observed that thanks to an agitation
described as "weak" (stirring table 58 revolutions per minute with a radius of 17 cm), the
initial methanogenic centers were conserved and extend within the digester, whereas in
the case of vigorous stirring (stirring table 105 times per minute with a length of 5 cm),
these centers were reduced in size and finally dissipated. The authors concluded that
when methanogenesis is the limiting step (at the launch of the digester) vigorous stirring
must be avoided, but when the hydrolysis step is limiting, greater stirring can improve

the production of methane and the degradation of solid particles [6].

Karim et al. (2005) studied the effect of mixing on anaerobic digestion of animal
waste. The effect of biogas recycling rates and draft tube height on the performance of
the six laboratory reactors were investigated. The authors observed higher methane vield
in unmixed reactors and for lower biogas recirculation rate. Moreover, they explained the
similar performances for mixed and un-mixed reactors because of the low TS content.

They assumed that the natural biogas production was sufficient to mix the medium [231].

A study was conducted on the impact of agitation mode on cow manure methane
production in laboratory (5 L) and pilot (800 L) scales. Three stirring strategies were
tested in this study: continuous (control), minimal (stirring for 10 min before extraction
/ feeding), intermittent stirring (stop stirring for 2 h before extraction / feeding).
Minimal and intermittent agitation resulted in an improvement in methane production
of 12.5 % and 1.3 % respectively compared with continuous agitation in the case of the
laboratory pilot. In addition, three stirring intensities were also tested from a laboratory
pilot (400 mL working volume): minimal (well shaken by hand for about 1 minute each
time a sample was taken), gentle (35 rpm), vigorous (110 rpm). The effect of the mixing

intensities showed that when the process was overloaded with a high substrate /

I ———————
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inoculum ratio (40 / 60), a gentle or minimal mixing was advantageous over the vigorous
mixing. On the other hand, with a low substrate / inoculum ratio (10 / 90), gentle

agitation was better [5].

Sindall et al. (2013) studied the effect of mixing at laboratory scale (working volume
of 6 L) during the anaerobic digestion of synthetic sludge. The authors studied various
mixing speed in different digesters after the time pilot launch (65 days): 0 rpm, 50 rpm
and 200 rpm. The biogas production was recorded for three retention times or until
failure. The authors recommended lower mixing speed (50 rpm) for improving biogas
production. They observed that a mixing speed of 200 rpm and no mixing led to major

reduction of biogas production [7].

Lindmark et al. (2014) carried out a literature review on the effects of mixing on
the anaerobic digestion process. In particular, the authors pointed out that the intensity
and frequency of agitation affect biogas yields. Moreover, they highlighted problems in
experiments due to start-up instabilities. The range of 50-100 rpm resulted in a good gas
production. In conclusion, further researches are needed for studyving the impact of mixing
on a chemical and microbial level and on the different step of the process. In addition,

the impact of mixing should be studied on various substrates and mixing modes [197].

Zhai et al. (2018) conducted out experimentations on the effect of mixing during
anaerobic digestion of dairy manure. Non-mixing and minimal intermittent mixing (5
min per day during feeding) with intensities of 50, 100 and 150 rpm were tested. The
results showed that the intensities of 100 rpm outperformed the other intensities. The
authors concluded that it exists a mixing intensity for an optimum methane production
10].

Nguyen et al. (2019) studied the impact of mixing on foaming, substrate
stratification, methane production and microbial community, during the anaerobic
codigestion of food waste and sewage sludge. Irregular distribution of COD and VS was
observed in the case of the lack of mixing. Moreover, the authors did not observe foaming
and stratification with internal circulation mixing. Concerning the microbial community,
the abundance of methanogens at the top was about four times higher than at the bottom
232].

I ———————
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This work aims to contribute to the understanding of the impact of mixing on
reactor performances. The literature showed that the stratification of the substrates due
to an inappropriate mixing may cause instabilities. Thus, the mixing strategy depends
on the type of substrate. In this paper, the effect of mechanical mixing on the physico-

chemical properties of the medium is investigated, during the digestion process.

V-4. Material and methods

V-4.1. Digestion process and pilot digester

We study the mesophilic monodigestion of raw sugarcane vinasse. The operating

parameters of the pilot are shown in the Table 1.

Table 1: Operating parameters

Parameter Unit Value
Temperature °C 37
Reactor volume L 16
Operating volume L 13.5
Fill height cm 15
Hydraulic retention time Days 36
Influent flow rate L.days! 0.375
Influent concentration - Table 4

The hydraulic retention time HRT is calculated by:

HRT = % (60)

Where WV is the working volume (m?®) and Q is the influent flow rate (m*days?).

The pilot is horizontal and cylindrical with a total volume of 16 L. It has a double
membrane in which water circulates to keep it at a constant temperature. A
thermostatically bath with water circulation is used to maintain the water at a given
temperature. The mechanical stirring can be set from 20 rpm to 100 rpm with a step of
10 rpm. The pilot is equipped with a security valve and a dial allowing to know the

temperature of the medium. The bucket counter MGC-1 V3.1 PMMA is used to measure
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the biogas produced volume with a measuring chamber volume of 3.18 mL, a minimum
flow of 1 mL/h and a maximum flow of 1 L./h. The pilot set-up and the impeller geometry

are shown in the Figure 1 and their dimensions in the Table 2.

16 L - Reactor Thermostatic bathtub : 37°C

Agitation system
20-100 rpm

Bucket Biogas storage pocket

Figure 1: Pilot set-up [[CEECC] and impeller geometry

I ———————
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Table 2: Digester and impeller dimensions

Digester dimensions

External diameter / internal diameter cm 27 /21
Membrane thickness cm 3
External length cm 52
Volume L 16
Number of blades - 2%2
Pale spacing cm 16.5
Axis diameter cm 1
Length cm 9
Width cm 3to b
Thickness mm 1

V-4.2. Substrate, inoculum and physicochemical analysis

The objective is to study the impact of mixing on the performance of the raw
vinasse pilot. Therefore, we choose to not add any chemicals to adjust the
physicochemical properties. We do not dilute the vinasse as it is done by many authors
205, 218, 220]. However, the vinasse studied in this paper comes from a distillery which
processes its vinasse by diluting it to optimise its production of biogas and to avoid the
instabilities of the process. In addition, the anaerobic digestion of the vinasse faced to
various inhibitions due to is low carbon content. For this reason, press mud [208], cellulose
and straw [205] are used as co-substrates. Moreover, the low pH of the vinasse could lead to

instabilities, and soda solution is added to alkalise the medium [208].

In this study, the pilot is already been running for 130 days. The experimental data
for this period are presented in Chapter IV. The launching of the pilot digester and the
increase of the organic load are detailed in Chapter IV. The pilot is already acclimatised
to the sugarcane vinasse from the distillery Riviere du Mat (Reunion Island). In this
study, we study the same substrate. The vinasse is stocked in a cold chamber at 4°C for
limiting the degradation of the substrate. It is stocked for a maximum of four months as
the sugarcane campaign does not last all year. Thus, a stock of sugarcane vinasse is
collected at the distillery every two months and physicochemical analysis are carried out
on each sample. The substrate and the inoculum are homogenised with the Ultra turrax

IKA T25 digital at 12,000 rpm for 10 min before the characterisation tests expect for the
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BMP test. The TS content is obtained after drying 20 g of the samples for 24 h at 105°C
and the VS content after burning the dried samples for 4 h at 550°C. The chemical tests
are conducted on the Hach Lange DR5000 Spectrophotometer, using the Hach Lange
tests LCK 914 (COD), LCK 381 (TOC), LCK 365 (VFA), LCK 303 (Am), LCK 362
(Alk) and LCK 338 (N).

Physicochemical monitoring is performed during the digestion at the moment of
feeding the pilot. At each feeding, 1500 mL of vinasse are added and 1500 mL of the
digestion medium are removed. A 60 mL global sample of the removed matter is taken

in order to get a sample of the global digester medium. This sample is called “Medium”.

Vinasse volume

——(#)[ AFTER stirring

L
.

n Volume

BEFORE and

AFTER stirring AGITATION

Figure 2: Operating procedure (T: Top, M: Middle, S: Sludge, A: Medium)

Furthermore, another aim is to evaluate the impact of mixing on the physicochemical
properties of the medium on the pilot's performance. Therefore, 60 mL local samples are
taken from the accumulated sludge at the bottom of the pilot, at the surface of the
medium and inside the pilot at 7 cm depth. The samples are respectively named “Sludge”,
“Top” and “Middle”. Samples are withdrawn before and after mixing in order to observe
the variation of the physicochemical properties of the fluid before and after the mixing.
Samples for local measurements are taken using a 30 mL syringe to control the location

of the sample, and to limit the modifications of the medium during the sampling.
|
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However, it remains impossible to perform the sampling at identical locations each time.

Taking a sample with a volume of 60 mL allows us to partially overcome this uncertainty.

V-4.3. Organic loading of the pilot

The total volume of the pilot is 16 L and the working volume of the pilot is around
13.5 L. It is fed with 1.5 L of raw vinasse every four days and the same volume of
digestate is retired for conserving the working volume. As the COD and TS content of
the vinasse vary during the sugar campaign, the OLR also varies but non-significantly.
We feed it rarely in order to avoid oxygen input in the digester. We show in the Table

3 the OLR in function of the sample of vinasse used:

The variation of VS content and COD is between the used sample and the previous
substrate sample. We note that the variation of OLR in terms of VS content is negligible
(3.15 %) whereas the variation in terms of COD is more remarkable (11.50 %) when we
move from vinassel sample to the sample vinasse2. Then, when we feed with the vinasse3,
the OLR in terms of VS and COD vary respectively by 15.27 % and 6.75 %. Globally,
the average values of OLR in terms of VS and COD are respectively 1.36 £ 0.13 gys.L-
Ldtand 2.38 £ 0.13 geop.L'1.d? with the standard deviation which respectively represent
9.55 % and 5.46 % of the average value.

Table 3: Feeding rate and influent concentration

, , , Average +
§ollen Vinassel Vinasse2 Vinasse3 stan;ird
08-2018 10-2018 12-2018 o
deviation
Period (days) 0-156 157-197 198-end -
Volume added / removed (L) 1.5 1.5 1.5 1.5+0
Feeding rate (L.days™) 0.375 0.375 0.375 0.375+ 0
OLR (gvs.L'.d?) 1.27 1.31 1.51 1.36 £ 0.13
OLR (gcop.L*.d?) 2.26 2.52 2.35 2.38 £ 0.13
Varlat.lon 1'n terms of VS (%) when ) 1315 e )
changing vinasse feedstock
Variation in terms of COD (%) when
- +11.50 -6.75 -

changing vinasse feedstock

I ———————
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As we want to study the impact of stirring on the process yield, we have to identify the
cause of the observed variations. Therefore, we do not perform the stirring change at the
same time as the vinasse change to separately identify the effects of these two causes of
yield variations. Thereby, when changing the vinasse, we expect the production to

stabilise before changing the intensity of the mechanical agitation.

V-4.4. Mixing conditions

The literature review showed that the homogenisation of the digestion medium is an
important factor in anaerobic digestion factor. The aim of this study is to evaluate the
impact of mixing on the biogas yield during the vinasse digestion. For this we have a
pilot digester whose characteristics have been exposed previously. Since we have one
unit, we must study the agitation regimes one after the other and not in parallel. We
expose ourselves to two situations that will impact the results. Firstly, the yield obtained
may be due to both the stirring regime applied but also to the previous stirring regime.
Secondly, the more the pilot's operating time increases, the more its stability increases,
so the improvement of a performance can be due to the agitation and stabilisation of the
process over time. It is therefore important to discuss the results carefully taking into
account all of these parameters. In order to interpret the produced results, the stirring
regimes are studied over a long enough time to allow the process to stabilise at each
stirring regime. In addition, we test the different intensities of agitation from the weakest
to the strongest. However, the aspect related to the impact of the pilot's age cannot be

avoided in this study configuration.

Since the launching of the pilot, the mixing condition applied is 15 min at 20 rpm
before the extraction/feed of the pilot (every four days). Therefore, as we change the
sample of vinasse, the mixing conditions are maintained for 10 days in order to ensure
that the process is not impacted by the variation of OLR. Then, we study the impact of
the mixing conditions by modifying only the intensity of mixing, conserving both the
mixing time of 15 min and the mixing frequency. The mixing intensity is slowly increased:
10 rpm each time. Furthermore, the duration of each mixing conditions is not defined at
the beginning of the experiment, it depends on the stability of the process. When the
production volume of biogas per kilogram of added COD is stabilised on the pilot's feed,
we change the intensity of the agitation.
-
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V-5. Results and discussions

V-5.1. Physicochemical properties

In the Table 4, the physicochemical properties of the inoculum and the vinasse
used are presented. The alkalinity, TOC, COD, ammonium and nitrogen concentrations
the TS and VS content of the vinasse2 are upper to those of the vinassel. Nevertheless,
the VFA concentration of the vinasse2 is lower to those of the vinassel. The Alk / COD
and C / N ratio of the vinasse samples are closed and the VFA / Alk ratio is more
variable with 17.91 for the vinassel and 7.59 for the vinasse2. The vinasse3 has the
highest value of TS and VS content and VFA concentration. In addition, the vinasse2
has the highest value of COD and ammonium concentration. Globally, the chemical
properties of the three vinasse feedstocks are closed but the analysis showed some
differences, mostly at the level of VFA concentration and alkalinity with a standard

deviation of 3,114 mg.L'! and 637 mgc.cos. L' respectively.

Table 4: Physicochemical characteristics of vinasse

Vinasse
Vinassel Averace value 4
Characteristics  Inoculum  08-2018  Vinasse2  Vinasse3 YOt FETHE =
(Chapter ~ 10-2018 122018 standard
V) deviation
Period (days) 0-156 157-197 198-300 -
BMP (NLcuskgeon') - 185.59 (Chapter 1V) -
TS % 3.67 7.09 7.97 8.50 7.85 +0.71
VS (Yosample) 2.21 4.88 5.04 5.78 5.23 +0.48
pH : 4.84 - 4.63 4.74 £ 0.15
COD goo. ! 37.20 86.70 96.80 90.10 91.2 +5.14
TOC mg.L! 12,670 29,875 30,900 - 30,388 £ 725
VFA mg.L! 8,390 19,360 15,237 21,340 18,646 + 3
Am mg.L? 45.53 37.40 44.93 33.90 38.74 £ 5.64
Alk mgcacos. L 9,107 1,080.86 2,007 2,302 1,796 + 637
N mg.L? 2,185 1,120.00 1,333 s 1,227 + 151
Alk / COD 0.25 0.01 0.02 0.03 0.02 + 0.01
VFA / Alk 0.92 17.91 7.59 9.27 11.59 + 5.54
C / N ratio 5.85 26.67 23.18 - 24.93 + 2.47
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V-5.2. Performances of the pilot

Biogas volume (L, kgcop™)
Biogas volume Ly ;... kgys™)

Production variation (%)
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Figure 3: Biogas production, production variation and mixing intensity of the pilot

The semi-continuous pilot is fed every four days. In average, the biogas production

is ended in three or four days, thus the biogas production due to the addition of 1.5 L is

finished when we feed the digester again. Consequently, we suppose that the obtained

biogas production within four days of feeding is due to the 1.5 L of added vinasse. As

specified in the materials and method sections, the only parameter modified is the

intensity of mixing, indeed the variation of biogas production is related to the change of

mixing intensity. However, it is important to note that biogas production also increases
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naturally with the age of the pilot. The consequence of the rise of intensity is the increase
of the homogenisation of the pilot medium, in particular, biomass, substrates and

physicochemical properties.

We show at the Figure 3, the biogas production of the pilot at different stirring
conditions. Each point corresponds to the production obtained when we feed the pilot
with 1500 mL of vinasse. The variation in biogas production from one feeding to another

as a percentage of production variation is also shown on the graph.

The period (0-114) days corresponds to the launching of the pilot. The detailed
results are presented in a previous chapter. We present in the Table 5 the minimum,
maximum and average production for this period. During this study, the mixing intensity
was constant. Therefore. the difference between the minimum and maximum production
is substantial. This is reflected in the value of standard deviation of 106 Lyiogas-kgcon™.
Moreover, the maximum production for this period is upper to others, this production
was obtained at day 43. Indeed, at this period, the biogas production was due to the

anaerobic digestion of both vinasse and sludge.

Table 5: Minimum, maximum and average biogas production (Liiogs.kgcop™) in

function of mixing intensity

Intensity Duration Minimum Max i mum

Period Alx + SD A2x + SD

(rpm) (days) production  production

Launching of the pilot
0-114
(Chapter IV) 2 114 38 396 1914106 -

Study of the impact of mixing intensity

115-161 20 46 236 329 268 + 29 270 £ 32
162-190 30 28 257 278 268 + 7 266 + 9

191-240 40 49 302 383 332 £ 27 332 £27
241-271 50 30 344 459 382 + 35 371+ 19
272-365 60 93 208 477 359 £ 58 355 £ 63

A1*: Average production; A2*: Average production without the first three values; SD*: Standard deviation

The average biogas production with the mixing intensity of 20 rpm and 30 rpm are
268 Luiogas-kgcop? with a standard deviation of 29 Liigs.kgeop® and 7 Liiogas.kgcop™

respectively. Thus, no remarkable variation in biogas production is observed when
-
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switching the intensity of mechanical agitation from 20 to 30 rpm (day 161). Regarding
the standard deviation, the production of biogas is more stable with a stirring of 30 rpm
than a stirring of 20 rpm. However, this greater stability can be due to the change of
agitation and the stabilisation of the pilot over time. Nevertheless, an increase in biogas
production is noted when switching from the agitation intensity of 30 to 40 rpm (day
190). Indeed, the biogas production ranges from 264 to 383 Lyisgs.-kgcon™ from day 190 to
206, which corresponds to an increase of 45 %. Then, the production slowly decreases,
but remains higher than the production obtained for stirring at 30 rpm. Thereby, this
punctual increase in biogas production following the increase in agitation intensity is due
to the return to the digestion medium of accumulated undigested material. The average
biogas production for this period is 332 Ly kgeon™. Thereby, as the average production
with an agitation of 40 rpm is higher than the production with lower agitation, we
conclude that the intensity of 40 rpm allows a better homogenisation of the digestion
medium allowing an increased production. Likewise, when we switch to 50 rpm, we
observe an increase in biogas production from 351 to 459 Liigs.kgcon! from day 240 to
248, which corresponds to an increase of 31 %. Afterwards, the production slowly
decreases t0 379 Luyiga.kgcop' with a minimum value of 344 Ly kgcon'. The average
biogas production for this period is 382 Lyiogs.kgcop', which is upper than the average
production during the previous period with a mixing intensity of 40 rpm. The last studied
mixing intensity is 60 rpm. From the Figure 3, we first observe a decrease in biogas
production when passing agitation at 60 rpm. Indeed, the biogas production varied from
379 Liiogas-kgeop at day 271 to 208 Liigas.kgeon at day 320, which is the minimum
production of this period. Second, the biogas production increased to 440 Liigs.kgeon™ at
day 365, with a maximum value of 477 Luisgs.kgcon™. The average production is 359
Liiogas-kgcop™ with a standard deviation of 58 Liiggs.kgeon™. The standard deviation is
higher for this period, it reflects the important variations in biogas production. The
duration (93 days) for the stabilisation of the biogas production is much longer with the
agitation at 60 rpm. However, once the latter has stabilised, the maximum production
exceeds the production previously obtained. During the agitation at 60 rpm of the pilot,
we notice that the biogas is not vet fully produced. The biogas production was reached
after 3 days at most for the preceding agitations whereas it is not yet completed for the

agitation at 60 rpm. In addition, during each stirring, biogas is produced. However, the
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production of biogas is greater during agitation at 60 rpm with a production of up to

half a litter against 200 mL at most for previous agitations.

In conclusion, the biogas production increases with the increase of mechanical
mixing intensity of 20 to 60 rpm. Moreover, a peak in biogas production is observed when
changing the mixing intensity, followed by a slight decline and the stabilisation of
production. Nevertheless, when we increase the stirring intensity to 60 rpm, we observe
no peak in the biogas production but a progressive decrease in biogas production with
very marked variations, followed by the increase of the production. A phase of
stabilisation of the biogas production was necessary before obtaining an improvement of
the yields. The initial biogas production reduction could reflect instability of the process
that can lead to its failure. In order to confirm or refute this hypothesis, it is necessary
to analyse the results on the evolution of the physicochemical parameters during the
anaerobic digestion. Thus, from these initial results, we can conclude that we obtain the
highest biogas yield for a 60 rpm agitation after thereabouts two months of process
stabilisation. In order to confirm these results, it would be interesting to run pilots in
parallel with different agitation intensities, to overcome the pilot's age on the results but
also the impact of the change of agitation. Indeed, depending on the age of the pilot, the
latter may be more resistant to inhibitions. The micro-organisms become more resistant
and the pilot's alkalinity increases. Thereby, the response to the change of agitation could
be different depending on the age of the pilot. Thus, the observations made depend on
the age of the pilot. The gradual increase in mechanical agitation has thus been able to
impact the increase in biogas yields. That is why it would be interesting to compare these

results with the results of a pilot with constant agitation over the same study period.

The variation of the VS content and removal VS are shown in the Figure 4.

I ———————
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Figure 4: Variation of the VS and removal VS during the process

The removal VS is calculated as follows:

VSR | :VsdigeSted *100 :Vsadded _VSmeasured *100 (61)
emoval

VSadded added
Where vs_,,, is the cumulated added VS content in the pilot and vs___ ., is the VS

content of the digestate.

It can be seen that the removal VS is upper than 80 % for the whole study with a
maximum value of 97.18 %. Both the removal VS and the VS content gradually increased

along the process.

The rest of the study focuses on physicochemical analysis of the medium during
digestion. The objective is on the one hand to know the optimal physicochemical

properties, and on the other hand to observe the evolution of its properties during
- - -
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changes in biogas production. Indeed, knowledge of the physicochemical properties of the
digestion medium as a function of biogas production makes it possible to anticipate the

dysfunctions of the digesters and to optimise the anaerobic digestion process.

V-5.3. Variation of physicochemical properties during the

digestion process in the liquid phase

In this section, the variation of physicochemical properties of the digestion medium
are presented, in particular, the alkalinity, the pH, the ammonium and VFA
concentrations and the VFA to alkalinity ratio. In fact, the first results demonstrated
that the mixing intensity has an impact on the biogas vield. In this part, the aim is to

study the impact of mixing on the global physicochemical properties of the medium.

V-.5.3.i. VFA and ammonium concentrations

The VFA are the products of the acidogenesis reaction, and the reagents of the
acetogenesis. Comparing the VFA concentration of the medium and the treated
substrate, we note a decrease in this concentration. From the Tables 4 and 6, the
average VFA concentration of the vinasse is 18.6 £ 3.1 g.L'' and that of the digestate is
7.80 £ 1.69 g.L!. Consequently, the high VFA concentration of the medium is due to the

substrate VFA concentration and incomplete degradation.
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Figure 5: Evolution of VFA and ammonium concentrations during the process

The variation of the VFA and ammonium concentrations are shown in the Figure
5. It can be seen that the ammonium concentration is higher and the VFA concentration
is lower at the beginning of the study, when the stirring intensity is 20 rpm. Then, when
changed it to 30 rpm, a fall in ammonium concentration occurs with an increase in VFA
concentration. The two concentrations then stabilised from the moment when the
intensity of agitation is 40 rpm. The variations observed when the intensity is 40, 50 and
60 rpm are progressive and not marked at the change. Thus, these measurements give
us information on the conditions of the pilot. in the sense that we can compare the
concentration ranges in VFA and ammonium concentrations with the performance of
-
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anaerobic digestion. In our study, the VFA concentration is between 8 and 10 g.L" except
at day 341 with a value of 5.48 g.L'!. In addition, the ammonium concentration is inferior
to 50 mg.L* for stirring intensity of 40, 50 and 60 rpm. Comparing biogas production
with variations in ammonium and VFA concentrations, we do not identify significant
variations that would explain variations in biogas production. In addition, despite the
increase in VFA concentration and the decrease in ammonium concentration, biogas

production is increasing globally.

. v = 0.0401x - 10.051 - v = -0.6519x + 359.48
R? = 0.6235 R? = 0.5701
Biogas production (L /kg..p) Biogas production (L, . /keg..p)
500 7 500 A
400 A 400
300 A 300
200 A 200
100 + 100
0 T T | 0 T T |
0 5000 10000 15000 0 200 400 600
VFA (mg/L) Ammonium (mg/L)

Figure 6: Biogas production in function of VFA concentration (A) and biogas

production in function of ammonium concentration (B)

The Figure 6 shows the biogas production in function of VFA concentration and
in function if ammonium concentration. The correlation coefficients are respectively (.63
and 0.57. The graphs show that the biogas production is more important for higher VFA

concentrations and for lower ammonium concentrations.

Janke et al. compared start-up strategies of anaerobic digestion of sugarcane filter
cake co-digested with bagasse [218]. Their work lasted 150 days and the physicochemical
measurements, including measurement of VFA and ammonium concentrations [218].

During their study, the concentration of VFA tends to decrease to reach a value close to
|
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0 [218]. However, they have VFA concentration peaks that reach at most about 2 g.L!
[218]. Concerning the ammonium concentration, they obtained a similar shape with a
progressive decrease of the concentration, which is inferior to 500 mg.L! at the end of
the experiment [218]. The differences between their values of VFA and ammonium
concentrations and our values can be explained by the differences between the treated
substrates. Souza et al. studied the thermophilic anaerobic digestion of raw vinasse at
pilot scale [233]. During their experiment (260 days), the maximum VFA concentration
was approximately 3 g.L' and the mean concentration during the last 50 days of

operation was 1.6 g.L! [233]. Therefore, their values were inferior to ours.

We conclude from the present study that agitation does not directly affect these
global concentrations, as there is no remarkable variation in VFA and ammonium
concentrations at the time of intensity changes, which are accompanied by a variation
in the production of biogas. Moreover, the optimal ranges of VFA and ammonium
concentrations are respectively 8 to 10 g.L-'and 0 to 50 g.L-". The optimal range of VFA
concentration is higher than those found in literature. It can be explained by the treated
substrate and the pilot age. In addition, we do have the nature of VFA. These higher

ranges could be explained by a high proportion of propionate.
V-.5.3.ii. Alkalinity and pH

The alkalinity and pH measurements are commonly done on biogas plant to detect
instabilities. These two parameters are linked. Indeed, the alkalinity is a measure of the
acid-neutralising capacity, which allows to obtain a stable pH. The variation of the

alkalinity and pH of the digestion medium are presented in the Figure 7.

The pH of the digestion medium is in the range of the anaerobic digestion optimum
pH, which is 6.0 to 8.3. In addition, it is also in the range of the methanogens optimum
pH, which is 7.0 to 8.0, almost throughout the study. Indeed, we can see that the pH is
punctually above 8 for two periods of agitation, 40 and 50 rpm. For the first stirring
intensity of 20 rpm, the pH slowly decreased from 7.54 to 7.124 and the alkalinity varied
from 6.905 to 8.568 gcacos.L'. Then, when we changed the intensity to 30 rpm, the pH
decreased to 6.99 and then increased to 7.70. In parallel, the alkalinity significantly
increased to 14.011 geacos. L. As a result of the increase in the intensity of agitation, the

pH of the medium has increased, without reaching an inhibitory value for anaerobic
|
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digestion. This is consistent with the variation of the alkalinity, indeed it also increases,
which is favourable to the process and allows the pH stabilisation. Indeed. for the rest of
the study, the pH stabilises between 7.5 and 8. Whereas the alkalinity oscillates between

10.8 and 17.5 gcacos.L! from day 180. A consequence of the increase in pH is an increase

in carbonate CO; ~ ions and thus an increase in the chemical capacity of the medium to
absorb COZ. The solubilisation of C02 is therefore higher as the pH increases.

Consequently, the COZ content of the biogas is expected to decrease
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Figure 7: Evolution of the alkalinity and pH of the digestion medium
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The Figure 8 presents the biogas production in function of the alkalinity (A) and
the pH in function of the VFA concentration (B). The correlation coefficients are
respectively 0.61 and 0.60. First, we observe that the biogas production in higher with
higher alkalinity. The result is logical because the medium alkalinity is favourable to
anaerobic digestion process. Second, the pH is higher with higher VFA concentration.
The average pH is around 7.4 for VFA concentration around 5 g.L."' and the average pH

is around 7.9 for VFA concentration around 10 g.L".

A y = 1.196x + 3.9797 y = 9E-05x + 7.0098
R2 = 0.6062 B R? = 0.6003
Biogas production (L, /kg.,p) pH
500 - 88 7
400 - 8.4 1
300 8.0 7
200 - 7.6 7
100 - 7.2
0 T T 1 68 | | 1
0 200 400 600 0 5000 10000 15000
Alkalinity (mg/L) VFA (mg/L)

Figure 8: Biogas production in function of alkalinity (A) and pH in function of
VFA concentration (B)

To conclude. the alkalinity notably increases with the stirring intensity of 30 rpm.
The pH is therefore less acidic with the increase of alkalinity. For the rest of the study,
the pH is stabilised around 8, while alkalinity increases gradually. The alkalinity of the
medium thus seems sufficient to guarantee a stable pH, despite the increase in VFA

concentration.

V-.5.3.iii. VFA to Alkalinity ratio (VFA / Alk ratio)

The VFA to alkalinity ratio is shown in the Figure 9. The first period corresponds

to the launching of the pilot. During this period, the mixing conditions do not vary and
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the loading rate is slowly increased. Thus, the variations in biogas production are due to
the increase of OLR. Likewise, the variations in the VFA / Alk ratio are due to the
change of OLR. The maximum ratio is observed at day 125 with a value of 1.06. This
ratio value reflects a VFA accumulation at this day, resulting from the change of organic
loading rate. Furthermore, peaks of the ratio are observed during the change of organic

loading rate in the pilot's launch phase but also at the change of mechanical agitation.

Lossie and Piitz (2008) recommend a ratio between 0.3 and 0.4 but still emphasise that
this ratio depends on the treated substrate and is therefore specific to each digester [234].
They recommend a long-term study to determine the optimal ratio for stable operation
[234]. In our study, the VFA / Alk ratio stabilised a range of 0.5 to 0.7.

VFA / Alkalinity ratio Biogas volume (L., kgcon™)
Launching Study of mixing intensity
1.20 A - 600
20 30 40 50 60 rpm
* : : : :
100 L o - 500
0.80 400
0.60 300
040 3 | L
§ i H : : : ;
0204 & e . - 100
LA o -
0.00 . . - — — . 0
30 80 130 180 230 280 330

Time (days)

Figure 9: Evolution of VFA / Alkalinity ratio during the process
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V-.5.3.iv. TS and VS contents

In the Figure 10, the TS and VS content are presented along the digestion process.
The average TS content of the sludge and the vinasse are respectively 3.67 and 7.85 +
0.71 %. We note that the TS content of the digestion medium is lower than the TS

content of the substrates.

TS (%). VS (%), VS / TS

y = 0.0046x 4 0.6107| |y = 0.0099x + 1.6883

2 2 _
20 - R? = 0.721 R? = 0.9296
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Figure 10: Evolution of TS content and VS content during the process
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The TS content variation is 0.31 % the VS content variation is 0.28 % over the period
during which the stirring intensity is 20 rpm. The TS content variation is 0.89 % the VS
content variation is 0.75 % over the period during which the stirring intensity is 30 rpm.
The TS content variation is 1.14 % the VS content variation is 0.85 % over the period
during which the stirring intensity is 40 rpm. The TS content variation is 1.11 % the VS
content variation is 0.73 % over the period during which the stirring intensity is 50 rpm.
The TS content variation is 1.60 % the VS content variation is 1.33 % over the period
during which the stirring intensity is 60 rpm. We observe that the TS and VS content
are growing during the process. Globally, the TS and VS content respectively increase
by 0.0099 and 0.0046 % per day. Moreover, we observe an increase of TS content with
constant stirring. Therefore, this augmentation is due to the accumulation of the solid
matters in the digester. In order to evaluate the influence of mixing on the TS and VS
content of the digestion medium, it is necessary to compare the values before and after
agitation. Indeed, the TS and VS content of the medium increase linearly despite the

mixing changes.
V-.5.3.v. Summary

The Table 6 recapitulates the maximum, minimum and average values of

physicochemical analysis of the effluent for each mixing intensities.

Table 6: Maximum, minimum and average values of physicochemical analysis of

the effluent at different mixing intensities

115-161 days 162-190 days 191-240 days

Parameters Units 20 rpm 30 rpm 40 rpm

Min Max A* Min Max  A* Min Max  A*
Ammonium  mg.L! 96.3 274.0 202.36 2.5 102.0 46.6 2.6 326 22.0
VFA gLt 438 7.26 5.29 472 846 6.81 787 10.83 8.94

Alkalinity  8ecoel! 685 857 7.33 811 14.01 10.88 12.60 19.70 14.56

VFA / Alk - 0.60 1.06 0.73 0.58 0.78 0.65 065 067 0.66
pH - 712 7.60 7.37 6.99 770 7.31 789 806 7.95
TS % 275 3.06 2.88 3.19 4.08 3.53 3,51 465 4.02
VS % 1.00 1.28 1.17 129 204 149 165 250 2.02
VS /TS - 0.35 043 0.41 0.35 050 0.42 041 054 0.50

I ———————
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241-271 days 272-365 days

. ) Average

Parameters Units 50 rpm 60 rpm

Min Max A* Min Max A¥* Min Max A¥*
Ammonium  g.L! 7.2 39.9 19.8 109 425 214 239 982 64.4
VFA gLt 7.18 10.07 8.96 548 10.65 9.02 593 945 7.80
Alkalinity 8ot 1159 1552 13.12  13.20 17.14 15.09 10.47 14.99 12.2
VFA / Alk - 0.60 0.74 0.68 0.42 072 0.60 0.57 0.79 0.66
pH - 783 825 7.93 771 834 7.8 751 799 7.69
TS % 3.65 4.61 4.34 3.73 534 4.78 337 435 3.91
VS % 1.40 212 1.91 1.06 239 1.88 1.28 2.07 1.69
VS /TS - 0.38 046 0.44 028 046 0.39 035 048 0.43

*Average value

V-5.4. Variation of physicochemical properties before and after
mixing

In this part, the results on the physicochemical properties at different points of the
pilot before and after stirring are presented. This study aims to identify the
physicochemical parameters impacted locally during agitation. Indeed, as the properties
throughout the pilot medium are not identical, the impact of mixing on the
physicochemical properties of the medium is worthy of interest. This exploratory study
allows us to follow the physicochemical parameters before and after the agitation period
(15 min) according to the intensities carried out. In this part, we recall that the local

samples were made using a syringe to better control the position of the sample.

V-.5.4.i. VFA concentrations

The VFA concentration before and after stirring is presented in the Table 7. On
an average, we notice an increase in VFA concentration after mechanical agitation for
the "Top" and "Middle" samples. Indeed, we obtain a variation of 0.47, 1.06, 1.81 and
4.11 g.L'* for the "Top" samples respectively for the agitations of 30, 40, 50 and 60 rpm.
A slightly higher increase is observed for the "Middle" samples with values of 3.82, 2.98,
0.26 and 1.39 gL' for the agitations of 30, 40, 50 and 60 rpm. We can thus conclude
that agitation causes an increase in the VFA concentration in the pilot's liquid phase. In
addition, the greater the intensity of agitation, the greater the increase in VFA

concentration is marked. Moreover, the increase in the VFA concentration is greater for

I ———————
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the "Middle" sample than for the "Top" sample, which suggests that the increase in the
VFA concentration is due to the delivery in the liquid phase of the VFAs present in the
sludge. Concerning the “sludge” samples, the VFA measured values show that the VFA
concentration is much higher in the sludge than in the liquid phase (both Top and Middle
value). The VFAs accumulate in the sludge. In addition, from the Figure 12, we find
that the difference in concentration between the samples "Sludge" and "Middle" is much
smaller after the stirring. It also appears that this gap increases with the increase in the
intensity of agitation. From this we deduce that the agitation allows to homogenise the
concentration of VFAs between the sludge and the lower part of the liquid phase.
Moreover, the VFA concentration increases or decreases depending on the days and the
standard deviations are larger. Therefore, we cannot conclude on a trend regarding the
evolution of the VFA concentration in the mud. This can be explained by two reasons.
First, taking the sample can affect the sludge and thus influence the VFA concentration
of the next sample, especially the samples collected after agitation. Second, it could reflect
the heterogeneity of the mud. As a result, for the remainder of the study, we sampled a
smaller number of mud samples (from day 240). Even if the mud analyses are very
heterogeneous, we can still note that it is on these samples that we obtain the largest
decreases in VFA concentrations. This reinforces the hypothesis that the increase in the
concentration of VFA in the liquid phase comes from the delivery into the liquid phase
of the VFA present in the sludge. Similarly, we obtain decreases in the VFA

concentrations that are higher for the quickest agitations.

The Figure 11 presents the difference between the VFA concentration of the
“Middle” sample and the “Top” sample before and after stirring. The difference between
these two measures reflects the heterogeneity of the VFA concentration. For stirring
intensities of 30 and 40 rpm, we can see that the difference between these two
measurements is about twice as great after stirring. The increase in this difference is due
to the increase in the VFA concentration of the "Middle" sample. Thus, the stirring is
not sufficiently powerful and does not allow homogenisation of the VFA concentration
in the pilot's liquid phase. The latter causes a delivery of the VFA in the liquid medium
without obtaining a homogeneous concentration. There is thus the creation of zones with
higher concentrations of acids, where the alkalinity of the medium will have to be large
enough to guarantee a stable pH. However, for the stirring intensity of 50 rpm, we observe

the opposite effect, the difference in VFA concentration is lower after stirring. It is also
-~ ]
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lower than the differences in VFA concentrations between the "Middle' and "Top'
samples of lower agitation intensities. From the Table 7, we can see that the VFA
concentration of the "Middle" sample after stirring varies very little when the stirring
change with the mean values 11.38, 10.42, 10.99 and 10.64 g.L! for stirring intensities of
30, 40, 50 and 60 rpm. While the VFA concentration of the "Top" sample after agitation
increases with the average values 5.39, 6.69, 8.09 and 10.08 g.L". Thus, the reduction in
the difference between “Top” and “Middle” concentrations after stirring (Figure 11) is
due to the increase of the VFA concentration at the top of the pilot. We can therefore
conclude that lower agitation intensities do not suffice to homogenise the VFA
concentration in the upper part of the pilot's liquid phase. In addition, the higher the
intensity of the agitation, the more the VFA concentration in the pilot will be
homogeneous. The pilot will thus be less subject to local inhibitions due to high
concentrations of VFA in the case where the alkalinity of the pilot is not sufficiently

important.

By comparing local VFA concentrations and biogas production, we find that biogas
production decreases when the agitation intensity of 60 rpm is applied. Thus, this
decrease could be explained by inhibitory VFA concentrations in the digestion medium.
Indeed, the overall measurements of the medium show that the concentration of VFA is
stable in the pilot. This shows the importance of local monitoring of VFA concentrations

at the pilot scale.

Table 7: Variation of VFA concentration (g.L!) before and after the mixing

Before agitation After agitation Variation

DEVES

Top Middle Sludge Top Middle  Sludge Top Middle  Sludge
30 rpm (161-190 days)

161 497 - - 5.67 - 18.10 0.70 - -

165 - - 26.90 - - 21.90 - - -5

185 4.87 7.56 19.50 5.10 11.38 22.10 0.23 3.82 2.60

A* 4.92 7.56 19.50 5.39 11.38 20.10 0.47 3.82 -1.20

SD** 0.60 - - 040 - 2.83 0.33 - 5.37
40 rpm (190-240 days)

190 5.74  5.76 17.85 6.33 8.46 23.15 0.59 2.7 5.3

194 543 5.89 37.35 6.43 9.30 18.60 1.00 3.41 -18.75

198 6.25 5.74 14.40 6.55 11.89 14.75 0.30  6.15 0.35

202 6.02 11.43 - 7.47 11.10 - 145  -0.33 -
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236
A*
SD**

240
244
248
267
A*
SD**

271
361
A*
SD**

4.71
5.63
0.60

7.87
5.35
5.56
6.32
6.28
1.14

6.25
5.70
5.98
0.39

7.03
2.82

9.27
12.56
14.14
6.97
10.74
3.23

6.67

11.82
9.25
3.64

18.75 6.65 11.34 30.60
22.09 6.69 10.42 21.78
10.35 0.45 1.46 6.81
50 rpm (240-271 days)
68.30 6.44 11.44 23.85
- 7.74 11.94 -
- 8.23 9.21 -
- 9.94 11.37 -
68.30 8.09 10.99 23.85
- 1.45 1.21 -
60 rpm (271-365 days)
- 10.03  10.52 -
22.90 10.13  10.75 17.85
22.90 10.08 10.64 17.85
- 0.07 0.16 -

*Average value, **Standard deviation
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Figure 11: Difference between “Middle” and “Top” VFA concentrations before and
after agitation (A 30, A 40, A 50 and A 60: differences between the average
values for 30, 40, 50 and 60 rpm)
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Figure 12: Difference between “Sludge” and “Middle” VFA concentrations before
and after agitation (A 30, A_40, A 50 and A_60: differences between the
average values for 30, 40, 50 and 60 rpm)

In conclusion, agitation influences the pilot's local VFA concentrations. The VFA
concentration tends to increase in the liquid phase and decrease in the sludge. By
comparing the VFA concentrations before and after stirring but also at different locations
of the pilot, we can conclude that the homogenization of the VFA concentration in the
pilot is favoured by a greater stirring. Furthermore, knowing the VFA cause instabilities
digesters, precautions must be taken in agitating a digester wherein it is accumulated
mud. Indeed, the experimental results show that the VFAs present in the sludge are
being resuspended in the liquid phase during stirring. Another solution to avoid pilot
intoxication by acidification would be to remove the accumulated sludge before applying
agitation. It would be interesting to study this solution experimentally in order to study

its impact on pilot yields.
V-.5.4.ii. Ammonium concentration

The variations of ammonium concentration before and after mixing for each stirring

intensity are presented in the Table &.
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Table 8: Variation of ammonium concentration (mg.L') before and after the

mixing
Days Before agitation After agitation Variation
Top Middle Sludge Top Middle  Sludge Top Middle  Sludge
30 rpm (161-190 days)
161 165 - - 223 - 100 58 - -
165 - - 23.8 - - 60 - - 36.2
185 26.5 119 24.8 140 21.7 36.1 113.5 -97.3 11.3
A* 95.8 119 24.3 181.5 21.7 63.4 85.8 -97.3 11.3
SD** 97,9 - 0.70 58.69 - 32.59 39.24 - 23.75
40 rpm (190-240 days)
190 1.90 5.05 78.3 3.21 6.96 29.5 1.31 1.91 -48.8
194 2.36  3.00 33.7 3.84 6.61 30.6 1.48 3.61 -3.1
198 1.73  2.02 24.0 3.29 9.66 29.0 1.6 7.6 5
202 2.19 8.78 - - 8.02 - - -0.8 -
236 55.3 - 17.6 4.19 16.9 59.4 -51.1 - 41.8
A¥* 12.7 4.7 38.4 3.6 9.6 37.1 -11.7 53.9 -1.3
SD** 23.8 2.99 27.4 0.47 4.23 14.87 26.28 6.88 37.22
50 rpm (240-271 days)
240 33.4 147 41.8 75.6 39.1 16.0 42.2 24.4 -25.8
244 2.3 10.1 - 6.81 19.5 - 4.5 9.4 -
248 1.9 11.3 - 48.9 35.8 - 47 24.5 -
267 352 25.0 - 26.6 9.7 - -8.6 -15.3 -
A* 18.2 15.3 41.8 39.48 26.03 16 21.28 10.75 -25.8
SD** 18.6 6.77 - 29.59 13.85 - 27.53 18.76 -
60 rpm (271-365 days)
271 33.7  26.1 - 15.1 11.6 - -18.6  -14.5 -
361 249 19.0 18.5 18.8 18.9 31.7 -6.1 -0.1 13.2
A* 29.3 22.6 18.5 17.0 15.3 31.7 -12.4 -7.3 13.2
SD** 6.22 5.02 - 2.62 5.16 - 8.84 10.18 -

*Average value, **Standard deviation

V-.5.4.iii. Alkalinity and pH

The alkalinity before and after mixing of “Top”, “Middle” and “Sludge” samples is

presented in the Table 9. For all the agitations, the sludge has the highest alkalinity,

then comes the sample "Middle" and finally the sample "Top". Therefore. the deepest

areas of the digester are the most alkaline. Comparing the alkalinity values before and

after stirring, we see an increase for “Top” and “Middle” samples. Concerning the
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“Sludge” sample, alkalinity increases in some cases but decreases in most cases studied.
We can therefore conclude that the agitation influences the homogenisation of the
alkalinity within the pilot. Initially, the alkalinity of the upper zones is lower, but
increases with agitation accompanied by a decrease in the alkalinity of the lower zones.

Even though the alkalinity remains much higher in the mud.

Table 9: Variation of alkalinity (gcacos.L?) before and after the mixing

Before agitation After agitation Variation
Top Middle Sludge Top Middle Sludge Top  Middle Sludge
30 rpm (161-190 days)

Days

161 7.95 - - 8.57 - 14.59 0.62 - -
165 - - 18.07 - - 22.13 - - 4.06
185 9.23 11.69 19.68 9.21 17.04 23.11 -0.02  5.35 3.43
A* 8.59 11.69 18.88 8.89 17.04 19.94 0.3 5.35 3.75
SD** 0.91 - 1.14 0.45 - 4.66 0.45 - 0.45
40 rpm (190-240 days)
190 11.79  12.80 16.71 12.90 15.12 37.04 1.11 2.32 20.33
194 12,50  13.51 56.45 12.00  14.52 24.34 -0.5 1.01 -32.11
198 12.30 15.22 29.74 15.12  20.06 27.97 2.82 4.84 -1.77
202 14.92  18.35 - - 17.74 - - -0.61 -
236 9.45 - 20.39 11.29  16.43 26.21 1.84 - 5.82
A* 12.19 14.97 30.82 12.83 16.77 28.89 1.32 1.89 -1.93
SD** 1.95 2.47 17.94 1.66 2.21 5.63 1.40 2.30 22.10
50 rpm (240-271 days)
240 10.69 11.29 27.47 12.40 14.11 22.88 1.71 2.82 -4.59
244 10.69 14.01 - 1290 15.22 - 2.21 1.21 -
248 11.39  14.92 - 12.20  13.00 - 0.81 -1.92 -
267 11.79  15.02 15.22  14.21 - 3.43  -0.81 -
A* 11.14 13.81 27.47 13.18 14.14 22.88 2.04 0.33 -4.59
SD** 0.54 1.74 - 1.39 0.91 - 1.09 2.11 -
60 rpm (271-365 days)
271 12.20  15.12 - 15.73  15.12 - 353 0 -
361 11.69 14.31 11.09 12.70  14.62 34.52 1.01 0.31 23.43
A* 11.95 14.72 11.09 14.22 14.87 34.52  2.27 0.15 23.43
SD** 0.36 0.57 - 2.14 0.35 - 1.78 0.22 -

*Average value, **Standard deviation

The variation of pH before and after agitation at different height of pilot is
presented in the Figure 13 and the Table 10. Globally, the pH before and after stirring
-
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for “Middle” and “Top” samples are similar with some exceptions. Indeed, we observe a
decrease in pH after stirring for both samples between days 200 and 210 and increases
at days 272 and 330. The Table 10 shows that the difference in pH between “Top” and
“Middle” samples slightly increases with stirring. However, this difference is lower at 60
rpm, thus this stirring allows the homogenisation of the pH. Moreover, the difference in
pH between after and before stirring is higher for “Middle” sample than “Top” sample.
We also note that this difference is higher for higher mixing intensities for both samples.
Therefore, the agitation impacts locally the digestion medium. An adapted stirring mode
is crucial to avoid acidic zones in the pilot. These measurements also reflect the impact

of mixing on the local VFA concentrations.

Table 10: Differences between the pH of “Top” and “Middle” samples before and
after the mixing and differences of the pH after and before agitation of “Top”

and “Middle” samples

pH after agitation minus pH

Top pH minus Middle pH

Mixing before agitation
intensity  Before agitation After agitation Top Middle
A* St A* SiDE A* Sipits A* Sipt

30 rpm -0.01 0.03 0.12 0.01 0.02 0.00 -0.10 0.04
40 rpm 0.05 0.06 0.06 0.07 0.01 0.13 -0.01 0.16
50 rpm 0.03 0.02 0.09 0.18 0.10 0.23 0.04 0.15
60 rpm 0.04 0.05 -0.03 0.20 -0.44 1.94 -0.38 1.95
Average 0.03 0.04 0.06 0.12 -0.08 0.57 -0.11 0.57
SD** 0.03 0.02 0.06 0.09 0.24 0.91 0.19 0.92

*Average value, **Standard deviation
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Figure 13: Variation of the pH before and after agitation of “Top” and “Middle”

samples in function of time
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V-.5.4.iv. TS and VS contents

The Tables 11 and 12 outline the variation of TS and VS content before and
after mixing. Both the average TS and VS content of “Top” and “Middle” samples
increases after stirring. Comparing the variation in TS content for each mixing
intensities, we observe and increase in variation for “Top” sample with the increase of
mixing intensity. In contrary, we note a decrease for “Middle” sample with the increase
of mixing intensity. We notice the same trend for the VS content of “Top” and “Middle”
samples. Therefore, agitation allows to resuspension the solid matters present in the lower
part of the digester. Measurements on the sludge are less numerous, so no trend is
identifiable as to the impact of the agitation. Logically, the TS and VS content of the
sludge should decrease but we observe an increase at days 185, 190, 198 and 361. As
previously said, the sampling in mud at two identical locations affects the sludge, which

explains the experimental results obtained.

Table 11: Variation of TS (%) content before and after the mixing

Before agitation After agitation Variation
Top Middle  Sludge Top Middle  Sludge Top Middle  Sludge
30 rpm (161-190 days)

Days

161 3.01 - - 3.06 - 6.85 0.05 - -
165 - - 8.44 - - 8.06 - - -0.38
185 3.32 3.90 7.86 3.45 5.24 8.67 0.13 1.34 0.81
A* 3.17 3.9 8.15 3.26 5.24 7.86 0.09 1.34 0.81
SD** 0.22 - 041 0.28 - 0.93 0.06 - 0.84
40 rpm (190-240 days)
190 3.28 3.30 7.22 3.38 4.14 7.49 0.1 0.84 0.27
194 3.38 3.36 8.53 3.76 4.27 7.63 0.38 091 -0.9
198 3.36 3.41 7.10 3.70 5.12 8.07 0.34 1.71 0.97
202 3.45 4.80 - 3.87 4.72 - - -0.08 -
236 3.63 4.55 9.84 4.02 6.17 9.88 039 - 0.04
A* 3.42  3.88 8.17 3.75 4.88 8.27 0.30 0.85 0.10
SD** 0.13 0.73 1.29 0.24 0.82 1.10 0.14 0.73 0.77
50 rpm (240-271 days)
240 3.63 4.55 9.84 3.97 5.54 9.27 0.34  0.99 -0.57
244 3.63 5.11 - 4.58 5.79 - 0.95 0.68 -
248 3.88 5.44 - 4.62 5.12 - 0.74  -0.32 -
267 3.72 4.27 - 4.73 5.34 - 1.01 1.07 -
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A*
SD**

271
361
A*
SD**

3.72
0.12

3.71
3.7
3.73
0.02

4.84
0.53

4.03
5.62
4.83
1.12

9.84

7.86
7.86

9.27

10.50
10.50

4.48 5.48
0.34 0.29
60 rpm (271-365 days)
5.14 4.91
5.21 5.44
5.188 5.18
0.05 0.37

*Average value, **Standard deviation

0.76
0.30

1.43
1.47
1.45
0.03

0.61
0.64

0.88

-0.18
0.35
0.75

-0.57

2.64
2.64

DEVES

161
165
185
A*
SD**

190
194
198
202
236
A*
SD**

240
244
248
267
A*
SD**

271
361
A*
SD**

Table 12: Variation of VS (%) content before and after the mixing

Before agitation

Top

0.85
1.33
1.09
0.34

0.94
1.00
1.00
1.02
1.33
1.06
0.15

1.33
1.29
1.46
1.40
1.37
0.08

1.38
0.96
1.17
0.30

Middle

0.55
0.84
0.86
1.72
1.79
1.15
0.56

2.04
2.44
2.76
1.77
2.25
0.44

1.61
2.34
1.98
0.52

Sludge

5.67
4.94
5.31
0.52

4.32
5.11
4.08
5.11
4.66
0.53

6.04

4.35
4.35

After agitation

Top

Middle

Sludge

30 rpm (161-190 days)

1.14 - 4.29
- - 5.39
1.35 1.35 5.38
1.25 1.35 5.02
0.15 - 0.63

40 rpm (190-240 days)
1.14 1.74 4.35
1.47 1.84 4.43
1.38 2.52 4.88
1.56 2.12 -
1.65 3.35 5.61
1.44 2.31 4.82
0.20 0.65 0.58

50 rpm (240-271 days)
1.61 2.85 5.61
2.09 3.01 -
2.11 3.11 -
2.09 2.67 -
1.98 291 5.61
0.24 0.19 -

60 rpm (271-365 days)
1.24 1.81 -
2.38 2.51 6.17
1.81 2.16 6.17
0.81 0.49 -

*Average value, **Standard deviation

Top

0.29

0.02
0.16
0.19

0.2
0.47
0.38

0.32
0.34
0.11

0.28
0.80
0.65
0.69
0.61
0.23

-0.14
1.42

0.64
1.10

Variation
Middle

Sludge

-0.28
0.44

0.08
0.51

0.03
-0.68
0.8

0.5
0.16
0.64
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Chapitre V : Study of the impact of mechanical agitation on the pe

V-6. Conclusion

This paper showed that the change in mixing intensity impacts the process yield
and global and local physicochemical parameters. In this study, the biogas production
gradually increases for stirring intensities ranging from 20 to 60 rpm, with a maximum
production of 477 Lens.kgeon™. Moreover, peaks in biogas production are observed during
the stirring change. In parallel, variation in VFA and ammonium concentrations are
apparent. It also appears that anaerobic digestion process is more destabilised for higher
agitation intensities. However, after a stabilisation period, the process yield is improved.
The monitoring of global physicochemical parameters provides information on the state
of the digestion process. Nevertheless, the local study allows to understand the impact
of mixing on the whole medium and to interpret the yields. Indeed, the homogenisation
of the medium is known thanks to these measurements. Furthermore, the local
measurements show the location of the acidic zones. The mechanical agitation on an

industrial scale can be adapted with local measurements study.

In perspectives, experimental studies must be done in larger scale in order to know
if similar yield variations are observed. Moreover, it could be interesting to launch pilot
tests in parallel to overcome the impact of the pilot's age on outcomes. In this paper,
only the mixing intensity was changed, therefore, the impact of the mixing frequency
and duration are also worthy of interest. Indeed, in large scale unit, the agitation of the
medium causes important energy consumptions, thus these studies will allow to choose
the minimum mixing (intensity, rate, etc.) to be used to guarantee biogas vields while

limiting the energy consumption of the unit.
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Chapitre VI

CFD simulation of mechanical mixing in

anaerobic digester

Les chapitres précédents ont porté sur 'étude expérimentale de la digestion
anaérobie de la vinasse a 'échelle d'un pilote de 16 L. Nous avons notamment étudié
I'impact de l'agitation mécanique sur les rendements du processus de digestion. Les
résultats obtenus ont montré que l'intensité de I’agitation influe les rendements. Au cours
des expérimentations, nous avons pu caractériser les propriétés physicochimiques du
milieu. Dans ce sens. nous souhaitons apporter un niveau de description du milieu

supplémentaire en utilisant des modéles numériques décrivant les écoulements.

L’objectif de ce chapitre, rédigé au format d’article scientifique, porte ainsi sur la
compréhension des écoulements au sein du digesteur. Pour cela, nous avons recours a la
CFD. Cet outil, appliqué aux digesteurs anaérobies, nous permet de comprendre et
caractériser les écoulements selon l'agitation employée. Dans un premier temps nous
mettons en exergue les inhibitions de la digestion anaérobie et I'intérét de la CFD pour
I'optimisation de la digestion anaérobie. Dans un deuxieme temps, nous présentons les
premiers résultats de simulations CFD d'un digesteur agité mécaniquement a différentes

intensités d’agitation pour un cas Newtonien.

I ———————
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VI-1. Abstract

Anaerobic digestion is a widely used process for waste treatment, such as manure,
sludge or biowaste. On laboratory or industrial scale, a stirring system is used in order
to enhance mass and heat transfers. The stirring can be done by recirculation of gas or
leachate or mechanical system. The understanding of the flows during the agitation of
the medium is crucial for the optimisation of the mixing system. In this study the context
of work and the Reynolds-averaged Navier-Stokes (RANS) simulations of mechanical

agitation of Newtonian fluids for different mixing intensities are presented.

Keywords: Anaerobic digestion, computational fluid dynamics (CFD), Newtonian,

mechanical mixing.

VI-2. Introduction

Anaerobic digestion is a widely used process for waste treatment, such as manure,
sludge or biowaste. Anaerobic digestion is based on the digestion of the material by four
groups of microorganisms successively. The chemical reactions and the microorganisms
involved in each reaction are explained in the Figure 1. Therefore, the contact between
the material and each group of microorganisms must be guaranteed in order to promote
the production of biogas. Otherwise, an accumulation of intermediate products could

lead to the failure of the process.

On laboratory or industrial scale, a stirring system is used in order to enhance mass
and heat transfers. The stirring can be done by recirculation of gas or leachate or
mechanical system. The understanding of the flows during the agitation of the medium
is crucial for the optimisation of the mixing system. According to the agitation mode
used, the medium can be well-agitated or there might be the presence of dead zones. The
two main issues are the following. First, to promote the anaerobic digestion process, it is
necessary to limit the volume of dead zones without stirring too vigorously. In the dead
zones, the organic matter could be not digested due to the absence of contact between
the substrate and each group of micro-organisms. In this sense studies are being
conducted to evaluate the volume and the position of dead zones with the aim of reducing

their volumes [42, 79, 167]. Second, in the case of mixed zones, the velocity field must be
|
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Chapitre VI : CFD simulation of mechanical mixing in anaerobic digester

chosen to prevent the destruction of the methanogenic centers and to allow the chemical
reactions. Moreover, the mixing should ensure the homogenisation of the temperature
and the digestion medium. As a consequence, the biogas yield depends on the chosen
stirring system. In fact, there is thus optimal agitation for anaerobic digestion. It will
depend in particular on the geometry of the digester, the stirring system used as well as

the substrate.

COMPLEX POLYMERS

Cabohydrates, Proteins, Lipids

Hydrolytic and

HYDROLYSIS fermentative bacteria

SOLUBLE ORGANIC MOLECULES

Sugars, amino acids, fatty acids

ACIDOGENISIS Acidogens bacteria

k.

Acetogens bacteria

17 Volatile fatty acids, alcohols, acetate 1 ACETOGENISIS

HOMOACETOGENISIS
H.. OO * > Acetate
Homoacetogens bacteria
COs reducing _ . Acetoclastic
METHANOGENISIS
methanogens archaea methanogens archaea
CH,. CO. -+

Figure 1: Anaerobic digestion process

As a matter of fact, depending on the waste or the treated waste mixture, the
properties of the digestion medium will be different. Consequently, the waste
characterisation is crucial. In this work, the literature data are used. In the case of liquid
digestion, defined by a solids content of less than 15%, the medium may also have a
Newtonian or non-Newtonian behavior. The behavior of the fluid has a direct
consequence on the flows within the digester. Depending on the waste, the digestion
medium will also have a different viscosity. Viscosity is the term for the resistance of a

fluid to flow and motion. In order to model the flows within a digester, it is therefore
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necessary to know both its technical characteristics (geometry, stirring mode) but also
the rheology of the digestion medium. All these choices will have an incidence on the

mechanical energy and thus on the expended electrical energy to produce methane.

The CFD simulations thus allow to analyse the flows within a digester by
considering the treated waste insofar as we possess the rheological data of the latter. In
the literature, the CFD models developed are based on the Reynolds-averaged Navier-
Stokes (RANS) equations, the large eddy simulation (LES) as well as direct numerical
simulation (DNS). DNS method provide the more precise results by solving directly the
Navier-Stokes equations but it is also the most time-consuming method. RANS and LES
methods are both used by many authors. LES method is more time-consuming than
RANS method but provide more accurate outcomes. For example, Fan et al. used RANS
method for simulating the hydrodynamic behaviours in a stirred tank [147], and Foukrach
et al. employed RANS method for studying mixing performance in a gas-mixed anaerobic
digester [173]. In the current work, the RANS method is used, closed with the standard
k-epsilon turbulence model. Simulations for different stirring intensities are carried out

in order to study the flows and the volume of dead zones in function of mixing intensity.

In perspectives, the simulations results will be confronted with experiments [235]
and Wu simulations [77] in order to provide validation elements. This work constitutes
a first step: the modelling of the flows of a Newtonian fluid, homogeneous and
incompressible with mechanical agitation. The second step will consist in the
consideration of the multiphase aspect of the digestion medium and the integration of
the sedimentation phenomena. Sedimentation leads to the formation of sludge at the
bottom of the digester. Furthermore, biofilms formation occurs at the walls. This raises
the question of the stirring conditions inducing the accumulation / return of the sludge
in the medium and the formation / detachment of the biofilm; and the effects on biogas

yiclds.

These de doctorat, Héléne Caillet, Novembre 2019 174



Chapitre VI : CFD simulation of mechanical mixing in anaerobic digester

VI-3. Context of the study carried out

VI-3.1. Inhibition and failure risks in anaerobic digestion

Various phenomena can destabilise the process of anaerobic digestion lowering it to
complete failure of the biogas production. Anaerobic digestion is subjected to inhibition

or failure risks due to the following reasons:

1. While the hydrolysis phase is largely considered as the rate-limiting phase for complex
organic, intermediate product concentrations like free ammonia, volatile fatty acids and
sulphide/sulphate can lead to inhibitions. Methanogenesis can also be considered like a
rate-limiting phase [236] for easily biodegradable substrates. Total nitrogen concentration
measured on the vinasse is approximately 2000 mg.L-1, which is relatively high for
anaerobic digestion. Although this concentration is relatively high, anaerobic digestion is

possible if the micro-organisms are acclimatised to the substrate [237].

2. For liquid anaerobic digestion (TS < 15%), inhibitions can occur because of an uneven
distribution of biomass and substrates, the intensity and duration of the mixing as well
as the retention time, must therefore be precisely studied to optimise the hydrodynamic
behaviour of the process. Unsuitable mixing conditions can break the flocs of micro-
organisms, disturbing the synergetic effects. Proper mixing conditions also must be

established to control the volume of dead zones and turbulence.

3. For solid anaerobic digestion, where dry processes are concerned, i.e. if the dry solid
content reaches 15% or for cases of codigestion, high viscosity leads to limited mass and
heat transfer among enzymes, bacteria and substrates in the digester. Mechanical mixing
is in this case, considered to be the most efficient way to optimise the diffusion processes

[238]. However, few studies have been carried out on the hydrodynamics of media.

4. Anaerobic co-digestion is often recommended to optimise biogas yield. However, co-
digestion can lead to solid digestion and inhibitions due to the accumulation of volatile
fatty acids. In that case, the development of biofilms among the substrate can disrupt
the liquid flows [239)].

I ———————
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VI-3.2. Anaerobic digester modelling

We have seen a rise in numerical models, especially CFD models in recent years.
Regarding the process modelling, the biochemical and physicochemical processes are
taken into account in the ADMI1 model [30]. To meet the needs related to the
industrialisation of the anaerobic digestion process, the development of models taking
the flows into account in a precise way, is necessary. There is experimental evidence that
mixing schemes and intensities have an impact on biogas production [5]. Indeed, all the
chemical reactions leading to the complete digestion of the substrates can only occur
when they are in contact with the microorganisms involved in each reaction. To do this,
the digestion medium must be stirred. The agitation mode and type thus influence the
quality of the digestion of the substrates. In fact, vigorous mixing suppresses growth and
the propagation of methanogenic centres if methanogenesis is the rate-limiting step, but
also may enhance methane production and degradation if hydrolysis is the rate-limiting

step [6].

In addition, anaerobic digestion can also be carried out by the dry route (TS >
15%). In this case, the medium agitation is even more significant than in the wet
digestion, since the homogenisation of the medium becomes more difficult. Moreover, the
waste treated by this process also has particular rheological properties which influence
the flow and therefore have a role in the optimisation of the mechanical agitation. Indeed,
these fluids can be viscous, Newtonian or non-Newtonian. The rheology of waste
including sewage sludge, manure and biowaste, has been studied in order to model the
flow of these fluids which have a Newtonian or non-Newtonian behaviour according to
the content of total solid [42, 45, 47, 78, 79, 82, 111]. It has been shown that the fluid
dynamics in the digester can be affected by the TS [83].

CFD provides accurate results on the flow and is therefore of great interest for
anaerobic digestion modelling and optimisation. The major interest of the CFD is to
characterise the flows within the digester in order to study configurations (digester,
impeller) allowing optimal contact between the substrates and the microorganisms. With
this in mind, we conducted a literature review of CFD models applied to anaerobic

digesters to identify studies that have already been carried out using this technique.

I ———————
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These models are implemented to optimise the industrial process. The Table 1 outlines

the literature review of the aims of CFD in digesters.

References

167

156, 178]

[79]

[45, 148, 177]

[172]

[149]

[142]
[157]

150, 171]
[83]

[77]

[44]

[42]

Table 1: Objectives of CFD models

Objectives

Study the impact of the design of the digester
(diameter of the draft tube) on the flows by studying
the position and the volume of the dead zones.
Compute the flow with LES techniques.

Optimise the power supply and reduce the volume of
dead zones or weakly stirred area.

Study the liquid homogenisation in stirred tanks and
the required time for homogenisation (RANS and
LES).

Reduce the percentage of poorly mixing zones in gas-
lift digesters by testing configurations of the bottom of
the digesters.

Simulate the characteristics of digesters: the rates of
mixing and the slug injection of tracers from the
digester volume turnover time, the mixture diffusion
time, and the hydraulic retention time.

Study different mechanical stirring configurations.
Investigate the flow fields, power and mixing time in a
fully baffled stirred vessel with mechanical agitation
(LES).

Investigate turbulence models.

Simulate mechanical agitation in high solid anaerobic
digester.

Model the flows with mechanical agitation.

Describe the settling and suspension in anaerobic
digester and evaluate the biomass retention physical
process.

Model the flows for fluids with variable rheology to
study the impact on the performance of the digester.
Study the stirring performance of gas recirculation
agitation configurations, and the impact of agitation
intensity on biological processes.

Study the hydraulic performance of an existing
digester (percentage of dead zones, recirculation
volume).

Phase
mode |

Liquid-
gas

Liquid

Liquid

Liquid

Liquid

Liquid

Liquid

Liquid

Liquid
Liquid
Liquid

Three
phases

Liquid

Liquid-
gas

Liquid

Fluid
property

N

N-N

N-N
N-N

N-N

N

N
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Study the impact of the agitator on suspended Liquid-

183
[183] particles in order to optimise the digester. solid
1160] Stud3'f the:‘ effe'ct of imI')e'ller rotational speed and Liquid N
velocity field in the mixing tank.
Study the influence of the behaviour of the sludge on Liquid
iquid-
[50] the flow and the consequences on the quality of the . d N-N
as

agitation.

N = Newtonian, N-N = non-Newtonian.

VI-3.3. Turbulence modelling

A point of attention is the modelling of turbulence phenomena. The interest comes
from the fact that the mass transfer during the process is dependent on the turbulence
phenomena in digesters [77], and the contact between micro-organisms and substrate is
correlated to turbulence [37]. Moreover, studies show that flow predictions are
particularly sensitive to the turbulence model implemented [180]. Thereby, the choice of
the turbulence model is important in the simulations. Mainly Reynolds-average Navier-
Stokes (RANS) simulations were conducted on digesters [42, 44, 48, 79, 80, 82, 83, 142,
143, 152, 167, 171, 180]. The SST k-omega model [48, 80, 143, 152, 180], the standard k-
epsilon model [42, 79, 80, 83, 149, 150] and the realisable k-epsilon model [44, 82, 142,
150, 177] are recommended by many authors among the RANS models. Furthermore,
other authors claim that the Reynold stress model (RSM) is the most suitable model to

predict the behaviour of this bioreactor [37, 180].

V1-4. Theoretical model

VI1-4.1. Assomptions

The anaerobic digestion occurs at the mesophilic regime at 37 °C. It is assumed
that the sugarcane vinasse is Newtonian [39] and the slurry is a non-Newtonian power-
law fluid [45, 82|, and the fluid is isothermal and incompressible. The rheological
properties of the medium are chosen with the total solid content of the substrates. The

properties of the substrates are detailed in the following part in the Tables 1 and 2.

As a matter of fact, anaerobic digesters are commonly heated by the walls through

a double membrane in which circulates a heated fluid, to keep the medium at a constant

|
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temperature. Therefore, homogenisation of the temperature is also controlled by agitation
of the digester. In the present study, we consider isothermal single-phase turbulent flow.

We are interested in flows in a mechanically agitated digester.

VI-4.2. Geometry

15.2 cm

9.6 cm

INTERFACE

Regular surface mesh size

v

23412cm | T T T

d-62crr

Agitato A-310

d=6.2 cm 2588 cm U
- I I

0

5cm

4.1 cm

Figure 2: Cross section of the pilot geometry with the moving zone and the

stationary zone (A) and the impeller geometry (B)

Based on the study carried out by Wu (2012) [77], the geometry consists in a 260
mm height tank (liquid height) with a diameter of 152 mm. The digester bottom is
conical with a height of 25.88 mm and a diameter of 41 mm. The tank geometry is shown
in the Figure 2. Wu (2012) validated his model from computer automated radioactive
particle tracking (CARPT) experiment developed by Hoffmann et al. (2008) [235]. Then,
Wu (2012) also confronted his results with particle image velocimetry (PIV) experiment
carried out by Bugay et al. (2002) [240]. The geometry of the impeller is shown in the

Figure 2.
-
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V1-4.3. Governing equations

The sliding mesh (SM) method is suitable for unsteady flow [185]. In our case study,
we are in the case of unsteady flow. Indeed, initially, the mechanical agitation is zero
and increases gradually until the desired agitation. The flow is steady only when the
intensity of the stirrer is reached. Therefore, the SM method is used in this work. In
order to model the impeller rotation, the digester tank is thus divided in to domain, the
rotating zone which contains the impeller and the stationary zone. The arbitrary mesh
interface (AMI) is used to link the two domains. The AMI interface is a pair of detached
surfaces, giving the AMI1 and AMI2 boundaries. One belongs to the mobile zone and the
other to the stationary zone. These two boundaries are identical and have the same initial

and boundary conditions. The rotational speed is assigned directly to the moving zone.

The mathematical model is based on Reynolds averaged Navier-Stokes (RANS)
equations associated with the forces linked to the impeller rotation: the Coriolis and
centrifugal forces. The governing equations for the rotating zone and the stationary zone

are respectively:

%JFV'(UR@Ul):‘Vp*V'(Veﬁ (V“' +(Vu')T)) (62)
V-u, =0
%+V-(ul ®u,)=—Vp+V-(veﬁ (VU| +(Vu, )’ )) (63)

V.-u, =0

Where U; and Uy are the absolute velocities viewed from the stationary and the rotating
frames (m.s'), U is the time (s), . is the effective kinematic viscosity (m%s') and P

is the pressure (Pa).

The system is closed with the standard k—& turbulence model, where is Kk
turbulent kinetic energy (m”s?) and & is the turbulent dissipation rate (m®s®). The
model implemented in OpenFOAM does not include the buoyancy contribution. The two

equations of this model are:

%zV-(Dka)+Gk—g+Sk (64)
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o¢

2
—:V-(D5V5)+%— ¢
ot

” C, N +S, (65)

Where U is equal to U, or Uz, S, is the internal source term for k., Sg is the internal
source term for ¢, g, is the production of k, c, and c, are model constants, Dk the

effective diffusivity for k and Dg is the effective diffusivity for ¢. The values of the model

constants used in OpenFoam. as in the standard model are: C, =0.09, C,=1.44,

C,=1.92, o =1and & =1.3[241].

The production term Gk is:
G, =1,S? (66)

The assumption of the standard k —& turbulence model turbulence is the following

expression of the turbulent viscosity Vy (m*s?):
w=C,— (67)
&g

For the initialisation of the numerical simulations, the turbulent kinetic energy for

isotropic turbulence and the turbulent dissipation rate are calculated as follows:

3

o =5 (1o ) (68)
C 0.75k1.5

& = % (69)

Where | (%) is the turbulence intensity with a default value of 0.05, y_ (m.s") is a

reference velocity (the stirring velocity) and L (m) is the reference length scale (the

digester radius).

The mesh must be refined at the walls. In fact, the standard turbulent model is
derived under the assumption of a high local turbulent Reynolds number [242]. This low
turbulent Reynolds number region is called the viscous sub layer. Launder and Spalding

suggested the following wall function equation [241] to reduce cell number in these zones:
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u+=lln y*+C (70)
K

Where U" = |u| / U; is the dimensionless velocity where U; is the friction velocity (or shear
velocity). y* =u, y/v is the dimensionless local Reynolds number where Y is the width
of the boundary layer (normal distance from the wall). The range of the local Reynolds

number is 11.06 < y* <300 [243]. Recommends that the local Reynolds number of the

first cell should be in the range of 20<Yy" <100 [242]. K is the von Karman constant

and C a parameter related to the wall roughness. In the case of smooth walls, the values

are respectively 0.419 and 5.24.

The boundary conditions are:

0
No slip:u=0 , n p=0. on I (digester walls)
(71)
0
Imposed velocity fields: V, = @R | n p=0, on I, (impeller wall)

Where the index I is the center of the elementary surfaces of each cell the agitator, @

is the angular velocity and R is the impeller radius.

The rotational speed of the agitator is defined by the speed of rotation of the mobile
zone of the mesh. A sudden increase in the stirring speed at the first-time step causes a
sharp increase in the CFL. Thus, a velocity ramp is necessary for the simulations starting

to maintain the Courant number lower than 0.5.

V1-4.4. Rheological expressions

We refer to the pseudo-plastic model of Ostwald. It allows to express the shear
stress T (Pa) as a function of the shear rate y (s?). It is calibrated by two parameters:

the consistency index k (Pa.s") and the flow index Nl. It is expressed as follows:

Al

r=ky (72)
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The viscosity is expressed as follows:

- n-1

n=ky (73)

The components of the tensor of the shear rate are:

Y %4_% 74
i ox,  Ox (74)

ou. Ou. ou. Ou.
S =p| S T okt Sy L
! "[ax .ox ] 4 [ax X J (75)

i i i

The rheological properties of the vinasse, the water and diluted dairy cow manure
are shown in the Table 2. It can be seen that the properties of the vinasse are closed to
the properties of water. The difference between these two substrates is mainly the
presence of suspensions. In anaerobic digestion process, the particles settle, accumulate
at the bottom of the digester and result in the formation of sludge. In the present study,

as a monophasic model is considered, the suspensions are not taken in account.

Table 2: Rheological properties of Newtonian fluids

Density Dynamic viscosity

ke. m) (Pa. s) Sources
Vinasse 1044.69 0.0010097 [39]
Water 1000 0.001
Screened and diluted dairy cow manure 1000 0.0009 [235]

The rheological properties of the liquid manure vary with the total solid content.
There are data in the literature on the rheological properties of liquid manure for different
solid content. The manure slurry exhibits pseudo-plastic fluid behaviour when TS is
superior to 2.5% [82]. The rheological properties used are presented in the Table 3 [75,
77-79).

I ———————
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Table 3: Rheological properties of liquid manure

S T K . y p Moin M C, A Sources
% °C Pas" s ke.m® Pa.s Pas ot gt WmlK

2.5 35 0.042 0.710 226-702  1000.36  0.006 0.008 4186.78  0.6171 75, 79]

5 35 0.103  0.639  50-702 1000.72  0.009 0.025 - . [77]

75 35 0.525 0.533 11-399 1001.00  0.03  0.17 418533  0.6168 (75,

01 1.052 0467 11-156 1001.31  0.07 029  4184.87  0.6167 [75,

12.1 5.885  0.367 3-149 1001.73  0.25  2.93  4184.00  0.6165 (75,

15 1724 313 03  061-24.37 973 3.35 4424 4183.17  0.6163 78]

20  17-24 568  0.35  0.24-23.90 1090 34.47 1725 - - 78]

VI1I-4.5. Flow field characterisation

The Reynolds number for mechanical agitation of Newtonian fluids is [151, 244,
245):

_ pNd?
U

Re (76)

Where N is the rotational speed (rev.s’ or rps), o is the fluid density (kg.m™), d is

the impeller diameter (m) and 4 is the dynamic viscosity (Pa.s).
The generalised Reynolds number, valid for non-Newtonian fluids, is [79]:

U2—ndn
Re, = e (77)

] n
k (0.75+ OnZS) gt

Where U, is the average velocity of the fluid (m.s?), k is the consistency index (Pa.s"),

N is the flow index and d is the reference length (m).

The evaluation of the energy consumption and consequently its economic impact is
possible with the calculation of the power calculation. The power consumption P (W)

calculation based on the torque of the impeller is:
P=27zNT (78)

Where N is the impeller rotational speed and T is the impeller torque (N.m).

These de doctorat, Héléne Caillet, Novembre 2019 184



Chapitre VI : CFD simulation of mechanical mixing in anaerobic digester

The torque is defined as [142]:

r {g(rx(:.ﬁ))ds)& (19)

Where S represents the surfaces including the rotating parts, 7 Is the total stress tensor,
fi is a unit vector normal to the surface, I' is the position vector and & is a unit vector

parallel to the rotation axis.

The mixing energy level (MEL) (W.m*) is calculated by [82]:

P
MEL = — 80
: (80)

Where P is the power consumption (W) and V is the working volume (m?).

The flow rate through the moving zone Q (m®s™) is used for the evaluation of the
fluid circulation through the digester. We create a surface for the discharge zone for
computing the flow rate. The surface consists of two discs above and below the stirrer

for the axial flow and a cylinder (AMI section) for the radial flow.

The power and flow (also called pumping number) numbers are two dimensionless
numbers commonly used to characterise the stirred tank flows and mixing processes. The
flow number is a measure of the pumping capacity of an impeller [244]. The power
number is a dimensionless parameter that provides a measure of the power requirements
for the operation of an impeller [244]. These two mixing parameters can be calculated

from CFD results and allow to compare the results of simulations with the experimental
results. In our case, the experimental values for hydrofoil impeller are Np equal to 0.3

and NQ equal to 0.56 [77, 246]. The power and flow numbers are respectively expressed

by:
P
Np = NTE (81)
Q
Ng =2 (82)
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The spatially average characteristic velocity gradient G (s) is used for describing
the mixing intensity through the digester [247], as well as characterising the turbulent
shear rate [246]. It is defined with the following expression [246, 247]:

G:(i)ﬂ2 (83)

|4

Where V is the kinematic viscosity and & (m?®s?) is the global average turbulent energy

dissipation rate calculated as follow [246, 247]:

(N N%d®
g =(TJ (84)

The circulation time t; is expressed by [246, 248]:

\
NINTE 6 (85)

The vorticity ¢ (s*) is a measure of the local rotation in the fluid. More specifically,
it is a vector field that gives a microscopic measure of the rotation at anv point in the
fluid. The vorticity describes the local spinning motion. The helicity H provides
indications on the alignment of the vorticity vector and the velocity vector U . It allows

to illustrate the longitudinal vortices, or spiral motion, as is often found in vortex cores.
The vorticity is defined as the curl of the velocity vector:
E=VxU (86)
The helicity is expressed as:

H=U-£=U-(VxU) (87)

The angle @ bhetween the vorticity vector and the velocity vector (which is 0° or

180° in a vortex core) is given by:

a=cos*t H 88
e (%)
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VI-4.6. CFD simulations

The numerical simulations are performed on OpenFOAM software. The PIMPLE
algorithm is used, which is a combination of the PISO (pressure-implicit with splitting
of operators) [249, 250] and SIMPLE (semi-implicit method for the pressure linked
equations) [251] algorithms. The PISO algorithm is pressure implicit with splitting of
operators [249] and allows the use of the sliding mesh method. The SIMPLE algorithm
is the semi-implicit method for pressure linked equations [252]. The pimpleFoam solver
(dynamic solver mesh) assumes incompressible, unsteady and viscous flows. The
simulations are launched in parallel on 16 processors. The simulation time, for which we

get a steady state flows, is a few seconds. The calculation time is about a few days.

VI-5. Results and discussions

VI-5.1. Mesh

The mixing is modelled using the sliding mesh method. The sliding mesh model is
a time-dependent solution approach in which the grid surrounding the rotating
component(s) physically moves during the solution [244]. Two zones are defined: the
stationary zone and the moving zone, which contains the impeller. The impeller is located
in the moving zone. The Lightnin A310 impeller, which is a hydrofoil impeller, is used.
Hydrofoil impellers were developed for applications where axial flow is important and
low shear is desired [244]. The impeller diameter is 62 mm and the axis diameter is 8
mm. The impeller axis is positioned at a height of 50 mm from the bottom of the digester.
The tank geometry and mesh are done on OpenFOAM. Then, the openFOAM
snappyHexMesh command is used to obtain the final mesh. The mesh is shown in the

Figure 3.
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Figure 3: Digester mesh (A) and cross section of the mesh (B) and (C)

Table 4: Mesh characteristics

Characteristics

Total mesh cells 2,841,535
Total mesh points 3,485,073
Total mesh faces 9,150,640
Total mesh internal faces 8,591,189
Number of hexahedra 2,578,249
Number of prisms 10,298
Number of wedges 3
Number of polyhedra 252,985
Maximum cell skewness 3.40025
Maximum mesh non-orthogonality 65.0182
Average mesh non-orthogonality 21.3783
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Breakdown of polyhedra by number of faces

Faces Number of cells

<10 216,780

210 36,205

Patch Faces Points
Upper edge (moving zone) 5,719 5,952
Bottom edge (moving zone) 4,800 4,881
Impeller edge (moving zone) 465,732 483,277
Upper edge (stationary zone) 3,200 3,360
Bottom edge (stationary zone) 3,200 3,360
Lateral wall (stationary zone) 25,760 25,760
AMI1 95,760 95,760
AMI2 95,760 95,760

The mesh is refined to meet the quality criteria of mesh such as cell skewness and
mesh non-orthogonality. To meet these criteria, we reach a very large number of cells
and thus long computing times. Consequently, we do not perform grid independence
tests. The characteristics of the mesh are shown in the Table 4. In total, this mesh is
composed of 2,841,535 cells with mostly hexahedra. The total mesh faces is 9,150,640.
The impeller edge has the larger amount of faces with a value of 465,732 due to its
geometry. Concerning the interface between the moving zone and the stationary zone
(AMI1 and AMI2), the two-surface mesh must be identical with the same faces number
in order to avoid numerical errors. Globally, the maximum cell skewness is 3.4 and the
maximum mesh non-orthogonality is 65.0, which reflect an acceptable mesh quality. The

dimensionless local Reynolds number y+ is below 1.

VI-5.2. Velocity profiles

In this part, we present the simulation results for various mixing intensity: 20, 40,
60 and 100 rpm. The Figure 4 shows the cross section of the velocity field within the
digester at the agitator height and the Figure 5 extends the longitudinal section of the
velocity field.

The results obtained are consistent. In fact, by increasing the rotation velocity of
the stirrer, the maximum velocity increases, the volume of dead zones decreases and the
volume of continuously agitated zones increases. The maximum velocity observed for
-
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each case is the agitator velocity. The velocity decreases gradually with the distance from
the agitator. For each case, we find that the velocity at the edges of the digester is zero.
However, we neglected in our study the impact of temperature on the flows. Indeed, the
heating of the digester at these edges would generate flows at this level. Similarly, the
velocity at the axis of the agitator increases with the increase in mechanical agitation.
The interest of the study of the velocity field at this level relates in particular to the
influence of the agitation on the biofilm which tends to develop on the axis of the agitator.
The interest is even greater in the case of intermittent agitation. This mode of agitation
is particularly interesting because it leads to the reduction of energy consumption.
Overall, the optimisation of the mechanical agitation must allow to properly stir the
medium, so as to have the best biogas yields, while reducing the intensity and frequency

of agitation.

Flow modelling of a mechanically agitated digester is the first step of our work.
CFD simulations are useful for defining the volume of dead zones. We assume that the
dead zones are defined by a velocity magnitude less than 0.001 m.s'as [3]. Indeed, the
dead zones within a digester lead to the heterogeneity of the medium. There will be areas
where the substrate will not be digested or acidic areas. This can eventually lead to the
failure of the digester generating significant costs on an industrial scale. CFD simulations
accompanied by experimental studies allow to relate the stirring velocity, the volume of
dead zones, the homogenisation of the medium (physicochemical properties) and the
biogas yields. Thus, a better understanding of the physical phenomena involved in the
digesters is necessary for the optimisation of anaerobic digestion on an industrial scale.
Findings on optimal velocity fields will be dependent on the substrates studied. As said
before, the heat transfers are not taken into account in the simulations but will have to
be integrated in future studies because they influence the flows. In addition,

sedimentation and movement of suspended solids should be incorporated into the model.

I ———————
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Figure 4: Cross section of the velocity field (m.s?) within the digester at the

agitator height for different stirring intensities (z = 0.059 m)
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Figure 5: Longitudinal section of the velocity field (m.s') within the digester
|
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VI-6. Conclusion

VI-6.1. Mesh

The mesh produced allows to obtain coherent results. However, the local

. . + . . .
dimensionless Reynolds number Y is below the values recommended in the literature.

Therefore, work on the mesh must be done to increase the value of y+. For this, the

mesh at the agitator must be coarser while respecting its geometry. This will also reduce

the number of cells in the mesh and thus the computation time.

VI-6.2. Validation of the simulation outcomes

Simulations were performed for a Newtonian case. The experiment [235] with which
we will compare the results of our model is done with the non-Newtonian fluid. Therefore,
in order to provide validation elements, especially on velocity fields, we have to perform
simulations for a non-Newtonian case. The results will be compared to the experimental
results of Hoffmann et al. (2008) [235]. In this paper, three impeller velocities were studied
with computer automated radioactive particle tracking (CARPT) and CFD simulations:
250, 500 and 1000 rpm. After bringing model validation elements, the CFD model for
mechanically stirred tank will be completed. We will be able to add other physical

phenomena to our model.

VI1-6.3. Conclusion

Three-dimensional CFD simulations were carried out. The model was based on
RANS equations and standard k-epsilon turbulence model and the fluid was Newtonian.
The sliding mesh method was used for the mechanical mixing. The outcomes were the
velocity field. The area of influence of the agitator is in the area of the blades. The
volume of dead zones is thus important. The maximum velocity is observed at the tips
of the blades. In conclusion, several rows of paddles would be required to agitate the

entire digester.
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Chapitre VII

Conclusions, discussions et perspectives

générales

VII-1. Conclusions générales

Ces travaux de these ont porté sur I'hydrodynamique des réacteurs anaérobies avec
une double approche expérimentale (cas de la vinasse) et numérique (modélisation et
simulations numériques). La CFD, de par la précision des résultats, est largement utilisée
pour répondre aux problématiques liées aux écoulements telles que 'homogénéisation du
milieu de digestion ou encore l'optimisation des caractéristiques géométriques des
digesteurs (forme du digesteur, dimensions et modele de I'agitateur, etc.), a été utilisée

pour mettre en évidence les impacts des vitesses d’agitation.
L’étude expérimentale s’est déclinée en trois étapes :

Le potentiel méthanogene de la vinasse de canne a sucre de la distillerie Riviere du Mat
(Saint-Benoit, La Réunion) a été déterminé. Des protocoles spécifiques ont été adaptés,
notamment en testant différents ratios I / S. Le potentiel méthanogéne a été atteint pour
trois valeurs de ce ratio inférieures a 1. En outre, nous obtenons une constante

d’hydrolyse de 0.29 s en utilisant le modéle de cinétique de premier ordre.

Un protocole du démarrage du pilote a été établi pour la digestion anaérobie de la vinasse,
permettant ainsi d’éviter des dysfonctionnements menant a son arrét de facon anticipée.
Les analyses physicochimiques du milieu ainsi que la production de biogaz ont permis de

montrer que la phase de stabilisation a duré 45 jours.

Enfin, nous avons évalué I'impact de la vitesse d’agitation sur les rendements en biogaz
dans des conditions réelles. Des mesures physicochimiques ont également été effectuées
sur le milieu de digestion a différentes profondeurs au moment du nourrissage du pilote,

avant et apres la période d’agitation. Nous avons successivement expérimenté les vitesses
-
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d’agitation de 20, 30, 40, 50 et 60 tr/min. Nous avons constaté que la production de
biogaz croit avec 1'dge du pilote. En outre, des pics dans la production ont été observés
lors des changements d’agitation pour les intensités de 30, 40 et 50 tr/min. La production
de biogaz s’est stabilisée rapidement pour toutes ces intensités. Cependant, la période de
stabilisation du processus est plus longue avec I'augmentation de la vitesse d’agitation.
En parallele des variations de production de biogaz, il a été observé des variations de
concentrations des AGV et de 'ammonium. De plus, les mesures locales ont montré que
I'agitation a un impact majeur sur les concentrations en AGV, en effet les AGV
s’accumulent au fond du digesteur au cours du temps et retournent dans le milieu durant
I'agitation. Les mesures de 'alcalinité et du pH traduisent la stabilité du processus avec
une alcalinité qui tend a augmenter et un pH stable et peu sensible aux variations des
concentrations en AGV. En conclusion, I'impact de lagitation mécanique sur les

rendements de la digestion anaérobie de la vinasse est confirmé.

Les résultats expérimentaux obtenus au cours de cette thése constituent une base de
données qui pourra servir de comparaison avec de futures études pilotes. Ces résultats
justifient le recours a la simulation des écoulements grace a la CFD afin de caractériser
I’hydrodynamique des réacteurs. Les travaux suivants ont ainsi concerné la modélisation

des écoulements au sein d'un digesteur agité mécaniquement a l'aide du logiciel libre
d’acces OpenFOAM.

Nous avons modélisé les écoulements au sein d'un digesteur agité mécaniquement dans
le cas d'un fluide Newtonien, pour différentes vitesses de rotation (20, 40, 60 et 100
tr/min). Les équations sont basées sur le modeéle de RANS et le modele de turbulence
standard k-epsilon. En outre, il a fallu mettre un place un maillage glissant, permettant
d’effectuer des simulations d'un digesteur agité mécaniquement. Les résultats obtenus
sont cohérents, avec des champs de vitesse maximaux obtenus au niveau des pales de

I'agitateur et une réduction du volume de zones mortes pour des vitesses supérieures.

VII-2. Discussions

De par nos deux études expérimentales et numériques, nous avons pu mettre en

évidence un ensemble de phénomenes qui sont récapitulés sur la Figure 1 :
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1. Le milieu de digestion est un milieu vivant, il est sensible aux variations des conditions

physicochimiques et les réactions biochimiques sont liées aux vitesses d’écoulement.

2. Nous avons constaté une accumulation de matieres non digérées et d’especes en phase
inférieure du pilote, et donc une stratification du milieu de digestion. Cette accumulation
est due aux phénomeénes de sédimentation pouvant étre décris avec un modele numérique

basé sur la mécanique des fluides.

3. Nous avons également observé le développement dun biofilm au niveau des parois du

digesteur et de l'agitateur.

4. Les mesures expérimentales ont montré que l'agitation mécanique permet de remettre
en suspension les matieres et especes accumulées au fond du digesteur. Cette remise en
suspension peut étre positive ou négative pour la digestion anaérobie. D'un point de vue
numérique, nous avons pu décrire les écoulements au sein dun digesteur agité
mécaniquement pour différentes vitesses d’agitation. Un changement de repere et de la
géométrie de l'agitateur nous permettrait d’étudier les écoulements pour ce cas d’étude.
Compte tenu des premiers résultats numériques obtenus, nous avons pu observer que la
zone d’influence de l'agitateur est principalement la zone proche des pales. Dans le cas
du digesteur utilisé expérimentalement, les extrémités des pales étaient proches des parois
du digesteur. Ainsi, conformément aux résultats numériques, l'agitation a eu une
influence sur la partie inférieure du pilote. Les résultats numériques et expérimentaux

sont donc cohérents et appuient l'intérét d'une modélisation fine des écoulements.
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Stratification Milieu vivant Agitation

Remise en

Accumulation de matieres non digérées et
d'especes

Figure 1: Phénomenes mis en évidence au cours de I'étude expérimentale

VI1I-3. Perspectives générales

De par la confrontation des études expérimentales et numériques, nous nous posons
les questions suivantes : Quel est le champ de vitesse optimal pour la digestion anaérobie
7 Quels sont les effets des écoulements sur les processus bio-physico-chimiques 7 Et
comment modéliser conjointement les écoulements et les processus bio-physico-chimiques

de la digestion anaérobie 7
Les lignes suivantes exposent les perspectives potentielles de ce travail de these :

Un travail est déja en cours sur la prise en compte de 'aspect multiphasé du milieu de
digestion. En effet, de nombreux déchets, y compris la vinasse, possedent des particules
solides qui sédimentent ou restent en suspension selon le profil d’écoulement au sein du
digesteur. L’objectif est ainsi de modéliser avec précision les écoulements au sein du
digesteur en fonction du mode d’agitation. En effet les particules sédimentées se
retrouvent au fond du digesteur et forment une boue épaisse avec le temps. Ces particules
sont remises dans la phase liquide au moment de l'agitation. Or, il a été montré
expérimentalement que les boues formées ont un taux de matiere organique supérieur a
celui de la phase liquide tout comme la concentration en AGV. L’agitation risque ainsi

de déstabiliser la digestion anaérobie. Ainsi lintégration des phénomenes de
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sédimentation permettra de rendre compte de l'impact de l'agitation sur les boues
accumulées au fond des digesteurs. Ces simulations pourraient aussi nous renseigner sur

la fréquence et l'intensité de I'agitation a employer pour améliorer la digestion anaérobie.

Sur le plan opérationnel, nous pourrions effectuer une étude similaire avec des
chargements organiques plus importants. En effet, nous nous questionnons sur la stabilité
du pilote pour des chargements organiques supérieurs. Pour cela, il serait nécessaire
d’augmenter la capacité de stockage du substrat. Nous nous sommes concentrés sur un
mode d’agitation. Dans des travaux ultérieurs, étudier des agitations continues et
intermittentes ou encore la recirculation. Nous proposons d’automatiser la mise en route
et l'arrét de 'agitation du pilote, mais aussi 'alimentation du pilote avec une pompe. Il

sera envisagé de comparer les rendements.

Les expérimentations ont été menées sur la vinasse. Dans de futurs travaux, il serait
intéressant d’étudier I'impact de I'agitation sur la digestion anaérobie des déchets solides.
Une étude rhéologique des déchets choisis sera indispensable pour la modélisation précise
des écoulements étant donné la pauvreté des données de littératures pour les déchets
solides. En perspectives, nous souhaitons considérer des cas non-Newtoniens. L’objectif
final est & terme de coupler le modele CFD et a un modele biochimique simplifié dans un
premier temps, puis complet, afin de prendre en compte les effets de I’hydrodynamique
sur le rendement de la digestion anaérobie de divers déchets dans un modéle unique afin

d’optimiser le processus.

Le travail réalisé est une amorce vers le développement de modeéles bio-physicochimiques
avec la prise en compte des cinétiques de dégradation mais également l'impact de
I’hydrodynamique afin d’améliorer les rendements et la stabilité de la digestion anaérobie.
Toutefois, ce modéle mérite d’étre complété pour une prise en compte des d’autres

phénomenes et les résultats de simulations validés.
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