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RESUME

La production massive de boue provenant de ’industrie des pates et papiers rend la gestion
efficace de cette boue un probléme grandissant et critique pour 1’industrie des pates et papiers.
Ceci est dii aux hauts colits d’enfouissement et de transport, ainsi que des cadres de
normalisation complexes pour les options d’épandage et de compostage. Les défis concernant le
séchage mécanique des boues se sont aggravés dans plusieurs usines dus a la progression de la
récupération interne de fibre complémentée par une augmentation de la production de boue
secondaires, ce qui résulte en une boue mixte avec une haute proportion de matiére biologique,
qui est difficilement asséchée mécaniquement.

Dans cette thése, un réacteur de bio-séchage en continu novateur a été congu et développé pour
sécher la boue mixte d’usine de pates et papiers a un niveau de solide permettant la combustion
sécuritaire et économique pour la récupération d’énergie dans une chaudiére a combustion de
biomasse. En plus de I’aération forcée, le procédé de séchage est amplifi¢ par la génération de
chaleur biologique provenant de 1’activité microbienne des bactéries mésophiles et thermophiles
naturellement présentes dans la boue. Ceci rend le procédé de bio-séchage plus attrayant
comparativement a des technologies de séchages conventionnelles, puisque le réacteur est un
procéd¢ auto-chauffant. Le réacteur est divisé en quatre compartiments nominaux, sur le
vertical, et la boue bouge de haut vers le bas du réacteur. Les temps de résidence étudiés ont été
de 4-8 jours, ce qui est 2-3 fois plus court que les temps de résidence avec le réacteur de bio-
séchage en mode batch et ce pour des siccités finales de la boue semblables.

Une analyse des variables du procédé a été performée pour déterminer les variables clés du
procédé de bio-séchage en continu. Les paramétres ayant été étudiés sont : la biomasse en terme
du pH et du ratio C/N, le temps de résidence, le recyclage de la boue bio-séchée et le profile de
I’humidité relative a la sortie. Deux de ces paramétres ont été reconnus comme ayant le plus
d’impact sur le bio-séchage en continu : le type de biomasse en terme de nutriments (ratio C/N),
une variable incontrolable, et le profile d’humidité relative a la sortie, une variable contrdlable.
Le type de biomasse est fixé par choix, donc I’influence du profil d’humidité relative a la sortie
a été étudiée sur la performance générale et celle en deux dimensions du réacteur de bio-séchage
en continu. La meilleure efficacité, avec le bio-séchage, a été obtenue avec un profil d’humidité

relative a la sortie qui controle I’évaporation d’eau interstitielle et libre a la température de bulbe



humide pour le 1 et 2° compartiments du réacteur et I’évaporation d’eau liée et de surface a la
température de bulbe séche dans le 3° et 4° compartiments.

A T’aide d’une approche systématique de modélisation, un modéle distribué en 2-D a été
développé, qui décrit les phénomenes d’échanges dans le réacteur de bio-séchage en continu.
Les résultats du modéle en 2-D étaient proches des données expérimentales. 11 a été trouvé que
le transfert de chaleur par convection est responsable d’environ 30% de 1’évaporation d’eau
totale (majoritairement 1’eau libre et interstitielle dans le haut du réacteur). Pour ce qui est de la
chaleur biologique, elle est responsable du reste de 1’évaporation sous le mécanisme de diffusion
(évaporation de ’eau de surface et liée dans le bas du réacteur).

Une analyse adimensionnelle a été faite sur le modele en 2-D et a établi les critéres préliminaires
pour la mise a 1I’échelle du procédé de bio-séchage en continu.

Finalement, une étude technico-économique du procédé de bio-séchage en continu a démontré le
grand potentiel de ce procédé dans les usines de pates et papiers. Les résultats de 1’étude
technico-économique ont été comparés avec d’autres technologies de séchage.

Il a ét¢ démontré que le procédé de bio-séchage développé est une solution potentielle pour
régler les problémes industriels associés a la gestion de la boue, et résulte en une réduction

substantielle d’émission de GES.
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ABSTRACT

Massive production of sludge in the pulp and paper industry has made the effective sludge
management increasingly a critical issue for the industry due to high landfill and transportation
costs, and complex regulatory frameworks for options such as sludge landspreading and
composting. Sludge dewatering challenges are exacerbated at many mills due to improved in-
plant fiber recovery coupled with increased production of secondary sludge, leading to a mixed
sludge with a high proportion of biological matter which is difficult to dewater.

In this thesis, a novel continuous biodrying reactor was designed and developed for drying pulp
and paper mixed sludge to economic dry solids level so that the dried sludge can be
economically and safely combusted in a biomass boiler for energy recovery. In all experimental
runs the economic dry solids level was achieved, proving the process successful. In the
biodrying process, in addition to the forced aeration, the drying rates are enhanced by biological
heat generated through the microbial activity of mesophilic and thermophilic microorganisms
naturally present in the porous matrix of mixed sludge. This makes the biodrying process more
attractive compared to the conventional drying techniques because the reactor is a self-heating
process. The reactor is divided into four nominal compartments and the mixed sludge dries as it
moves downward in the reactor. The residence times were 4-8 days, which are 2-3 times shorter
than the residence times achieved in a batch biodrying reactor previously studied by our
research group for mixed sludge drying.

A process variable analysis was performed to determine the key variable(s) in the continuous
biodrying reactor. Several variables were investigated, namely: type of biomass feed, pH of
biomass, nutrition level (C/N ratio), residence times, recycle ratio of biodried sludge, and outlet
relative humidity profile along the reactor height. The key variables that were identified in the
continuous biodrying reactor were the type of biomass feed and the outlet relative humidity
profiles. The biomass feed is mill specific and since one mill was studied for this study, the
nutrition level of the biomass feed was found adequate for the microbial activity, and hence the
type of biomass is a fixed parameter. The influence of outlet relative humidity profile was
investigated on the overall performance and the complexity index of the continuous biodrying
reactor. The best biodrying efficiency was achieved at an outlet relative humidity profile which

controls the removal of unbound water at the wet-bulb temperature in the 1% and 2™
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compartments of the reactor, and the removal of bound water at the dry-bulb temperature in the
3" and 4™ compartments.

Through a systematic modeling approach, a 2-D model was developed to describe the transport
phenomena in the continuous biodrying reactor. The results of the 2-D model were in
satisfactory agreement with the experimental data. It was found that about 30% w/w of the total
water removal (drying rate) takes place in the 1% and 2™ compartments mainly under a
convection dominated mechanism, whereas about 70% w/w of the total water removal takes
place in the 3 and 4™ compartments where a bioheat-diffusion dominated mechanism controls
the transport phenomena.

The 2-D model was found to be an appropriate tool for the estimation of the total water removal
rate (drying rate) in the continuous biodrying reactor when compared to the 1-D model. A
dimensionless analysis was performed on the 2-D model and established the preliminary criteria
for the scale-up of the continuous biodrying process.

Finally, a techno-economic assessment of the continuous biodrying process revealed that there is
great potential for the implementation of the biodrying process in Canadian pulp and paper
mills. The techno-economic results were compared to the other competitive existing drying
technologies. It was proven that the continuous biodrying process results in significant economic
benefits and has great potential to address the current industrial problems associated with sludge

management.
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CONDENSE EN FRANCAIS

La production massive de boue provenant de ’industrie des pates et papiers rend la gestion
efficace de cette boue de plus en plus difficile et critique pour I’industrie des pates et papiers.
Ceci est dii aux hauts colits d’enfouissement et de transport, ainsi que des cadres de
normalisation complexes pour les options d’épandage et de compostage. Les défis concernant le
séchage mécanique des boues se sont aggravés dans plusieurs usines di a la progression de la
récupération interne de fibre complémentée par une augmentation de la production de boues
secondaires, ce qui résulte en une boue mixte avec une haute proportion de matiére biologique,
qui est difficilement asséchée mécaniquement. Différentes technologies de séchage ont surgi
pour s’attaquer au probléme de la gestion de la boue, ayant comme but d’augmenter le taux de
solides de la boue mixte a un niveau permettant la combustion efficace et économique dans une
chaudicre générant de la vapeur et de I’énergie. Une étude compléte de ces technologies a été
effectuée et a révélé que la majorité de ces technologies étaient incertaines et questionnables

économiquement.

Un procédé de bioséchage, amplifié par la génération de chaleur biologique sous une aération
forcée, a permis d’obtenir des succes significatifs en augmentant le niveau de siccité de la boue
mixte, qui permet sa valorisation par une combustion économiquement viable dans les usines de
pates et papiers. Malgré les résultats intéressants obtenus avec le bioséchage en procédé batch
développé antérieurement dans notre chaire de recherche, quelques points faibles ont été
identifiés, souvent associés a la configuration ‘batch’ : inflexibilité des opérations, temps de
résidence long (jusqu’a 16 jours), grande superficie, limite du facteur d’agrandissement liée a la
configuration ‘batch’, possible court-circuitage dii & des conditions non-uniformes et la
possibilité de zones anaérobiques (points chauds). Dans le but de surmonter ces limitations, une

nouvelle configuration de réacteur a bioséchage était nécessaire.

Un plan pilote novateur du réacteur de bioséchage en continu a été congu et installé dans notre
laboratoire a 1’Ecole Polytechnique de Montréal. L’accent a été mis sur trois objectifs majeurs :
a) surmonter les faiblesses du bioséchoir en batch, b) identifier les variables clés, ainsi que leurs

impacts sur la performance du bioséchoir en continu, ¢) comprendre les phénomenes d’échanges



X

qui se produisent dans le bioséchoir en continu en utilisant une approche systématique de
modé¢lisation. Plusieurs points faibles de la conception initiale ont ét¢ modifiés pour avoir un
temps de résidence uniforme, une masse constante de solides dans le réacteur et une lecture de
I’humidité relative fiable.

Dans la phase suivante, des expériences préliminaires ont ét¢ conduites dans le but de réduire la
liste de parametres importants. Plusieurs parameétres doivent étre considérés dans le réacteur en
continu et faire des modifications sur plus d’un parametre a la fois rendrait difficile
I’observation de leurs effets respectifs. Les parameétres ayant été retenus sont : la biomasse en
terme du pH et du ratio C/N, le temps de résidence, le recyclage de la boue bioséchée et le profil
de I’humidité relative a la sortie. Deux de ces paramétres ont été reconnus comme ayant le plus
d’impact sur le bioséchage en continu : ’alimentation de la biomasse en termes de nutriments
(ratio C/N) et de pH et le profil d’humidité relative a la sortie. Le type d’alimentation en
biomasse a I’entrée est une variable incontrolable et a été fixée. La boue traitée lors des
expériences provient d’une seule usine de pates et papiers PTM, dans laquelle le pH et le ratio
C/N varient dans un intervalle qui ne supprime pas I’activit¢é microbienne des bactéries
mésophiles et thermophiles. La seconde variable clé, le profil de I’humidité relative a la sortie, a
été étudié selon deux profils d’humidité relative; a) un niveau faible (85%) et b) un niveau élevé
(96%). Le niveau faible du profil d’humidité relative contrdle le procédé de bioséchage a la
température de bulbe humide, et est donc efficace dans la période de séchage constante, qui
correspond a 1’évaporation de 1’eau interstitielle et libre. Le niveau élevé du profil d’humidité
relative controle le procédé de bioséchage a la température de bulbe seéche, et permet I’activation
de la biodégradation microbienne (Berg et al. 2002), et est efficace dans la période de séchage
décroissante (Nissan et al. 1959), ce qui correspond a 1’évaporation de I’eau liée et de surface.
Les meilleures performances ont été obtenues pour les profils d’humidité relative a la sortie
suivants :

e Contrdler le bioséchoir a la température de bulbe humide (Humidité relative a la sortie
de 85%) dans le haut du réacteur (1 et 2° compartiments) ou il y a plus d’eau
interstitielle et libre;

e Controler le bioséchoir a la température de bulbe séche (Humidité relative a la sortie de
96%) dans le bas du réacteur (3° et 4° compartiments) ou il y a plus d’eau liée ou de

surface.



L’efficacité du bioséchage du cas précédent est de 94%, une amélioration importante par rapport
a I’efficacité de 86% du meilleur cas avec le bioséchage en batch.

La troisieme phase de cette étude a été faite pour établir une approche de modélisation
systématique qui permet de comprendre les phénomenes d’échanges prédominant dans le
réacteur de bioséchage en continu. La stratégie principale est de commencer avec un modele
simple et d’augmenter graduellement la complexit¢é a mesure que la compréhension des
procédés de transport est appréhendée. Donc, dans la premicre étape de modélisation, une
approche de modélisation globale par bloc a été développée pour estimer la masse solide et/ou la
quantité d’humidité de la boue mixte dans le réacteur de bioséchage en continu. Il a été trouvé
que le modéle par bloc était trop simpliste pour bien prédire les procédés de transport du
bioséchage, vu que les prédictions de siccité ¢Etaient plus élevées que les données
expérimentales. Ceci est di a DI'inflexibilit¢ inhérente a la modélisation par bloc, qui est
incapable de bien refléter le mécanisme de transfert des différents types d’eau de la boue mixte,
ainsi le modéle présumait le méme mécanisme de transfert pour 1’eau liée et libre.

Par la suite, un mode¢le distribué des phénoménes d’échanges unidimensionnel a été¢ développé
dans un effort d’améliorer la compréhension phénoménologique du procédé de bioséchage en
continu. Puisque ce mod¢le n’est qu’en une seule dimension, la prédiction de la température a
¢été faite selon I’écoulement des solides, en utilisant la moyenne dans la direction de
I’écoulement du gaz. Ceci correspond a une faiblesse majeure du modele unidimensionnel,
puisque les phénoménes d’échanges dans I’écoulement du gaz n’étaient pas utilisés ou
investigués. Une autre faiblesse majeure du modele distribué unidimensionnel est la
simplification excessive des parameétres physiques qui sont dépendants de la masse et de la
température. Ceci a mené¢ a une simplification significative des procédés de transport qui
surviennent dans la direction du gaz. Egalement, ceci a mené a une tendance du profil de la
température de la matrice qui, & un certain point, était trompeur puisqu’il ignorait plusieurs
facteurs essentiels comme la génération de chaleur biologique non-uniforme dans chaque
compartiment et les transferts de masse et de température dans la direction du gaz. Donc, d’un
coté, les faiblesses du modele unidimensionnel et de 1’autre, les données expérimentales qui
supportent des phénomenes d’échanges sur deux dimensions dans le réacteur de bioséchage en

continu nous ont permis de déduire qu'un modéele bidimensionnel (& 2D) était nécessaire.
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Le modele a 2-D a donc été développé en élargissant le modéle distribué unidimensionnel en y
ajoutant des mécanismes supplémentaires. Ces dispositifs additionnels sont les termes relatifs au
procédé de transport dans la direction du gaz, ainsi que les paramétres physiques sous une forme
qui tient compte de leur dépendance a la masse et a la température. Deux profils de vitesse ont
été utilisés pour décrire I’écoulement dans la matrice poreuse de la boue mixte : profil de vitesse
plat et un profil d’écoulement semi-parabolique. Un accord satisfaisant a été atteint entre les
résultats du modele et les données expérimentales. En général, les données expérimentales
démontraient un profil de vitesse plat a I’exception de I’entrée d’air aux 1%, 2°, et 3°
compartiments, qui étaient plus en accord avec le profil semi-parabolique. En fournissant un
profil de température pour les directions de 1’écoulement des solides et I’écoulement des gaz, le
modele a 2-D est un outil flexible pour décrire les processus de transport complexes dans la
matrice poreuse du réacteur de bioséchage en continu. Les résultats démontrent que I’approche
de modélisation développée est un outil versatile pour estimer le profil de température et le taux
d’évaporation totale. Il permet aussi d’analyser les implications de différentes variables du
procédé, leurs impacts sur ’efficacité globale du réacteur de bioséchage en continu, ce qui
permet d’identifier des conditions d’opération favorables, rendant plus attrayant
¢conomiquement I’implantation du procédé de bioséchage en continu dans I’industrie des pates
et papiers. Les données expérimentales et celles du modéle pour le taux d’évaporation d’eau
¢étaient concordaient relativement bien. De plus, seulement 25-35% w/w du taux d’évaporation
totale (principalement de 1’eau interstitielle et libre) proviennent des premier et second
compartiments, ou la chaleur de convection et d’évaporation domine face a la chaleur
biologique. A D’inverse, 65-75% w/w du taux d’évaporation totale (principalement de I’eau
interstitielle et liée) provient des 3° et 4° compartiments, ou la chaleur biologique domine face a
la chaleur de convection et d’évaporation. Un tel phénomene est principalement di a la haute
température de la matrice résultant de la grande génération de chaleur biologique des bactéries
dans les 3° et 4° compartiments, ce qui augmente drastiquement la capacité de 1’air a stocker de
I’humidité. Ceci permet une meilleure diffusion de 1’eau, de la matrice solide vers la phase
gazeuse.

Une analyse adimensionnelle a aussi été faite sur le modele a 2-D et a permis d’établir les

critéres préliminaires pour la mise a I’échelle du procédé de bioséchage en continu.
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Finalement, 1’étude techno-économique du procédé de bioséchage en continu a révélé le grand
potentiel d’implantation de cette technologie dans les usines de pates et papiers. Les résultats
techno-économiques ont été comparés avec des technologies de séchage en compétition. Le taux
de siccité obtenu avec le bioséchage en continu est suffisant pour stabiliser la chaudicre de
combustion et pour 1’auto-combustion et ce avec un temps de résidence inférieur a 5 jours et
avec un temps de recouvrement du projet de moins de 2 ans (et dans certaines cas 1 an). Un
bilan massique a permis de démontrer une réduction importante des émissions de GES si le
bioséchage est intégré a 1’usine.

Il a été conclu que le réacteur de bioséchage en continu permet une meilleure flexibilité et un
meilleure controle du procédé, une meilleure performance, des cotits d’investissement et
d’opération moindre di majoritairement a un temps de résidence plus court, et un meilleur
potentiel d’intégration dans une usine de pates et papiers entassée. Plus particulierement :

o Cette étude confirme que la boue mixte des pates et papiers peut étre séchée a un niveau
¢conomique de siccité avec un temps de résidence de moins de 5 jours;

e Le profil d’humidité relative a travers la sortie, du haut jusqu’en bas, a un grand impact
sur la performance générale du procédé et a été identifié comme un critére de conception
pour un procédé de bioséchage a grande échelle;

e Les phénomenes d’échanges complexes dans le réacteur de bioséchage en continu ont
été¢ étudiés par une approche de modélisation systématique. La recherche a démontré
qu’un modele 2-D est un outil versatile pour prédire les procédés de transport complexes
dans un réacteur de bioséchage en continu. Cette approche de modélisation permet une
amélioration du contrdle, une meilleure optimisation et une mise a 1’échelle du procédé

de bioséchage plus facile.

Les travaux futurs incluent:

% Tester une vaste gamme de types de biomasse provenant de différentes usines de pates et
papiers pour identifier les possibles inflexibilités et limites du présent procédé de
bioséchage;

% Puisque la chaleur biologique joue un role critique dans la performance du procédé et les
mécanismes du séchage, il serait nécessaire d’effectuer une étude compléte au niveau

microbiologique. Celle-ci devrait se concentrer sur les cinétiques de biodégradation
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microbiennes de différentes biomasses sous différentes conditions d’opération et
environnementales, dans le but d’explorer les conditions optimales pour réacteur de
bioséchage;

Des expériences sur le bioséchage dans des conditions réelles n’ont pu étre effectuées
puisque les conditions du laboratoire sont contrélées par I'université. Il serait utile d’étudier
les effets de conditions ambiantes réelles, particulierement I’air glacial de 1’hiver et celui
humide et chaud de I’été, sur les performances du réacteur de bioséchage en continu;
L’optimisation de la présente conception du procédé n’a pas été faite; il serait utile que celle-
ci soit effectuée pour éventuellement améliorer la géométrie du réacteur;

La simplification du modéle 2-D en un modéle unidimensionnel modifi¢ fournirait un outil

de conception.
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CHAPTER 1: INTRODUCTION

1.1. Problem Statement

In recent years, a movement towards minimizing pulp and paper mill discharges into receiving
environments has led to an incremental increase in biosolids or mixed sludge production from
wastewater treatment processes. Current disposal alternatives include landfilling, landspreading
and boiler incineration. Both landfilling and landspreading have encountered increasingly high
costs and mounting environmental pressures. A survey of the Canadian pulp and paper industry
sector in 1995 and 2002 indicated that landfilling of pulp and paper mixed sludge and solid
residues in 2002 decreased by 50% compared to 1995 values mainly due mainly to higher costs,
tightened environmental regulations, and increased public awareness (Elliott and Mahmood,
2005).Mixed sludge can reduce fossil fuel requirements and GHG emissions if combusted to
produce steam and/or power. The trend towards developing new technologies that could
enhance the adaptation of “sludge to energy technologies”, primarily in Europe and very
recently in North America, has resulted in Canadian pulp mill operators to recognize sludge
combustion as an attractive alternative. Furthermore, with the emergence of GHG trading
markets, it is expected that there will be additional economic driving forces for efficient sludge
combustion at pulp and paper mills. For these reasons, many mills are currently seeking to
dispose of their sludge by combustion, and some mills are already employing this alternative

technology to improve their operating efficiencies.

However, the main challenge with the combustion of the mixed sludge is its low and variable
dry solids content from the sludge dewatering processes at many mills, which not only
introduces variability into the boiler operation but also can be economically undesirable when
supplemental fossil fuels are needed to stabilize the boiler operation. It is critical for many mills,
therefore, to develop an efficient way to increase the dry solids content of mixed sludge from

pulp and paper mills to a level that guarantees safe and economic combustion. Several drying



technologies have been adapted to sludge drying, but many of them have technical uncertainty
and/or questionable economics (CANMET, 2005).

Biological drying (“biodrying”) represents an important opportunity for the treatment of mixed
sludge to consistently raise the dry solids content so that the sludge can be economically
disposed of in boilers for the generation of steam and/or power.

Although previous batch biodrying technology developed by this research group at Ecole
Polytechnique (Frei et al., 2004; and Roy et al., 2006) demonstrated the potential for drying of
the pulp and paper mixed sludge while preserving its calorific value, there are several drawbacks
associated with the application of the batch configuration such as non-uniformity, process

inefficiencies, and labor intensity.

1.2. General Objective

The title of this thesis is “Design, Experimentation and Modeling of a Novel Continuous

Biodrying Process”. The main hypothesis of this work is:
It is possible to determine the operating conditions under which a novel
continuous biodrying reactor can be economically applied for the treatment of
pulp and paper mixed sludge through a sound understanding of the implicated
transport phenomena.

The main hypothesis is divided into three sub-hypotheses:

e Design level:

A continuous biodrying process can be developed for drying mixed sludge from pulp and paper

processes such that the sludge can be dried to an economic dry solids level in less than 5 days.



e Process analysis level:

For the continuous biodrying process under development, the key operating parameter is the

outlet air relative humidity profile down the reactor height.

o Modeling level:

A two-dimensional (2-D) distributed model can be developed, which provides the basis for a
useful design tool that considers: a) 2-D transport phenomena, and b) the full-scale continuous

biodrying reactor.

The problem statement and the hypotheses require that a methodology be developed in order to
address the following project objectives:
e To develop a pilot-scale biodrying reactor that is capable of solving an industrial
problem related to pulp and paper mixed sludge drying
e To identify key parameters that greatly impact the process performance and transport
phenomena in the continuous biodrying reactor
e To develop a model that: a) provides insight into the transport phenomena prevailing in
the continuous biodrying reactor, and b) can be used to estimate the full-scale biodrying

process design.

1.3. Thesis Organization

This thesis is organized as follows: first, the literature relevant to the hypotheses is reviewed and
the gaps in the body of knowledge and specific objectives are identified. Next, the overall
methodology in this work is presented. This is followed by a synthesis of the experimental
results that were obtained in order to demonstrate the use of the developed biodrying process.
Furthermore, the modeling aspects of this methodology are presented and evaluated against the
experimental data. Then, the general aspects of the methodology are discussed, and finally, the

contributions to the body of knowledge are enumerated and direction for future work is given.



CHAPTER 2: LITERATURE REVIEW

2.1. Pulp and Paper Mill Mixed Sludge

On a yearly basis, the production of the pulp and paper mixed sludge in Canada is estimated to
be about 2.6 million tonnes (Elliott, and Mahmood, 2005). Environmental legislation passed in
1995, requires all pulp and paper mills to have secondary (biological) treatment installed in an
attempt to remove the organic load (dissolved and colloidal) from wastewater streams. The
activated sludge process is one of the most common methods used for this purpose (Metcalf and
Eddy, 1991). Nowadays, the wastewater treatment plants include primary and secondary
clarifiers (Figure 2.1). First, primary solids are removed through flotation or settling in a
clarifying step. This produces what is termed “primary solids”, which are generally composed of
fibers and other cellulosic materials along with any other settling solid particles from the process
(fillers, grit, etc.). This sludge is relatively easy to dewater. The term mixed sludge refers to the

mixture of sludges from the primary (1°) and secondary (2° )lines.

|_| |'| Primary clarifier AIEIration I_]Ijasin Secondary clarifier
Mill > fo = >
\ /
Recycled
10 Sludge Sludge Effluent
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1) Combustion | . <
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4) Composting
3) Recycling Dewatering

Figure 2.1: Schematic of wastewater treatment and sludge treatment

The clarified water is then fed to an aerated basin where biological treatment takes place. Here,
a resident microbiological community acts to consume the organic components of the

wastewater as a nutrient source in terms of biological oxygen demand (BOD), eliminating a



large portion (typically > 90%) of the BOD load. The microorganisms produce CO, and H,O as
they degrade the waste, but more importantly, they go through their normal life cycle, eventually
being extracted as a solid waste stream from the secondary clarifier. A large portion of this
cellular mass stream is recycled (return activated sludge (RAS)) to the inlet of the treatment
process to maintain microbial population, but a certain amount is purged from the secondary
clarifier in the form of waste activated sludge (WAS) or secondary sludge. The amount of
secondary sludge produced depends on the design and operation of the AST, and typically is
purged from the treatment system in ranges from 40 to 85 kg sludge per tonne of BOD removed

(PAPTAC, 1999). This type of sludge is very difficult to dewater.

2.1.1. Mixed Sludge Generation and Dewatering

The Canadian pulp and paper industry has evolved into a paper recycling oriented industry,
which has led to an increased generation of secondary sludge. Sludge dewatering challenges are
exacerbated at many mills due to improved in-plant fiber recovery coupled with increased
production of secondary sludge, leading to a mixed sludge with a high proportion of biological
matter which is difficult to dewater.

As shown in Figure 2.1, the primary and secondary sludges are mixed in the blend tank, and
polymers are added to the mixture to help the coagulation and flocculation of the solid particles
in the dilute (1-3% w/w solids) stream. The mixed sludge consists of a complex mixture of
microorganisms, fibrous materials, lignin, mineral components (limestone and phosphorus), and
clay (Chen et al., 2002; Hippinen, and Ahtila, 2004; Hynninen and Laine, 1998). This complex
mixture contains 2 types of water: unbound and bound water (Vaxelaire and Cezac, 2004; Tsang
and Vesilind, 1990). The majority of pulp and paper sludges, such as biological (secondary)
sludge, contain a large fraction of molecular or cellular bound water that is difficult to dewater.
As a matter of fact, an increased emphasis is being placed on finding solutions or alternatives for
sludge drying.

Due to inefficient sludge pre-conditioning, non-optimized sludge dewatering operations, high
proportion of secondary sludge (high biosolids content), and the presence of different types of

water in the mixed sludge, screw presses often achieve less than 40% w/w solids in practice and



often under 30% w/w (PAPTAC, 1999). In most cases, the dewatered sludges are very wet and

not high enough in dry solids content for auto-thermal and economic combustion in a boiler.

2.1.2. Mixed Sludge Characteristics

The heating value of mixed sludge on a dry basis is 12-19 MJ/kg, which the upper range is
relatively close to the values of wood or peat (Vanhatalo and Ahtila, 2001). Table 2.1

summarizes elemental analyses and calorific values of mixed sludge for different operations.

Table 2.1 Elemental analysis and calorific value of mixed sludge and other paper rejects

Process Solids% Ash% C% H% S% 0% N% HHV (MJ/kg)
W/W W/W W/W  W/W WW  W/WwW  W/W (d.b.)
Pulp 42.0 4.9 516 57 09 293 0.9 19.2
Kraft 37.6 7.1 552 64 1.0 260 4.4 18.5
De-inking 42.0 20.2 288 35 02 18.8 0.5 12.0
Recycle 45.0 3.0 484 6.6 02 413 0.5 14.8
Bark 50.0 0.4 503 6.2 0 43.1 0 20.8
Wood chip 79.5 0.2 492 67 02 436 0.1 19.4

It has been reported that the density of the mixed sludge ranges from 400 to about 700 kg/m’
(Kraft and Orender, 1993). However, these numbers are related to mixed sludges that contain a
higher proportion of primary sludge, resulting in a higher dry solids level was achieved after the
dewatering. These dry solids contents can not be achieved for the mixed sludge currently
produced in pulp and paper mills because it contains a high proportion of secondary sludge. For
instance, the highest dry solids content that can be achieved for current kraft mixed sludge is

about 27% w/w or less, far less than the value in Table 2.1.

2.2. Mixed Sludge Disposal Alternatives

There are various sludge disposal options available to pulp and paper mills in Canada, the
United States, Europe and other countries, and the selection of one or more of these options will

be site specific. It is interesting to note that the distribution of mills using each of the main



disposal options varies from province to province and country to country based on local barriers
to each option relative to environmental, economic, legislative and public perception factors.

Below are the three most popular practical alternatives:

2.2.1. Landfilling

Historically landfilling has been the practical method of choice for biomass disposal, and
remains the primary disposal technique for many mills (Scott et al., 1995; NCASI, 1999;
Hackett et al., 1999; Reid, 1998). In recent years, landfilling of mixed sludge has dramatically
decreased because of rapidly shrinking landfill space, public opposition to opening new landfill
sites (Rouleau and Sasseville, 1996), leachate-related issues and, above all, poor economics to
afford high associated costs such as transportation. In many cases the costs of opening a new
landfill site are prohibitive due simply to legal restrictions (Lagace” et al., 1998 and 2000;
Mahmood and Elliott, 2006). A survey of the Canadian pulp and paper industry sector in 1995
and 2002 indicated that landfilling of pulp and paper mixed sludge and solid residues in 2002
had decreased by 50% compared to 1995 values (Elliott and Mahmood, 2005). This decrease
can be greatly related to the fact that no economic benefit can be derived from the waste if it is
lanfilled. In addition, there is the cost of transporting the sludge as well as the increasing
environmental restrictions placed on disposal sites. Landfills must now be constructed with
leachate collection systems and a plan for closing out the site and monitoring it in the future.
Current trends show that mills are moving away from this disposal technique and are looking to

increase combustion and other beneficial options.

2.2.2. Composting and Landspreading

Composting of sludge is another alternative. However several inconveniences such as odor and
non-maturity of the compost made from the pulp and paper sludge are prohibitive factors aside
from the long residence times required to compost the mixed sludge. It has been reported that
the residence time for pulp and paper sludge is about 30-50 days due mainly to poor and hard

biodegradation of sludge components (Haug, 1993). Therefore, this alternative is not unfeasible,



given the large quantities of sludge produced in pulp and paper mills. It has been reported that
the costs of composting are higher than for simple landfilling. Furthermore, advanced systems
require infrastructure such as enclosed buildings, aeration equipment, material handling, and
control systems. Besides all mentioned above, the market size and how far the compost products

can be sent, are main barriers for this option.

The GHG emissions from landspreading have compounded the problems with existing sludge
management practices. Landspreading of sludge, which was widely practiced in Quebec in the
past, is increasingly regulated in the current situation. Landspreading of pulp and paper residues
only accounts for disposal of less than 5% of the total residues generated (Reid, 1998). Public
opposition to this disposition method has limited the widespread use of this method as well. It is
apparent that the conventional sludge management methods, which might have been acceptable
in the past, can no longer be considered optimal to meet present and future requirements. The
majority of mill operators in North America are gradually moving towards burning a portion of
the sludge in existing bark boilers to recover the intrinsic heat value. In conclusion, both
composting and landspreading are not feasible, and mill operators are considering “waste solids

to energy” alternatives (CANMET, 2005).

2.2.3. Combustion

For many waste products, combustion is an attractive and/or necessary element of waste
management. Occasionally, it is called disposal of waste in boilers. Combustion provides several
potential advantages including:
e Substantial volume reduction: This is an important element while dealing with bulky
materials such as mixed sludge and/or materials with high moisture content.
e Detoxification: This is specifically important for pathologically contaminated materials,
toxic organic compounds, or biologically active materials such as mixed sludge.
e Environmental impact mitigation: Organic materials such as mixed sludge can produce
leachate when landfilled. Furthermore, the impact of the CO, (GHG) generated in

incinerating solid wastes is less than that of the methane (CH4) and CO, generated in



landfilling operations. Also, the CO, generation per kilowatt of power produced due to
incineration of solid wastes is significantly less than that generated by the coal and oil-
burning utility plants whose electricity would be replaced by waste-to-energy facilities.

e Energy recovery: This is an important element when large quantities of solid wastes are
available such as those from pulp and paper mills, and a reliable market and need for by-
product steam and electricity are nearby.

These and several other advantages have encouraged the development of a variety of
incineration systems of widely different complexity and functionality to meet the needs of
research institutions, industry, and commercial firms. Contrary to these advantages are the
disadvantages such as high capital costs of the combustion facilities, public sector concerns,
technical risks, and staffing and operating problems (Niessen, 2002).

Sludge has been described as “difficult to burn” (Kraft and Orender, 1993) due mainly to its
high moisture content and occasionally high ash content. As mentioned earlier, sludge
dewatering typically can only bring the sludge up to a solids content of 30 to 40% w/w (NCASI,
1992), with the upper range being more and more difficult to achieve with increasing
concentrations of secondary sludge (Frei et al., 2004). As a result of low dry solids content,
boiler efficiency drops significantly when the materials with higher moisture content (>65%
w/w) are combusted (Kraft and Orender, 1993).

Table 2.2 summarizes the main alternatives for pulp and paper mixed sludge disposal.

Table 2.2: Pulp and paper industry sludge disposal techniques

Disposal Technique Advantages Disadvantages
Landfilling -Established -Greenhouse gas emissions
-Simple disposal -Transport offsite
-No complex treatment -Increasing environmental
restrictions
-Increasing high cost
-Odor problem
-Needs suitable sites
Landspreading -Improves soil characteristics -Potential liabilities (metals,

-Returns some nutrients &
carbon to environment

pathogens and non-elemental
particles)

-Odor problem
-Transportation & spreading
equipment

-Regulatory complexity and
requirements



Composting

Recycling to the process

Combustion

Thermal processes

-Produces saleable product
-Destroys pathogens

-Low energy consumption
-Well-established at the full scale

-Reclaims value in new products
-Reduces burden on other sludge
disposal techniques

-Energy recovery

-Significant volume reduction of
wastes

-Displaces fossil fuels (at
appropriate dryness level)
-Reduces GHG emissions

-Energy is derived from waste heat
sources

-Potential for profitable

operation

- Sludge kept onsite

-Capital costs associated with
facilities

-Reliable market for product
-Long residence time required for
treatment

-Mostly batch operation (except
VCU technology)
-Transportation of the product

-Reduces product quality (mostly
paper quality)

-Limited to specific board and
paper products

-Sludge pretreatment process
sometimes required

-High capital costs (if the boiler
does not already exist in the mill)
- Operating risk (if moisture
content is too high)

- High maintenance cost

-Ash management required
-Equipment corrosion

-Complex technology (due to
process integration)

- Not yet proven commercially
-High capital cost

10

2.2.3.1. Effect of Dry Solids Content on Combustion

One of the main criteria for a successful combustion operation is the dry solids content of the
biomass feed into the incinerator. Previous research reported that in order to guarantee stable
conditions in the boiler, the critical level of dry solids content of combustible materials should
be about 45% w/w (Kudra et al., 2002; Kraft et al.,, 1996; Roy et al., 2006). The moisture
content of mixed sludge has a significant negative impact on the overall efficiency of thermal
oxidation. Boiler efficiency can drop considerably at a high moisture level. Figure 2.2 describes
the inverse relationship between the efficiency of the boiler and the moisture content of the

biomass being burned (Liang et al., 2003).
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Figure 2.2: Boiler efficiency vs. moisture content of biomass (Adapted from Liang et al., 2003)

Boilers are required to deal with the excess moisture found in wet biomass, which leads to larger
volumes of flue gas being produced. This results in more elaborate air handling systems
downstream of the boiler (Kraft and Orender, 1993). Therefore, with these issues being stated,

mixed sludges require drying prior to being feed to the boiler for combustion.

2.3. Principle of Porous Media Drying

Drying technology generally reduces the moisture content of a matrix by the application of heat,
causing water to evaporate into the air phase (vapor) resulting in drier outputs (solids) of desired
characteristics (Dufour, 2006). Drying phenomena have been widely researched. However, the
micro-scale mechanisms of porous media drying are highly complex and not fully understood
(Konovalov, 2005). Drying technology has been developed within the scope of the food,
agricultural, pharmaceutical, pulp and paper, and many other industries (Mujumdar, 2004 and
2007). For environmental engineering applications, dryers using external sources of heat have
been used for refuse-derived fuel (RDF) drying (e.g., rotary cascade and thermo-pneumatic)
(Manser and Keeling, 1996) and sludge dewatering (Chen et al., 2002).

Whilst no relevant research particular to biodrying is available, relevant science has been
summarized elsewhere for the cases of drying of foods (Basu et al., 2006), grains (Mujumdar

and Beke, 2003), and wood (Krupinska et al., 2007).
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The vapor-carrying capacity of air is limited at each temperature by the saturation point, after
which condensation occurs. At a given level of relative humidity of air, the mass of water vapor
that the air can hold increases with the temperature. Relative humidity has been used in near
ambient drying modeling to estimate the distance from saturation point of inlet air, i.e., it can be

perceived as a surrogate measure of its drying potential (Mujumdar, 2007).

2.3.1. Drying of Pulp and Paper Mixed Sludge

For the various reasons cited above, the pulp and paper industry is seeking to develop efficient
techniques to dry mixed sludge that can guarantee the economic viability of sludge combustion.
However, the main question is “what would be a cost effective drying technique pertinent for
sludge drying?”, given the relatively low calorific value of sludge and technical difficulties such
as stickiness, shrinking, and deformable characteristics that demand substantial maintenance. An
interesting observation with sludge energy content at different moisture content shows that the
energy content of the pulp and paper mixed sludge is doubled when the dry solids content is
increased from 20% w/w to about 50% w/w. As can be observed in Figure 2.3, further drying
(>50% w/w dry solids content) brings little additional value to the energy content of the mixed
sludge. Therefore, if drying of sludge from an initial value of 30 % w/w to about 50% w/w dry
solids content can be accomplished in an efficient and economically viable way without facing
major technical complexities, it can result in a significant economic benefit to the boiler
operations (Hippinen and Ahtila, 2002). Roy et al. (2006) found that a 45% w/w dry solids

content is an economically feasible level for most of the pulp and paper mills considered.
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Figure 2.3: Energy content of mixed sludge vs. dry solids content
(Adapted from Hippinen and Ahtila, 2002)

In recent years, a number of sludge drying innovations have entered the market with the
objective to provide economic solutions that address the problem of low and variable solids
content of dewatered mixed sludge in the pulp and paper industry.

Chen et al. (2002) provided an overview of pulp and paper sludge dewatering and possible
drying alternatives. Direct, indirect, and combined drying alternatives were reviewed for the
drying of activated sludge from the pulp and paper industry. However, based on the preliminary
assessment, it was concluded that it is necessary to develop a new drying process that can be
economically feasible and thermally efficient.

Banerjee et al. (1998) and Beckley and Banerjee (1999) developed an impulse drying method to
dry mixed sludge from pulp and paper mills. The mixed sludge is briefly exposed under pressure
to a hot surface. This technique enhanced drying compared to a purely thermal drying approach,
but implies high temperatures and a complex technology. Vaxelaire et al. (2000) studied the
convective drying of activated sludge with ambient air at temperatures of 41-60°C. The results
showed that the activated sludge was very difficult to dry because of the crust formation. Kudra
et al. (2002) studied the hydrodynamics and drying kinetics of pulp and paper sludge via a lab
scale batch pulsed fluid bed dryer, where high dry solids contents (88% w/w) of the
disintegrated mixed sludge were achieved. The hydrodynamics considered included the
development of pressure drop, minimum pulsed-fluidization velocity, dynamic bed height, and

mass flowrate coefficient equations. However, there is no information available at full scale.
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Hippinen and Ahtila (2004) reported an experimental small-scale approach for the drying of
activated sludge under partial vacuum by means of waste energy streams. Waste heat sources
are widely available in pulp and paper mills, particularly since recent environmental legislation
and restrictions have prompted mills to minimize water consumption which leads to an increase
of the water temperature in the system. The warm water needs to be cooled in order to be reused
in the process, and one possibility would be to use this energy to dry activated sludge. It was
concluded that partial vacuum drying of mixed pulp and paper sludge can provide a competitive
solution to this challenge. However, this conclusion was made based on small-scale laboratory
experimentation. Léonard et al. (2006) found that the controlling mechanism in the early stage of
activated sludge lab-scale convective air drying was the external heat transfer. However, all of
the above-mentioned conclusions of various studies were made either in lab-scale or without

economic consideration.

2.3.2. Pilot-Scale Drying Technologies for Mixed Sludge Drying

Dry-Rex is a commercially proven technology that uses waste heat to dry mixed sludges and
relies solely on the moisture concentration gradient as the primary driving force for drying. The
Dry-Rex system uses unsaturated ambient air drawn through a moving bed of wet particulate
material or palletized paste. Drying is carried out in two stages (Figure 2.4): in the first stage,
large-size material (such as sugarcane or bark) is chopped to enhance the heat and mass transfer
area as well as to reduce resistance to moisture diffusion. Pasty or semisolid feeds may be
mechanically pressed to form a granular product of required dimensions. In the second stage,
drying occurs as ambient air passes through the stationary bed placed on a multi-desk perforated
belt conveyor. The competitive aspect of this type of dryer is the low temperature required for
drying. These advantages are partially offset by the need for high capacity fans to provide air
velocity high enough to compensate for the lower heat transfer rates due to the use of lower air
temperature. Also, the ambient air should be sufficiently dry for this method to work efficiently.
An alternative model of the Dry-Rex system includes a heat exchanger to preheat ambient air
utilizing low-grade heat such as waste process water, steam, or exhaust air from other thermal

processes. The ambient air dryer as shown in Figure 2.4 has been tested by a manufacturer for a
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variety of materials including solids (bark, wood chips, and sugarcane residues), pastes (wood
pulp, pulp and paper mill sludge), and powders (ash and fly ash). Table 2.3 presents
representative data on ambient air drying of various wastes from paper mills.

However, the capital cost of this type of dryer is quite high, and except for a few cases, the
economics of the process are unattractive for the Canadian pulp and paper mills. Nevertheless,
this technology has proven that low temperatures near ambient conditions have the potential to

dry the mixed sludge under forced convection and vacuum conditions.
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Figure 2.4: Dry-Rex schematic

Table 2.3: Dry-Rex typical operating conditions (Barré and Bilodeau, 2001)

Primary/secondary Air Air relative Initial dry Final dry

sludge ratio temperature humidity (%)  solids content  solids content
(°C) (Yow/w) (Yow/w)

10/90 17 60 12.6 69

66/33 17 60 14.6 68

64/36 55 30 29.8 73

35/65 18 62 15.6 78

30/70 15 40 24 83

60/40 17 62 19 78

Deinking sludge 16 92 38 92

(50 % w/w clay)

Frozen bark 20 62 40 70

50/50 % w/w Bark 20 29 40 79

/sludge
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A comprehensive review of available drying technologies was conducted for the CANMET

Energy Technology Centre in Canada including fluidized bed, rotary, paddle, superheated steam

pneumatic (GEA exergy steam dryer), belt dryer, integrated sludge dewatering and drying

systems (J-VAP and DryVac), integrated sludge drying and combustion systems, the TLG

sludge drying process, the Dry-Rex dryer, solar dryers, and cyclonic dryers (CANMET, 2005).

The main advantages and disadvantages of each are summarized in Table 2.4.

Table 2.4: Advantages and disadvantages of conventional drying technologies

Disposal Technique Advantages Disadvantages
Fluidized bed dryers -direct drying - high initial capital costs
-gentle, fast and uniform drying at low | - requires off-gas handling and
temperature cleaning equipment
-low space requirements - high degree of auxiliary
-high degree of product dryness equipment required
Rotary dryers -provides for drying and granulation in | - large floor space requirement
one step -high capital and maintenance costs
- allows for reclamation of waste heat - back mixing to avoid sludge
- versatile in configuration agglomeration required
- well-suited for heavy products
Paddle dryers -high ratio of heat transfer surface area | - relatively high complexity of

to overall dryer volume

- self-cleaning of the intermeshing
paddles

- low space requirement

- low capital and installation costs

- well-proven, commercially available
technology

equipment

- high maintenance costs

- sensitivity to large agglomerates,
grit, or rocks in the sludge

- jamming or premature wear of the
paddles

Superheated steam
pneumatic dryer

- compact design

- short product residence time

- low floor space requirements

- 80-90 % energy recovery from the
drying process possible

- closed-loop steam cycle

- back mixing of dried product with
wet feed

- relatively high specific energy
consumption

- turbulent drying conditions and
high capital cost

Belt dryers

- ability for low-grade energy usage

- low air temperatures required (30°C -
90°C)

- no back-mixing of dried product with
wet feed required

- large floor space requirement

- relatively high degree of auxiliary
equipment

- high complexity of equipment

- high maintenance, and long
residence time

Integrated sludge - indirect sludge drying - new tedlllno‘l()% b
. . - no 1nstallation for pulp and paper
dewatering and drying mixed sludge
systems
Integrated sludge -surplus heat generation - treatment of boiler flue gas
drying and combustion -cyclone furnace is used for required
incineration - high degree of auxiliary
systems equipment
- large floor space requirement
TLG dryer - low-temperature drying - relatively high floor space

- no loss of energy
- surplus heat generation

requirements
- manufactured in only two sizes
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- low degree of auxiliary equipment
required

(1.6 and 20 tonnes per day)

Dry-Rex dryer

- low-temperature air (30°C - 70°C)
- accelerated drying process

- huge volume of air is required

- powerful vacuum system required
for large air volumes

- many moving parts

- investment cost very high

Carver-Greenfield

- efficient heat transfer rates
- dries difficult (very wet) substrates

- very high capital cost

- complex system

- not generally applied in the P&P
industry

Solar dryers - natural energy from sun - large space requirement
- odor problem
- regional and seasonal
Cyclonic dryers - Direct drying - not proven commercially
- Better contact - wet sludge feeding problem
- Short residence time
VCU - Less footprint and low maintenance - not proven for pulp and paper

- Fully biodegrade food type wastes
- Provides uniform and better end

mixed sludge
- It does not work based on forced

convection
- relatively long residence times
(14-20 days)

product quality

The majority of these technologies suffers from technical uncertainty and has questionable
economic benefits. Therefore, new efficient drying technologies for mixed sludge continue to be
explored so that the dry solids content of mixed sludge may be raised to values above critical
levels for safe and economic combustion. One such solution is the biodrying technology, which
can provide both economic and environmental benefits.

A recent review conducted by Velis et al. (2009) revealed that the biodrying process is a new
concept, and published literature in this field is very limited. The biodrying process depends on

several factors which are discussed below.

2.4. Biodrying Process

To the knowledge of the author, the term biodrying was coined by Jewell et al. (1984) whilst
reporting on the operational parameters relevant for drying cattle manure. Here, the term
biodrying denotes: a) the bioconversion reactor within which waste is processed, b) the

physiobiochemical process, which takes place within the reactor.
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In biodrying, in addition to the forced convection, the drying rates are enhanced by the
biological heat generated from the metabolic activity of mesophilic and thermophilic
microorganisms within the matrix. The matrix dries by means of two main steps: a) water
molecules evaporate (i.e., change phase from liquid to gaseous) from the surface of waste
fragments into the surrounding air, and b) the evaporated water is transported through the matrix
by airflow and removed with the exhaust gases.

On the biochemical side, aerobic biodegradation of readily decomposable organic matter occurs.
On the physical side, convective moisture removal is achieved through controlled forced
aeration. Whilst the general reactor configuration and physio-biochemical phenomenon is
similar to composting, the way in which it is operated is significantly different. During multiple
cycles of biodegradation, a widely diverse population of micro-organisms catabolizes substrates
through complex biochemical reactions to satisfy metabolic and growth needs (Richard et al.,
2004).

In biodrying, air convection and molecular diffusion are the main transport mechanisms
responsible for moisture flow through the matrix (Frei et al., 2004). Air convection, induced by
engineered airflow through the matrix, is almost exclusively responsible for the water losses that
are readily removable. Air carries the water evaporated from the surface of matrix particles (free
moisture) with which it is in contact. Removal of water content from the waste matrix
(desorption) by convective evaporation is governed by the thermodynamic equilibrium between
the wet waste matrix (solid phase) and the air flowing through the matrix (gas phase).

Klaus (1992a, and 1992b) studied the effect of operating variables on the biodrying process for
municipal sludge, i.e. the ratio of sewage sludge to flocculating agent, the throughput of the
sludge, the temperature of the inlet air, as well as the residence time on the controllability of the
biodrying process. By controlling these variables, it was possible to optimize the biodrying
operation. Additives were added as conditioning agents to the sludge. Nellist et al. (1993, 1997)
reported that fast biodrying determines low biological stability and vice versa. A similar result
was confirmed by Adani et al. (2002). Adani et al. (2002) reported that the biological stability
provided by the biodrying process could minimize odors and biogas production of municipal
waste sludge. Choi et al. (2001) concluded that high moisture removal can be achieved in a full-
scale, well insulated biodrying reactor. Hansjoerg et al. (2004) developed a method for the

continuous biological drying of garbage residues and sewage sludge. The technique involved
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continuous measurement of carbon dioxide in the exhaust air along a closed transport track in
order to control the air supply, so that the carbon dioxide in the exhaust air was kept within a
range of 0.05 to 0.4 % by volume. Sugni et al. (2005) reported that biodrying could be a good
solution for municipal solid waste management, allowing for the production of fuel with
attractive energy content. Lhadi et al. (2005) studied the evolution of organic matter and the
humidification process during the co-composting of the organic fraction of municipal solid
waste and poultry manure with two different particle sizes (0.2 and 1 cm). The results suggested
that hemicelluloses were readily degradable compared to cellulose and lipids. It was also
pointed out that the degradation phenomena were more marked for mixtures with lower particle
sizes. The techno-economic analysis of Laflamme-Mayer et al. (2004) illustrated that biodrying
could be an attractive alternative for those pulp and paper mills that are seeking to eventually
achieve zero-effluent operations when compared with other alternatives such as low sludge

production and retrofit of hollow fiber membranes into the aeration basin.

2.4.1. Microbiological Aspect of the Biodrying Process

Within the biodrying reactors, waste is dried by air convection, and the necessary heat is
provided by exothermic decomposition of the readily decomposable waste fraction. Therefore,
the knowledge of the microbial aspect of biodrying is essential for better process understanding
and control. As described earlier, the biodrying technology refers to the method of achieving
mesophilic and thermophilic aerobic biological activity in the biodrying reactor and aims largely
at preserving the higher heating value of the biomass under treatment in the biodryer. Sludge
may be mixed with a bulking agent to absorb moisture and assist aeration by providing
sufficient pneumatic aerobic conditions. As soon as the bacteria decompose the organic matter,
the biodrying reactor heats up. The main parameters to consider in an aerobic degradation
process are the microbiology, oxygen, nutrient, and moisture requirements. Aerobic
decomposition is an exothermic process, and for pilot-scale reactors the limited surface to
volume ratio limits heat loss and causes temperatures to rise (Haug, 1993; Finstein et al., 1985).
The higher temperatures result in an accelerated biodegradation process, reflecting in microbial
growth rates, new cell production, rapid microbial multiplications and more CO, and H,O

production. However, there is an optimum temperature where the microbial growth is at peak



20

value, and further rise in temperature suppresses the microbial growth cycle. Depending on the
type of biomass, the optimum temperature could vary, but several studies have confirmed that
the optimum range of microbial growth for thermophilic microorganisms is 50-65°C. This
suppression results from a number of factors, both on a molecular scale as enzymes required to
catalyze biodegradation reaction are denatured, and at an ecological scale as individual
microorganisms and hence entire species experience thermal death (Richard, 1997). Chemical
and physical conditions also have an influence. The physical, biological, and chemical
decomposition processes are so complex that it becomes difficult to ascertain exactly how these

processes are interrelated because they are in a continuous state of change.

2.4.1.1. Microbial Reaction in Biodrying Process

The following aerobic exothermic microbial reaction takes place in the matrix of mixed sludge:

Substrate + a0, = bCO, +cH,0O + New cell, AH,<0 (2.1)
The biodrying reactor is self-heating, relying on microbial heat production to obtain the required
process temperatures. This provides an advantage over conventional drying systems that require
an external heat source (Mason and Milke, 2005a and 2005b). In reaction Eq. (2.1), the substrate
represents readily biodegradable components in the mixed sludge. Table 2.5 covers the majority
of these components and their degradability. As can be seen, the most readily biodegradable
components are kraft cellulose and hemicellulose, whereas the least biodegradable component is

lignin.

Table 2.5: Degradability of mixed sludge and its composition (Adapted from Haug, 1993)

Component Y%w/w (d.b.) Degradability (%)
Mechanical pulping 15 50

Cellulose Kraft pulping 40 90

Hemicellulose 10 70

Lignin 10 0

Lipids 8 50

Protein 4 50

Other sugars 10 70
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2.4.1.2. Microorganisms Classification

Metabolic distinctions between organisms provide a useful tool to understand both the effect of
an organism on its surroundings and the environment necessary for proper growth of the
microorganism. A wide range of microorganisms (bacteria, actinomycetes and fungi) metabolize
organic compounds in waste; however, not all the decomposition of organic material in
composting is biological in nature. The microbiological strains found in a composting
environment are highly varied. The effectiveness of bacteria and fungi in decomposing the
organic material is based on the operational conditions of the process involved. This
encompasses a range of different groups of organisms that can be categorized based on their
temperature tolerances. Bacterial species responsible for biological activity can be classified into
four groups based on temperature preferences (Figure 2.5): psychrophiles (active at 0-20°C),
mesophiles (active at 8-48°C), thermophiles (active at 42-68°C) and hyperthermophile (active at
70-110°C) (Madigan and Martinko, 2006). Only mesophilic and thermophilic bacteria are
considered in the biodrying process because they are active within the usual temperature range
of the reactor. As reported by Frei et al. (2004) and Roy et al. (2006), the typical temperature
range for microbial degradation in the batch biodrying reactor was 15-55°C, although high
temperatures of up to 65°C have also been observed. The bacteria are very sensitive to the
temperature of the matrix in which they grow. As shown in Figure 2.5, higher temperatures kill
mesophilic bacteria while favoring growth of thermophiles. Nevertheless, thermophilic bacteria

also suffer from extremely high temperatures.
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Figure 2.5: Effect of temperature on microbial growth rate of different microbes (Adapted from
Madigan and Martinko (2006))

2.4.1.3. Oxygen Requirements

Oxygen availability remains one of the critical factors in all biodegradation processes. The
presence or absence of oxygen even provides the basic terminology for classifying the
bioprocesses as aerobic and anaerobic. Nevertheless, a pure aerobic bioprocess is always
difficult to achieve. This difficulty is compounded by transport limitations both in microscopic
and macroscopic scales. Aerobic biodegradation requires uniform and sufficient oxygen transfer
to ensure that microorganisms are able to respire at optimum levels. For instance, in aerated
composting, a compost pile should be adjusted to keep oxygen percentages between 5-15 % v/v
as compared to 21% v/v in air (Campbell et al., 1991). This translates to about 1 to 4 grams of
oxygen per gram of biodegradable material (or ~ 4 to 17 grams of air per gram of material)
(Haug, 1993). However, these values represent only the oxygen required for metabolism. When
drying of the material is considered (as with the biodrying application of this work), the aeration
rates are far in excess (10 to 30 times) of those required for biological oxidation (Haug, 1993).
Air must be properly diffused and be able to reach all pockets of material to minimize anaerobic
zones. If the air does not penetrate into clumps of material, local anaerobic conditions develop.

As for the mechanisms of the oxygen transfer, the air is first supplied to the porous space of the

mixed sludge, and then oxygen is transferred to the gas/liquid interface. It then diffuses across



23

the interface and reaches the microbes through the liquid phase (Figure 2.6) in which the
microbial reaction takes place. Microbial degradation will cause a concentration gradient and
drive the diffusion of oxygen from air to the liquid phase. Conversely, the products of the
biological reaction, i.e. CO,, H,O and NHj3 (to some extent) will transport towards the gas phase
(airflow). The transfer of O, is a slow phenomenon and is mainly controlled by diffusion.

Therefore, the superimposition of forced aeration in the biodrying process can enhance the mass

transfer.
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Figure 2.6: Schematic representation of mass transfer mechanisms

In the biodrying process, like aerobic composting, oxygen and carbon dioxide profiles are mirror

images of each other (Kulcu et al., 2008).

2.4.1.4. Nutrition Level

Sufficient concentrations of key nutrients (nitrogen, phosphorus, sulfur, and other trace
nutrients) are required by organisms for proper cell growth. The carbon to nitrogen ratio is the
most often cited nutrient parameter. The ideal range for active microbial biodegradation is a
20:1 to 40:1 C/N ratio (Campbell et al., 1991; Naylor, 1996). In the pulp and paper industry,
nutrient carryover from the wastewater treatment facilities typically meets this range. Table 2.6

shows some data for C/N ratio in a variety of materials.
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Table 2.6: C/N ratios for various biomass materials

Biomass category  Biomass material C/N ratio Reference
Primary sludge 23-930:1 Thaker (1985)
Secondary sludge 9-81:1 Shimek et al. (1988)
Mixed sludge 6-115:1 Scott et al. (1995)
. ) McBurney (1993) ; Durai-
Pulp and paper ~ Wood chips 492-535:1 Swamy et al. (1991
) James and Kane (1991)
Bark 160-534:1 McBurney (1993)
Recycle paper sludge  487:1 Kara (1994)
Synthetic food waste 8.4:1
Municipal Richard (1997)

Sewage sludge 7.2

Different mixtures of biomass substrates (sludge, bark, etc.) will result in unique C/N ratio.
While secondary sludge has a very low C/N ratio, materials such as bark and fiber possess little
nitrogen and therefore very high ratios. Larsen and McCartney (2000) found a negative linear
correlation between heat generation and the C/N ratio for paper mill sludge, with high levels of
heat generation occurring in the range of C/N=15-30. As the amount of bulking agent (bark)
increases, the C/N ratio will also increase, so the amount of heat generation must be balanced

against the increased porosity that the bulking agent provides.

2.4.1.5. Moisture Content

Moisture is vital to the proper functioning of the microorganisms. The cell membranes must
remain permeable to a steady flow of soluble nutrients by osmosis (Naylor, 1996). The
metabolic reaction can theoretically take place at high moisture levels, but such levels decrease
the availability of oxygen needed to sustain aerobic decomposition. This is due to the slow
diffusion of oxygen into the thick liquid biofilm that separates it from the microorganisms.
Nakasaki et al. (1994) reported that the optimum moisture content for the microbial activity is
45-65% w/w. This has been confirmed elsewhere (Liang et al., 2003; Campbell et al., 1991;
Naylor, 1996; Haug, 1993). If the moisture content is too high, oxygen will have difficulty
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traveling through the system, and if it is too low, the microorganisms exhibit reduced
performance. Due to variations in pore size distribution, surface tension, and internal porosity,
the moisture content might vary from one point to another even though the residence times are
nearly the same (Richard, 1997). Operating the biodrying process under optimum conditions
will preserve the higher heating value of the sludge and thus lead to higher energy recovery

when the sludge is combusted in the boiler.

2.4.2. Critical Review of the Batch Biodrying Process

The batch biodrying reactor was developed by Frei et al. (2004) for the drying of pulp and paper
mixed sludge. The reactor was a 1-m’ lab scale reactor equipped with two sets of conduits for
the air inlet and outlet. Temperature and pressure were measured within the porous matrix of the
mixed sludge, and relative humidity and air flowrates were measured in the inlet and outlet air
flows.

Mixed sludges were dried using a combination of injected and extracted air streams that were
heated by thermophilic microorganisms within the mixed sludge that generate heat through their
metabolic activity. The mixed sludges combined with wood waste were deposited into the batch
biodrying reactor. The locations of temperature and pressure probes inside the batch biodrying

reactor are illustrated in Figure 2.7.

Exhaust Air

Vacuum Blower

Figure 2.7: Schematic of the batch biodrying reactor
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This study found that a sludge to wood waste ratio of 2:1 (dry mass basis) provided acceptable
pneumatic conditions. The internal heat generation (bioheat) raised temperatures to peak values
of approximately 65°C, and carbon losses from biological activity ranged from 5% w/w to 18%
w/w. The results highlighted a clear correlation between the peak temperature of the matrix and
the rate of water removal. The study also included a techno-economic analysis that
demonstrated the economic viability of implementing the technology in the Canadian pulp and

paper industry (Frei et al., 2006).

In summary, the followings were achieved:

o Moist air rewets dried sludge when air flow is reversed, resulting in renewed
biological activity and increased matrix temperatures for a period of 10-20 hours

o The rewetting period and increased biological activity increased outlet air
temperature, permitting saturated air to carry more moisture on a mass basis, thus
increasing the drying rate

o The matrix rewetting is most significant in the earlier periods of the batch
experiments when the overall matrix is still quite wet

o There are indications that air flow preferentially passes via the shortest route
between the inlet and outlet air ports, preferentially drying the lower matrix

o As the matrix dries, the permeability of the matrix increases dramatically,
lowering the pressure loss across the matrix and reducing the extent of
preferential flow in the lower reactor

o It was found that there was more air passage in the lower portions of the batch
reactor configuration than near the top (especially in the early stages of the batch

treatment).

In the second study, Roy et al. (2006) conducted extended batch biodrying experiments to
technically investigate the reliability of the batch biodrying reactor and to optimize the process
with a 1 m’ modified batch biodrying reactor as shown in Figure 2.8. The reactor contained

online instruments capable of measuring temperature, pressure, and relative humidity.
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Figure 2.8: Schematic diagram of the batch biodrying reactor

Several experimental runs were conducted on biodrying of mixed sludge from the pulp and

paper industry over a 15-day residence time period. It was found that:

O

After 15 days of treatment, the average cumulative mass loss was 223 kg +/- 23 kg for
average initial water content of 474 kg, representing a 47% decrease

For each experiment, maximum spatial temperature gradients (= 50°C) occurred at the
beginning of the experiment

The temperature gradient declined exponentially throughout the experiments to
approximately 20°C in the final days of treatment

The most influential parameters were: C/N ratio and matrix outlet temperature

The least influential parameters were: initial sludge and bark dry solids content , and
storage time of material prior to treatment

Cell counts on samples taken before and after the exponential growth rate period
confirmed that cell concentrations increased from approximately 10° CFU/g to 10°
CFU/g

Energy balances resulted in average biological energy production rates of 23 - 39 W/kg-
dry basis

Due to the precipitation of moisture on mixed sludge, air flow inversion favored

biodegradation rather than biodrying
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o It was concluded that based on the experimental results, the biodrying process appears to
be a promising energy efficient drying technology, providing a potential solution to the

problems inherent in the combustion of wet sludge.

A techno-economic assessment of a case study based on the results of the batch biodrying

reactor performance yielded maximum return on investment at a dry solids level of 45% w/w

(Figure 2.9).
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Figure 2.9: Impact of dry solids content on return on investment
(Adapted from Roy et al. (2006))
In conclusion, the techno-economic assessment of this study revealed that the biodrying
technology could be very attractive if the sludge dry solids content of more than 45% w/w can
be achieved in less than 5 days. These two studies found that the biodrying process has
significant potential to be a suitable solution for drying pulp and paper mixed sludges with
minimum energy requirements and side impacts. However, the following major drawbacks

associated with the batch configuration were identified:

A) Non-uniformity in matrix dry solids content :
Non-uniformity in the dry solids content is the result of several problems such as:
e Anaerobic conditions in dead space which create hot spots in the batch reactor

e Can not optimize drying conditions for bound and unbound moisture
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e Changes in air flow direction (for good pneumatic matrix conditions) result in moisture

precipitation on dried mixed sludge.

B) Process inefficiencies that result in a relatively long residence time, and therefore a large
reactor size:
e Increased capital costs

e Difficult to fit into the crowded mill sites.

C) Labor intensive batch system, especially for sludge management operations to charge and

discharge the reactor

2.4.3. Conceptualization of a Continuous Biodrying Process

So far it is only VCU (Vertical Composting Unit), a New Zealand based company that has
developed a continuous composting reactor that works based on a “plug flow” principle, as
shown in Figure 2.10. Shredded mixed municipal sludge flows from the top to the bottom of the

reactor by means of gravity.
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Figure 2.10: VCU principle

The compost is removed daily from the bottom. The residence time is about 14-21 days. This
residence time is much shorter than in convectional composting reactors, which is always above
30 days. The biological heat generated can raise the reactor temperature to 40-70°C, which
destroys pathogens present in the municipal sludge waste. It is claimed that this system is an

energy-efficient process and does not require agitation, bio-filtration, external heating, or air
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injection. With minimal moving components, maintenance, and operating costs, the continuous
vertical reactor appears to function well according to both economic and operational aspects
(VCU Technology Ltd., 2005). However, the physiochemical characteristics of pulp and paper
mixed sludges significantly differ from that of the municipal sludge and no application of VCU
has been reported in the pulp and paper industry. This technology has demonstrated that a

vertical biological system can be developed and operated.

2.5. Key Process Variables for Mixed Sludge Drying

The form in which the water is present within the solid fragments of the matrix has a decisive
influence on the drying phenomenon. Air convection may eventually dry the surface of the
particle, reaching the hygroscopic limit, i.e., leaving no surface areas saturated with water,
resulting in less water to evaporate. For further drying, additional moisture has to migrate from
the particle interior (bound water) to its surface, a process governed by diffusion mechanisms
(Roy et al., 2006); e.g., during the drying of hygroscopic porous media, such as wood (Stanish et
al., 1986). This requires a higher temperature to boost the diffusion mechanism of water
migration from the particle interior to its exterior.

At most mills, the mechanical dewatering process (alone) is neither feasible nor economically
viable for the target dry solids levels sought for efficient sludge disposal by combustion. In the
context of drying technology terminology, two types of water are present in mixed sludge:
unbound water and bound water. Unbound water constitutes free, interstitial, and part of the
surface water that is physically adhered to the surface of the particles, whereas bound water
stands for those that are chemically embedded into the particles’ structure. Each of these types
of water requires different physical mechanisms for the removal, as described elsewhere (Basu
et al., 2006; Brazier, 1996; Mujumdar and Beke, 2003; Vaxelaire and Cezac, 2004; Tsang and
Vesilind, 1990; Smith and Vesilind 1995). Figure 2.11 qualitatively describes different types of
water available in mixed sludge. The constant drying rate (free water removal) is followed by
first (interstitial water removal), second (surface water removal), and third (bound water
removal) falling rates. The constant drying rate period takes place nearly at wet-bulb

temperature under a convection dominated mechanism, and it is the external mass transfer that
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controls the drying mechanism, which depends on temperature, relative humidity, and air
velocity.

In the falling rate periods, however, an intensive drying process is required to remove the
moisture arriving at the surface of the mixed sludge particle. The drying is mainly conducted at
dry-bulb temperature, since the internal diffusion is the limiting factor (Mujumdar, 2007,
Vaxelaire and Cezac, 2004). Large amount of the free and interstitial water can be mechanically
removed by an efficient dewatering process, but the surface and intercellular (bound) water

require thermal treatment techniques.
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Figure 2.11: Typical drying curve for sludge drying (Adapted from
Vaxelaire & Cezac, 2004; and Tsang & Vesilind, 1990)

Morales et al. (2003) studied the effect of inlet air relative humidity (RH;,) on the drying rate of
a biofilter and found that the drying rate reduced to half at RH;,=90% compared with RH;,=50%.
Roy et al. (2006) found that the outlet air temperature and the exit air relative humidity are
critical parameters for the batch biodrying process. Several researchers have studied inlet air RH
as an influential parameter for drying food materials, but the literature is lacking in controlling
the drying mechanism using outlet relative humidity. Mujumdar (2007) stated that the relative
humidity could be one of the controlling parameters in drying processes, but no further detail
was provided.

Therefore, despite an enormous amount of research done on air convective drying, little
information is available to answer what will happen to the transport phenomena if the outlet

relative humidity is controlled.
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2.6. Transport Phenomena in Drying of Porous Matrix of Biosolids

Porous media are undoubtedly among the most complex structures found in nature. The major
complexity arises from the large local variation in terms of pore size, particle size and
connectivity, which brings into play a wide range of length scales and fluid velocity.

As described in Figure 2.11, the presence of different types of unbound and bound water makes
the process even more complicated as their removal mechanism is very complex.

Laboratory tests conducted by Adani et al. (2002) emphasized the inverse correlation between
biodrying and biodegradation: fast biodrying results in low biological stability, whereas high
biodegradation results in high biological stability. For biodrying, a combination of two
parameters must be taken into account: air flow rate (which directly affects the ability of the
system to eliminate water) and outlet air temperature (which directly affects the ability of the air
to contain water). Therefore, the understanding of the temperature profile is very important for
the success and control of the biodrying process, and for this reason, the modeling of the

biodrying process is an important step.

2.6.1. Modeling Aspects of Transport Processes in Heterogeneous Biodrying

and Porous Media of Biosolids

Modeling can provide dynamic coupling between mass and heat transfer mechanisms, which
can not be clearly identified through extensive experimentation. Considering the operational
obstacles and extremely high costs associated with performing extensive experiments at
different scales, there is an additional incentive to simulate the biodrying process
mathematically. Through modeling, one can seek the compromise between the extent of
biological reaction in order to achieve the target dry solids content, while at the same time
preserving the calorific value of the mixed sludge for maximum energy recovery in the power

boiler.
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In order to understand the science and engineering of biodrying processes adequately, it is
necessary to resort to an appropriate modeling approach. The hydrophilic nature of the mixed
sludge biosolids makes the mass transfer mechanism very complex because the materials can
hold a significant amount of bound water. Most often several assumptions and modifications to
the originally developed model are required in order to solve the problems.

Ilic and Turner (1986) investigated the drying of wet porous media using an external drying
medium to evaporate and remove the moisture content from the wet porous medium. The
modeling involved simultaneous mass and heat transfer with four nonlinear partial differential
equations describing the physical process which were solved using the finite difference method.
To simplify the model, neither the heat source term nor bound water removal were considered in
the drying process.

Kulasiri and Samarasinghe (1996) studied the heat and mass transfer modeling of the drying of
biological materials. Luikov’s theory of mass and heat transfer for capillary-porous materials
was applied, and in particular the results for wood and peanut pod showed a good agreement
between the predicted values of temperature and moisture contents and the experimental data.
However, no biological reaction term was included in the model.

Richard et al. (2004) studied the relationship between air-filled porosity and permeability during
in-vessel composting for a residence time of two weeks. An experimental and theoretical
approach for the composting of straw-manure mixture under aerobic conditions was conducted
for developing an analytical framework for engineering design purposes. The air-filled porosity
of composting materials was predicted by simple measurements of bulk density, moisture
content, and organic matter content. The permeability of the matrix was found to be in the range
of 10"°to 107 m?. No heat transfer modeling was investigated in this work.

The applications for chemically reacting fluid problems can be found in many works in the
literature. Gatica et al. (1987a& 1987b) carried out a numerical solution and stability analysis on
free convection in a confined porous medium with zero-order exothermic reactions. Vafai et al.
(1993) have investigated the heat transfer process in a chemically reacting packed bed. Huang et
al. (2003) used an iterative regularization method in order to determine variable heat and mass
source terms simultaneously in a chemically reacting fluid, while Huang and Kim (2005) used
the method to evaluate a time-dependent reaction coefficient in an autocatalytic reaction

pathway.
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Characterization of the biodrying process using a strictly experimental approach is challenging
due to the number of variables involved, including air velocity, inlet air temperature and
humidity, feed dry solids content, ratio of bulking agent (in this study, the recycle ratio of
biodried sludge), and residence time. Modeling is then an interesting option since it can lead to a
reduction of the number of experiments required to tune and optimize the process by helping
gain insight into the transport processes in the biodrying reactor.

Numerous studies have been conducted at laboratory, pilot, and full scales in the field of
modeling of composting operations (Mason and Milke, 2005a &2005b, and Mason, 2006). Heat
balance analyses were presented by Bach et al. (1987), Harper et al. (1992), Koenig and Tao
(1996), and Bari et al. (2000). Mass balance evaluations were provided by Robinzon et al.
(2000), Batista et al. (1995), and Straatsma et al. (2000). All of these studies were performed on
composting processes where, in contrast to the biodrying process, the goal is to fully biodegrade
and stabilize the biomass. Mathematical models incorporating heat and mass transfers have also
been developed for solid state fermentation and composting (Von Meien and Mitchell, 2002;
Rajagopalan and Modak, 1994a & 1994b).

Roy at al. (2006) applied thermodynamic analysis in a lumped modeling approach to quantify
the biological heat in a batch biodrying reactor. However, this study did not address the
transport phenomena in the biodrying process. The bioheat values were found to be 3900-6500
W/’

In a recent effort to model the heat and mass transfer in a porous matrix containing biological
materials, Prud’homme and Jasmin (2006) used an inverse solution approach to describe the
biochemical heat source. Surprisingly, changes in temperature did not correspond to amounts of
released heat. This observation was attributed to the slow diffusion of released heat. This study
only investigated a free convection system, and the results were not verified experimentally.
However, compared to the biodrying technology, two major deficiencies were identified: only
free convection heat transfer was considered, and no experimental validation was made.

Despite enormous modeling work on conventional drying, composting, and transport
phenomena in porous media, a systematic modeling effort has not yet been established for the
biodrying process so that it can address the prevailing process dynamics and evaluate the

relative role and contribution of the bio-conversion vs. the physical mechanism of aeration.
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2.6.2. The Role of Dimensionless Analysis in Porous Media

The dimensionless (non-dimensional) numbers (criteria, groups, products, quantities, ratios, and
terms) possess the following features. They are algebraic expressions, namely fractions, where
in both the numerator and denominator are powers of physical quantities with the total physical
dimension equal to unity. The dimensionless numbers are useful for several reasons. They
reduce the number of variables needed for description of the problem. They can thus be used for
reducing the amount of experimental data and making correlations. They simplify the governing
equations, both by making them dimensionless and by neglecting ‘small’ terms with respect to
‘large’ terms. They produce valuable scale estimates, whence order-of-magnitude estimates, of
important physical quantities. When properly formed, they have clear physical interpretation and
thus contribute to physical understanding of the phenomenon under study (Ruzicka, 2008).
Convective heat transfer in porous media with heat generation within channels was investigated
numerically by Du and Wang (2001). The results indicated that, only when the solid
conductivity is smaller than that of the fluid and the fluid velocity within the pores of porous
media is low, the temperature difference between the solid and the fluid must be considered. The
thermal equilibrium assumption does not mean ignorance of the heat transfer between the two
phases, but this assumption can simplify the analysis of heat transfer in porous media by
introducing an effective thermal conductivity and a unique heat transfer equation. The study
revealed that a local thermal equilibrium assumption is valid if Re>10, mainly because of the
accelerated heat transfer coefficient that minimizes the temperature difference between two
phases. It also revealed that the transport phenomena can be governed by Reynolds number
(Re), Prandtl number (Pr), H/dp. But this study did not use these dimensionless numbers to
extrapolate for a large scale reactor.

Nakayam et al. (2007) used a lumped model approach for a large scale static aerobic composting
pile. The normalization and dimensionless analysis on the model revealed key dimensionless
groups: Damkohler number (Da), which is the ratio of biodegradation rate to convection rate,
and Stanton number (St), which is the ratio of heat loss to environment to convection heat.
Although the study revealed these two dimensionless groups in the equation of heat transfer, the

discussion was at a given Da for three St numbers (4, 6, 7). The study did not further extrapolate
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the result for a large scale compost pile because it is in the early stage of design tool
development for aerobic composting.

Nield and Kuznetsov (2008) studied forced convection in a porous medium with internal heat
generation. The heat and mass transfer equation revealed that Re and Pe had a strong effect on
the temperature profile. The authors speculated that the general trends illustrated by the model
will carry over to specific biological situations. However, this system was related to a nuclear
facility and the results were not verified experimentally.

As a conclusion, the specific geometry, non-homogeneous porous matrix, and complexity of the
biological and transport processes occurring in the continuous biodrying process have not yet

been addressed.

2.7. Gaps in the Body of Knowledge

Based on the literature review, the following holes in the body of knowledge have been
recognized:
o A continuous biodrying reactor that could dry mixed sludge from the pulp and paper
industry to economic dry solids levels has not been developed,
o The effect of key variables on the overall performance of a biodrying process for drying
pulp and paper mixed sludge is not well understood,
o There is no mathematical model that has been developed to address the transport
phenomena in a continuous biodrying reactor that would provide a basis for a useful

design tool development.

2.8. Specific Objectives
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The problem statements and hypotheses require that a methodology be developed in order to
address the following objectives:
e To develop a pilot-scale continuous biodrying reactor that is capable of solving an
industrial problem related to the management of pulp and paper mixed sludge drying
e To identify key variable(s) that greatly impact the performance and the complexity of the
transport phenomena in the continuous biodrying reactor
e To develop an appropriate model that: a) enhances better understanding of the transport
phenomena prevailing in the continuous biodrying reactor, and b) is able to reflect a full-

scale biodrying process.
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CHAPTER 3: OVERALL METHODOLOGY

The overall methodology consists of a systematic approach illustrated in Figure 3.1.
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Figure 3.1: Overall methodology of the research

3.1. Continuous Biodrying Reactor Design

The principle of the continuous biodrying reactor is the same as the batch biodrying reactor and
relies on the aerobic exothermic biological heat generated through microbial metabolic activity
that can enhance the drying of mixed sludge under forced aeration. Like the batch biodrying
reactor, the continuous reactor also uses a combination of engineered physical and biochemical
processes. However, unlike the batch biodrying reactor, the continuous biodrying reactor is
flexible enough to accept a different aeration control strategy from the top to the bottom,

allowing more flexibility for removing unbound water at the top, and bound water at its bottom.



39

By the insights gained through the batch biodrying reactor and the limitations identified in the
batch reactor, the following issues were included in the design of the continuous biodrying

reactor:

Mixed Sludge Stickiness

Pulp and paper mixed sludge has a complex and sticky structure. This has been a real obstacle
for several technologies that attempt to dry mixed sludge. In addition to the fibrous components
(cellulose, hemicelluloses, lignin and other types of carbohydrates), there are also mineral
materials, either from the papermaking process (clay, fillers) or wastewater treatment system
(mainly phosphorous, limestone and nitrogen), microorganisms (tiny biological flocs), and
heterogeneous bark or wood waste residues. All of these components make a mixture that is
very sticky and deformable. In the design of the biodrying reactor, two important aspects were
considered to minimize this issue: a) vertical configuration for the continuous biodrying reactor
to result in a gravity-driven movement, and b) use of a special material, UHMW (Ultra High
Molecular Weight) polyethylene, to facilitate the movement of the sludge in the vertical

direction.

Matrix Non-Uniformity

The mixed sludge is a very complex porous matrix, due mainly to a wide range of materials
involved in water treatment processes as well as agglomeration of the particles during
preconditioning, polymerization, and mechanical dewatering. Another source of non-uniformity
is the use of bark as a bulking agent that was used in the batch biodrying reactor. Such a non-
uniform matrix demands a reactor that involves minimum process and technical problems.
Recycling of the biodried sludge is a practice that minimizes this non-uniformity. A portion of
the biodried sludge is recycled and used to provide adequate pneumatic conditions and minimize
non-uniformity of the mixed sludge in the feed. Therefore, the utilization of bark as a bulking

agent is avoided in the continuous biodrying reactor.
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Low Labor Intensity, Minimum Mixing Requirement, and Less Area Footprint

As stated earlier, the batch biodrying reactor could be very labor intensive. In the continuous
biodrying process, the vertical configuration of the biodrying reactor provides not only virtual
mixing and movement of the sludge particles but also avoids extra labor on airflow adjustment
and materials handling. Besides, a gravity-driven movement reduces the technical problems and
minimizes maintenance time on the biodrying reactor. The vertical configuration also results in

a reduced area footprint, which is critical for already crowded pulp and paper mill sites.

Uniform Gas Distribution

It is essential for the entire matrix to receive a minimum amount of air in order to prevent
anaerobic conditions and to minimize non-homogeneity in the drying process and the dry solids
content of the final product. Therefore, in both sides of each compartment, a series of perforated

plates uniformly meshed were installed for the air inlet and outlet.

Multiple Solid and Gas Sampling Ports

Multiple solid and gas sampling ports are essential for several reasons; namely a) to verify
online experimental data being logged automatically, b) to extract gas and solid samples for
further analyses which are not done online, c¢) to be able to continue the experimentation and
data collection even if the online system fails, d) to correctly position the temperature and
pressure probes inside the reactor for online data logging, and e) to extract necessary space-

dependent experimental data for the modeling assessment.
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Biodryer Automatic Materials Discharge System

It is essential that the materials are uniformly pulled out from the bottom of the continuous
biodrying reactor so that the discharge materials spend the same residence times receiving the
treatment in the reactor. Therefore, the screws were designed to uniformly discharge the
biodried mixed sludge from the bottom of the continuous biodrying reactor. When the screws
turn, the materials flow downward by means of gravity. A non-uniform discharging system
could cause bridging problems, and non-uniformity in the dry solids content of the discharge
materials. Therefore, the screws were designed to minimize this problem and were modified (see
section 3.2.3.2) to meet these requirements.

With the above-mentioned considerations and consultation with experts in the field of drying
processes and reactor design, the continuous biodrying reactor was designed, fabricated, and
installed in our laboratory at Ecole Polytechnique Montreal. The reactor is divided into four
nominal compartments. The experimental set-up includes two pilot-scale vertical stainless-steel
reactors, each of which is 200 cm high, 100 cm deep, and 40 cm wide (Figures 3.2 &3.3). One
of the reactors is fully instrumented and controlled online, whereas the second reactor has
limited instrumentation and was used primarily to generate data for repeatability purposes. The
reactor is insulated with UHMW (ultra high molecular weight) polyurethane on the inside and
Styrofoam on the outer surface, with a thickness of 2.5 and 1.5 cm, respectively. The
instrumented biodrying reactor is shown in Figure 3.3. The set-up permits online monitoring of
internal temperature and pressure, changes in the CO, level, relative humidity, and the
temperature of the inlet and outlet airstreams in each compartment. An online O, measurement
set-up was also designed and connected to an Oxymat 61 apparatus (Siemens Inc., USA) to
verify the rate of biological reaction. Temperature, relative humidity, pressure and CO, level
were measured using six RH&T probes (one for inlet, 4 for outlet and one for manual reading)
(HMW60U/Y, Vaisala, Helsinki, Finland), 12 pressure probes (Dwyer Instrument Inc., USA),
and a CO; analyzer (MSA Instrument Division, Ultima gas monitor, USA), respectively. All of
these process variables, including incoming gas temperature and relative humidity, were logged

at 8 min intervals using LabView (LabView 8.0.1, National Instrument Inc., USA) (Figure 3.3).
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The reactor was insulated on the inside by UHMW (Ultra High Molecular Weight) polyethylene
and on the outside by regular insulation materials. The wet mixed sludge is fed at the top of the
reactor (1¥compartment) and flows downward by means of gravity. This mixed sludge consists
of fresh sludge (received from the pulp and paper mill) and recycled sludge (obtained from the
discharge of the biodryer) which are mixed in a 40 liter container prior to manually feeding into
the top of the reactor. The dried sludge is extracted by two parallel screws installed at the

bottom of the reactor.

Figure 3.2: Pilot-scale biodrying reactor

Airflow is supplied by forced air and inductive blowers, driving the air in the reactor in a cross-
flow direction in each of the four compartments.

In order to generate a variety of results for model verification, two sets of experiments were
conducted. Table 3.1 shows the overall experimental program which was performed after
reactor troubleshooting and pre-commissioning. The first series was based on design of
experiment (DOE) approach and consisted of 8 individual experiments under the following

conditions: total air flowrate of 28 and 34 m’/h, recycle ratio of 15 and 30% (d.b.), and residence
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time of 4 and 8 days. The recycling of biodried sludge provides adequate pneumatic conditions
in the matrix of the biodrying reactor so that no other bulking agent (e.g. bark) is required. It can
also contribute to faster microbial activity of thermophilic bacteria (measured as CFU/g) than
that of fresh sludge (Navaee-Ardeh et al., 2008). The chosen range of residence times was
recommended by Roy et al. (2006) for an economically feasible batch biodrying reactor, and the
range of bulking agent (recycle ratio in this study) was recommended by Frei et al. (2004) for
acceptable pneumatic conditions. The second set of experiments was performed at a 6-day
residence time, a 30% w/w recycle ratio of biodried sludge, under a controlled outlet relative
humidity profile (85-96%) and with a 40-75 m’/h total air flowrate. Feed and discharge occurred
twice a day with a mass flowrate of 10-22 kg (dry basis). The first series of experiments was
expected to generate higher temperature and bioheat, which should yield better drying rates and
increased larger calorific value losses. The second strategy favors the calorific value of sludge
since higher aeration results in less sludge biodegradation.

Table 3.1: Overall experimental program

Run Case Residence Recycle ratio Total air Outlet relative
time (% w/w) flowrate (m3 /h)  humidity (%)
(days)
1 4 15 34
2 3 4 15 28
3 4 30 28
4 4 30 34
5 8 15 34
6 4 8 15 28
7 8 30 28
8 8 30 34
9 1 6 30 75 85,85,85,85
10 2 6 30 46 96,96,96,96
11 5 6 30 55 85,85,96,96
12 6 6 30 64 96,96,85,85
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3.2. Experimentation
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The experimental phase consists of material characterization, screening, and targeted

experimentations. The material characterization includes solid and gas phases.

3.2.1. Solid Phase Characterization

Solid biomass characterization is an important step for the process analysis and for

understanding the influence of different parameters in the process.
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The biomass was a given pulp and paper mixed sludge in a ratio of 45/55 (% w/w) primary to
secondary sludges, collected onsite from a typical wastewater treatment plant at an Eastern
Canadian TMP pulp and paper mill, and shipped in 25 gallon barrels to our lab. The solid phase
consists of dry solids content and water. The solid content is a mixture of microorganisms,
fibrous materials, lignin, mineral components such as limestone and phosphorus, and clay. The

water itself consists of unbound and bound water.

3.2.1.1. Dry Solids Content

The dry solids content is the water free mass of mixed sludge. This parameter is important as it
is one of the objectives of this study to reach economic dry solids level as well as it plays a role
in the modeling phase of this study. To measure dry solids content, 16 samples of mixed sludge
(each sample approximately 150 g w. b.) taken from different sampling points were oven dried
at 105 °C for 24 h. Two were fresh sludge samples, two were taken at the outlet of the reactor
discharge, and twelve were extracted from the designated sampling points illustrated in Figure

3.3.

3.2.1.2. Elemental Analysis

Elemental analyses are needed to determine the C/N ratio and the constant coefficients of the
microbial reaction at different compartments (Eq. 2.1).The elemental analyses were conducted
by the University of Montreal’s independent certified laboratory on a 10-mg representative
sample (a mixture of sludge samples extracted at various depths through one of the 12 sampling
points) of the dry sludge. The representative samples were ground using a home-style grinder.
The model of the elemental analyzer was Fisons AE 1108, and the oxygen, carbon, nitrogen, and

hydrogen were measured.



46

3.2.1.3. Higher Heating Value

The higher heating values (HHV) were measured using an Oxygen Bomb Calorimeter (Parr
Instrument Company, Illinois, USA). First the samples were prepared. The preparation of
samples included oven-drying, grinding it using a home-style grinder, compressing 1-g of it into
a shape of tablet, and transferring it into the Oxygen Bomb Calorimeter for higher heating value
measurement. After placing the sample inside the bomb calorimeter, the cylinder was tightly
closed and a trace of high pressure pure O, (35 atm) was injected into the cylinder already
submerged in a water bath. Prior to experiments, the bomb calorimeter was calibrated using a
benzoic acid pellet to determine the volume of the water required for the water bath, which is
kept constant during all experimental trials. After injecting the oxygen, an ignition was made in
order to start the combustion. By tracking the temperature in the water bath, the higher heating

value of the solid sample was determined.

3.2.1.4. Density and Porosity

The density and porosity of the mixed sludge in each compartment were measured using an
approach adapted from Richard et al. (2004) and Ahn et al. (2008). A 20 liter container was
filled with the mixed sludge sample at a given dry solids content, and then a load pressure equal
to the pressure that the sludge would have received in the pilot-scale reactor due to the weight of
the upper compartments, was applied to the sample. The density was then measured using the
ratio of mass to the volume of the sample in the container. The same sample in the container was
filled with water to a level such that the solid materials were submerged in the water. The
porosity was then reported as the ratio of water added to the total volume of the solid sample. It
should be noted that due to the hydrophilic nature of the solid samples, there is a possibility that
some water is absorbed into the solid phase, causing slight overestimation of this parameter.
Therefore, to verify this, the results were compared to the estimated values determined using a
model developed by Richard et al. (2004). The calculated values were slightly higher than the

measured values, making the inherent error in the measured values negligible.
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3.2.1.5. Microbial Analysis

The microbial analysis of the mixed sludge samples were conducted by Maxxam Analytique
Inc., and were reported for both the mesophilic and thermophilic bacteria as CFU/g. The
samples were obtained in each compartment at different sampling points illustrated in Figure

3.3.

3.2.1.6. Particle Size Distribution

One of the real complexities with a porous matrix of mixed sludge is the wide range of particle
sizes. This makes the study of transport phenomena and the modeling of the biodrying reactor
complicated. In this study, particle size distribution was determined for each compartment using

a 5-stage sieve. These values are critical for the estimation of Reynolds numbers.

3.2.2. Gas Phase Characterization

The gas phase includes oxygen, nitrogen, carbon dioxide, and water vapor. The ambient air was
supplied by two blowers installed underneath the biodrying reactor. Following the school’s
policy, the lab conditions remained nearly constant, and therefore do not represent the real
ambient conditions. Both the relative humidity and the temperature of the gas phase could have

a significant impact on the water removal rate and the efficiency of the biodrying process.

3.2.2.1. Relative Humidity and Temperature

Relative humidity and temperature were measured online at the gas inlet and outlet ports, and
manually at three points in each compartment in the gas flow direction illustrated in Figure 3.3.

However, the temperature was also measured manually to verify the online measurements and to
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obtain data from points that are not taken online. These data are critical for the reactor

performance as well as for the modeling part of this study.

3.2.2.2. COz and 02

The CO, production was monitored continuously using the data logging system. The
concentration of O, was measured at the inlet and outlet of each compartment to verify the

biological heat generation.

3.2.3. Continuous Biodrying Reactor Commissioning

The reactor commissioning included equipment calibration and reactor troubleshooting issues in
order to obtain reliable experimental data. The instrumental calibration is critical for accurate

data acquisition and process control.

3.2.3.1. Instrumental Calibration and Precision

The computerized data acquisition system, LabView 8.0.1(National Instrument Inc., USA),
gathered much of the raw data in the experimental phase. Calibration of the instruments was
performed regularly to determine accuracy, precision, and overall reliability and suitability of
the data obtained. Table 3.2 shows the range of precision for each piece of instrumentation.
Relative humidity probes were calibrated by Vaisala Inc. once a year, and were checked
regularly, whereas CO, and O, sensors were calibrated regularly in our lab. Temperature and
pressure probes were verified by manual temperature measurements on a regular basis. The

airflow meters were also checked and controlled.
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Table 3.2: Precision and range of measurement of different instruments
Parameter Range Precision Remarks

. 3 2.7-19 +1
Air flowrate (m’/h) 20-50 105
025-0.25 £0.0004 The range is adjusted
Pressure transducer (kPa) -2.5-2.5 +0.004 automa t%call !
-25-25 +0.04 Y
Pressure probe (kPa) 79-138 +0.2
Temperature probe (°C) -50-200 +0.3
Temperature sensor in
relative humidity probe (°C) -20-80 0.5
. o 0-90 +0.02
(V)
Relative humidity probe (%) 90-100 10.03
CO; production never goes
0 -
CO; (%v/v) 0-5 +0.05 above 5 (%v/v)
0-5 +0.05 ..
05 (%) 5-15 +0.03 :ﬁi:ﬁ;ﬁ;ﬁ adjusted
15-21 +0.01 . Y

3.2.3.2. Continuous Biodrying Reactor Troubleshooting Issues

Uniform Residence Time

In order to obtain uniform biodried materials at the discharge of the reactor, it is important to
ensure that the particles across the biodrying reactor receive equal treatment and thus have
uniform residence times. One way is to check the variability in the dry solids content of the
treated materials. In the early phase of the reactor commissioning, a higher variability was
noticed in the dry solids content of the biodried mixed sludge. A large cavity was also noticed in
the biodrying reactor. Non-uniform residence times could also be the main factor responsible for
bridging and cavities in the reactor. Therefore, a series of tests were designed to verify this
issue. The reactor was filled with a given mixed sludge, and twelve balls, having nearly the
same size and density as the mixed sludge particles, were uniformly distributed at the reactor
top. Feed and discharge were followed with 100% recycling in a closed loop. The normalized
residence time of each ball was calculated based on the total dry discharge mass measured when
each ball was discharged divided by the maximum total dry mass at the discharge of the last

ball(s). As can be seen in Figure 3.4, the materials in the back of the reactor (large screw
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diameter, y=1m) discharged faster than those in the front (small diameter of screw, y=0).
Therefore, the screws were modified accordingly until satisfactory results (Figure 3.4) were

achieved. The modified screws did not create any cavities across the reactor.
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Figure 3.4: Residence time distribution of unmodified and modified screws

Stable Outlet Relative Humidity Control

The relative humidity of the exiting airflow affects the water removal rate as well as control of
transport processes in the biodrying reactor. In the early phase of the reactor commissioning, it
was noticed that due to the heat exchange between the outlet airflow in the outlet conduits and
the surrounding environment, some of the water vapor condensed, generating high variability in
the outlet relative humidity profile (Figure 3.5a). To prevent these oscillations, all parts of the
conduits were heat-traced with a series of heat tapes and reinsulated. As Figure 3.5b shows, the

modified conduits had a stable humidity profile.
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Figure 3.5: Outlet relative humidity of unmodified (a) and modified (b) conduits

Constant Reactor Dry Weight

It is critical to keep the effective volume of the reactor constant for better process control and
data logging. Since it is a vertical reactor, and given the nature of transport processes occurring
in the continuous biodrying reactor, several issues could affect the reactor operation: compaction
due to loading pressure of the materials, and mass and volume losses due to water and carbon
(biodegradation reaction) losses. In the early phase of the reactor commissioning, it was noticed
that the volume of the sludge in the biodrying reactor was decreasing over time (Figures 3.6).
However, the reason was not clear yet. Therefore, the reactor was emptied, and the total dry
weight was measured, which was different from the dry weight at the start-up of the process. It
was speculated to be primarily related to the dry mass loss in the form of CO, due to the
biological reaction and accumulated over time to become significant. By measuring the outlet
CO; online and the total carbon loss (C loss) in different compartments of the biodrying reactor,
the quantity of dry mass loss was estimated, and the equal amount was added to the reactor in
the feed. By continuing the new strategy, the total weight of the sludge in the biodrying reactor

remained at a constant level.
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Figure 3.6: Continuous biodrying weight loss

3.2.4. Screening Experimentation and Key Variable Analysis

The goal of these experiments was to identify the key variables that have the most influential

effect on the operation and efficiency of the continuous biodrying reactor. Table 3.3 shows

different variables, and their ranges and potential impact on the biodrying process.

Table 3.3: Variables investigated in the screening experiments

Biodrying variable Range Potential impact on biodrying process

Type of biomass feed Mill specific ~ Represents nutrient availability for
biodrying operation

pH of biomass 6.4-6.8 Very high (>7) or very low (<5) values
could be harmful for the microbial activity
and biodrying operation

Nutrient level (C/N ratio)  24-29 Out of range values (<15 or >30) are
harmful to microbial activity (Haug,
1993) and biodrying operation

Residence time (day) 4,6,8 Recommended by Roy et al. (2006). This
affects reactor performance and economic
viability of the process

Recycle ratio (% w/w) 0,15,30 Recommended by Frei et al. (2004). This

helps microbial acclimation, and increases
porosity and permeability for better air
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flow in the matrix

Outlet relative humidity 85,96 May have significant impact on the

(%) transport phenomena in the biodrying
reactor as it controls the mechanism of
unbound and bound water removal

3.2.5. Targeted Experimentation

Targeted experiments were performed to explore the influence of the key variable(s) already
determined from the screening experimental phase on the overall performance of the continuous
biodrying reactor. One should note that in this experimental phase only the key variable is

altered and the other variables are fixed.

3.3. Modeling

Figure 3.7 describes the different categories and components of the modeling and simulation
phase. In the drying process, the most important issue is to provide simultaneous coupling of
three major phenomena, i.e., momentum, mass, and heat transfer, which represent the first
category. The basic description of these phenomena in drying of porous media is highly
complex due to complexities associated with the nature of the feed material, the porous matrix,
and the heat source term in the continuous biodrying reactor. Different phases are present and
different mechanisms are dominant within the various reactor compartments.

In order to facilitate the modeling task, a thermodynamic analysis of the process can be
performed, which represents the second category. This will provide an overall picture of the
drying process without having to understand the detail of the process itself. For instance, from
previous batch biodrying experimental work (Roy et al., 2006), an accurate insight into the
biological heat generation was obtained using thermodynamic analysis of the process. However,
this provides only a global insight and understanding of the process of the batch biodrying

reactor, and only the total bioheat generated can be extracted. This approach needs to be
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modified for the continuous biodrying reactor because each compartment works separately and
under different dominant transport phenomena conditions.

The third category of modeling involves empirical models of the process parameters related to
mass, heat, or momentum transfer. For instance, the specific heat capacity can be assumed to
have a linear relationship with the moisture content and porosity.

By repeatedly working on the four categories that describe the modeling task, models can be
constructed. One last step is required before simulations can be performed, which involves

accurately determining the constraints and the boundary conditions for the drying process.
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Figure 3.7: Components of a distributed modeling (Navaee-Ardeh et al. (2006a))

3.3.1. Modeling Strategy

The modeling strategy is based on a stepwise approach, starting with simplistic models and
adding to the complexity of these models as more insight is gained into the complex transport
phenomena involved in this type of process. Figure 3.8 provides more detail on the different
phases of the modeling strategy.

The first strategy is modeling based on a lumped parameter approach. In the lumped model, the

overall reactor is considered, and the evolution of the dry solids content along the height of the
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biodrying reactor is obtained. The second phase of the modeling strategy is a global 1-D
distributed model based on chemical and biochemical engineering principles for each
compartment. This model includes heat and mass transfer in each of the four compartments.
Reasonable assumptions are made to enhance the analytical solution of the differential
equations. The model is assessed against the experimental data to identify whether or not a
subsequent model is needed. However, it is believed that an adequate and space-dependent
description of the transport phenomena governing the continuous biodrying process will
ultimately require the development of a 2-D distributed model based on partial differential
equations, which constitutes the last phase of modeling. Due to the complexity inherent in
modeling of the porous media, the finite element method has been used in the past to obtain the
numerical solutions (Vafai et al., 1993; Haghighi et al., 1994). FEMLAB, recently COMSOL
Multiphysics, a modeling tool based on the finite element method, is used for the 2-D modeling
of this study. The dimensionless analysis is performed on the 1-D as well as the 2-D model. The
goal is to explore dimensionless numbers that play a critical role in the transport phenomena in

the continuous biodrying reactor.



Modeling strategy

Lumped modeling

4

Interpretation of
the lumped
modeling results

Step 1 mﬂm

modeling

Step 2

1-D distributed
modeling

v

Simplification for
each compartment

i

Step 3:

v

Dimensionless

analysis

identification

Model weakness(es)
DA—

Simultaneous solution

of the coupled mass and
heat transfer equations

Model assessment

with experimental
data

Y

2-D distributed
modeling

Physical
parameters
estimation

Dimensionless
analysis

Scale-up criteria
establishment

Simultaneous solution
of mass and heat
transfer equations
using FEMLAB

Evaluation of
results with
experimental data

Figure 3.8: Overall methodology of the modeling procedure

56



57

CHAPTER 4: PUBLICATION EXECUTIVE SUMMARY

4.1. Presentation of Publications

The following papers that were published in and/or submitted to scientific journals are included

in Appendix A of this thesis:

Navaee-Ardeh, S., Bertrand, F., Stuart, P.R. (2006a). Emerging Biodrying Technology for
the Drying of Pulp and Paper Mixed Sludges. Drying Technology 24(7), 863-878.
Navaee-Ardeh, S., Bertrand, F., Stuart, P.R. (2009a). Development and Experimental
Evaluation of a 1-D Distributed Model of Transport Phenomena in a Continuous Biodrying
Process for Pulp and Paper Mixed Sludge Drying. Accepted at Drying Technology.
Navaee-Ardeh, S., Bertrand, F., Stuart, P.R. (2009b). Key Variables Analysis of a Novel
Continuous Biodrying Process for Drying Mixed Sludge. Accepted at Bioresource
Technology.

Navaee-Ardeh, S., Bertrand, F., Stuart, P.R. (2009¢). A 2-D Distributed Model of Transport
Phenomena in a Porous Media Biodrying Reactor for Drying Mixed Sludge. Under review at
Drying Technology.

Furthermore, the following papers, complementary to the research work done, can be found in

Appendix B:

Navaee-Ardeh, S., Bertrand, F., Stuart, P.R. (2006b). Heat and Mass Transfer Modeling of a
Novel Biodrying Process: Lumped System Approach and Preliminary Results, 56"
Canadian Chemical Engineering Conference, Sherbrooke, Canada.

Navaee-Ardeh, S., Bertrand, F., Stuart, P.R. (2007). 1-D Distributed Modeling of a Novel
Continuous Biodrying Reactor. 57" Canadian Chemical Engineering Conference,
Edmonton, Canada.

Navaee-Ardeh, S., Bertrand, F., Stuart, P.R. (2008a). Distributed Model of a Continuous
Biodrying Process for Drying Pulp and Paper Mixed Sludge and Comparison with
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Experimental Results. Proceedings of the Pan-Pacific Conference, Vancouver, Canada, 51-
52.

e Navaee-Ardeh, S., Tchoryk, C., Tolnai, B., Bertrand, F., Stuart, P.R. (2008b). Novel
Continuous Biodrying Reactor: Principles, Screening Experiments and Results. 58"
Canadian Chemical Engineering Conference, Ottawa, Canada.

e Navaee-Ardeh, S., Bertrand, F., Stuart, P.R. (2009d). Modeling and Experimental
Verification of a Novel Biodrying Process for Drying Pulp and Paper Sludge. Infer-
American Drying Conference in 8" World Chemical Engineering Conference, Montreal,

Canada.

4.2. Links between Publications

The paper in Appendix Al discusses the results of a survey on emerging biodrying technology
for pulp and paper mixed sludge drying. In this broad survey, several tasks were achieved:
recognizing that mixed sludge management in the pulp and paper industry is a big challenge for
the industry and the environment, recognizing the existence of four different types of water in
the mixed sludge, which exacerbates the complexity of dewatering, a broad review on existing
drying technologies for sludge drying, a critical review on the batch biodrying reactors
developed previously for the mixed sludge drying, the principle of the continuous biodrying
reactor, and a reference to modeling as a useful tool to understand the transport processes in the
continuous biodrying reactor. The results of this investigation showed that the majority of
drying technologies have technical uncertainty and/or questionable economics. The design and
the modeling aspects of the continuous biodrying reactor that are elaborated on in this thesis

were inspired by the results of this survey.

The paper in Appendix B1 presents preliminary work on a “lumped model (compartment-wise)
analysis”, which involved only mass balances in the lumped model equation systems. This paper
showed that the transport phenomena in the continuous biodrying reactor are too complex to be
addressed by the lumped model. For instance, a dry solids content predicted by the lumped

model was twice as large as the experimental data and indicated that the lumped modeling
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approach was inadequate to capture and address the complexity of different types of water and
the transport processes involved in the continuous biodrying reactor. It was concluded that the
modeling approaches must be re-directed toward the use of distributed models.

The paper in Appendix B2 presents an early theoretical work on the 1-D distributed model
inspired by the results of the papers in Appendices Al and Bl. The 1-D model involved
distributed parameters in the solid flow direction and lumped parameters in the gas flow
direction. The results were promising and indicated that the distributed modeling approach was
attractive. However, since the experimental data were not available by the time the model was
developed, the weakness and credibility of the 1-D model has not yet been explored.

The papers in Appendices B3 and A2 were an extension of the work done on the 1-D model.
More specifically the experimental data were brought into the assessment of the 1-D model. In
the paper presented in Appendix B3, the 1-D model was evaluated using one set of experimental
data (identical experimental conditions). In the paper presented in Appendix A2, the method of
bioheat estimation was modified, and more experimental data were provided through the
experimental phase for the assessment of the 1-D model. The 1-D model was solved analytically
for each compartment, and as a result of assuming lumped parameters in the gas flow direction,
the experimental data were averaged in the gas flow direction for each compartment to represent
a single value at a given height (z). The 1-D model was assessed against the experimental data
generated under different operating conditions. The dimensionless analysis performed on the 1-
D model provided useful information on the interpretation of the experimental data and the
modeling results. However, major discrepancies were identified specifically in the bottom
compartments, where the temperatures are high. These discrepancies were attributed to
averaging the temperatures in the gas flow direction, and complex microbial growth
mechanisms, which are strongly temperature dependent. The temperature in the gas flow
direction ranges from a mesophilic dominated mechanism (low temperature) to a mixed
microbial mechanism, i.e. mesophilic and thermophilic (medium temperatures), and
thermophilic mechanism (high temperatures). For the sake of simplicity, this complexity was
not addressed in the 1-D model. In other words, the 1-D model, independent of the temperature,
uses a uniform bioheat distribution in each compartment. Therefore, it was identified that a 2-D

model needs to be developed to incorporate these limitations.
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The key variables analysis of the continuous biodrying reactor was performed in papers
presented in Appendices B3 and A3. The main task was to identify the key process variable for
the continuous biodrying reactor. The outlet relative humidity was identified as the key variable
and had the greatest impact on the overall efficiency index and the complexity (two-
dimensionality) index of the continuous biodrying reactor. A critical review of the experimental
data and the 1-D modeling results were performed in paper A3, which resulted in diagnosing the
continuous biodrying reactor’s two-dimensionality.

Finally, the last paper, included in Appendix A4, incorporates both the gas and solid flow
direction transport processes into a 2-D distributed model. The development of the 2-D model
was inspired by the results achieved in the previous papers conducted in this study (Appendices
Al, A2, A3, B1, B2, and B3). This paper describes the 2-D modeling of the transport processes
in the continuous biodrying reactor that overcame the weaknesses of the 1-D model. These are
critical for further exploitation of the continuous biodrying process. The usefulness of the 2-D
model is also presented in this paper. The criteria for consideration at a full-scale continuous

biodrying process are established and discussed in the last part of the synthesis (section 4.3.3.8).

4.3. Synthesis

The goal of this synthesis is to give an overview of the most pertinent results obtained in this
research study that address the hypotheses and objectives of this research. The overall
methodology proposed at the outset of the project was systematically addressed as summarized

below.

4.3.1. Biodrying Technology for the Drying of Pulp and Paper Mixed Sludges

In the early phase of this study, a broad review was conducted on the most promising
technologies for biomass drying. The challenges of mixed sludge disposal in the pulp and paper
industry, including current disposal and drying techniques, were reviewed, and combustion of

mixed sludge was recognized as an economically viable alternative. The existence of four types
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of water in the mixed sludge was highlighted and rigorously discussed. Based on
phenomenological understanding of the continuous biodrying reactor, the expected temperature
and dry solids content profiles were explored (Navaee-Ardeh et al., 2006a). The fundamentals of
the mathematical modeling of the continuous reactor were briefly discussed, and a critical
review of the mass and energy balances in aerated composting processes presented. Such a
mathematical simulation coupled with experimental verification would yield significant
scientific benefits, unique reactor configuration for a given mixed sludge characteristic, and
contribute to the goal of advancing the efficient drying of mixed sludge. The design of the

continuous biodrying principle was inspired by these findings.

4.3.2. Analysis of the Experimental Results

4.3.2.1. Experimental Data Reliability

A water mass balance, overall energy balance, and assessment of the characteristics of the
biodried materials at steady-state regime are critical components that need to be verified for the

reliability of the experimental data in the biodrying process.

Overall Water Mass Balance

The water mass balance is important for tracking the main components of the biodrying process
as well as for scale-up purposes. Saucedo-Castaneda et al. (1992) showed that a water balance is
critical in large scale solid-state fermentation bioreactors. This was confirmed by Von Meien
and Mitchell (2002) as well.

Due to some difficulties in measuring the total mass of the sludge exiting each compartment, the
water mass balance was not done for each compartment but rather for the overall reactor. The
overall water mass balance includes both gas and solid phases. All components, including fresh,
recycled, and discharge sludges as well as the inlet and outlet gases were considered for the

water mass balance. There are two components involved in the water mass balance, each of
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which contains two terms: two streams (gas and solid) for the water inlet and two streams (gas

and solid) for the water outlet. These are all connected in the following general equation:

Water in-Water out +Water generation =Water Accumulation (4.1)

Note that the accumulation term in the right-hand side of Eq. 4.1 vanishes due to steady-state
conditions. Table 4.1 summarizes the results of the elemental analyses for a typical experiment
under the operating conditions which are summarized in Table 4.2. The results of these
elemental analyses are similar to values found in the literature (Larsen and McCartney, 2000).
The C/N values are between 15 and 30, indicating the potential for active microbial growth

(Haug, 1993).

Table 4.1: Elemental analysis results
From the top to the

'botto'm of the I\?/i(i[rv(‘)/ggn OCA)a:lV:)/(;Tl H(;A)d?(l)/gven g;(g; CN
biodrying reactor
Feed 1.48 45.67 4.72 36.60 30.8
Compartment 1 1.58 44.92 5.08 36.10 28.4
Compartment 2 1.64 44.90 4.95 36.25 274
Compartment 3 1.81 44.65 4.79 35.80 24.7
Compartment 4 1.85 44.61 4.79 35.80 24.1

Table 4.2: Typical experimental conditions used for the water mass balance

Q (m’/h) RHou (%) Tou°C)  RHi(%)  Ti(°C)
Compartment 1 18.2 94 18 14 28.4
Compartment 2 8.5 78 23.6 14 28.4
Compartment 3 16.2 100 16.2 14 284
Compartment 4 9.2 80 27.2 14 28.4

Cellular water produced by the microbial aerobic oxidation (Eq. 2.1) of the substrate was
calculated based on the results of the elemental analyses in the different compartments (Table
4.1). As can be seen in Table 4.3, cellular water is very small compared to the other components

of the water mass balance.
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As for the gas phase, the water content was calculated from the relative humidity, temperature
and air flowrate according to Eq. 4.7. These will be discussed later. The relative humidity and
the temperature of the inlet gas were the same for all compartments, because all lines were
connected to a main inlet air stream.

As for the solid phase, the water content was directly obtained from the total mass flowrate of
sludge and its dry solids content. Fresh, feed, and discharge sludge dry solids contents were 37,
40, and 51% w/w, respectively. The recycle ratio was 30%w/w.

Table 4.3 shows the results for the corresponding water mass balance. A closed water mass
balance was obtained, confirming the reliability of the experimental data and the techniques
applied for the parameter measurements.

Table 4.3: Summary of water mass balance

Mass balance components Value (kg/day)
water In by airflow 5.2
water In by feed 46.8
water generation 0.5
water Out by airflow 25.6
water Out by discharge 28

Total water In 52.5
Total water Out 53.6

Note that the “Total water In” stands for water In and water generated.

Figure 4.1 shows the overall water mass balance for cases 1, 2, 3, and 4. The operating
conditions are summarized in Table 4.4. Cases land 2 have a residence time of 6-day, a 30%
w/w recycle ratio, and controlled outlet relative humidity profiles, whereas cases 3 and 4 have a
15% w/w recycle ratio, total air flowrate 28 m3/h, and residence times of 4- and 8-day,

respectively.
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Figure 4.1: Overall water balance for 4 experimental cases



Table 4.4: Operating conditions of four experimental cases used for overall mass and energy balances

Case 1 Case 2 Case 3 Case 4
— [\l N <t — [\l N <t — o\l on <t — [\ " <
[=9 =9 =9 =9 = =9 =9 =9 o a. [=9 [=9 [=9 =%
£ g & & £ & & & £ g £ £ £ £ g
o o) o) o) o) o) o) o) o o) S <) o) o <]
O @) @) @) &) O O O O o &} O O &} O O
3
Oy (m’/h) 2640 5.0 26.0 18.0 16.5 8.0 14.0 7.7 791 741 731 738 7.04 7.11 7.63 7.65
0, (Wm’) 0 0 1000 2500 200 400 2200 2400 511 550 1200 2800 O 50 2000 3500
Wins,i 0.42 0.43 0.45 0.47 0.42 0.44 0.46 0.50 0.37 0.41 0.42 0.45 042 0.44 0.5 0.54
RH ., (%) 73 66 88 89 68 72 92 55 80 97 75 80 41 83 92 100
Tom,i(OC) 18 20 25.6 273 23.5 25 28 42.8 29 30 31 33.8 23 243 36 40
RT (days) 6 6 4 8
RR(%) 30 30 15 15
RH;, (%) 13 14 12 10
T;, (°C) 24 25 27 26
mmml (kg/s) 0.001128 0.001128 0.001692 0.000846

S9
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Overall Energy Balance

The energy balance is also critical for the continuous biodrying process. There are several
components involved in the energy balance: two energy terms for the gas convection heat
transfer (In and Out) and two energy terms for the solid sensible heat transfer (In and Out). Heat
generated through metabolic activity counts as “Energy Generated”, and energy removed
through water evaporation and heat loss through walls are counted as “Energy Consumed”.
These terms are all connected in the following general equation:

Energy In + Energy Generated —Energy Out- Energy Consumed= () 4.2)

The two first terms count for the total Energy In, and the two last terms count for total Energy
Out. Figure 4.2 shows the results for cases 1, 2, 3, and 4 (see also Table 4.4). The mathematical

expressions for these two terms are as follows:

Total Energy In=3600%24xWXLXDXQpipt24XpeX AH X XinX Y Qg 11,y X COmix X (Tin—

T)+24xpg X(Ti=T)*Cpg. *3 O 3

Total Energy Out=24xpeXAH %Y (Xou* Qg) 11, % Cpmixom>< (ThorT,)+24xpg

X3 (Cpg XOX(TourT,))+0.05%3600x24xWXLXD* Oy, (4.4)
out
where Cpix=Cp 11,01 Wms) F CPmsWins

where L, D, and W standing for the dimension of each compartment and are 0.4, 0.4, and 1 m,

respectively. p, is the density of air (=1.16 kg/m’).

The data in Tables 4.4 and 4.6 were plugged into Egs. 4.2, 4.3, and 4.4 for the overall energy
balance. The heat loss was estimated as 5% of the total biological heat. As can be seen in Figure
4.2, except in case 2, an acceptable energy balance was achieved for the overall energy balance.
Any discrepancies may be due to the variability in the bioheat values that are affected by the
online gas measurements and to more heat loss than that assumed in this energy balance.

Therefore, for the sensitivity analysis, a 5% variation in the bioheat values resulted in a fairly
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acceptable closed energy balance for all cases.
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Figure 4.2: Overall energy balance for different experimental cases

Figure 4.3 shows the fraction of each component in the overall energy balance in the continuous
biodrying reactor. The total energy fraction is divided into total Energy In and total Energy Out,
each of which is 100%. The bioheat in the total Energy In, and the evaporative heat in the total
Energy Out are the two fractions that play significant roles in the heat and mass transfer

mechanisms, and will be further discussed in the modeling parts (section 4.3.3).
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Figure 4.3: Overall energy fraction of different components in the continuous biodrying reactor

4.3.2.2. Process Performance

The continuous biodrying reactor was controlled either at constant air flowrate or controlled
outlet relative humidity profile. Despite a different performance in these cases, the experimental
results in all cases were acceptable and resulted in an economic dry solids level for mixed
sludge. It is important to understand the change in mixed sludge characteristics and properties as
the sludge moves downward in the biodrying reactor. Among these properties are the dry solids
content and higher heating value (HHV) of the mixed sludge.

Economic dry solids content (w,) is essential for a safe and economic combustion process. It

also explicitly appears in the sensible heat term of the solid phase (in the 1-D and 2-D models)
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as well as in the correction factor (a,,) of the evaporation term (Egs. 4.11 and 4.12) in the 1-D
model, which will be discussed later. The higher heating value (HHV), or the calorific value, is
a critical factor for the economic feasibility of the combustion as it represents the quantity of
energy that can be recovered in a boiler. Note that all these characteristics were obtained in a
steady-state regime, when the properties in each compartment remain nearly constant over time.
This was verified for all cases (experimental runs) by measuring local temperatures as well as

dry solids contents at different positions within the biodrying reactor.

Dry Solids Content

Figure 4.4 shows that the mixed sludge dry solids content increases as the sludge moves
downward in the biodrying reactor. The standard error of mean was estimated to be +£2% using 5
measurements on a typical sample. The largest dry solids content gain occurred in the 3 and 4™
compartments. This trend is slightly different from what was expected ( Navaee-Ardeh et al.,
2006a). Indeed, it was expected that the dry solids content would improve more at the top and
reach a flat profile in the 3 and 4™ compartments. However, as shown in Figure 4.4, the dry
solids content is nearly flat in the 1% and ond compartments in all cases, and increases
significantly in the 3™ and 4™ compartments. This is due mainly to the significant impact of
higher bioheat and higher temperatures in the bottom compartments (Table 4.4). This increases
the water holding capacity of the gas phase and the water transfer from the solid phase to the gas
phase. As shown in Figure 4.4, all of the dry solids levels are higher than the 45% w/w, which is
required for an economically viable combustion process (Kudra et al., 2002; Kraft et al., 1996,
and Roy et al., 2006). Indicated by a dashed line, it shows that a shorter residence time (4-day)
would be sufficient to achieve this level of dry solids content. Note that in a full-scale reactor
this residence time may become even shorter because the feed is already a hot acclimated

sludge. There will be further discussed in section 4.3.3.4.
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Figure 4.4: Dry solids content change in the continuous biodrying reactor

Higher Heating Value

Figure 4.5 illustrates the change in the HHV in the biodrying reactor for case 4 as the data for
other cases are not available. As expected, more HHV losses can be observed in the bottom
compartments because more bioheat is generated (Table 4.4). The standard error of mean was

estimated to be £1.5% using 5 measurements on a typical sample.
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Figure 4.5: Higher heating value (HHV) change in a typical 8-day experiment (case 4)

The goal of an efficient biodrying process is not to achieve a high dry solids content but rather
to ensure an adequate dry solids level that yields a safe and economic combustion. In this work,
on average the highest dry solids content was achieved for an 8-day residence time (case 4), but
the total calorific value loss in this case was the greatest among the four cases. This results in a
negative impact on the quantity of energy that can be recovered in a boiler. Therefore, a
compromise between the extent of the biodegradation (calorific value loss) and the final dry
solids level is required to maximize the energy recovery in the subsequent combustion process.
Such a compromise can be determined by optimizing the overall biodrying reactor performance,

which will be discussed following the key process variable analysis.

4.3.2.3. Key Variables Analysis

The goal of these experiments was to identify the key variables that affect the operation and
efficiency of the biodrying process. The following variables were investigated: biomass feed in
terms of pH of mixed sludge and C/N ratio, residence time, recycle ratio of biodried sludge, and

outlet relative humidity profile.
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Biomass Feed

The type of biomass feed, and hence its properties, could affect the performance of the
biodrying process, the extent of the microbial reaction, and the feasibility of the process. Some
of these properties are initial feed dry solids content, initial biomass feed temperature, initial
active microbial populations of the biomass feed, initial nutrition level in the biomass feed
(C/N), and initial pH of the biomass feed. The biomass is mill specific and its properties depend
on the pulping and other relevant processes at the mill. Since the biomass feed was obtained
from one given thermomechanical (TMP) pulp and paper mill, there were no significant changes
in the above-mentioned properties from one experiment to another. Therefore, the feed biomass
was assumed to be a fixed parameter for this study. Nevertheless, this is an uncontrollable
parameter that could be an essential variable for the biodrying operation, and therefore has to be

considered when studying a new type of sludge.

pH of Mixed Sludge

The pH of the mixed sludge was not significantly affected by the process and may be due to the
buffer nature of the microbial environment. The pH varied from 6.8 in the fresh feed to about

6.3 in the discharged materials. The impact was considered to be insignificant.

C/N Ratio

The C/N ratio represents the nutrition level of the biomass. This ratio greatly affects microbial
activities in the biodrying process and has two impacts on the process. It acts as an inhibitor to
the microbial reaction if C/N>30 or <15, and greatly enhances microbial reaction if 15<C/N<30
(Haug, 1993). Roy et al. (2006) reported the C/N ratio as the most influential parameter in the
batch biodrying process. Larsen and McCartney (2000) found that bioheat has a negative
correlation with the C/N ratio. In the current study, a regular elemental analysis of the mixed

sludge was conducted for all compartments. As shown in Table 4.1, the C/N ratios remained
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between 15 and 30, indicating the potential for active microbial growth (Haug, 1993). Therefore,
it was considered a fixed parameter in this study.
Nevertheless, the C/N ratio of mixed sludge is considered as an independent parameter inherent

in the biomass feed, and has to be monitored and controlled for a new type of biomass.

Residence Time

Residence time affects not only the efficiency of the biodrying process, but also its capital cost.
Removing unbound water (in the 1% and 2™ compartments) requires less residence time,
whereas bound water removal (in the 3™ and 4" compartments) is based on a diffusion
mechanism and requires longer residence times. One of the goals of the pilot-scale continuous
biodrying reactor was to significantly reduce the residence time required to achieve economic
dry solids levels, so as to reduce capital costs. A broad range of residence times were tested: 4, 6
and 8 days, which on average resulted in a 6, 10 and 15% w/w dry solids content increase,
starting from an initial dry solids content of 38% w/w. First, an 8-day residence time was tested
resulting in a 54 % w/w dry solids content for the discharge sludge. This level of dry solids
content is significantly above the economic dry solids content (43-45% w/w in Figure 2.9), and
therefore is less attractive (Navaee-Ardeh et al., 2008b). Next, a 4-day residence time was
tested. As shown in Figure 4.4c, the economic dry solids level was achieved. However, to
ensure that the biodrying operation always receives a 4-day treatment and the microbial activity

acclimates well, the residence time was fixed at 6 days.

Recycle Ratio of Biodried Sludge

The recycling of dried sludge into the feed stream may be required for enhanced sludge
acclimation, and as well, to ensure that the necessary pneumatic conditions prevail in the porous
medium. The microbial lag phase occurs because microbial acclimation is needed when there is
a change in environmental conditions (Madigan and Martinko, 2006). 15% of the discharge
stream (dry mass basis) was recycled and mixed with 85% of fresh sludge (dry mass basis) and

then fed into the bioreactor. This led to an improved matrix temperature in all compartments.
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Table 4.5 compares the microbial population counts for three recycle ratios: 0% (100% fresh
sludge), 15% w/w (85% fresh feed), and 30% w/w (70% fresh sludge). It can be observed that
the population of mesophilic and thermophilic bacteria in the case of a 30% w/w recycle ratio is

200 times and 20 times greater, respectively than those of a 0% recycle ratio.

Table 4.5: Mesophilic and thermophilic populations in fresh and mixed feed

Recycle ratio (% Mesophilic (CFU/g) Thermophilic (CFU/g)
W/W)

0 4.3%x10° 2.1x10°

15 6.05x10’ 2.03x10°

30 (first feed ) 1.02x10° 4.04x10°

30 (second feed ) 9.03x10’ 4.04x10°

Another improvement due to the recycling of biodried sludge into the feed stream is the increase
of the pneumatic conditions, resulting from a reduction of the pressure drop across the reactor
width in each compartment. This can be observed in Figure 4.6, which compares the pressure
drops across each compartment between the gas inlet and outlet for 0, 15 and 30% w/w recycle
ratios. Increasing recycle ratio reduced the pressure drop in all compartments. As anticipated,
the pressure drops in the 1% and 2™ compartments are higher than the pressure drops in the 3™
and 4™ compartments and is mainly attributed to the wetness of the sludge. A sharp decrease can
also be seen in the pressure drop from the 2™ compartment to the 3 one. This can be explained
by a significant increase of the dry solids content across these compartments, as shown in Figure
4.4. Indeed, the drier the sludge, the smaller the pressure drop. A dryer sludge also has a better
resistance toward compaction.

Note that if the pressure drop is too high, it may affect the distribution of air in the matrix, cause
the development of unpleasant hot spots, reduce the performance of the biodrying reactor, and

result in non-uniform biodried sludge.



75

25 - —&— 0% recycle ratio
—m— 15% recycle ratio
—aA— 30% recycle ratio
20 4
15 -
AP
(Pa)
10 |
5
0 T T T 1

Comp. 1 Comp.2 Comp.3 Comp. 4

Figure 4.6: Effect of recycle ratio on pressure drops in the reactor

For a full-scale reactor, hot dewatered immediately acclimated sludge will be conveyed directly
to it, therefore may not require recycling. This reduces the capital costs of the biodryer.
However, recycling may be necessary for those mixed sludges that have a higher proportion of
tiny secondary (activated) sludge. Based on this assessment, the recycle ratio was fixed at 30%

w/w in this experimental program.

Outlet Relative Humidity Profile

The outlet relative humidity profile along the biodrying height is, a priori, a critical process
variable since the air provides oxygen for the aerobic biological activity, cools the matrix when
air flowrates are high enough, and transports water vapor and some of the bioheat out of the
reactor. Blowing large amounts of air in the upper part of the reactor helps reduce the residence
time by accelerating drying, but it cools the matrix of the sludge and prolongs the microbial lag
phase period. Adequate combinations of air flowrate and outlet relative humidity profiles may
result in optimum conditions for unbound water removal at the top of the reactor, and bound
water removal at the bottom. For good biodrying conditions, each sludge type requires a specific
combination of outlet relative humidity to prevent excessive biodegradation, and to achieve an
adequate water removal rate (drying rate) and an economically feasible residence time.

Therefore, various combinations of outlet relative humidity profiles and air flowrates were
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investigated in this study. Two outlet relative humidity profiles were investigated following the
relevant literature (Mujumdar, 2007) and the controllability of the pilot-scale biodrying reactor:
a higher outlet relative humidity (96%) and a lower outlet relative humidity profile (85%). The
lower outlet relative humidity profile requires a higher air flowrate and controls the drying
process at wet-bulb temperature, therefore, is efficient in a constant drying rate period which
corresponds to the removal of unbound (free and interstitial) water (Mujumdar, 2007). The
higher outlet relative humidity, however, requires less air flowrate and controls the biodrying
process at dry-bulb temperature. This can activate the development of microbial biodegradation
(Berg et al., 2002), and is efficient in a falling rate period (Nissan et al., 1959), which
corresponds to the bound water removal. This allows the temperature gradient to develop and
rise to values that accelerate the internal moisture diffusion and bound water removal. The
internal moisture diffusion becomes easier when the temperature level increases.

Various combinations of these outlet relative humidity profiles were investigated to explore a
unique profile. These include: a) all compartments at lower outlet humidity profile
85%/85%/85%/85% (case 1), (b) all compartments at higher outlet humidity profile
96%/96%/96%/96% (case 2), (c) the 1 and 2™ compartments at higher (96%) and the 3™ and
4t compartments at lower outlet relative humidity profile (85%) (case 5), and (d) the 1*" and 2
compartments at lower (85%) and the 3™ and 4™ compartments at higher outlet relative humidity

profile (96%) (case 6) (see Figure 4.7).
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Figure 4.7: Four outlet humidity profiles examined: (a) case 1, (b) case 2, (¢)
case 5, and (d) case 6

Due to these combinations, the total air flowrate varied from 45 to 75 m’/h. Therefore, these
cases need to be evaluated against a criterion that answers the question “Which case results in a

better biodrying operation? ”

4.3.2.4. Effects of Outlet Relative Humidity Profiles on Biodrying Performance

In order to find an optimum outlet relative humidity profile, an evaluation criterion is required.
Fugere et al. (2007) stated that the biodrying performance could be a critical parameter for
assessment of the feasibility of the biodrying process. According to their preliminary
assessment, the purchase cost of the biodryer, which is strongly dependent on the efficiency,

could be about 35-45% of the total investment costs. Therefore, the efficiency of the biodrying
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reactor is an important criterion for the process evaluation. As per the overall energy balance in
Figure 4.3, the latent heat of water evaporation and the exothermic biological heat generated
through metabolic activity of aerobic microorganisms are the two main components for the
biodrying process. These two components are also critical for unbound and bound water
removal. Therefore, the biodrying efficiency index (f) is comprised of the biological heat

available to bound water diffusion and the latent heat of water evaporation:

4
' AH (X . —X,
— QEVdporation _ Zl: latentngg,,( out i m) (45)

0 7.
Biological ; QBiological,i

n

where 7 is the biodrying efficiency index and p, is the density of air (= 1.16 kg/m’) obtained
from Perry and Green (1997).

Biological heat (Q'Bwlagim,‘i) can be directly determined from the CO, production rate, or

equivalently from the O, consumption rate for aerobic processes, as follows (Navaee-Ardeh et

al., 2009a):

. ~ VO2 ~ VO2
QBiological,i - Qbiofstandard P 0, Qg,i V V (46)
Air Air
in out /i

where, Opio-standara, the amount of biological heat generated per gram of oxygen consumed, is
equal to 16 kJ/g-O, for different microbial species (Bailey and Ollis, 1986), po, is the density of
oxygen (=1.35 kg/m’) obtained from Perry and Green (1997), and (Vo /Vair)in and (Vo/Vair)out
are the volume percentage (absolute value) of oxygen experimentally obtained at the inlet and
outlet gas flows, respectively.

Xou,—Xin represents the net amount of water transferred to the gas phase, that is the difference of
absolute humidity between the outlet and inlet gases(kg H,O/kg air). It is evaluated using the
relative humidity and temperature of the inlet and outlet airstreams, and the following modified

equation from Geankoplis (1993) and Haug (1993):

(8.896 — 2233

RH, .. T, +273
X =0.622x 100 (4.7)
l RH (8.896 — T2332373)
760 — =1 x10 i

100
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Note that the numerical values; 8.896 and 2233 are constant coefficients for partial pressure of

water vapor in Antoine’s equation obtained from Haug (1993).

As shown in Figure 4.8, blowing more air at the top of the reactor (lower outlet relative
humidity (85%)) and slowing it down at the bottom (higher outlet relative humidity (96%))
seems to result in a better biodrying process (case 6). In this case, the amount of evaporative
heat is 3 times greater than the biological heat generated. This indicates that the biodrying

reactor has performed well with higher water evaporation and less biodegradation.

5

45 1 Case 1 (85/85/85/85%)
Case 2 (96/96/96/96%)
4 | Case 5 (96/96/85/85%)
Case 6 (85/85/96/96%)

3.5 1

n 3
25 -
24
154 ==

1 s | et | et | et |
Case1 Case2 Case5 Caseb

Figure 4.8: Biodrying efficiency index evaluated at
four different outlet relative humidity profiles

4.3.2.5. Effects of Outlet Relative Humidity Profiles on the Complexity of Transport

Phenomena in the Biodrying Reactor

The temperature of the matrix is one of the key components in the transport phenomena.
Another factor that we define in this study is an index that represents the complexity of the
transport phenomena in the biodrying reactor. It is a measure of how close/far the biodrying
reactor is to/from a 2-dimenional problem. More precisely, we are interested in assessing the
impact of the outlet relative humidity profile on the complexity of temperature profile in the

biodrying reactor. To do so, the following complexity index (CI) is introduced:
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Cl = ii(ﬂ, ~T,,)" (4.8)
it o1
where, T;; and T;;, are the temperatures at local j (j=1,2,3 in Figure 3.3) in compartment i
(1i=1,2,3,4) and the inlet gas temperature in compartment i, respectively. In fact, it quantifies the
importance of the variation of the velocity profile along the gas flow direction.
Figure 4.9 shows the values of the complexity index for cases 1, 2, 5, and 6. In cases 1, 5, and 6,
where higher air flowrates were applied (lower outlet relative humidity along the reactor height),
the temperature variation in the gas flow direction was not significant, indicating a less complex
transport phenomena in the biodrying reactor that can be described, depending on the accuracy,
approximately with a 1-D model. In fact, our 1-D modeling results confirmed acceptable
accuracy for these cases (Navaee-Ardeh et al., 2009a). In case 2, however, the complexity index
is very large indicating a more complex biodrying reactor that requires a sophisticated model
(e.g. a 2-D model) for the description of the transport phenomena. The large complexity in this
case is attributed to a lower air flowrate (higher outlet relative humidity profiles (96%)) that
favors the development of higher temperatures in the biodrying reactor and results in a higher
aerobic exothermicity in the reactor. In fact, it was found that the 1-D model poorly predicted
the 2-D transport phenomena governing in the reactor (Navaee-Ardeh et al., 2009a).
Interestingly, the complexity index (CI) in cases 5 (blowing low at the top and high at the
bottom) and 6 (blowing high at the top and low at the bottom) are equal, even though the
biodrying efficiency index in case 6 is higher than that of case 5. This indicates that CI alone is
not sufficient to fully grasp the complexity of the heat transfer mechanisms prevailing in the
reactor. It appears that combining C/ and biodrying efficiency index () would be more

appropriate.
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Figure 4.9: Complexity index versus outlet relative humidity profiles

4.3.3. Modeling of the Continuous Biodrying Reactor

Although there have been several studies on biodrying of municipal sludge, little information is
available on the modeling aspects of a biodrying reactor. To better understand the transport
phenomena inside the biodrying reactor, modeling is a critical step. The insights gained through
modeling can also result in a more efficient reactor design, better control, and establishing scale-
up criteria. The modeling strategy, and hence the results, follow the methodology discussed in

section 3.3.

4.3.3.1. Lumped Modeling Results

The lumped model was developed in such an early phase of this study that no experimental data
were available at the time. As can be seen in Figure 4.10, the dry solids content increases from
the top to the bottom and reaches a flat profile at the bottom of the biodrying reactor. Different
residence times were examined, and the results for 5- and 6-day residence times indicate dry
solids content of above 60% at the bottom of the biodrying reactor. Later, the experimental data
revealed that such dry solids content can not be achieved in a 4-day residence time. The main

reason was attributed to the lumped model, which assumed the same drying mechanisms for
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removing different types of water. In other words, in the lumped model there was no distinction
between the unbound and bound water. Despite its simplicity the results were unrealistic and no
further improvement was made on the lumped model. Therefore, the distributed model was built

to better represent the transport phenomena in the biodrying reactor.

Dry solids content (%)
20 30 40 50 60 70 8 9 100

Fw 00 ——V\\ | | | | | | | ]
02 —4— 3day
—e— 4-day
Comp. 1 0.4 - = 5day
0.6 - 6-day
Comp. 2 0.8 -
Z(m) 1.0
Comp.3 1.2 u
1.4 -
Comp. 4 1.6 n

Figure 4.10: Lumped modeling results- dry solids content vs. residence times (Navaee-Ardeh et
al., 2006b)

4.3.3.2. 1-D Distributed Modeling

The 1-D distributed model is a global heat transfer based on the principles of chemical and
biochemical reactions in porous media. The model includes biological heat production, an
evaporation sink term, and convective and conductive heat transfer. Two types of convective
heat transfer are represented: convection due to the solid phase, which brings into play the
sensible heat, and convection due to the gas phase. The model incorporates these heat transfer
terms into a single equation solved for each compartment separately using the boundary
conditions as a term linking any two adjacent compartments. The model assumes lumped
parameters in the gas flow direction and distributed parameters in the solid flow direction, as

shown in Figure 4.11a.



83

z
(a)
Incoming
mixed sludge
_} .
—_— | Conduction heat transfer
— L Jetween gas and solid e
—_— i \ Phases S >
> o ™\ Produced —>
’, metabolic ’,
—_— 7 /Mixed sludge V heat —
— - ; \ —
particle 5
—_ { (microbial growth, N ( N —
——| —O7 7\ biological heat LC% ~ - ~\\,Z >
e \ production) / —_———— » dz
Ambient — . déss_@sfer / E
ar 5 — T~ pukflow ofheat?“ N
= = — 78 -\ N // -
—_— Gas - N
_>—>_ -\ Phase \ - ~
,,,,,,,,,,,,,,,,,,_, - )
— ~ o TN\ e S A
— 6«95{, \ — _ >
— e S0y N~ — Convecticn
— %‘c,@:f/:e, between gas
[ and solid phases
—_
L

Outgoing
mixed sludge

(b)

Figure 4.11: Schematic of one compartment in (a) macroscopic and (b) microscopic scales
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For the 1-D modeling, the following simplifications and/or assumptions are made:

For each compartment, air mass flowrates conservation is assumed;

All phases (solid and gas) in the matrix are at equal temperature (thermal equilibrium
among phases). Du and Wang (2001) found that for porous media with forced convection,
local thermal equilibrium is a reasonable assumption if Re>10. In this study as shown in
Table 4.7, all Reynolds numbers are higher than 10. Note that the difference in water
concentration between the solid and the gas phase provides the driving force for the mass
transfer of water between these two phases;

The process is at steady-state. This assumption is justified by the fact that a stable matrix
temperature and drying rate have been observed experimentally;

The heat loss through the walls of the reactor is assumed to be negligible. The reactor is
insulated with UHMW (ultra high molecular weight) polyethylene on the inside and
regular insulation materials on the outer surface. This assumption has been shown to be
valid for large scale systems that have a small surface/volume ratio (Mason and Milke,
2005a), as is the case for the current biodrying reactor;

There is enough oxygen in the porous matrix for microbial biodegradation. This
assumption is particularly valid for processes under forced aeration such as solid-state
fermentation (Gowthman et al., 1993);

The specific thermal heat capacity of the solid phase is constant for each compartment;

For aerobic processes such as biodrying, it is essential to have sufficient pneumatic
conditions along the reactor to ensure that oxygen in the air reaches the microorganisms
and that anaerobic hot spots are minimized. The pilot-scale biodrying reactor was designed
so that the air is uniformly distributed in each compartment through a series of perforated
plates installed at the gas inlet and outlet of each compartment. Therefore, a uniform gas

flow distribution is assumed for each compartment;
The biological heat (Q,, ) is obtained from the following correlation (details were

described in Eq. (4.6)):

9

) V
Qbio = Qbio—standard p 02 V
Air

[ Lo 0. 49
V. | |wLD (4.9)

m
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Based on these assumptions, and the control volume and heat transfer mechanisms illustrated in

Figure 4.11, the following overall heat transfer balance is obtained for each compartment:

z+dz _ Sensible heat

z transfer due to solid
phase

- mlotal,i(wms,icpms,i + (1 - Wms,i)CszO )(T; - T;,)

+k,(1—- 51-)LW§ <. Conductive heat ‘
z transfer due to solid

phase

z

+(dm NCp (T. —=T)—=(dm )C T —-T Convective heat (4.10)
( mg,i) pg,i( in r) ( mg,i) pg,i( i r) <€----

transfer due to gas

phase
+ Qbio,i (1 - gi)L WdZ - AHevaaw,i(Xout,i - Xin )dmg,i = O
A A
Biolo;gical heat Evap(l)rative heat
source term sink term
for i=1,2,3,4

The first term represents the sensible heat change due to the solid flow in the reactor. The
second and third terms represent the conductive heat transfer due to the solid phase and the
convective heat transfer due to the gas phase, respectively. The fourth term represents the
bioheat generated through the exothermic metabolic microbial activity, and the last term is a
sink term representing the quantity of energy removed from the matrix through water
evaporation.

The values of the physical parameters in Eq. (4.10) are given in Tables 4.6 and 4.7. The
following comments are in order:

o The uniform gas flow distribution assumption, as discussed earlier, leads to

dir,, =5 d

8ol

o Xoui-Xin represents the net amount of water transferred to the gas phase, which is the
difference of absolute humidity between the outlet and the inlet gas (kg H,O/kg air). It is
evaluated using Eq. (4.7).

. The evaporation heat of water, AH,,,, has a negative correlation with the temperature. In

order to incorporate this in Eq. (4.10), a constant value of AH,,,=2270000 J/kg H,O (Perry
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and Green, 1997) was used along with a correction factor, a,,;, so that the last term in Eq.
(4.10) remains constant for each compartment but varies from one compartment to another
as the dry solids content varies. The correction factor, a,,;, was fitted using data obtained
from isotherm experiments on mixed sludge with saturated salt solutions, by means of a

procedure adapted from Rowley and Mackin (2003) and Labuza (1984):
=4.286w> . —4.74w . +2.009 (4.11)

ms,i ms,i

A smnlar model was also reported for solid-state fermentation by Von Meien and Mitchell
(2002);

o The heat capacity of the gas phase (Cpg,) is determined from the following correlation

(Geankoplis (1993)): Cp,, =1005+1880.X

out,i ’

. The reference temperature, T,, is assumed to be equal to 7,

Based on these comments, Eq. (4.10) leads to the following differential equation:

dz]—zv‘ _ ai d]—: mglcpgl T
d>  k(—&)LW dz k(1-&)LWD"

. 4.12
mg,icpg,i];n + Qbio,i (1 - gi )L WD AI_Ievaaw i (Xaut K Xin )mg,i ( )
k.(1—&)LWD
where &; = 11,y (W, CP s, + (1=w, ) )CPy ). Note that Eq. (4.12) is a convection-

diffusion ordinary differential equation for each compartment (i=1,2,3,4) that, along with
boundary conditions, can be solved analytically. For the boundary conditions, the inlet
temperature in the 1% compartment is equal to T}, and the inlet temperature in the other
compartments is equal to the temperature at the outlet of the previous compartment. Note that
one of the exponential terms in the analytical solution vanishes due mainly to a highly
convective dominated problem, therefore, only one boundary condition is required to satisfy the
analytical solution. The analytical solution for each compartment is given in Appendix A (paper

A2).
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4.3.3.3. Dimensionless Analysis on 1-D Model

Dimensionless analysis can provide basic insights into the mechanisms that govern the transport
phenomena taking place in a process. A dimensionless form of Eq. (4.11) was derived, which

brings into play dimensionless groups:

a’T’ T’ :
———A—%—-PeT, +B, =0, fori=1,2,3,4 (4.13)
d=" dz
* T—T . . . k__ Z . . . .
where T, =18 the dimensionless temperature, z* = s the dimensionless height, and
bot™ " in
A;, B; and Pe; are:
__ Dau 4.14
A = T (e LW (4.14)
B = Qbio,i(l_gi)LWDz_AHevaaw,i(Xout,i_Xin)mg,iD — £ (E . _1) (415)
! ks (l_gi)(Tbot_Tin)LW Li 2,0
AHevaaw i (Xout i_Xin )mg z'D
E = : : - (4.16)
1,i ki (1=& )Ty, =T, ) LW
)i i (1=, ) LWD?
E ' — leo,z( l) _ (4.17)
2,i A[—Ievaaw,i (Xout,i _Xin )mg,iD
m, .Cp, .D
P g P (4.18)

¢ = k,(I-¢,) LW

A; represents the ratio of the mixed sludge sensible heat to the conductive heat, and Pe;, the
Peclet number, is the ratio of convective heat to conductive heat. B;, which brings into play two
dimensionless numbers, E;; and E,;, is the ratio of net heat generated to conductive heat. The
net heat generated is the amount of the biological heat generated minus the heat lost through
evaporation. E; ; is the ratio of evaporative heat to conductive heat, and £, is the ratio of bioheat
to evaporative heat. E,; is similar to the Damkohler number (Da), the ratio of the metabolic
reaction rate to the convective rate. Da is used frequently in aerobic composting processes to
control the biodegradation rate (Nakayama et al., 2007). All three of these terms (A;, Pe; and B;)
are important, and their relative values may vary in the four compartments of the biodrying

reactor. The effect of these dimensionless parameters will be discussed in the next section.
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In order to investigate different scenarios for the biodrying process and identify the 1-D model

flexibility and limitations, four experimental cases were considered for this assessment. These

cases represent diversity of the overall experimental program (Table 3.1) and involve two types

of physical parameters, some with fixed values that remain the same for all cases (Table 4.6),

and some that vary from one experiment to another (Table 4.7). Note that some of the fixed

values in Table 4.6 were obtained from the literature.

Table 4.6: Fixed values of the physical parameters used for the 1-D model

Comp. 1 Comp. 2 Comp.3 Comp.4 Reference

Cpryo (J/(kg°C)) 4200 4200 4200 4200  Birdetal. (2002)
Cpms.i (J/(kg °C)) 2360 2000 1800 1700  Perry and Green (1997)
D(m) 0.4 0.4 0.4 0.4 Pilot-scale set-up
d,(mm) 1.5 1.3 1 0.8 Biodrying experiments
ks (W/(m °C)) 0.15 0.15 0.15 0.15 Geankoplis (1993)
L(m) 0.4 0.4 0.4 0.4 Pilot-scale set-up

W (m) 1 | 1 1 Pilot-scale set-up
AH,, (J/kg HO) 2.27x10° 2.27x10°  2.27x10° 2.27x10° Geankoplis (1993)

Pg (kg/m3) 1.16 1.16 1.16 1.16 Geankoplis (1993)

&i 0.4 0.45 0.5 0.55 Biodrying experiments
u(Pa.s) 1.5x10°  1.5x10°  1.5x10° 1.5x10”° Bird et al. (2002)




Table 4.7: Experimental parameters for 1-D model

Case 1 Case 2 Case 3 Case 4
— [\ N <t — [\l N <t — o\l on <t — [\ " <
=% [=9 [=9 =9 = =9 =9 =9 o o, [=9 [=9 [=9 =9
£ g & & £ & & & £ g £ £ £ S
o) o o) o) o) o) o) o) o o) S <) o) o <]
O O O O &) O O O O &} &} O @} &} O O
Oy (m3/h) 2640 5.0 26.0 18.0 16.5 8.0 14.0 7.7 791 741 731 738 7.04 7.11 7.63 7.65
0, (Wm’) 0 0 1000 2500 200 400 2200 2400 511 550 1200 2800 O 50 2000 3500
Wins,i 0.42 0.43 0.45 0.47 0.42 0.44 0.46 0.50 0.37 0.41 0.42 0.45 042 0.44 0.5 0.54
Ay i 0.78 0.76 0.75 0.73 0.78 0.75 0.74 0.71 0.84 0.79 0.77 0.76 0.78 0.75 0.71 0.7
RHOm’i(%) 73 66 88 89 68 72 92 55 80 97 75 80 41 83 92 100
Tom,,-("C) 18 20 25.6 27.3 23.5 25 28 42.8 29 30 31 33.8 23 243 36 40
Pei 101 20 117 90 63 33 63 39 30 30 33 37 27 29 34 38
u, .p,d
Re, = E-CLAS 0 5 468 68 246 124 291 109 133 53 140 101 69 51 125 97 72 53
&u
EZJ- 0 0 0.54 1 0.2 0.65 1.13 1.5 0.53 0.45 1.17 1.96 0 0.07 1.15 1.32
RT (days) 6 6 4 8
RR(%) 30 30 15 15
RH;, (%) 13 14 12 10
T, (°C) 24 25 27 26
mmmz (kg/s) 0.001128 0.001128 0.001692 0.000846

68
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In this section, the accuracy of the 1-D model is assessed against the experimental data. Note
that the temperatures in the gas flow direction are averaged in each compartment (last column in
Table 4.8), and are used for the mode accuracy assessment. Note that the 7, values are the
average of internal temperatures near the wall and the ambient temperature. This is mainly
related to the effect of ambient conditions on the external conduits of each compartment in

Figure 3.2.

Table 4.8: Experimental temperatures in the continuous biodrying reactor’
T,,°C) x=75cm x=17.5cm x=27.5cm T,,(°C)  Averaged

Temperature
Comp. 1 24 13 13 14 18 13
Case 1 Comp. 2 24 13 15 16 20 15
Comp. 3 24 15 15 20 26 17
Comp. 4 24 19 20 27 27 22
Comp. 1 24 15 16 17 24 16
Case 2 Comp. 2 24 17 18 23 25 19
Comp. 3 24 19 28 38 28 28
Comp. 4 24 30 38 47 43 38
Comp. 1 26 12 20 30 29 21
Case 3 Comp. 2 26 14 16 23 30 18
Comp. 3 26 18 26 30 31 25
Comp. 4 26 29 44 50 34 41
Comp. 1 26 18 20 23 23 20
Case 4 Comp. 2 26 13 14 20 24 16
Comp. 3 26 22 30 42 36 31
Comp. 4 26 43 50 55 45 49

" The average temperature represents an arithmetic average of the bed temperature (excluding inlet and outlet
temperatures)

The accuracy of the 1-D model is compared to the average values of experimental temperature
in Figure 4.12. Although different operating conditions result in different temperature profiles in
all four compartments, the overall trend is fairly similar for all cases. The standard error of mean
was estimated to be +£3% using 5 temperature measurements on a typical point illustrated in
Figure 3.3. Overall, the predicted temperatures are in good agreement with the experimental
data, although larger differences can be noticed in the 4 compartment for cases 3 and 4. We
believe these discrepancies are due to the growth behavior of the mesophilic and thermophilic
microorganisms, which depend strongly on temperature (see section 2.4.1.2 for the effect of

temperature on microbial activity). In both cases 3 and 4, the higher temperature in the 4™
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compartment favors a higher growth rate of thermophilic bacteria, giving a higher bioheat
release into the matrix of the mixed sludge. This contradicts the assumption of a uniform bioheat
release and distribution that was made for the development of the 1-D model (see section
4.3.3.2). Note, however, that such an assumption simplified the 1-D model resulting in obtaining

an analytical solution.

T(OC) = Mbdel m  Experimental T(OC) —— Model ®  Bxperimental
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Figure 4.12: Comparison of the predicted temperatures to the experimental data

Analysis of the Temperature Profiles

Figure 4.13 displays the temperature profiles for all four cases. One may readily see that there

are two zones: a convection-dominated zone that includes the 1% and 2™ compartments (first
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zone) and a bioheat- and diffusion-dominated zone that includes the 3™ and 4™ compartments
(second zone). In the first zone, a dramatic drop in the matrix temperature can be observed in all
cases. In this zone, as shown in Figure 4.4, the dry solids content does not significantly increase
as the matrix temperature is quite low, resulting in less water transfer to the gas phase. The
temperature in the first zone is slightly different from what was expected by Navaee-Ardeh et al.
(2006a). Indeed, it was expected that the temperature would gradually increase from the top to
the bottom compartments. Two phenomena occur simultaneously here. One is the very low
bioheat generation in the 1* and 2™ compartments due mainly to the delay in the microbial start-
up caused by the microbial lag phase that is longer at low temperatures. The other one is the
cooling effect of the evaporation of the unbound water, which occurs at wet-bulb temperature. It
also follows from the values of the ratio of bioheat to evaporative heat (£, ;) (see Table 4.7) that
the biological heat is not large enough to overcome the effect of evaporative heat. The decline of
the matrix temperature is sharper in cases 1 and 2, which can also be inferred from the Re and
Pe values in Table 4.7. The higher air flowrates, and hence the higher Re and Pe values, cause
convection to dominate diffusion and, since the evaporation of unbound water takes place at

wet-bulb temperature, the matrix temperature declines.

——Cose 1 - = - =Case2
T(OC) Case 3 e Case 4
0 10 20 30 40 50 60
0
0.2
Comp. 1 0.4
0.6 -
Comp.2 0.8 1
Zm)1 -
Comp. 3 1.2
1.4 -
Comp. 4 1.6
1.8

Figure 4.13: Predicted temperature profiles
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In the second zone, the 3 and 4™ compartments, the temperature gradient quickly becomes
positive, promoting the diffusion and evaporation of bound water, resulting in an increase of the
matrix temperature and the dry solids content (Figure 4.4). This occurs because the bioheat
released to the gas phase increases the gas phase moisture holding capacity as already discussed
in section 4.3.2.2 (RH,,, in Table 4.7), which then results in the transfer of more water to the gas
phase and the diffusion of more bound water from the particle interior to its surface. As a result,
mixed sludge drying improves. As can be seen in Table 4.7, the ratio of bioheat to evaporative
heat (E,) significantly jumps in the 3™ and 4™ compartments, yielding a steep rise in the matrix
temperature in Figure 4.13.

An optimum range for the moisture level (1-w,,) under aerobic conditions of 45-55 (%w/w) was
reported by Nakasaki et al. (1994), resulting in a maximum biological reaction rate and higher
bioheat production. This was also confirmed by Liang et al. (2003). Consequently, Figure 4.4
shows that the dry solids content in the 3 and 4" compartments provides optimum conditions
for the microbial reactions. The diffusion and capillary forces create a water gradient between
the interior and the exterior of the particles (Stanish et al., 1986). Although bound water
diffusion is the controlling mechanism in the 3" and 4™ compartments, the higher temperatures
related to the bioheat release enhance the drying rates significantly, as discussed above. Under
these conditions, the bioheat surpasses the cooling effect of water evaporation (E,; values >1 in
Figure 4.12 and Table 4.7) . The Re and Pe numbers in the 3 and 4™ compartments for cases 3
and 4 are less than those for cases 1 and 2, which caused a sharp increase in the matrix
temperature (Figure 4.13).

Finally, the highest temperature was found at the end of the 4™ compartment for case 4. This is
attributed to a higher level of biodegradation (Qbio,4=3500W/m3 , Table 4.7). Due to the low air
flowrate in this case, the rate of bioheat released in the matrix of mixed sludge is higher than the
rate of heat removed by convection (E,;>1). As a result, the accumulated heat leads to a higher

temperature of the matrix.

Sensitivity Analysis on the 1-D Model
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Sensitivity analyses were performed on the temperature of the porous matrix (results not shown
due to lengthy mathematical formulations) with respect to the matrix porosity (¢), oxygen
consumption (AO>% v/v), air flowrate (Q,), mixed sludge dry solids content (w,,), and water
removal rate including the combined effect of inlet and outlet air temperatures and relative
humidity (X,,~Xin). It was found that the most influential parameters are the oxygen
consumption rate (related to the aerobic exothermic biological heat), the air flowrate and the

water removal rate (related to the outlet relative humidity profile).

4.3.3.5. Two-Dimensionality of the Transport Phenomena in the Continuous Biodrying

Reactor

Usefulness and Shortcomings of the 1-D Model: Critical Review

Sludge drying rate in the continuous biodrying reactor can be used to estimate the final dry
solids level. It is also critical for the design of a biodryer. As discussed earlier, the dry solids
level is also essential for an economically feasible combustion operation in a biomass boiler.

The model-predicted temperatures were used to calculate the water removal rate (drying rate)

for different cases. The total water removal rate isz P9 (X, —X,), which can be

out,i
determined using Eq. (4.7) and the data in Tables 4.7 and 4.8. These results were compared to
experimental data. As shown in Figure 4.14, the 1-D model is good only if the temperature
variation in a given compartment does not vary significantly from the gas inlet to the gas outlet
(see Table 4.8). For instance, the temperature variation in each compartment for case 1, and the
1 and 2™ compartments of all other cases is very small, and hence a good agreement can be
observed between the model predicted drying rates and the experimental values. However, the
agreement is not as good for the 3™ and 4™ compartments in cases 2, 3, and 4, in which the
exothermic aerobic bioenergy is the dominating mechanism. The usefulness of the 1-D model is
then limited in such cases, because it poorly predicts the 2-D transport phenomena governing the
higher aerobic exothermicity in the reactor, a situation that might arise in an industrial biodrying

reactor.
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Figure 4.14: Comparison of 1-D model versus experimental data for sludge drying rate

Two-dimensional Profile of Experimental Temperatures

In contrast to our initial thought that a thin reactor (L=40 cm) would result in a one-dimensional
temperature variation in the biodrying reactor, the temperature in each compartment has a
different variation in the gas flow direction (Figures 4.15a, 4.16a, 4.17a, and 4.18a). Except in
the 4™ compartment, the experimental data show a sharp temperature decline in the first section
of each compartment (x<7.5 cm). This is because of a rapid heat exchange between the gas and
the solid phases in the front line of the gas entrance to each compartment. In fact, despite the
complexity of porous media, it is known as one of the most efficient heat exchangers in the
category of porous media heat exchangers (PMHE) (Hayes et al., 2008; and Pavel et al., 2004).
In the 1* and 2™ compartments, due to the absence of bioheat on the one hand and the

evaporation of unbound water at wet-bulb temperature on the other hand, the matrix temperature



96

faces a rapid initial decline. It tends to recover in the second section (x>7.5 cm) yet stays below
the inlet gas temperature. As can be seen in Figures 4.15a, 4.16a, 4.17a, and 4.18a, due to this
cold environment in the first zone (the 1* and ond compartments), the drying rate is very small,
and accounts for less than one third of the total mass transfer (Figure 4.25). Nevertheless, the
evaporation of the unbound water still progresses because the reactor is under vacuum
conditions, controlled by the positive and negative blowers (see Figure 3.3). This can also be
inferred from the X (kg H,O/kg Air) values in Figures 4.15a, 4.16a, 4.17a, and 4.18a. The
profile of X shows that regardless of the temperature decline in the first section (x<7.5 cm),
there is always some mass transfer. This is why, despite our initial expectation that the front line
in the gas flow direction (x< 7.5 cm) may dry more than the back, a uniform dry solids level was
observed across each compartment at a given reactor height (z). This brings a great advantage to
the biodrying reactor, and despite a two-dimensional mass and heat transfer phenomena, the
mixed sludge across each compartment dries uniformly. This is related to the uniform transfer
rate of moisture from the solid phase to the gas phase as the gas proceeds toward the exit in each
compartment, which is related not only to the matrix temperature, but also to the relative
humidity of the gas phase.

The temperature reestablishment strongly depends on the quantity of the bioheat generated in
each particular compartment. For example, in the 3™ compartment, after a slight decrease (up to
x=7.5 cm), the temperature increases along the rest of the reactor length. This is the point at
which biological heat dominates the cooling effect of water evaporation. There is no decline in
the matrix temperature in the 4™ compartment except in case 1 which can be attributed to the
extreme aeration in that compartment. This can be attributed to the moisture contents in the 3™
and 4" compartments (Table 4.7, Figure 4.4) that are in favor of increased metabolic activity of
thermophilic bacteria. Such an activity generates substantial bioheat, which indeed increases the

matrix temperatures and the water holding capacity of the gas phase.

A similar trend can also be seen in the solid flow direction (Figures 4.15b, 4.16b, 4.17b, and
4.18b). The description is similar to the transport phenomena discussed in the 1-D model

(section 4.3.3.4).
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In conclusion, it is evident that these trends support a two-dimensional transport phenomenon in

the continuous biodrying reactor, which can not be accounted for within the 1-D model.

The 1-D model was based on lumped parameters in the gas flow direction and distributed

parameters in the solid flow direction. The discrepancies between the predicted and

experimental results are attributed to the following:
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e The biological heat release was assumed to be uniform in a given compartment. In
reality, it may vary due to the effect of temperature in the gas flow direction on microbial
activity of mesophilic and thermophilic bacteria;

e Most of the physical parameters used for the 1-D model are temperature dependent.
However, due to the nature of the 1-D model, the physical parameters were assumed
constant, whereas these properties may vary both in the gas and solid flow directions;

e The 1-D model assumes a flat air velocity profile in each compartment, making it
impossible to take into account the effect of possible hot spots that are likely in full-
scales in the matrix of mixed sludge. This may lead to unexpected results such as
instantaneous firing and non-uniform final materials;

e Experimental results confirmed the expected disagreement between the predicted water
removal rate and the experimental data from the 3" and 4™ compartments. This is mainly
related to the exothermic bioheat generated in the 3™ and 4™ compartments, which
results in a large temperature variation from the gas inlet to its outlet.

Although good mathematical agreement was obtained between the model-predicted temperature
and the averaged experimental data, the water removal rate for the 3 and 4" compartments
shows large model-data mismatch. Therefore, despite the simplicity of the 1-D distributed
model, a 2-D distributed model is required to overcome the above-mentioned limitations and to
improve the prediction capability of the model not only in the solid flow direction but also in the

gas flow direction.



102

4.3.3.6. 2-D Distributed Modeling

The approach developed for the 1-D model is used for the development of the 2-D model.
However, the 2-D model attempts to address and eliminate the limitations of the 1-D model.
Based on concepts of chemical and biochemical reaction engineering in porous media, it
includes biological heat, evaporative heat, and convective and conductive heat transfer due to
the solid and gas phases. Two types of convective heat transfer are represented: convection due
to the solid phase, which brings into play sensible heat, and convection due to the gas phase.

All assumptions made for the 1-D model and described in Navaee-Ardeh et al. (2009a) are
valid except:

e Specific heat capacities of the solid and gas phases are not constant;

e Heat conduction due to gas phase is negligible and only heat conduction in solid phase in
both directions is considered;

e Gas flow distribution is not uniform and follows the ideal gas law (see Table 4.9).

Each compartment is discretized in the x and z directions as illustrated in Figure 4.19
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Figure 4.19: Schematic of a control volume in macroscopic scales for each compartment

Based on the assumptions and the control volume, and the heat transfer mechanisms
illustrated in Figures 4.11b and 4.19, the following energy balance is obtained for the control

volume in each compartment:
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Solid phase conductive heat transfer in Solid phase conductive heat transfer in

vertical direction gas flow direction
v v
01—y oL 0 1-ey 2L
WL (1= &)k, S )dzdx + W2 ((1 - &)k, S L)dzdx o)
a(A}Ieva.i (T; )Xl ('x)dmg l)
- Bx — aX & EBvaporative heat sink term
o(Cp, di, (T,~T.))
— - 5‘x’ dx € Convective heat transfer due to gas phase
O (1.: : —
=L (it (T, ~T) Mz + Oy, WV (1~ &, )dlrdz = 0
t 4
Convective heat transfer due to Biological heat source term i=1,2,3,4
solid phase

where i stands for control volume in compartment i and 7, is the reference temperature, which
was chosen to be Tj,.

The first and second terms represent the conductive heat transfer due to solid phase in x and z-
direction, respectively. The third term is the thermal sink term representing the quantity of heat
removed from the matrix through water evaporation. The fourth and fifth terms are convective
heat transfers due to gas and solid phases, respectively, and the last term represents the bioheat
generated through the aerobic exothermic microbial activity.

The following comments are in order:

. . d - _ mtotal d .
e The mass flowrate of solid phase obtained from dm ; =—"—"-dx;

Lw
e The mass flowrate of gas phase is given by dm,, =u,&,p, Wdz;

e The biological heat was determined using the same approach as described in Navaee-

Ardeh et al. (2009a);
e Reference temperature (7) is chosen to be that at the inlet (73,);

o  Cpuix is modeled as function of the reactor height Cp . =az’ +bz+c, where coefficients a,

b, and c are set from experimental data (see Table 4.9);
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Due to the difficulty of finding an appropriate global bioheat model for the entire biodrying
reactor, experimental bioheat values were used for the 1* and 2™ compartments (see Table
4.10), and correlation in Table 4.9 was employed for the other compartments.

Based on these assumptions, Eq. (1) leads to the following differential equation:

0 of,, & orT;
— o ((I=8)k =) - 8_((1 — &)k, =)

oCp, .. .
— total "total L mix.i
leo 1(1 & ) (T m) Lw aZ
pg ; 0X OAH, . oX, \oT,
gl lpgl((T m) a 87'; +Cpg,i +Xz’ 87'; +AHeva.i a]”l E
My OT, (4.20)
pmtxl LW 82 .

This equation is now according to the general form of the equation available in COMSOL

Multiphysics (Version 3.5, USA) under the convection-conduction module:

V.(=kVT) =0 - pCpuVT 4.21)

where

(k(-g) O
0 Kk (-¢g)

8Cpg,i aA}Ieva,i ﬁ F’ aX’
~ gl lpgl[(z-; T;n) 87'; +Cpg’i +X18—T;+ et aT; ] O
PCpu = .
m
O "total
Cpmlx i LW
oCp, . .
total mix,!
Q wa 1(1 g ) (T ) 52
oX, _ 51417 5142X
where, aT 72 X,(1+1.6X,) =

Using the boundary conditions, 7(0, z)=T;,, and T(x,0)=T;,, the set of four partial
differential equations given in Eq. (4.20) were solved numerically using the convection-

conduction heat transfer module in COMSOL Multi-physics (Version 3.5). Navaee-Ardeh et al.
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(2009a) found that in the continuous biodrying reactor the convection heat transfer is greater
than the conduction one. Therefore, a convective flux boundary condition, n.(—kV T)=0, was
prescribed along the other two sides of the computational domain.

Preliminary simulations were done with coarse and fine meshes of P, Lagrange- quadratic
triangular elements, which showed that the use of a 182 finite element mesh was adequate.

Consequently, all simulations discussed in the next section were carried out with this mesh.

4.3.3.7. 2-D Modeling Results

In order to investigate different scenarios for the continuous biodrying process and identify
model flexibility and limitations, three cases, differing in operating conditions, were considered
and discussed in this study.

Cases 2, 3, and 4 were a series of experiments selected from the overall experimental program
(Table 3.1) conducted at 6-, 4-, and 8-day residence times, respectively. All data presented in

Tables 4.9 and 4.10 were obtained under a steady-state regime.

Table 4.9: Parameters involved in 2-D model

Parameter Correlation or value Reference
AH,,,.; (J/kg H,O)  2982797-2427T; Geankoplis (1993)
€ 0.125z+0.375 Biodrying experiment
3
A (m”/h
Ug (/s) ]71112277?;’ 2! ’1(6.25 ) (flat flow) Biodrying experiment
84.4(100x) . . .
0 16. 7

RH(%) 6.06 + 124+ (100x) Biodrying experiment

: T.+273 6, .
le.o’l. (W/m®) O(—= T 427 3) % Biodrying experiment
ks (W/kg-ds) 0.15 Geankoplis (1993)
zp,;(m) 0.2 Biodrying reactor
zp,2(m) 0.6 Biodrying reactor
zp,3(m) 1 Biodrying reactor

Zp 4(m) 1.4 Biodrying reactor




Table 4.10: Experimental parameters required for modeling
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Case 2 Case 3 Case 4
— N o < — N o < — N o <
oY oY o = =Y = = = = = oY =
g g = g g g g g g g g g
o] o] o o o (@] o] o o] o] o] (@]
O O O O O O O o O O O O
Q,, (m’/h) 165 80 140 7.7 791 741 731 738 704 711 763  7.65
0, (Wm’) 494 511 1770 2000 511 402 1200 2800 O 50 2000 3500
Wns.i 042 044 046 050 037 041 042 045 042 044 05 054
RT (days) 6 4 8
RR (% wiw) 30 15 15
T (°C) 24 26 26
RH;, (%) 14 12 10
d 78.1 156.8 51.6
e 274.7 102.5 408
f 2891 3054 2759
5(m™) 1.56 1.38 1.68
5:(W/m?) 322.5 210 336.7

The experimental temperature values are available in Table 4.8.

Temperature Profile in the Gas Flow Direction

The accuracy of the 2-D model is first assessed by comparing the numerical results to the
experimental data in the gas flow direction. Although different operating conditions are
expected to result in different temperature profiles in all four compartments, Figures 4.20, 4.21,
and 4.22 show that the overall trend is fairly similar for all cases. The experimental error was
estimated at +3% using 5 temperature measurements taken at a typical location in the reactor.
Overall, the predicted temperatures are in good agreement with the experimental data. The
largest discrepancies were observed in the 4™ compartment (about 30%). This is believed to be
due to the complexity of the microbial growth behavior of the mesophilic and thermophilic
microorganisms, which are not only space- and temperature-dependent but are also influenced
by the moisture and nutrient availability in the matrix. In fact, the bioheat model (Table 4.9)
does not take into account the effect of C/N ratio and moisture content. It was reported

elsewhere that these two parameters also have a strong impact on the microbial growth in the
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aerobic composting processes (Haug, 1993). Several global empirical bioheat models were
developed and tested in this study, but were not accurate enough to estimate the bioheat in

different compartments.

Note that a thorough investigation of the velocity profile would require adding momentum
equation to the current set of equations, which would result in a more complex system to be
solved. Therefore, only a flat velocity profile based on ideal gas law was used in all simulations.

The numerical results in the gas flow direction are presented in Figures 4.20, 4.21, and
4.22. Due to a rapid exchange between the gas and the solid phases, a sharp decrease can be
noticed in every compartment when it enters the reactor (x<7.5 cm). In fact, this type of porous
medium is known to be a very efficient heat exchanger (Hayes et al. (2008); Pavel et al. (2004)).
However, one may observe that the temperature tends to increase in the second section (x>7.5
cm) of each compartment. The extent of this temperature rise depends on the quantity of bioheat
generated in each compartment. More precisely, in the 3™ and 4™ compartments, after a slight
decrease (up to x=7.5 cm), the temperature increases all the way to the gas outlet in the reactor.
This is mainly due to the availability of higher biological heat and exothermic activity of
thermophilic bacteria (see Table 4.10). In the 1% and 2nd compartments, because of an
evaporative heat dominating mechanism, the matrix temperature does not recover as much and

stays below the inlet gas temperature.
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Figure 4.20: Comparison of the predicted temperatures to the experimental data in the
gas flow direction (case 2)
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Figure 4.21: Comparison of the predicted temperatures to the experimental data in the
gas flow direction (case 3)
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Figure 4.22: Comparison of the predicted temperatures to the experimental data in the
gas flow direction (case 4)

Figure 4.23 compares the numerical results obtained with the 2-D model to the

experimental data. Only case 4 is considered here because similar behavior was observed in the

other two cases. As can be seen in Figure 4.23, there is a good agreement between the

experimental data and these numerical results. The upper bound discrepancy observed in the

first section (x<7.5 cm) of the 4™ compartment is 30%. However, this discrepancy decreases

when approaching to the gas outlet. Possible explanations are due to the gas flow pattern at the

entrance of each compartment or the dependency of the biological heat on the mixed sludge

moisture content and nutrition level (C/N). The higher temperature in the 4™ compartment

favors the exponential growth rate of thermophilic bacteria, resulting in higher bioheat release

into the matrix of mixed sludge and more bound water diffusion toward the surface of the

particles.
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In all cases, two zones can be recognized for the temperature profile in the biodrying
reactor: a convection-dominated zone that is comprised of the 1% and 2™ compartments, and a
diffusion- and bioheat-dominated zone that is comprised of the 3™ and 4" compartments.
Consistent with the results of the 1-D model in the first zone, a large drop in the matrix
temperature can be observed. This can be explained by the values of the bioheat to evaporative
heat ratio (E;) (see Table 4.7) that are smaller in the first zone, which means that the biological
heat is not large enough to raise the temperature of the matrix. The dependence of this ratio on
the temperature profile was observed in one of the related papers (Navaee-Ardeh, et al. (2009a)).

It was then established that the temperature decreases when E£,<1 and increases when E>1.

In the second zone (the 3 and 4" compartments) the higher bioheat results in a significant
temperature rise in the matrix of mixed sludge. Navaee-Ardeh et al. (2009a) stated that the
moisture content in these compartments leads to enhanced microbial activity. The diffusion of
bound water out of the sludge particles is favored by higher temperature, which also speeds up
drying. In the biodrying reactor, water removal mainly takes place in the second zone, because
of the higher matrix temperature in this zone. This can be inferred from Figure 4.25 where it
shows that more than 70% of the total water removal takes place in the second zone. Note that,
as a rule of thumb, an increase of 11°C in temperature causes a 50% drop in the air relative
humidity, which improves mass transfer from the solid phase to the gas phase (Geankoplis,

1993).
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Figure 4.23: Comparison of the predicted temperatures to the experimental data in the
solid flow direction (case 4)

Similar trends were observed for cases 2 and 3, as shown in Figure 4.24. In the first zone, the 1%
and 2" compartments, the matrix temperatures in cases 2 and 3 are higher than that of case 4,
which is attributed to the bioheat values in cases 2 and 3 (Table 4.7). However, in the second
zone, the 3" and 4™ compartments, the higher bioheat in case 4 results in the temperature profile
rising faster than those of cases 2 and 3. The main difference between the first zone (the 1* and
2nd compartments) and the second zone (the 3 and 4™ compartments) in the biodrying reactor is
that the major water removal takes place in the second zone, because of the higher matrix
temperature in this zone. This can be inferred from Figure 4.25 where about 32% w/w and 40%
w/w of the total water removal takes place in the 3™ and 4™ compartments, respectively, and

only 30 % w/w of the total water removal takes place in the 1*" and 2nd compartments.
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Figure 4.24: Two-dimensional profile of predicted temperatures for case 2 (6
days), case 3 (4 days), and case 4 (8 days)

The discrepancies between the experimental data and the model predicted values in the gas and
solid flow directions are not only due to the experimental error. Other possible causes are: (1)
the presence of anaerobic zones due to uneven distribution of gas velocity profile which were
not investigated, (2) the complex mechanisms of water diffusion out of the particles in the
mixed sludge which was not taken into account, (3) the numerical error inherent to the
estimation of bioheat, and (4) the possibility of local thermal non-equilibrium which was not

considered.

4.3.3.8. Dimensionless Analysis and Scale-Up Criteria

In addition to the water removal rate estimation using the 2-D model, the prevailing transport
phenomena in the continuous biodrying reactor relevant to the unbound and bound water in the
mixed sludge can be understood by means of dimensionless analysis and the key dimensionless

numbers.
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By performing dimensionless analysis on Eq. (4.19), the following equation was obtained:
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Rearranging Eq. (4.22) gives:
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Four dimensionless groups can be identified, which are defined below:
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The unknown parameter for the continuous biodrying reactor, which has a key role in the
transport phenomena, is the quantity of the bioheat. The bioheat in I, can be correlated to the

other three dimensionless numbers as follows:
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Qbio,i
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Using the experimental data of the pilot-scale continuous biodrying reactor, the unknown
constant coefficients were determined:

pgug,in (Xout - Xin )AH
L

T -T
both in (425)

Oy =5%10™( “) Pe, Pe, +92.2k,

Besides obtaining a correlation for the estimation of the bioheat, two scale-up criteria can be
established: a) Peclet number of the solid phase, and b) Peclet number of the gas phase. The
former is related to the sludge residence time in the continuous biodrying reactor, whereas the
latter is related to gas flowrate and how the outlet relative humidity is controlled. This shows

how the 2-D model is relevant for designing a full-scale continuous biodrying process.

Eq. (4.25) considers the effect of outlet relative humidity profile, the inlet air conditions, the
velocity of the gas phase, the reactor design parameters (L, W, H), and the initial temperature of
the feed sludge. The latter is an important issue for a full-scale process because the sludge being
fed to the biodrying reactor will be at a higher temperature and will already be acclimated. By
estimating the quantity of the biological heat (Eq. 4.25) and using the 2-D model, the
temperature profile and the water removal rate (drying rate) can be estimated for a full-scale
process. This provides a significant advantage for the design of a full-scale biodrying process
prior to any expensive experimentation and/or reactor installation. The results of this step can be
merged with the techno-economic consideration, and provide the answer and guide to “Is the

biodrying process feasible for a given pulp and paper mill?”

4.3.3.9. Comparison between the 1-D and 2-D Models

Predicting Water Removal Rate by Means of the 1-D and 2-D Models

To achieve an appropriate level of final dry solids content, all of these complex transport

phenomena must work together, and by knowing the amount of water removal that can be
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controlled by the outlet relative humidity profile, it is possible to have better control and design
of the continuous biodrying reactor. This is why the temperature profiles in the continuous
biodrying reactor play a significant role for the estimation of the water removal rate.

Figure 4.25 compares the drying rate calculated from the 1-D and 2-D models with the
experimental data. Despite some discrepancies between the predicted temperatures in the 2-D
model and the experimental data (Figures 4.20, 4.21, and 4.22), the predicted water removal
rates (drying rates) are in good agreement with the experimental data. Whereas, the 1-D model
poorly can predict the water removal rate for the diffusion zone (the 3 and 4™ compartments),
in which the aerobic exothermicity dominates. Therefore, the 1-D model can not accurately
address the transport phenomena (see section 4.3.3.4). This illustrates the significant advantage

of the 2-D model over the 1-D model.

25 25

D Case 3 1-D Case 2
20 2-D 20 4 2-D

B Exp. @ Exp.

Figure 4.25: Water removal rate: 1-D and 2-D models vs. experimental data
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More specifically, Table 4.11 summarizes the advantages and disadvantage of the 1-D and 2-D

models.

Table 4.11: Comparison between the 1-D and 2-D models

Advantage

Disadvantage

- Analytical solution (explicit solution)
can be obtained
- Easy to perform sensitivity analysis

Unable to predict temperature variation
in the gas flow direction

Uses only constant physical parameters
Uses averaged temperature for model
verification

Can not incorporate complex microbial
growth mechanisms into the equation

1-D - Good agreement with the averaged system
model temperature - Uses only constant values of bioheat for
- Dimensionless analysis is simple to each compartment
follow - Unable to predict higher temperatures
such as in the 4™ compartment
- Lacks to adequately estimate the drying
rate
- Unable to apply gas different velocities
into the equation
- Predicts the temperature profile for both
solid and gas flow directions
- Capable to incorporate momentum
transfer into the mass and heat transfer
equations (gas d1ffe;rent velocities) - Advanced tool needed to obtain
- Uses variable physical parameters (more . .
L numerical solution
realistic values) - Solution is not explicit
- Uses actual experimental data for model . P o .
- Difficult to perform sensitivity analysis
assessment Nonlinear terms increase convergence
2-D . i -1
Good.agreement with actual . time
model experimental data both for the solid and

gas flow direction

- Dimensionless analysis considers both
directions (solid and gas) and provides
basis for scale-up

- Capable to incorporate nonlinear terms
into the equation systems

- Incorporates variable bioheat model into
the equation

- Predicts better the water removal rate

Solution is sensitive to implement each
term correctly into the programming
Bioheat model does not take into account
the moisture content and C/N ratio

4.3.4. Conclusion

A novel continuous biodrying reactor was designed and used to test the drying of pulp and paper

mixed sludge. The process operates under forced convection and the drying rates are enhanced

by the biological heat generated through metabolic activity of the mesophilic and thermophilic

bacteria naturally present in the mixed sludge. An adequate dry solids level was obtained in
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much shorter residence times in the continuous biodrying reactor compared to the batch
biodrying reactor, which underlines the economic viability of the developed continuous
biodrying reactor. The experimental results obtained indicate a better process performance and
is mainly attributed to the flexibility inherent in the continuous biodrying reactor for removal of
different types of water under different outlet relative humidity profiles.
The key variable analysis for the continuous biodrying reactor revealed that the type of biomass
feed, the nutrition level, and the outlet relative humidity profile were critical variables for the
process. Since the type of biomass feed was fixed by choice and the nutrition level was in the
active range for microbial growth, the influence of the outlet relative humidity profile on overall
efficiency and the complexity of the continuous biodrying reactor were investigated. It was
found that the best process performance was under the following outlet relative humidity
profiles:

e Controlling the biodrying reactor at lower (85%) outlet relative humidity at the top (1*

and 2™ compartments) where more unbound water exists;
e Controlling the biodrying reactor at higher (96%) outlet relative humidity profile at the

bottom (3rd and 4" compartments) in which there is more bound water.

A systematic modeling approach was developed and executed for the continuous biodrying. This
helps to better understand the prevailing transport phenomena in different compartments of the
continuous biodrying reactor, establishing scale-up criteria for implication to a full-scale

process, and improving control alternatives of the continuous biodrying reactor.
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CHAPTER 5: GENERAL DISCUSSION

5.1. Overall Evaluation of the Project

Figure 5.1 illustrates the integration of a combined wastewater plant with the biodrying and
combustion facilities. The pilot-scale continuous biodrying reactor was proven to be a successful
solution to a major industrial problem associated with the mixed sludge management. As can be
seen in Figure 5.1 (and compared to Figure 2.1) the landfilling, landspreading, and other land
applications of the mixed sludge can be eliminated and/or minimized. The key process variable,
the outlet relative humidity profile, provides an opportunity to have optimum and more cost
effective operation for a target dry solids level within a short period of time. The outlet relative
humidity profile is easy to control through a feedback loop. Better biodrying performance in a

shorter period of time was achieved in the continuous biodrying reactor compared to batch one.
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The pilot-scale continuous biodrying reactor is a self-biofiltering system. Odorous gases that
may be produced in parts of the reactor due to possible anaerobic conditions are consumed by
microbes before reaching the exhaust outlet. The aerobic conditions prevent malodors. The
exhaust gas is primarily made up of carbon dioxide, water vapor, and nitrogen. Some of the
water vapor condensed on the walls of the exhaust ducts is collected in a PVC pipe. The
condensate is usually benign due to the dynamics of the process and suitable for irrigation or can

be re-used in the process after some minor treatment.

5.2. Implication of the Modeling for the Pilot-Scale Biodrying Reactor and
Full-Scale Biodrying Process

Through a systematic modeling approach, evaluated by experimental data, it was possible to
understand the prevailing transport phenomena in the continuous biodrying reactor. One of the
greatest advantages of the 2-D model developed in the modeling phase of this study is its ability

to address the two-dimensionality of transport phenomena in the pilot-scale biodrying reactor.
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This not only helps to control and better understand the drying mechanisms of a complex
mixture containing different types of water, but it also enhances development of a simple design
tool.

The dimensionless analysis performed on the 2-D model is an approach for scale-up, and hence
provides key information, a priori, for designing a continuous biodrying reactor for a specific
need and/or condition. This yields significant scientific and engineering benefits, a unique
reactor configuration for given mixed sludge characteristics, and contributes to the goal of

advancing the efficient drying of mixed sludge.

5.3. Economic Viability of the Biodrying Process Compared to Competitive

Drying Techniques

In the next sections, techno-economic indices for the biodrying process are compared to those of

other drying techniques.

5.3.1. Technical Performance Indices for Sludge Drying Technologies

A comparison of the drying processes requires an understanding of their separate benefits and
drawbacks, their applicability to dry a given material, as well as specific performance ratings.
Table 5.1 compares several drying techniques, which are reported to be applicable for sludge
drying, in terms of specific thermal rate and energy consumption rate. As can be seen from this
table, the continuous biodrying process is among those that have a low energy consumption rate.
However, a better conclusion can be made when both economic and technical aspects are

considered simultaneously.
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Table 5.1: The biodrying process versus other drying technologies for drying one tonne of wet
sludge

Drying technology Specific Dry solids Water removed Energy
thermal rate  content (kg H,O)/wet  consumption
(klJ/kg H,O)  (%w/w) from  tonne (GJ/wet tonne)
initial value
. Rotary 3600-9200 552> 95 400 1.44-2.51
% Conveyor 5500-6000 2595 700 3.85-4.2
g | Fludized y000.6000 50100 500 2-3
Z 8 | bed
g > | Superheated
8 steam dryer 1750 30295 685 1.2
< (SSD)
AGES 317-793 50290 400 0.12-0.32
Dry-Rex 180-540 25->80 550 0.1-0.3
Continuous Biodryer 1176 30260 510 0.6

“Frei et al. (2004), ~ Barre & Bilodeau. (2001).

5.3.2. Techno-Economic Assessment for Sludge Drying Technologies

Two Eastern Canadian Pulp mills were considered as case studies for the techno-economic
analysis. Their characteristics are listed in Table 5.2. As can be seen in Tables 5.3 and 5.4, from
an economic point of view, the rotary dryer seems more attractive for mill A, whereas the
biodryer is more feasible for mill B, since it produces more mixed sludge. However, the
technical issues associated with the sludge drying are relevant enough to be considered obstacles
in the implementation of a rotary dryer for mixed sludge drying. For instance, due to its sticky
characteristic behavior, the sludge could build up inside the rotary dryer, resulting in a
significant decline in overall performance and heat transfer, and substantial technical difficulties
such as lengthy periodic maintenance. Besides, one should note that the energy consumption
rate in the rotary dryer is 2-3 fold of the energy consumption in the biodryer (Table 5.1). As
well, there is currently no application available related to the technical performance of a super

steam dryer (SSD) for sludge drying.
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Table 5.2: Characteristics of two cases for techno-economic assessment of the biodrying
process

Characteristics Mill A Mill B
Sludge production (tonne/day) 125 200

Wood waste burned in boiler (tonne/day) 720 100

Boiler type Fluidized bed Fluidized bed
Initial dry solids level (Y%ow/w) 35 28

Current sludge usage Combustion Landfilled
Oil price ($/barrel) 100 100

CO; credit ($/tonne) 15 15
Transportation cost ($/tonne) 11 11

Table 5.3: Costs items and techno-economic assessment results of Mill A

Base case  Biodrying SSD Rotary dryer

Landfilling and transportation 5 g5 10t 3g4510*  3.83x10*  3.82x10°
costs ($)

Fuel costs ($) 1.41x107  1.34x10"  1.23x10"  1.20x10’

Operation costs ($) 0 1.09x10°  2.01x10°  6.45x10°

CO, credit ($) 0 -5.35x10%  -1.27x10°  -1.44x10°

Annual operation costs ($) 1.41x10"  1.35x10"  1.24x107  1.25x10’

Capital costs ($) 0 1.95x10°  4.42x10°  2.67x10°

Payback time (year) 0 2.9 2.5 1.7

Table 5.4: Costs items and techno-economic assessment results of Mill B

Base case  Biodrying SSD Rotary dryer

Landfilling and

transportation costs ($) 9.42x10°  6.00x10°  2.87x10°  2.87x10°
Fuel costs () 1.06x107  7.00x10°  5.25x10°  4.91x10°
Operation costs ($) 0 1.16x10°  2.44x10°  1.08x10°
CO;, credit 0 2.61x10°  -3.81x10°  -4.06x10°
Annual operation costs ($) 1.15x10"  7.45x10°  5.40x10°  5.87x10°
Capital costs ($) 0 2.30x10°  5.10x10°  3.82x10°

Payback time (year) 0.56 0.83 0.67
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Mills that are more likely to find the biodrying process economically attractive include those
that:

e have biomass combustion facilities and related material handling operations already in
place

e pay to send their sludge offsite (for either landfilling or landspreading)

e have space available for multiple biodrying reactors, especially located near existing
boiler facilities

e would displace fossil fuels for steam production within the process.

5.4. Environmental Aspects of the Biodrying Process

Table 5.5 shows the reduction of CO, emissions due to sludge drying and combustion in the
boiler by reducing the fossil fuel consumption.
Table 5.5: CO, emissions reduction
Biodrying  SSD  Rotary dryer

MillA  1.08 256 291
MillB  6.06 8.85 9.44

It was found that the reduction in fossil fuel consumption for mill A and B are 5 and 35%,
respectively. This shows that the biodrying process not only provides competitive techno-
economic results, but it also results in long term environmental benefits for the pulp and paper

industry.

5.5. Biodrying Reactor Scale-up and Process Risks

The scale up of the biodrying reactor is the ultimate goal so that the criteria for an industrial
biodrying reactor can be established. The biodrying reactor developed for this study can easily

be scaled up to construct a flexible plant capable of processing a higher tonnage of mixed
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sludge. The biodrying modularity means that multiple units can be installed and results in a
flexible plant capable of processing larger quantities of mixed sludge.
Following are a few considerations for the scale-up of the biodrying reactor:
e Simple control of the relative humidity profile
e Fitting it into a crowded mill site
¢ Minimum moving parts
Figure 5.2 illustrates an example of how the continuous biodrying reactor can be scaled up for

larger quantities of mixed sludge.

Figure 5.2: Full-scale continuous biodrying reactor
However, the following process risks must be considered in a full-scale biodrying design:

Odor Management

The pilot-scale continuous biodrying reactor demonstrated that the reactor is a self-biofiltering
system. As mentioned earlier, odor management was not recognized to be a problem in the pilot-
scale biodrying reactor. However, in a full-scale process, where the distances between two
adjacent compartments could be larger than that of the pilot-scale, anaerobic conditions may
occur that lead to the generation of anaerobic gases. Therefore, outlet gas treatment may be

required before gases are released as exhaust.
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Compaction

The effect of compaction was not significant in the pilot-scale biodrying reactor due mainly to
the strong impact of increased dry solids level in the bottom compartments, which increased
porosity of the matrix and overcame the effect of compaction (g; values in Table 4.7). However,
in a full-scale process, it may be favorable to design a taller reactor in order to reduce the capital
costs and footprint of the installation. Excessive loading pressure might, at some point,
overcome the effect of the dry materials’ increased porosity and forcefully create a plug flow
that is less permeable to the air flow. Therefore, an increased recycle ratio or addition of bulking
agent may be required, offsetting the effect of reduced capital costs due to taller biodrying
reactor.

There are other design issues such as bridging as a function of geometry and sludge
characteristics and hot sludge being fed to the reactor, which all have to be taken into account
for a large scale design and installation.

In conclusion, the length (L) of the biodryer at full-scale may be limited by the mass transfer
mechanism in the gas flow direction, and the height (H) by compaction due to the loading
pressure. Therefore, the scale up is mainly in the reactor depth (W) that can be extended per

required volume for the treatment of mixed sludge (see Figure 5.2).
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS

The potential for this technology is promising, particularly in Canada, where there are many
opportunities to treat biomass streams. Wastewater sludge is as much a problem in the pulp and
paper industry as it is in the municipal sector. Biomass waste streams in the form of wood waste,
forest floor biomass, and agricultural residues are identified as usable energy sources. More and
more, drying of these new energy sources will be the key to extracting maximum value. Having
such an environmentally friendly solution in place increases the sustainability of the pulp and
paper industry, and not only enhances recovery of energy from wastes but also is economically

feasible.

6.1. Contributions to the Body of Knowledge

The novel continuous biodrying reactor designed and examined in this study contributes to the

advancement of the scientific knowledge as follows:

Application of a novel pilot-scale continuous biodrying reactor

Through this research work, a continuous biodrying reactor was designed and tested for the
drying of mixed sludge. The continuous biodrying reactor with minimum moving parts and
reduced footprint addresses a major industrial problem associated with mixed sludge
management. The main advantage of the continuous biodrying reactor is the shortened residence
time to achieve an economic dry solids level. A residence time 2-3 times shorter in the
continuous biodrying reactor compared to the batch one results in significant economic benefits.
This is because the removal of different types of water is faster mainly attributed to the

flexibility and higher efficiency of the continuous biodrying reactor.
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Identification of the key process variable(s) for the continuous biodrying process

Two key process variables were identified for the continuous biodrying reactor: the nutrition
level of the biomass feed (C/N ratio), and the outlet relative humidity profile along the height of
the biodrying reactor. Despite the fact that only one type of mixed sludge was examined in this
research work, it is speculated that the nutrition level of the biomass could play an important
role on the operation and performance level of the continuous biodrying reactor. The outlet
relative humidity profile was found to be the key variable in the continuous biodrying reactor
controlling the transport phenomena and the complexity of the system as well as affecting the
reactor performance. It was found that controlling the biodrying process at wet-bulb temperature
is efficient only at the top of the reactor, where more unbound water present attributed to the
limitation related to the external heat transfer. It was also found that drying the mixed sludge at
dry-bulb temperature is feasible for bound water removal, which takes place in the bottom of the
biodrying reactor (3™ and 4™ compartments). The outlet relative humidity profile is a unique

variable that can be controlled using a regulated feedback control strategy.

Application of the developed modeling approach for better understanding of the transport

processes and process control

The modeling approach developed in this study is capable of identifying favorable operating
conditions and/or strategies for the implementation of the biodrying process in the pulp and
paper industry for mixed sludge drying. The 2-D model may be utilized for both a pilot-scale

reactor and a full-scale biodrying process.

Implication of the 2-D model to the pilot-scale biodrying reactor

The main implication of the 2-D model to the pilot-scale biodrying reactor is the capability of
the model in recognizing the two-dimensionality of the transport phenomena in the reactor, and

the impact of each transport processes on the overall performance of the biodrying reactor. The
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2-D model was found to be a more accurate tool to estimate the total water removal rate, which

is a critical design parameter.

Implication of the 2-D model to a full-scale biodrying process

Through a dimensionless analysis performed on the 2-D model a few key number of
dimensionless groups were identified which could be used for the design of a full-scale
biodrying process. The key dimensionless groups were the Peclet numbers (Pe) for the gas and
solid phases, and the ratio of exothermic biological heat and evaporative heat. These numbers
help to better understand and interpret the prevailing transport phenomena relevant to the
different types of water removal in the continuous biodrying reactor. These numbers are also
useful tools to extrapolate the results of the pilot-scale biodrying reactor for a large-scale

biodrying process.

6.2. Future Work

Despite several major goals accomplished in this study, there are other aspects that remained

untouched:
% In this research work, we were not able to cover a full range of biomasses for different
pulp and paper mills and identify possible inflexibilities and limitations of the current
biodrying process as well as modeling drawbacks. It is recommended to extend the
experimental phase to testing other types of biomasses and/or sludges so that the effect
of nutrient availability (C/N ratio) on the performance of the continuous biodrying
process can be thoroughly investigated. How will nutrient level impact the performance

of the biodryer? Such a task could be critical for other biomass drying as suitable

feedstocks for the viability of upcoming biorefinery processes.

%

» Since biological heat plays a critical role in the process performance and drying
mechanism, it is required to perform a comprehensive study on the microbiological level

in terms of kinetics of the microbial biodegradation for different biomasses under
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different operating conditions and explore under which optimal conditions the reactor
performs even better. This study can be done using a small scale batch biodrying reactor.

Performance of the biodrying experimentation under real ambient conditions was not
investigated as the lab conditions were out of control and dictated by school policy. This
is important because the driving forces for the mass transfer are temperature and relative
humidity. The mass transfer rate would be obviously high if the inlet air is dry and hot. If
the relative humidity of inlet air is already very high, for instance in tropical countries,
then the mass transfer will be decreased and consequently, the drying rates will decline.
If the temperature is very cold, such as in Canada during winter, certainly pre-heating the
inlet air would be necessary if the air is directly taken from the ambient conditions.
Therefore, in both cases pre-treatment of the inlet air is required in order to increase the
efficiency of the biodrying operation and maximize the mass transfer and water removal
rate.

Optimization of the current biodrying process was not performed. Hence it is
recommended this part be covered so that possible optimal geometric configurations may
be explored.

Given the complexity of the 2-D model and its advantages, and the simplicity of the 1-D
model and its disadvantages, it may be appropriate to develop a modified 1-D model that

can be used as a design tool.
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Effective sludge management is increasingly critical for pulp and
paper mills due to high landfill costs and complex regulatory frame-
works for options such as sludge landspreading and composting.
Sludge dewatering challenges are exacerbated at many mills due
to improved in-plant fiber recovery coupled with increased pro-
duction of secondary sludge, leading to a mixed sludge with a high
proportion of biological matter that is difficult to dewater. Various
drying technologies have emerged to address this challenge of sludge
management, whose objective is to increase the dryness of mixed
sludge to above critical levels (=42% dryness) for efficient and econ-
omic combustion in the boiler for steam generation. The advantages
and disadvantages of these technologies are reviewed in this
article, and it is found that many have significant technical uncer-
tainties and/or questionable economics. A biodrying process,
enhanced by biological heat generation under forced aeration, is
introduced that has significant promise. A techno-economic analysis
of the batch biodrying process at a case study mill showed an annual
operating cost savings of about $2 million, including the elimination
of landfilling practices and supplemental fuel requirements in the
boiler. It was shown that if a biodrying residence time of less than
4 days can be achieved, payback periods of 2 years or less can result
in many mills. The potential for the development of a continuous
biodrying reactor and the fundamentals of its mathematical model-
ing are thus presented. Compared to the batch reactor configur-
ation, it is expected that the continuous process would result in
improved process flexibility and controllability, lower investment
and operating costs due to shorter residence times, and an improved
potential to fit into the crowed pulp and paper mill site.

Keywords Biological drying; Combustion; Mixed sludge manage-
ment; Pulp and paper industry; Techno-economic
analysis

INTRODUCTION

Pulp and paper mills produce large quantities of mixed
sludge, especially mills that have implemented activated
sludge treatment (AST). The two main alternatives for
dealing with mixed sludge from pulp and paper mills
mclude (a) increasing sludge dryness by mechanical
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dewatering and combusting it in a boiler to generate stecam
and/or power and (b) landfilling. In recent years, landfill-
ing of mixed sludge has dramatically decreased. A survey
of the Canadian pulp and paper industry sector in 1995
and 2002 indicated that landfilling of pulp and paper mixed
sludge and solid residues in 2002 had decreased by 50%
compared to 1995 values.!" Landspreading and compost-
ing have been selected as the preferred sludge management
strategies at some mills. For various reasons, including in
particular rising energy costs and complex regulations
related to landspreading and composting, many mills are
currently seeking to dispose of their sludge by combustion,
and mills already employing this method want to improve
their operating efficiencies.

With improvements in fiber recovery processes in recent
years and incremental increases in pulp production, mills
are generating less primary (fibrous) sludge and more
secondary (biological) sludge. The mixture of primary and
secondary sludge 1s called “‘mixed sludge.” The mechanical
dewatering of mixed sludge with a high proportion of
secondary sludge 1s difficult and can result in lower and
variable dewatered sludge drynesses. This results in operat-
ing challenges and increased costs for all sludge manage-
ment options, particularly at mills that combust sludge.

Canada has promulgated the Kyoto protocol and has
targeted significant reductions in greenhouse gas (GHG)
emissions. Mixed sludge from the pulp and paper industry
1s an important source of GHG emissions when landfilled.
However, mixed sludge can reduce fossil fuel requirements
and GHG emissions if combusted to produce steam and /or
power. With the emergence of GHG trading markets, it 1s
expected that there will be additional economic driving
forces for efficient sludge combustion at pulp and paper
mills.

It is critical, therefore, to develop an efficient way to
increase the dry matter content of mixed sludge from pulp
and paper mills to values above critical levels for safe and
economic combustion.

Biological drying (“*biodrying™) represents an important
opportunity for the treatment of mixed sludge to consistently



raise the dry solids content so that the sludge can be economi-
cally disposed of in boilers for the generation of steam
and/or power. In this article, the biodrying technologies that
have been employed for other types of sludges are reviewed,
and the keyissues relevant to the biodrying of pulp and paper
mixed sludge are presented.

MATERIAL CHARACTERISTICS AND TREATMENT
METHODS

Pulp and Paper Mill Mixed Sludge

A typical pulp and paper mill wastewater treatment sys-
tem consists of two treatment systems: primary (mechan-
ical) and secondary (biological) treatments. In the
primary wastewater treatment system, solid particles are
removed by gravity, settling/clarification, and flotation.!
The primary sludge mainly contains fibers (cellulose, hemi-
cellulose) and fillers. Primary treatment is followed by
biological treatment, often an activated sludge treatment
(AST) system, in which wastewater organic matter is
broken down by means of aerobic biodegradation.”” The
combined sludge from primary and secondary treatment
consists of a muddy mass of microorganisms, fibrous
materials, lignin, mineral components (limestone and phos-
phorous), clay, inert solids rejected during the recovery
process, ash. and water.*# The possibility of recycling this
sludge to the process is limited, and landfilling is increas-
ingly restricted due to mounting environmental pressures
and high costs. Therefore, combustion can provide a com-
petitive disposal method, as long as the dry solids content
of the sludge is maintained above the critical level for good
combustion. Previous publications have reported that the
critical level of dryness of combustible materials in order
to guarantee stable conditions in the boiler is about
42% 9

At most mills, the mechanical dewatering process
(alone) is neither feasible nor economically viable for the
target dryness levels sought for efficient sludge disposal
by combustion.” Figure 1 qualitatively describes the four
types of water that can be present in mixed sludge. The
constant drying rate (free water removal) 1s followed by
the first (interstitial water removal) and second (surface
water removal) falling rates. In the falling rate periods, a
much higher external heat/mass transfer coefficient is

required to remove the moisture arriving at the surface of

the sludge. Free and interstitial water can be mechanically
removed by an efficient dewatering process, but surface
and intercellular (bound) water require more extensive
treatment techniques.

The heating value of mixed sludge on dry basis 1s 14—
19MJ/kg, which is relatively close to the values of wood
or peat,®™ although the sludge must be dried to above criti-
cal values for good combustion. Table 1 summarizes
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FIG. 1. Typical drying curve for sludge (adapted from Tsang and
Vesilind ).

typical characteristics of mixed sludge produced in a kraft
pulp mill.

Mixed Sludge Disposal Techniques

Table 2 provides a summary of the advantages and dis-
advantages of sludge management techniques commonly
used by pulp and paper mills.

A benchmark survey of Canadian pulp and paper solid
waste residues management revealed that the amount of
ash generated in power boilers in 2002 was 37% greater
than in 1995. This 1s an indication that sludge landfilling
has dramatically decreased, and mills have become increas-
mmgly reliant on on-site energy sources, such as burning
bark and mixed sludge.!"

Sludge Combustion

Exponentially increasing fossil fuel prices are increas-
mgly driving pulp and paper mills to valorize mixed sludge
and burn it in power boilers for steam and/or power gen-
eration. To some extent, the acceptance of sludge to energy
is related to the development of renewable energy alterna-
tives, fuels, and the subsequent reduction of greenhouse
gases. Carbon dioxide emissions from the pulp and paper
biomass combustion are considered neutral and are not
counted in greenhouse gas emissions.”

A 4% increase in moisture content of the fuel in a boiler
can result in a 38°C drop in boiler combustion temperature,
which in turn greatly affects boiler performance.”® Thus,

TABLE 1
Characteristics of mixed sludge from a typical kraft mill
(mixed sludge/bark ratio = 2)

Sludge elemental
analysis (%)

Sludge Bark C/N
dryness (%) dryness (%) %C % H %N ratio
19-25 33-50 33-43 49-6.3 1.6-3.2 1526




143

TABLE 2
Pulp and paper industry sludge disposal techniques
Disposal technique Advantages Disadvantages
Landfilling —Established —Greenhouse gas emissions
—Simple disposal ~Transport offsite
—No complex treatment —Increasing environmental restrictions
—Increasing high cost
—Odor problem
—Needs suitable sites
Landspreading —Improves soil characteristics —Potential liabilities (metals,
pathogens and non-clemental particles)
—Returns some nutrients and —Odor problem
carbon to environment
~Transportation & spreading equipment
—Regulatory complexity and requirements
Composting —Produces saleable product —Capital costs associated with facilities

—Destroys pathogens
—Low energy consumption

—Well established at the full scale

Recycling to the process
disposal techniques
Combustion

—Energy recovery

—Significant volume reduction
of wastes

—Displaces fossil fuels (at appropriate

dryness level)
—Reduces GHG emissions

Thermal processes
sources

—Potential for profitable operation

—Sludge kept onsite

—Reclaims value in new products
—Reduces burden on other sludge

—Energy is derived from waste heat

—Reliable market for product
—Long residence time required for treatment
—Mostly batch operation (except

VCU technology)
~Transportation of the product
—Reduces product quality (mostly paper quality)
—Limited to specific board and paper products

—Sludge pretreatment process sometimes required
—High capital costs (if the boiler does
not already exist in the mill)
—Operating risk (if moisture content
is too high)
—High maintenance cost

—Ash management required

-Equipment corrosion

—Complex technology (due to process
integration)

—Not yet proven commercially

—High capital cost

at mills where mixed sludge is burned, supplementary fuel
(natural gas, oil, or coal) is typically required. The calorific
value of mixed sludge could be similar to some wood spe-
cies and peat if it is dried to above 40% dryness.[*®1% It
has been reported that for an average size mill producing
850 dry tons of product, about 34% of the purchased fossil
fuel could theoretically be substituted by the effective heat-
ing value of mixed sludge of sufficient dryness. This
estimate was based on a sludge generation rate equivalent
to 128 tons of dry sludge per day, the effective heat value

of sludge at 5.5MJ/kg and mill energy consumption of

fossil fuel at 6.0GJ/ton dry product.!'!
The energy content of pulp and paper mixed sludge is
doubled when the dry solids content is increased from 20

to about 50%. As can be observed from Fig. 2, further dry-
ing (to >50% dryness) brings little value to the energy con-
tent of the sludge. Therefore, if drying of sludge to about
50% can be accomplished in an efficient way, it can result
in significant economic benefit to boiler operations.!'!
Figure 3 describes the inverse relationship between the
efficiency of the boiler and the moisture content of the
biomass being burned. !

DRYING OF PULP AND PAPER MIXED SLUDGE

Conventional Drying Technologies
For the various reasons cited above, the pulp and paper
industry is seeking to develop efficient techniques to dry
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FIG. 2. Energy content of mixed sludge vs. dry solids content (adapted
from Hippinen and Ahtila!"),

mixed sludge that can guarantee the economic viability of
sludge combustion. In recent years, a number of sludge
drying innovations have entered the market whose objec-
tive 1s to provide economic solutions that address the prob-
lem of low and variable solids content of dewatered mixed
sludge in the pulp and paper industry. Following is a criti-
cal review of mixed sludge drying techniques and relevant
studies.

Chen et al.”! provided an overview of pulp and paper
sludge dewatering and possible drying alternatives. Direct,
indirect, and combined drying alternatives were reviewed
for the drying of activated sludge from the pulp and paper
industry. However, based on the preliminary assessment, it
was concluded that it 1s necessary to develop a new drying
process that can be economically feasible and thermally
efficient.”! Banerjee et al."*! and Beckley and Banerjee!™
developed an impulse drying method to dry mixed sludge
from pulp and paper mills. The mixed sludge is briefly
exposed under pressure to a hot surface. This technique
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FIG. 3. Boiler efficiency vs. moisture content of biomass (adapted from
Liang et al.l"l),
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enhanced drying compared to a pure thermal drying
approach but implies high temperatures and a complex
technology "' Vaxelaire et al.'® studied the convective
drying of activated sludge and PVC with ambient air at
temperatures of 41-60°C. The results showed that the acti-
vated sludge was very difficult to dry compared to PVC
because of a crust that forms.'® Kudra et al.”! studied
the hydrodynamics and drying kinetics of pulp and paper
sludge via a lab-scale batch pulsed fluid bed dryer, where
high drynesses (88% w/w) of the disintegrated mixed
sludge was achieved. The hydrodynamics considered
included the development of pressure drop, minimum
pulsed-fluidization velocity, dynamic bed height, and mass
flow rate coefTicient equations. However, there is no infor-
mation available at full scale. Hippinen and Ahtila®
reported an experimental approach for the drying of acti-
vated sludge under partial vacuum by means of waste
energy streams. Waste heat sources are widely available
in pulp and paper mills, particularly since recent environ-
mental legislation and restrictions have prompted mills to
minimize water consumption, which leads to an increase
in the temperature of water in the system. The warm water
needs to be cooled in order to be reused in the process, and
one possibility would be to use this energy to dry activated
sludge. It was concluded that partial vacuum drying of
mixed pulp and paper sludge can provide a competitive sol-
ution to this challenge. However, this conclusion was made
based on laboratory-scale experimentation.”! Leonard
et al." investigated the influence of three operating vari-
ables, 1e., inlet air temperature, superficial velocity, and
humidity, on wastewater sludge drying kinetics, and con-
cluded that the temperature of the inlet air was the main
operating parameter affecting the kinetics of drying. It
was also reported that the drying of activated sludge was
mainly controlled by external limitations. It is worth men-
tioning that all the above-mentioned conclusions of various
studies were made either in lab scale or without economic
consideration.

A comprehensive review of available drying technolo-
gies was conducted for the CANMET Energy Technology
Centre in Canada including fluidized bed dryers, rotary
dryers, paddle dryers, superheated steam pneumatic dryers
(GEA exergy steam dryer), belt dryers, integrated sludge
dewatering and drying systems (J-VAP and DryVac), inte-
grated sludge drying and combustion systems, the TLG
sludge drying process, the Dry-Rex dryer, the SmartSoil
Biodrying technology, solar dryers, and cyclonic dryers.!'!!
I'he main advantages and disadvantages of each are sum-
marized in Table 3 and suggest that the majority of these
technologies suffer from technical uncertainty and offer
questionable economic benefits. Therefore, new efficient
drying technologies for mixed sludge continue to be
sought. One such mnovation is biodrying technology,
which provides both economic and environmental benefits.
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TABLE 3
Advantages and disadvantages of conventional drying technologies
Disposal technique Advantages Disadvantages
Fluidized bed dryers —Direct drying —High initial capital costs
—Gentle, fast and uniform drying —Requires off-gas handling and
at low temperature cleaning equipment
—Low space requirements —High degree of auxiliary equipment
required
—High degree of product dryness
Rotary dryers —Provides for drying and granulation in ~ —Large floor space requirement
one step
—Allows for reclamation of waste heat —High capital and maintenance costs
—Versatile in configuration —Back-mixing to avoid sludge

Paddle dryers

Superheated steam
pneumatic dryer

Belt dryers

Integrated sludge dewatering
and drying systems

Integrated sludge drying and
combustion systems

TLG dryer

agglomeration required
~Well-suited for heavy products
—High ratio of heat transfer surface arca  —Relatively high complexity of equipment
to overall dryer volume
—Self-cleaning of the intermeshing paddles —High maintenance costs

—Low space requirement —Sensitivity to large ageglomerates, grit,
or rocks in the sludge
—Low capital and installation costs —Jamming or premature wear of the
paddles
~Well-proven, commercially available
technology
—Compact design —Back-mixing of dried product with wet feed
—Short product residence time —Relatively high specific energy consumption
—Low floor space requirements —Turbulent drying conditions and high

capital cost
—80-90% energy recovery from the drying
process possible
—Closed-loop steam cycle

~Ability for low-grade energy usage —Large floor space requirement

—Low air temperatures required —Relatively high degree of auxihary
(30°C to 90°C) equipment

-No back-mixing of dried product —High complexity of equipment

with wet feed required
—High maintenance and long residence
time
—Indirect sludge drying —New technology
—No installation for pulp and paper
mixed sludge
—Surplus heat generation —Treatment of boiler flue gas required
—Cyclone furnace is used for incineration —High degree of auxiliary equipment
—Large floor space requirement
—Low-temperature drying —Relatively high floor space requirements
—No loss of energy —Manufactured in only two sizes
(1.6 and 20 tons per day)
—Surplus heat generation
—Low degree of auxiliary equipment
required

(Continued)
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TABLE 3
Continued

Disposal technique Advantages

Disadvantages

Dry-Rex dryer

—Accelerated drying process

SmartSoil ™ Biopile —Fully automated process

—Very little process equipment

—Low-temperature air (30°C to 90°C)

—Powerful vacuum system required for
large air volumes

~Many moving parts

—Long residence times result in higher
capital cost

—Economically feasible for mills having
large sludge production

—Bi-directional aeration through

forced convection

—Enhanced by biologically heat generation

Carver-Greenfield —Efficient heat transfer rates

—Dries difficult (very wet) substrates

[67]

Solar dryers —Natural energy from sun

Cyclonic dryers® —~Direct drying
—Better contact

—Short residence time

—Very high capital cost

—Complex system

—Not generally applied in the P&P industry
—Large space requirement

—Odor problem

—Regional and seasonal

—Not proven commercially

-Wet sludge feeding problem

Biologically Enhanced Drying

In biodrying processes, the drying of sludge is augmen-
ted by biological heat in addition to forced acration. The
major portion of biological heat, naturally available
through the aerobic degradation of organic matter, is uti-
lized to evaporate surface and bound water associated with
the mixed sludge. This heat generation assists in reducing
the moisture content of the biomass without the need for
supplementary fossil fuels, and with minimal electricity
consumption. The advantages of employing sludge as a fuel
include low cost, displacement of fossil fuels, and supply
dependability (not seasonal or variable).

Two prominent parameters must be considered relative
to moisture removal rate in the biodrying process: inlet
air flow rate and exit air temperature. Airflow is necessary
to remove water from the matrix, and air temperature
affects the moisture holding capacity of air.['-2%

Microbial activity produces a rise in temperature within
the porous matrix. Biological activity is mostly due to the
presence of bacteria categorized into three major groups;*"!
i.c., psychrophiles (active at —5 to 20°C), mesophiles
(active at 5 to 48°C), and thermophiles (active at 42 to
68°C). Forty to 50% of the biologically generated heat in
the solid matrix is utilized by microorganisms to guarantee
their preservation, growth, and multiplication. The rest is
distributed throughout the porous matrix, and serves to
enhance the evaporation of interstitial and bound water.**!
The metabolic reaction can theoretically proceed at high
moisture levels, but the oxygen supply that sustains the

microbial activity necessary for aerobic decomposition
can be diminished under high moisture conditions.
Nakasaki et al.®*! reported that optimum moisture content
for microbial activity 1s 45-65% w/w. This has been con-
firmed elsewhere.®* In contrast to the composting process,
in the biodrying process a compromise is made between the
rate microbial activity and preserving the heating value of
the remaining dried sludge.

Recent Studies on Biodrying Processes

Klaus*! studied the effect of operating variables on the
biodrying process for municipal sludge, ie., the ratio of
sewage sludge to flocculating agent, the throughput of
the sludge, the temperature of the inlet air, as well as the
residence time on the controllability of the biodrying pro-
cess. By controlling these variables, it was possible to opti-
mize the biodrying operation. Additives were added as
conditioning agents to the sludge.*>*" Nellist et al.?"**
reported that fast biodrying determines low biological stab-
ility and vice versa. A similar result was confirmed by
Adani et al.l"! Choi et al.®”! concluded that high moisture
removal can be achieved in a full-scale, well-insulated bio-
drying reactor.”® Adani et al." reported that the biologi-
cal stability provided by the biodrying process could
minimize odors and biogas production of municipal waste
sludge. Hansjoer et al.*®! developed a method for the con-
tinuous biological drying of garbage residues and sewage
sludge. The technique involved continuous measurement
of the carbon dioxide gas content in the exhaust air along



a closed transport track in order to control the air supply,
so that the carbon dioxide gas content in the exhaust air
was kept within a range of 0.05 to 0.4% by volume.*”
Sugni et al.*" reported that biodrying could be a good sol-
ution for municipal solid waste management, allowing for
the production of fuel with attractive energy content. It
was possible to mitigate the heterogeneity and temperature
gradient of the dried sludge by inverting the airflow direc-
tion.*" Lhadi et al.?? studied the evolution of organic
matter and the humification process during the co-
composting of the organic fraction of municipal solid waste
and poultry manure with two different particle sizes (0.2
and 1 cm). The results suggested that hemicelluloses were
readily degradable compared to cellulose and lipids. It
was also pointed out that degradation phenomena were
more marked for mixtures with lower particle sizes.*!
The techno-economic analysis of Laflamme-Mayer
et al.®3! illustrated that biodrying could be an attractive
alternative for those pulp and paper mills that are secking
to eventually achieve zero-effluent operations when com-
pared with other alternatives such as low sludge production
and retrofit of hollow-fiber membranes into the aeration
basin.l*?

Therefore, biodrying shows considerable potential as a
management strategy for high-moisture organic residuals.
['o our knowledge, to date there is no literature regarding
implementation of biodrying processes for treating pulp
and paper mixed sludge. Certainly, the complexity of the
mixed sludge 1s one of the formidable challenges, which
requires a specific reactor configuration with a precise con-
trol system that needs to be carefully addressed in any
technology development.

BIODRYING PROCESS UNDER DEVELOPMENT
AT ECOLE POLYTECHNIQUE

The concept of biodrying is explored by examining the
fundamentals of modeling and transport phenomena, with
an emphasis on the advantages of a continuous biodrying
reactor configuration versus batch operation. A novel bio-
drying technology has been under development over the
last few years.”¥ The novelty of the biodrying process lies
in the fact that the driving force for drying is naturally
present in the porous matrix (self-heating process) due to
the metabolic degradation that differs this technology from
the conventional drying technologies.

Batch Biodrying Process

Frei™ studied the drying of mixed sludge using a
I-m* batch biodrying reactor (1.75m x0.75m x 0.75m)
for three mixed sludge/woodwaste dry mass ratios (1:1,
1:0.5, and 1:0.25). The optimum pneumatic condition for
the biodrying process performance was achieved using
a ratio of 1:0.5 of mixed sludge/wood waste. Measured
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Comparison of Mass Loss by Load Cells and by Water Balance
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FIG. 4. Mass loss of porous matrix vs. biodrying time (adapted from
Frei et al,"“'),

temperatures and pressures in the porous matrix were used
to estimate permeability using Darcy’s law. The maximum
matrix temperature reached was around 65°C, and sludge
carbon losses were estimated at between 5.5% and 18%
over the three experimental runs. As biodrying progressed,
the carbon loss increased linearly to about 20% (Fig. 4).

The matrix permeability (ability of the porous matrix to
transmit air flow through pore spaces) increased signifi-
cantly during forced aeration periods [~ + —, when the
center conduit was injecting (4) air, the two side conduits
would be extracting (—) air| as drying progressed, and con-
versely, the permeability decreased during extracted air
periods (4 f), due to the rewetting phenomenon
(Fig. 5), where reversing the air flow direction rewetted
the sludge, resulting in the rehydration of solids by humid
air, which increased microbial activity and subsequently led
to a high drying rate.

Furthermore, the drying rate more or less followed the
same trend as the average internal temperature (Fig. 6).
I'he increased outlet air temperature (as a consequence
of the microbial activity) allowed the air to hold greater
quantities of moisture, thus increasing the drying rate.

Roy" performed batch biodrying experiments with the
goal of optimizing the batch biodrying process. It was
concluded that low air flow rates favor biodegradation,
although less progress on biodrying can be achieved,
whereas at higher air flow rates, biodegradation is limited
due to the fact that the biomass is cooled. The natural bio-
logical heat provided by microbial activity was recognized
to be the major source of energy in the novel biodrying sys-
tem. It was found that the biological energy produced in a
batch biodrying system for mixed sludge varies from 23
to 39 W/kg. Similar results have been reported by Mote
and Griffis™! (20-28 W/kg-DM)* and Harper et al.l*®!
(20-38 W/kg-DM).
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FIG. 5. Permeability of porous matrix vs. biodrying time.["¥

Performance variations were attributed largely to the
initial sludge properties. It was determined that the
drying rate was mostly a function of air flowrate and
of outlet air temperature. The outlet air temperature
was a function of biological activity close to the air out-
lets. Three distinct drying periods were identified and
correlated to the microbial population growth periods
(Fig. 7).

e The exponential rate period (P1), characterized by
an exponential increase in the drying rate, was
mostly a function of the acclimatization of the
microbial mass (increcase of cell counts from
108 CUF/g to 108 CUF/g) comparable to
microbial populations reported by Haug.”

e The declining rate period (P2), characterized by
an exponential decrease in the drying rate trig-
gered by a lack of organic substrate/nutrient
availability.

Matrix Temperature Variation as a Function of the Rate of
Drying Measured by Mass
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FIG. 6. Rate of drying and porous matrix temperature vs. time for a
typical run.['#
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FIG. 7. Drying rate and outlet air temperature for a typical run.

o The stable rate period (P3), which began following
nine days of the biodrying process and was charac-
terized by a stable drying rate, was mostly a func-
tion of the air flow rate.

It was also found that in the batch reactor configur-
ation, air flow inversion favored biodegradation rather
than biodrying. Inverting the air flow direction causes the
water front to switch direction, and water removed from
the wet portion of the matrix 1s deposited in the dry

20,31,
aren [18:20.31,35]

Techno-Economic Analysis of the Batch Biodrying Process
In most cases, the economics of biomass to energy con-
version 1s sensitive to the size and configuration of the main
process from which the waste 1s generated, as well as to the
value of the fuel used to produce steam and electricity for
the main process. The value of the mixed sludge relative
to its thermal content, and the overall efficiency of energy
recovery inherent to the mixed sludge to energy process will
dictate the economic viability of a particular technology.
Frei et al.®™ considered the techno-economic analysis of
a 7m x 18 m (height and width, respectively) batch biodry-
g system applied to the drying of pulp and paper mixed
sludge. The length of the reactor can be modified because
there 1s little variation in drying with length. The residence
time was assumed to be 7 days. The sensitivity analysis of
three scenarios showed that in the worst case, the long resi-
dence times required for biodrying would allow the dryness
of the sludge to reach 45%, while the ratio of mixed sludge/
woodwaste was 1:1. The implementation of the best
scenario can yield 60% dryness when the ratio of mixed
sludge/woodwaste is 4. A short residence time and a short
mvestment payback period were the main advantages of
this scenario. A savings of more than $2 million in annual
operating costs was realized for the base case model,
whereas the payback period was about 2.5 years. It was also



A -Sludge Dryness

9
8 ~ 12 years /
7
w6 —
3 —
25
o 4
=
@ 3
2
1
0 T T
02 24% (BC) 0.25 0.3 0.35 0.4

Sludge Dryness

= Yearly saving = System cost =  Payback period

FIG. 8. Effect of sludge dryness on annual saving, system cost and pay-
back period.**!

concluded that the feed dryness and the residence time have
the greatest effect on the performance of the system. More-
over, the mixed sludge/woodwaste ratio and the porous
matrix temperature were other influential factors.

As can be seen in Fig. 8, the feed dryness had the largest
mmpact on the yearly saving and the project payback. While
performing the sensitivity analysis, other variables, such as
residence time and sludge/woodwaste ratio, were kept con-
stant at values of 7 days and 2, respectively. The minimum
payback period was observed to occur at 24% of feed
dryness.

Figure 9 illustrates the effect of residence time on the
annual savings and payback period. Long residence times
yielded little annual savings but greatly increased the pay-
back period. For instance, by tripling the residence time,
the system installation cost was doubled.

Roy ct al.’? considered a full-scale biodrying system
comprising two 625-m® reactors of Sm in height, Sm in
width, and 25m in length. The effect of final material dry-
ness on capital and operational costs as well as on the sys-
tem performance was investigated. Among three scenarios
with different types of bulking agents and air flow rates,
the best scenario was found to be the one with the
maximum aeration (32cfm), with dried mixed sludge as
the bulking agent.

Aeration rate had an influential effect on the capital
costs of the biodrying system. For instance, doubling the
air flow rate (from l6cfm to 32c¢fm) reduced the capital
cost of the system by half. Utilizing treated sludge as bulk-
mg agent instead of bark also reduced capital costs for final
material dryness values greater than 43%.

Greater air flow rates, such as 32 cfm/m’, provided
acceptable payback periods that could eventually minimize
mill-specific system sizing. Proper sizing of the biodrying
system would significantly lower capital costs to achieve
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payback periods in the range of 1.5-2 years, which, in
the current economic context, appears to be the industrial
standard for this type of project.

Figure 10 represents the trend of system performance
for different scenarios. It can be observed that after 4 days
of biodrying process, using treated material as bulking
agent provides greater final dryness. However, this will
not have a significant impact on the viability of the biodry-
ing process. Furthermore, doubling the air flowrate (from
l6¢fm to 32 c¢fm) doubled the return on investment.

From the results discussed above, it is clear that batch
biodrying is a process that is technically sound and econ-
omically viable. Some of the promising achievements that
encourage further consideration of biodrying include the
short payback period, high annual savings, significant
reduction in fossil fuel consumption, environmental bene-
fits, and self-heating system. Although the results confirm
the applicability and operability of the batch biodrying
technology, a number of shortcomings were identified,
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FIG. 10. Three scenarios of return on investment vs. final dryness.”™"!



such as inflexibility, relatively long residence times, the
space requirements at mill sites, short-circuiting, and the
possible occurrence of anaerobic conditions.

Continuous Biodrying Process

VCU (Vertical Composting Unit), a New Zealand-based
company, has developed a continuous composting reactor
that works based on a “plug flow™ principle, as shown in
Fig. 11. Shredded mixed municipal sludge flows from the
top to the bottom of the reactor. The compost 1s removed
daily from the bottom. The biological heat generated can
raise reactor temperatures up to 40-70°C, which destroys
pathogens present in municipal sludge waste. It is claimed
that this system is energy efficient and does not require
agitation, bio-filtration, external heating, or air injection.
With minimal moving components, maintenance, and
operating costs, the continuous vertical reactor appears
to function well according to both economic and oper-
ational aspccts.[4°] However, the physical characteristics
of mixed sludges from the pulp and paper industry differ
from municipal sludge.

In addition to the fibrous components (cellulose, hemi-
celluloses, lignin, and other types of carbohydrates), there
are also mineral materials either from papermaking process
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FIG. 11. VCU composting reactor.
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(clay, fillers) or wastewater treatment system (mainly phos-
phorous, limestone, and nitrogen), microorganisms (tiny
biological flocs), and heterogeneous bark or wood waste
residues as bulking agent. Therefore, the description of
the manner of biological reaction in the biodrying process
is highly complex; however, the batch experiments demon-
strate that the mixture will dry well through biological heat
gencration under forced aeration.

The schematic of the proposed continuous biodrying
reactor is illustrated in Fig. 12. Airflow is blown through
the porous matrix, i order to remove the moisture and
water within the reactor. One of the most critical process
requirements is good pneumatic conditions along the reac-
tor such that pressure drops across the porous matrix are
acceptable and maximum microbial activity can be guaran-
teed for enhanced drying purposes. In addition to the
appropriate pneumatic requirement in cach compartment,
the air flow rate down the length of the reactor will also
be governed by outlet air relative hunudity.

The reactor 1s divided into four nominal compartments.
The wet mixed sludge is fed to the reactor top (compart-
ment 1) and flows downward by means of gravity. In the
first compartment, the high forced aeration removes the
free and interstitial water, leaving the surface and bound
water, making the porous matrix more susceptible to bio-
logical reaction (biodrying). Maximum air flow rates
will likely be required in the first compartment, which
is expected to result a similar trend of drying rate and



temperature rise shown in Fig. 7 (P1). The drying of sur-
face water takes place at the exposed surface of the parti-
cles by convection in compartments I and 1. It has been
reported that migration of bound water through the solid
matrix occurs by molecular diffusion having a flux pro-
portional to the gradient of the chemical potential of the
bound (water) molecules.*!

Once the moisture content is decreased to a thin film of

surface water, oxygen from the air must penetrate the thin
biofilm to reach the microorganisms. This is most likely to
happen in the second and third compartments, where the
moisture content favors biological reaction, which helps
to evaporate surface and bound water. Consequently, the
maximum biological activity will increase the drying rate
as well as porous matrix temperature, similar to phase 2
(P2) in Fig. 7. Cooling down the system. however, would
limit the metabolic activity. Therefore, the air flow rate is
gradually decreased to the control strategy proposed level.
A similar process for forced acration composting has been
described elsewhere**# Diaz et al*® reported that
excessive aeration cools the porous matrix and leads to
large nitrogen (N) losses, while inadequate acration pre-
vents the proper development of stabilizing temperatures.
In compartment 1V, the temperature decreases and the
second falling rate period will occur, during which it is
believed that the biological activity will dramatically
decrease due to a lack of sufficient moisture, nutrients,
and oxygen, as the last compartment at the bottom of reac-
tor is supplied with minimum aeration. In operational
point of view, the behavior of process in compartment 1V
1s more likely to follow phase 3 (P3) in Fig. 7.

Expected Profiles of Moisture Content, Air Temperature,
and Air Superficial Velocity

Figure 13 shows the expected profiles of average dry-
ness, matrix temperature (or air temperature in the case
of local thermal equilibrium), and air superficial velocity.
At the beginning of the process, it 1s expected that free
Average dryness

Air superficial velocity Average temperature

Compartment Compartmant Compartment
I | I

Companment Comparment Comparment

Compariment Compartmant ‘Compartment
1] n n

Compartment Compartment Compartment
v v v

b v v

FIG. 13. Expected variation of average dryness, air temperature, and air
velocity along the reactor.
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and interstitial water will be removed rapidly due to a high
acration rate. This drying trend continues until the end of
compartment 11, where there is no more free and interstitial
water left, but only a thin layer of surface water. The
porous matrix temperature 1s expected to follow more or
less the same trend as dryness, except that in the first two
compartments, the temperature of the matrix increases
very slowly due to the high moisture content and aeration
(which cools down the matrix), compared to compartments
I11 and 1V, where there 1s a decline in the aeration rate and
high exothermic metabolic reaction.

Air superficial velocity, which is directly related to the
porosity and permeability of the porous matrix, is expected
to be almost the same in compartments 1 and 1. The main
reason for this expectation is that the inlet air flow rate will
not change significantly in the first and second compart-
ments because it is required to remove free, interstitial,
and some portion of surface water. Since oxygen must pen-
etrate through the biofilm to reach the microorganisms, the
aeration rate must satisfy the efficient metabolic activity.
As permeability is expected to increase when drying pro-
gresses, more void spaces will be available, and therefore
the superficial velocity will decrease.

It should be emphasized that these trend descriptions
were hypothesized to be reasonable but experimental veri-
fication will reveal the actual process parameter variations.

Modeling as a Design, Optimization, and Scale-Up Tool

Extensive characterization of biodrying behavior using
a strictly experimental approach constitutes a formidable
challenge due to the excessively large number of variables
such as air velocity, inlet air temperature, inlet air
humidity, feed dryness, particle size and distribution, ratio
of bulking agent, and residence time. Modeling can provide
a deterministic approach for controlling the rate of drying
and different types of drying kinetics during mixed sludge
biodrying. Such a capability could help to provide the
knowledge to optimize the biodrying process, to minimize
the experimental trials, and to establish the scale up criteria
in a reasonable way, without having to resort to an exten-
sive plan of experimental tests.

Modeling is a useful tool that can help to enhance the
design of the continuous biodrying reactor. It can be used
to establish and explore the optimum design criteria. It can
predict the biodrying performance and, most importantly,
provide dynamic coupling between mass and heat transfer
mechanisms, which cannot be clearly identified through
extensive experiments.

Considering the operational obstacles and extremely
high costs associated with performing extensive experi-
ments at different scales, there is an additional incentive
to simulate the biodrying process mathematically. Through
modeling, one can seek the compromise between the extent
of biological reaction, in order to achieve the target dryness
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FIG. 14, Components of mathematical modeling and simulation.

level, while at the same time preserving the calorific value
of the mixed sludge for maximum energy recovery in the
power boiler.

Numerous studies have been conducted at the labora-
tory, pilot, and full scales in the field of technical modeling
and performance of composting.****! However, no work
has yet been published on the modeling of the biodrying
process. Our modeling strategy will be based on a stepwise
approach, starting with simplistic models and adding to the
complexity of these models as more insight 1s gained nto
the complex transport phenomena involved in this type
of process.

Figure 14 describes the different categories and compo-
nents of the modeling and simulation. In the biodrying
process for a continuous reactor, the most important issue
is to provide simultaneous coupling between three major
phenomena; i.e., momentum, mass transfer, and heat trans-
fer (category one). The basic description of these phenom-
ena in a biodrying reactor is highly complicated for several
reasons associated with the complex nature of the feed
material, porous matrix, and the biological heat source.
Different phases are present and different forces are doni-
nant within the various reactor levels.

In order to facilitate the modeling task, a thermodyn-
amic analysis of the process can be performed, which repre-
sents the second category. This will provide an overall
picture of the biodrying process without requiring any
details inside the reactor. From previous batch biodrying
experimental work®* it was determined that an accurate
insight into dynamic biological heat generation can be
obtained when thermodynamic analysis is employed.
Therefore, thermodynamic analysis will be used to describe
the biological heat term in the energy conservation equa-
tion. Furthermore, online monitoring and analysis of
CO; from the outlet gas of each compartment will provide
valuable information about the microbial reactions and
quantity of generated heat.
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The third category in the modeling involves empirical
models of the process parameters related to mass and heat
or momentum transfers. For instance, the ideal gas law can
be employed for air and water vapor, specific heat capaci-
ties can be assumed to have a linear relationship with
moisture content, and porosity or permeability can be cor-
related to the moisture content from the experimental data,
and so on.

By repeatedly working on these three categories that
describe the modeling task, models will be constructed
and solved numerically in order to find the distribution
of temperature, moisture content, and drying rate. One last
step is required before simulations can be performed, which
appears explicitly in Fig. 14. It involves accurately deter-
mining the constraints and boundary conditions for the
specific configuration of the biodrying system. In the case
of the continuous biodrying reactor, one of the immediate
process constraints is fully saturated air at the outlet of gas
flow, which will allow all the process variables to be set
accordingly.

Physical Modeling of the Continuous Reactor

As mentioned above, models for composting sludges
with forced aeration have been described extensively in
the literature. Heat balance analyses were presented by
Bach et al.®" Harper et al.,”® Koenig and Tao,*¥ and
Bari et al.”! and mass balance evaluations were provided
by Robinzon et al.,P” Batista et al.,®" and Straatsma
et all??

To illustrate, the following mass balance equations for
moisture content and oxygen have been reported with the
goal of providing simultancous coupling between mass

and energy balances™:
iy e e d[BVS
dMy,  Gu[H,(T,) — Hy(T)] - yi,o/pvs 2% o
di Pay V' !

where M, is the material moisture content (kg H,O/kg-
DS), ¢ 1s the time in (s), G, 1s the mass flow rate of inlet
dry air (kg/s), H; i1s the saturated humidity of outlet air
(kg HyO/kg-dry air), T is the temperature of the matrix
(°C), T, is the ambient temperature (°C), y is the metabolic
yield of water (kg H,O/kg-BVS removed), and pgy, is the
bulk density of the porous matrix (kg,.f"m3).

The metabolic reaction of oxygen is written as follows:

v , d(BVS
dMo, Gu(Xo,, — Xo,..) — YH,0/Bvs =, ! 2)
dt eVep,(T) -

where BVS is the mass of biodegradable volatile solids (kg),
V, 1s the working volume of the reactor (m?), Xo, is the
concentration of oxygen (kg-O,/kg-dry air), ¢ is the
porosity of the porous matrix, and p, is the density of
dry air (kg/m’).



Concerning the energy balance, the following model can
o [45
be cited™*:

d(mcT)

| E![\BVS}
Ehr

dt ‘

where m 1s the mass of the porous matrix (kg), ¢ is the spe-
cific heat capacity of the matrix (KJ/kg°C), G is the mass
flow rate of air (kg/s), H; and H, are the inlet and exit gas
enthalpies (KJ/kg), H. is the combustion heat of the sub-
strate (KJ/kg), U is the overall heat transfer coefficient
(heat loss) (kW,.f'mzc'C), and A4 1s the surface area of the
reactor (mg).

There have been several models reported for the rate of
[52,54-56]

[47.60-63]

GH; — GH, — UA(T — T,,) (3

St

biological reaction, including first-order reactions,
Monod-type reactions®™ ! and empirical models.
Although these models adequately fit with most biological
reaction applications, there are some limitations associated
with employing them. For instance, some models require
temperature corrections and heat conversion factors. A
broad review of these correction factors can be found else-
where.*”! Recently, Roy et al®¥ employed a thermodyn-
amic approach to estimate biological heat generation in a
biodrying system and found results that were in a good
agreement with the literature.P%*% Biological heat can also
be automatically monitored,[*7->3:3456.65-66]

These models could be used in a lumped manner for
each compartment. It might be possible to employ these
models with some correction factors or dimensionless num-
bers, which could subsequently represent forced convection
and highlight the differences between composting and bio-
drying. However, it should be noted that the acration rate
i the biodrying process 1s 10-30 times higher than that of
the composting process.*” As a result, if lumped models
will probably be first considered in our work, we believe
that an adequate and space-dependent description of the
transport phenomena governing the continuous biodrying
process will ultimately require the development of distribu-
ted models based on partial differential equations.

Expected Dominant Transport Phenomena

At the top of the reactor, there are three phases; free and
mterstitial water, the solid matrix, and gas flow (air and
water vapor). Free and interstitial water are separated from
the particles and begin to move downwards due to gravity,
but the high air flow rate evaporates them quickly. As the
free and interstitial water are removed, microorganisms
actively start their growth, reproduction, and metabolic
reactions. At the end of the second compartment or in
the beginning of the third compartment, the air flowrate
1s decreased to facilitate the biological activity. In terms of
energy transfer in compartment 1, it is reasonable to neglect
the term related to the biological heat production. This will
simplify the mathematical analysis of the modeling in this

153

compartment. Convection in the pore space and conduc-
tion in the solid phase are the dominant factors in the
energy balance in compartment 1. Darcy’s law for porous
media may be used for describing the flow of the gas and
liquid phases.

In the middle of the reactor (compartments 1 and I11),
moderate aeration influences the convective and diffusion
terms of the gas phase, and microbial activity causes the
heat source term to be dominant. Therefore, all these terms
will be present in the heat transfer equations. Further con-
siderations must be made to simplify the equation. Never-
theless, as the porous matrix is being dried, surface and
unbound water move toward the surface of the particles
by capillary forces. The porous matrix of mixed sludge con-
tains interconnecting and varying pores and varying par-
ticle sizes. Capillary forces that occur due to the meniscus
of thin layers of surface water across each pore between
the solid particles, provide the driving force for water to
move through pores to the surface of the solid particles.

At the bottom of the reactor, only minimum aeration is
supplied. The mixed sludge has already been dried and
microbial activity faces a number of challenges. The first
1s a low moisture content that makes it difficult for micro-
organisms to continue reproduction, growth, and degra-
dation. The second is a low aeration rate, which cannot
supply sufficient oxygen for microorganisms. The third
problem involves the development of undesirable anaer-
obic conditions in the porous matrix that can cause varia-
tions in the mixed sludge dryness at the bottom of the
reactor. In addition to these three deficiencies, insufficient
permeability or porosity might be a real challenge due to
the load of wet sludge and compaction. All these considera-
tions must be taken into account in order to establish mass
and energy balances. Other phenomena like short circuit-
ing, bridging, and/or channeling might also occur. How-
ever, none of these obstacles can be confirmed yet as
there is no experimental data available or similar work
described in the literature.

Comparison of Continuous Biodrying Reactor
with Batch Reactor

According to the results described previously, the batch
biodrying process has significant potential as a suitable sol-
ution for drying pulp and paper mill sludges with minimum
energy requirements and side impacts. Nevertheless, the
continuous biodrying reactor offers several advantageous
performance features over the batch system:

e The movement of mixed sludge is assisted by
gravity.

« Different aeration rates along the vertical reactor
provide better controllability and performance,
and may achieve higher dryness levels within a
short residence time.



e Uniform sludge treatment and drying can be
achieved via the continuous vertical reactor con-
figuration which is more difficult to achieve with
the batch system.

e The lack of space on-site is a major problem
for most pulp and paper mills, yet the vertical
configuration has a reduced footprint and favors
retrofit installation at crowded mill sites.

e The continuous reactor requires fewer shutdowns,
cleanings, and startups.

e The continuous reactor is more flexible and can
accommodate different operating variables as well
as sludges with different characteristics.

s It is possible to design for different capacities and
performance by installing continuous vertical reac-
tors in series or in parallel.

» Utilizing bark as a bulking agent can be minimized
in continuous biodrying due to the fact that part of
the treated sludge can be recycled and mixed with
the wet sludge, providing higher initial dryness,
uniform porosity, faster start up of biological reac-
tion, and a decrease in the residence time.

CONCLUDING REMARKS

The challenges of mixed sludge disposal in the pulp and
paper industry, including current disposal and drying tech-
niques, have been reviewed in this article. Various pro-
blems and restrictions associated with landfilling have
triggered the search for new energy efficient technologies
for the drying of mixed sludge to be burned in power
boilers.

The biodrying technology presented here was shown to
be an attractive technique for sludge drying. In summary,
the main advantage of the biodrying technology compared
to conventional drying technologies is that heat is gener-

ated within the porous matrix as a consequence of

microbial activity, which enhances moisture removal when
coupled with forced aeration. Another advantage of the
biodrying technology is that the mixed sludge can be dried
while largely preserving its calorific value.

Based on preliminary batch biodrying process, the
techno-economic feasibility of batch biodrying technology
has been proven, and a vertical continuous biodrying reac-
tor configuration proposed. The continuous reactor has
potential to provide a more cost-effective solution with
minimum external thermal energy requirements for sludge
management at pulp and paper mills. The design configur-
ation of the continuous biodrying reactor was described,
including virtual reactor compartments with adjustable
air flow rates to achieve a target mixed sludge dryness.
The fundamentals of mathematical modeling of the
continuous reactor were briefly discussed and a critical
review of the mass and energy balances in aerated
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composting processes presented. Such a mathematical
simulation coupled with experimental verification would
yield significant scientific benefits, unique reactor config-
urations for a given mixed sludge characteristic, and con-
tribute to the goal of advancing the efficient drying of
mixed sludge. The dominant transport phenomena in dif-
ferent zones of the biodrying reactor were described and
the expected velocity, temperature, and mixed sludge dry-
ness profiles along the length of the reactor were presented.

NOMENCLATURE
A Surface area of the reactor (m?)
BVS Mass of biodegradable volatile solids (kg)
c Specific heat capacity of the matrix (KJ/kg°C)
G Mass flowrate of air (kg/s)
G, Mass flowrate of inlet air (kg/s)
H, Combustion heat of the substrate (KJ/kg)
H; Inlet gas enthalpy (KJ/kg)
H, Qutlet gas enthalpy (KJ/kg)
H, Saturated moisture of outlet air
(kg H,O/kg-dry air)
My, Moisture content (kg H,O/kg-dry solid)
m Mass of porous matrix (kg)
T Temperature of matrix (°C)
T, Ambient temperature (°C)
Time (s)
U Overall heat transfer coefficient (kW,.f"mzc'C)
V, Working volume of the reactor (m?)
Xo, Concentration of oxygen (kg O,/kg-dry air)
y Metabolic yield of water (kg H,O/kg-BVS
removed)

Greek Letters

£ Porosity of the matrix (dimensionless)
Pu Density of dry air (kg,.f"mB)

b Bulk density of porous matrix (kg,.f"m3)
Acronyms

AST Activated sludge treatment

BC Base case

CUF Colony forming units
DM Dry matter

DS Dry solid

GHG  Greenhouse gas

PVC Polyvinyl chloride

VCU Vertical composting unit
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Abstract

Effective sludge management is increasingly critical for pulp and paper mills due to high landfill costs and
complex regulatory frameworks for disposal options such as sludge landspreading and composting. A novel
continuous biodrying process has been developed to dry mixed sludge so that it can be combusted efficiently in a
biomass boiler for energy recovery. Modeling this process is important in order to better understand the transport
phenomena in the biodrying reactor, and for design and scale-up of the process. A 1-D distributed model for heat
transfer coupled with mass and biological transfer phenomena is introduced in this paper, which shows that the
temperature of the sludge matrix is a critical parameter. The model assumes lumped parameters in the gas flow
direction, and distributed parameters in the (vertical) solids flow direction. Bioheat as a source term and
evaporative heat as a sink term are critical issues. In order to evaluate the parameters and assess the model
accuracy, a series of experiments was performed. The matrix temperatures predicted by the model were found to be
in reasonable agreement with the experimental results, showing that the main transport phenomena were reflected
in the model. Some discrepancies between the model-predicted values and the experimental data were indentified at
high temperatures, which can be attributed to the complex mechanisms governing the growth cycle of mesophilic
and thermophilic bacteria. A dimensionless analysis was performed to identify key dimensionless groups as well as
the most dominant transport phenomena in the biodrying process. The results confirmed that convection processes
dominated heat transfer at the top of the reactor, and the exothermic aerobic bioenergy dominated at its bottom.

Keywords: Biodrying; Bioheat; Transport phenomena; Pulp and paper; Sludge; Dimensionless analysis
INTRODUCTION

A typical pulp and paper mill wastewater treatment system consists of two systems: primary (mechanical) treatment
and secondary (biological) treatment. During primary wastewater treatment, settleable materials are removed by
gravity, settling/clarification, and/or flotation."! The primary sludge mainly contains fibers (cellulose) and fillers.
Primary treatment is followed by biological treatment, often an activated sludge treatment (AST) system, in which
wastewater organic matter is broken down by means of aerobic biodegradation."! The combined sludge from
primary and secondary treatments, the so-called mixed sludge, consists of a muddy mass of microorganisms,
fibrous materials, lignin, mineral components (e.g. limestone and phosphorus), clay, inert solids rejected during the
recovery process, and water.**) Mixed sludge contains unbound and bound water.***” Bound water is the most
challenging because it is not removed by advanced mechanical techniques and requires thermal drying techniques.
Due to the unique characteristic of mixed sludge, including low heating value, applying advanced drying techniques
is not economically viable. Combustion can provide a competitive disposal method as long as the dry solids content
of the sludge is maintained above approximately 45%, a critical level for good combustion.™” A broad review of
emerging drying technologies for pulp and paper mixed sludge revealed that many of these have significant

! This paper is accepted at Drying Technology
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technical uncertainties and/or questionable economics.”"' It is the objective of this work, therefore, to develop an
efficient way to increase the dry solids content of mixed sludge from pulp and paper mills to values above critical
levels for safe and economic combustion.

Biological drying, or simply biodrying,”"'! has the potential to consistently raise the dry solids content of
mixed sludge, allowing for disposal in boilers with viable steam and/or power generation. In the biodrying process,
the drying of sludge is augmented by biological heat in addition to forced aeration. In fact, there are two main
mechanisms by which moisture can be removed: convection and diffusion. Convection is mainly related to the air
flowrate, temperature, and humidity, whereas diffusion is related to the biological heat and the moisture gradient
within the particles. These combined phenomena preserve the caloric value of mixed sludge, leading to higher
energy recovery in the boiler.

Our research group previously explored two bench-scale batch reactor configurations for the biodrying of
mixed sludge. The initial study determined that a sludge to woodwaste ratio of 2:1 (dry basis) provided acceptable
pneumatic conditions in the biodryer.!'” The internal heat generation from aerobic biological activity (bioheat)
raised temperatures to peak values of approximately 65°C, and carbon losses due to biological activity ranged from
5% to 18%. The results of this study highlighted a clear correlation between the peak temperature of the matrix and
the rate of water removal. The study also included a techno-economic analysis that demonstrated the mill
configurations under which the technology was economically viable in the Canadian pulp and paper industry. !'*)

In a second study, a series of experiments were performed using a modified batch biodrying reactor
configuration with the goal of optimizing the process. ' The biological heat provided by aerobic microbial activity
was recognized to be the major source of energy in the batch biodrying system. The study included a
thermodynamic analysis of the process to quantify bioheat, and it was found that the biological energy produced in
the batch biodrying system could vary from 3900 to 6500 W/m”. These values are similar to those reported by Mote
and Griffis [15] (3400-4800 W/m®) and Harper et al. [16](3400-6500 W/m®) for aerobic composting processes.

Although both studies confirmed the applicability and economic viability of a biodrying process, several
shortcomings were identified. These included process inflexibility, relatively long residence times for achieving
target dry solids levels (up to 16 days), scale-up limitations associated with the batch configuration, short-circuiting
due to non-uniform aeration at large scale, and the occurrence of anaerobic conditions (“hot spots™). In order to
overcome these limitations, a new vertical biodrying reactor was designed to operate in continuous mode. Figures 1
and 2 describe the vertical biodrying reactor designed and operated for this study. The reactor is divided into four
compartments, providing flexibility for different operating conditions in different compartments that target
preferred water removal conditions. The wet mixed sludge is fed to the reactor top (1* compartment), and flows
downward by means of gravity.

In a general context, microbial species responsible for biological activity in biomass can be classified into
four groups based on temperature preferences: psychrophiles (active at 0-20°C), mesophiles (active at 8-48°C),
thermophiles (active at 42-68°C) and hyperthermophiles (active at 70-110 °C).!"”) However, as reported by Frei et
al. [12] and Roy et al. [14], only mesophilic and thermophilic bacteria are considered in biodrying processes
because they are active within the typical operating temperature range of the reactor (25-55°C).

Characterization of the biodrying process using only an empirical experimental approach is challenging
due to the number of variables involved, including air velocity in each reactor compartment, inlet air temperature
and relative humidity, inlet feed dry solids content, ratio of bulking agent (in this study, recycle ratio of biodried
sludge), and residence time. Modeling can provide insight into critical understanding of the transport processes in
the biodrying reactor, and assist in process design and optimization.

Numerous modeling studies have been conducted related to laboratory, pilot, and full scales of composting
operations.!"*'**%! Energy balance analyses were presented by Bach et al. [21], Koenig and Tao [22], Bari et al.
[23], and Harper et al. [16]. Mass balance evaluations have been made by Robinzon et al. [24], Batista et al. [25],
Straatsma et al. [26]. All of these studies were performed on composting processes where, in contrast to the
biodrying process, the goal is to fully biodegrade and stabilize the biomass.

Mathematical models incorporating heat and mass transfer have also been developed for solid state
fermentation and composting.””**** In recent modeling work related to heat and mass transfer in a porous matrix
containing biological materials, Prud’homme and Jasmin [30] used an inverse solution approach to describe the
biochemical heat source. However, this study only investigated a free convection system and the results were not
verified experimentally. Our recent modeling work related to continuous biodrying revealed that lumped models
were too coarse to capture adequately the transport phenomena dominating in the different compartments of the
reactor.”"! The lumped model that was developed predicted higher dry solids contents than those observed
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experimentally. Therefore, a more rigorous model is needed to improve the shortcomings of this lumped model,
suitable for resolving the transport phenomena prevailing in the biodrying reactor.

The objective of this work, and hence its contribution, is to develop a 1-D model for heat and mass
transfer in a novel continuous biodrying reactor for the biodrying of mixed sludge coming from the pulp and paper
industry which is suitable for biodryer design. First, the model is introduced. Its accuracy is next assessed through a
comparison with experimental data obtained from the pilot-scale reactor that was built in our laboratory. Finally, a
dimensionless analysis is presented, which highlights the key operating parameters for this biodrying process.

MATERIALS AND METHODS
Experimental Set-Up

Two pilot-scale vertical stainless-steel reactors were designed and built for this work, each 200 cm high
(effective height 160 cm), 100 cm deep and 40 cm wide (Figures 1 and 2). One of these is fully instrumented and
controlled online, whereas the other is used to generate additional data and to examine experimental repeatability.
Only results from the instrumented biodrying reactor are considered in this paper for modeling purposes (Figure 2).
The set-up permits the online monitoring of internal temperature and pressure, changes in CO, levels, relative
humidity and temperature of the inlet and only outlet airstreams in each compartment. Temperature and relative
humidity, pressure and CO, were measured using six relative humidity probes, 12 pressure probes and a CO,
analyzer. The process variables, including incoming gas temperature and relative humidity, were logged at 8 min
intervals.

Gas flow
direction

FIG. 1 Pilot-scale continuous T)iodrying reactor

The continuous reactor is divided into four compartments, each with separate feed and discharge ports.
The dried sludge is extracted by two parallel screws installed at the bottom of the reactor, and the fresh sludge
(received from the pulp and paper mill) and recycle sludge (obtained from the discharge of the biodryer) are mixed
in a 40 liter container and fed to the top of the reactor. Air flow is provided by two blowers, one forcing air into the
porous matrix and one extracting air, and is uniformly distributed in each compartment through a plenum with
perforated plates. When sludge is extracted from the reactor bottom, the materials flow downward due to gravity.

In order to generate experimental results for model verification, two sets of experiments were conducted.
The first series consisted of 8 individual experiments using an experimental design method with the following
conditions: total air flowrate of 28-34 m’/h, recycle ratio of 15-30% (d.b.), and residence times of 4 and 8 days.
Note that the recycling of sludge provides pneumatic conditions in the matrix of the biodrying reactor such that no
bulking agent (e.g. bark) is required as was the case in the batch reactor configuration. It also contributes to a
shorter microbial lag phase since the discharge sludge has acclimated thermophilic bacteria (measured as CFU/g)
than that of fresh sludge.”” The chosen range of residence times was recommended by Roy et al. [14] for an
economically feasible batch biodrying process. The second set of experiments was performed for a 6-day residence
time, a 30% recycle ratio, under a controlled outlet relative humidity profile with a 40-75 m’/h total air flowrate.
Table 1 summarizes the overall experimental program. Only four cases are used in this study for the modeling
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assessment. Feed and discharge of sludge was made twice a day, at 12 h intervals and a mass flowrate of 10-22 kg

(d.b).
Table 1. Overall experimental program
Run Case Residence Recycle ratio Air flowrate Outlet relative
(days) (%) (m’/h) humidity (%)
1 1 6 30 75(26,5,26,18) 85,85,85,85
2 6 30 55 85,85,96,96
3 6 30 64 96,96,85,85
4 2 6 30 46(16.5,8,147)  96,96,96,96
5 4 15 34
6 3 4 15 28(7,7,7,7)
7 4 30 28
8 4 30 34
9 8 15 34
10 4 8 15 28(7,7,7,7)
11 8 30 28
12 8 30 34
—
Fresh sludg 41
Temperature and
pressure probes
smars N[O O [
fome: ! K%—>\O o o Exhaust
V-t Vel gas flow
Comp. 2 o o o
Lo 32 o of of o %J—»_
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;V—AW V-%W\ Condenser
@Q Inlet airflow
Inlet air- controlling Outlet airflow
valve Recycling dried controlling
Positive blower  Biodrying sludge valve
reactor
Dried sludge
discharge
FIG. 2 Schematic of pilot-scale set-up
Mixed Sludge Analyses

The mixed sludge was a mixture of primary sludge (45% dry mass basis) and secondary sludge (55% dry
mass basis) collected from an activated sludge wastewater treatment plant at an Eastern Canadian TMP pulp and
paper mill, and shipped in 25 gallon barrels to our lab. After arrival at the laboratory, material characterization was
conducted daily. Characterization included measurements of the dry solids content, higher heating value, as well as
the density and porosity of the mixed sludge. Elemental analyses were also made to measure the quantity of carbon,
hydrogen, nitrogen, oxygen and sulphur present in the sludge. To measure the dry solids content, 16 samples of
mixed sludge were taken from different sampling points and oven dried at 105°C for 24 h. Elemental analyses were
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made to determine the C/N ratio and constant coefficients of Eq. (2). The higher heating values (HHV) were
measured using an Oxygen Bomb Calorimeter (Parr Instrument Company, Illinois, USA). The porosity of the
mixed sludge in each compartment was measured using an approach adapted from Richard et al. [33] and Ahn et al.
[34]. The particle size distribution was obtained for each compartment using a 5-stage sieve.

Biodrying Reactor Performance Demonstration: Overall Water Balance

Water balances are important to track the main components of the biodrying process as well as for scale-
up purposes. Saucedo-Castaneda et al. [35] showed that water balance is critical in large-scale solid-state
fermentation bioreactors. The overall water balance for the biodrying reactor was completed for both gas and solid
phases. Fresh, recycled and discharge sludge as well as inlet and outlet gases were considered for the water mass
balance.

Water in-Water out +Water generation =Water Accumulation (1)
The accumulation term in the right-hand side of Eq. (1) vanishes due to steady-state conditions. This
approach is similar to the approach used by Ledakowicz et al. [36].
The water generation term is the result of the following exothermic microbial reaction:
Substrate + a0, = bCO, +cH,0 + New cell, AH,<0 2)
The values of a, b, and ¢ are obtained using the results of elemental analyses. Table 2 summarizes the
results of the elemental analysis for a typical experiment, the operating conditions of which are summarized in
Table 3. The results of these elemental analyses are similar to values found in the literature.””! The C/N values are
between 15 and 30, which indicates the potential for active microbial growth.[**

Table 2. Elemental analysis of the sludge in each compartment of the biodrying reactor

Compartment % Nitrogen % Carbon % Hydrogen % Oxygen C/N
Feed Sludge 1.77 51.44 5.34 41.44 29.0
Compartment 1 1.80 51.23 5.79 41.17 28.4
Compartment 2 1.87 51.20 5.80 41.15 274
Compartment 3 2.08 51.00 5.86 41.10 24.5
Compartment 4 2.23 50.73 5.95 41.09 22.8
Table 3. Experimental conditions
Q, (m'/h) RH, (%) T5,(C) _ RHy (%) Tou(C)
Compartment 1 18.2 14 24 94 18
Compartment 2 8.5 14 24 78 23.6
Compartment 3 16.2 14 24 100 25
Compartment 4 9.2 14 24 80 27.2

Cellular water produced by the microbial aerobic oxidation of the substrate was calculated based on
elemental analysis results (Table 2) and Eq. 2. Experimental data in Table 2 were converted to molar basis and the
values of a, b, and ¢ were obtained from molar elementary balances. As can be seen in Table 4, cellular water
(called “water generation”) is very small compared to the other components of the water mass balance.

The water content in the gas phase was calculated from the relative humidity, temperature and air flowrate
according to Eq. (5). The relative humidity and the temperature of the inlet gas were the same for all compartments.
The water content was calculated from the total mass flowrate of sludge and its dry solids content. Fresh, feed and
discharge sludge dry solids contents were 37, 40, and 51%, respectively. The recycle ratio was 30%.

Table 4 shows the results for the corresponding water balance. A closed water balance is obtained, which
confirms the reliability of the experimental data and the techniques applied for the parameter measurements. This
procedure was followed for all four cases and acceptable water balance was achieved for all of them (error <2%).

Table 4. Summary of water mass balance
Mass balance components kg/day
water In by airflow 4
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water In by feed 47.4
water generation 0.5
water Out by airflow 24.85
water Out by discharge 28
Total water In 51.8
Total water Out 52.8

A 1-D distributed model of global heat transfer is presented based on the principles of chemical and
biochemical reaction engineering in porous media. The model includes biological heat production, an evaporative
sink term, and convective and conductive heat transfer. Two types of convective heat transfer are represented:
convection due to the solid phase, which brings into play the sensible heat, and convection due to the gas phase.
The model elaborates these heat transfer terms in a single equation solved for each compartment separately using
the boundary conditions as a link between any two adjacent compartments. The model assumes lumped parameters
in the gas flow direction and distributed parameters in the solids flow direction, as shown in Figure 3a.
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FIG. 3 Schematic of control volume in each compartment of the biodrying

reactor in (a) macroscopic and (b) microscopic scales

For this 1-D model, the following simplifications and/or assumptions have been made:
. Gas phase mass conservation is assumed;
. The solids and gas phases in the matrix are at the same temperature (thermal equilibrium between phases).
Du and Wang [39] found that for porous media with forced convection, local thermal equilibrium is a
reasonable assumption if Re>10. In this study, as shown in Table 6, Reynolds numbers are much higher than
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10. Note that the difference in water concentration between the solids and the gas phases provides an
important driving force for the mass transfer of water;

. The process is at steady-state. This assumption is justified by the fact that reasonably stable matrix
temperatures and drying rates have been observed experimentally;
. The heat loss through the walls of the reactor is assumed to be negligible. The reactor is insulated with

UHMW (ultra high molecular weight) polyurethane on the inside and other insulation materials on the outer
surface. This assumption has been shown to be valid for similar systems that have a small surface/volume

ratio; ¥

. There is enough oxygen in the porous matrix for microbial biodegradation. This assumption is valid for
processes under forced aeration such as solid-state fermentation;™*”’

. The specific thermal heat capacity of the solid phase is constant for each compartment;

. For aerobic processes such as biodrying, it is essential to have adequate pneumatic conditions in the reactor

to ensure that oxygen in the air reaches the microorganisms and that anaerobic hot spots are minimized. A
uniform gas flow distribution is assumed for each compartment, although this is an approximation;

. For aerobic processes, the CO, production rate is equal to the O, consumption rate.*® Therefore, the
biological heat rate can be directly determined from the CO, production rate, or equivalently from the O,
consumption rate, as follows:

. VO VO Q
Qbio = Qbio—standard p02 [I/ZJ _(I/ZJ WLgD (3)
Air Air
in out

where Qpip-siandara, the amount of biological heat generated per gram of oxygen consumed, is equal to 16 kJ/g-
O, for different microbial species_following Bailey and Ollis [41]. This is close to the rule of thumb value used
for aerobic composting designs, namely 14 kJ/g-0,."* It is assumed that the generated biological heat is
uniformly released and distributed in each compartment.
Based on these assumptions, and the control volume and the heat transfer mechanisms illustrated in Figure
3, the following heat transfer balance is obtained for each compartment:

; Zhdz Sensible heat
- mtotal,i (Wms,icpms,i + (1 - Wms,i )CpHZO )(]; - ZTr) --- .
z transfer due to solid
phase
dT z+dz .
+hk (1—g)LW S . Conductive heat
* l dz | transfer due to solid

phase

- 4
+(dm,,)Cp, (T, —T,)—(dm,,)Cp, (T,~T,) ,____Convective heat @

" transfer due to gas

phase
+ Qbio,i (1 - gi )L WdZ - AHevaaw,i (Xout,i - Xin )dmg,i = O
A A
Bioloéical heat Evapcl)rative heat
source term sink term

fori=1,2,3,4
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The first term represents the sensible heat change due to the solids flow in the reactor. The second and
third terms represent the conductive heat transfer due to the solid phase and the convective heat transfer due to the
gas phase, respectively. The fourth term represents the bioheat generated through the exothermic metabolic activity
of aerobic microorganisms, and the last term is a sink term representing the quantity of energy removed from the
matrix through water evaporation.

The values of the physical parameters in Eq. (4) are given in Tables 5 and 6. The following comments

apply: '
) The uniform gas flow distribution assumption, as discussed earlier, leads to g;, - ngJ dz>
8l
. Xou—Xin represents the net amount of water transferred to the gas phase, that is the difference of absolute

humidity between outlet and inlet (kg H,O/kg air). It is evaluated using the relative humidity and
temperature of the inlet and outlet airstreams, and the following equation from Geankoplis [42]:

(8.896_ 2233

RH, o T, +273 %)
X, =0.622x| —100
i 2233
(8.896 )
760 - 1 x10 I +273
100
. The latent heat of water evaporation, AH,,,, has a negative correlation with temperature. In order to

incorporate this in Eq. (4), a constant value of AH,,,=2270 kJ/kg H,O 3 \was used along with a correction
factor, a,,; so that the last term in Eq. (4) remains constant for each compartment but varies from one
compartment to another as the dry solids content varies;

° The correction factor, a,,;, used in the last term of Eq. (4), was fit using data obtained from isotherm
experiments on mixed sludge with saturated salt solutions, by means of a procedure adapted from Rowley
and Mackin [44] and Labuza [45]:

a,, = 4286w’ —4.74w,., +2.009 ©6)
A similar model was also reported for solid-state fermentation by Von Meien and Mitchell [27];
. The heat capacity of the gas phase, Cp,;, is determined from the following correlation:*?
Cp,, =1005+1880X,,,
° The reference temperature, 7, is assumed to be equal to T}, the inlet gas temperature.

Based on these comments, Eq. (4) leads to the following differential equation:

d>T, dr, m,,;
ks(l_gi)LW?;_aid_Zl_%Cpg,i(]—;_7—;)1)

, O]
. m_ .
+ Qbio,i(l - gi)L W - AHevaaw,i (Xaut,i _Xin) % = 0
or
dzz _ a; E_ mg,icpg,i T =
dz* k(I—¢)LW dz k,(1—-g)LWD '~ )
_ mg,icpg,iz;n + QI)io,i (1 - 8[ )L WD - AHevaaw,i (Xout,i - Xin )mg,i

k.(I—&)LWD
where ai = mlolal (Wms,[Cpms,i + (1 - Wms,[)CszO)

Note that Eq. (8) is a convection-diffusion ordinary differential equation for each compartment (i=1,2,3,4)
that, along with boundary conditions, can be solved analytically.
For the boundary conditions, the inlet temperature in compartment 1 is equal to T;,, and the inlet temperature in the
other compartments is equal to the temperature at the outlet of the previous compartment. Note that one of the
exponential terms in the analytical solution vanishes due mainly to highly convective phenomena so that only an
upstream boundary condition in each compartment was needed to derive it. This analytical solution is given in
Appendix A.
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Dimensionless Analysis

Dimensionless analysis can provide insights into the basic mechanisms that govern the transport
phenomena taking place in the biodrying reactor. A dimensionless form of Eq. (8) was derived, which is expressed
with dimensionless groups:

2 * *
d 7; —4 de* —PeT +B =0, fori=1,2,3,4 ©
dz dz
where T,.* = I-T, is the dimensionless temperature, 7}, is the matrix temperature at the bottom of the

bot " in

biodrying reactor, z* = % is the dimensionless height, and 4;, B; and Pe; are given by:

= 2% 10
A4 = k(e )LW (10)
tho,i (1_5i)LWD2_AHevaaw,i (Xouf,i_Xin )mg,iD (1 1)
B = ko (=) Ty T, ) LW = £, By -1
AHevaaw,i(Xout,i_Xin)mg,iD
El’i - ks(l_gi )(Tbot_];'n Lw (12)
__ Owos (s LWD?
Ez’i - AHevaaw,[(Xout,i_Xin)mg,[D (13)
n"lg‘l-Cpg)[D (14)

Pe; = T (e, ) LW

The A; represents the ratio of the mixed sludge sensible heat to the conductive heat, and Pe;, the Peclet
number, the ratio of the convective heat to the conductive heat. B;, which brings into play two dimensionless
numbers, £, ; and E,,, the ratio of the net heat generated to conductive heat. The net heat generated is the amount of
the biological heat minus the heat lost through evaporation. £ ; is the ratio of the evaporative heat to the conductive
heat, and £,; is the ratio of the bioheat to the evaporative heat. E,; is similar to the Damkohler number (Da), the
ratio of the metabolic reaction rate to the convective rate. Da is used frequently in aerobic composting processes to
control the biodegradation rate.*! All three of these terms (A, Pe; and B;)) are important and their relative values
may vary in the 4 compartments of the biodrying reactor. The interpretation of these dimensionless parameters will
be discussed in the next section.

RESULTS

This section presents experimental results, and the characteristic curves from four experimental cases,
which were described earlier in section Experimental Set-up. The goal is to investigate different scenarios for the
biodrying process and identify 1-D model flexibility and limitations using four experimental cases. These four
cases where chosen because they represent diverse experimental conditions that were examined in the overall
experimental program in Table 1. Cases 1 and 2 are at 6-day residence time, 30% recycle ratio, and under
controlled outlet relative humidity profile, whereas cases 3 and 4 are at the total aeration rate 28 m’/h, 15% recycle
ratio, and 4- and 8-day residence times, respectively. The 1-D model is tested against the experimental data, and the
results obtained are analyzed and interpreted using the dimensionless numbers reported in Table 6.

Experimental Data

The four cases that were examined for the 1-D model assessment, involve two types of physical parameters, some
with fixed values (Table 5), and some having values that vary from one experiment to another (Table 6).



Table 5. Fixed values used for the 1-D model
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Comp. 1 Comp. 2 Comp. 3 Comp. 4 Reference
CszO (J/(kg °C)) 4200 4200 4200 4200 Bird et al. [47]
Cpusi J/(kg °C)) 2360 2000 1800 1700 Perry and Green [43]
D(m) 0.4 0.4 0.4 0.4 Reactor geometry
d,(mm) 1.5 1.3 1 0.8 Biodrying experiments
ky (W/(m °C)) 0.15 0.15 0.15 0.15 Geankoplis [42]
L(m) 0.4 0.4 0.4 0.4 Reactor geometry
W (m) 1 1 1 1 Reactor geometry
AH,,, (kJ/kg H,0) 2270 2270 2270 2270 Geankoplis [42]
Pe (kg/m’) 1.16 1.16 1.16 1.16 Geankoplis [42]
& 0.4+0.012 0.45+0.013 0.5+£0.015 0.55+0.016 Biodrying experiments
u(Pa.s) 1.5x10° 1.5x10° 1.5x10° 1.5x10°  Bird et al. [47]

Cpmiri and g; vary as function of sludge dry solids content.



Table 6. Experimental parameter values used for the 1-D model

Case 1 Case 2 Case 3 Case 4

Comp. 1 Comp. 2 Comp. 3 Comp. 4 Comp. 1 Comp. 2 Comp. 3 Comp. 4 Comp. 1 Comp. 2 Comp. 3 Comp. 4 Comp. 1 Comp. 2 Comp. 3 Comp. 4

Qg (m3/h) 26.40 5.0 26.0 18.0 16.5 8.0 14.0 7.7 7.91 7.41 7.31 7.38 7.04 7.11 7.63 7.65
s 3
Qbiu,i (W/m’) 0 0 1000 2500 200 400 2200 2400 511 550 1200 2800 0 50 2000 3500
Wins.i 0.42 0.43 0.45 0.47 0.42 0.44 0.46 0.50 0.37 0.41 0.42 0.45 0.42 0.44 0.5 0.54
Ay 0.78 0.76 0.75 0.73 0.78 0.75 0.74 0.71 0.84 0.79 0.77 0.76 0.78 0.75 0.71 0.7
RH,, (%) 73 66 88 89 68 72 92 55 80 97 75 80 41 83 92 100
T, (°C) 18 20 25.6 27.3 23.5 25 28 42.8 29 30 31 33.8 23 24.3 36 40
Pe; 101 20 117 90 63 33 63 39 30 30 33 37 27 29 34 38
o.d

Re, = % 468 68 246 124 291 109 133 53 140 101 69 51 125 97 72 53
E;; 0 0 0.54 1 0.2 0.65 1.13 1.5 0.53 0.45 1.17 1.96 0 0.07 1.15 1.32
RT (days) 6 6 4 8
RR(%) 30 30 15 15
RH,;, (%) 13 14 12 10
T,,(°C) 24 25 27 26
M orar (kg/s) 0.001128 0.001128 0.001692 0.000846

L91
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Biomass Characteristic Curves: Dry Solids Content, and HHV

Dry solids content (w,,) is important because it is the objective of the innovative biodrying process. It also
appears in the sensible heat term of the solid phase as well as in the correction factor (a,) of the evaporation term
(Egs. 4 and 6). The higher heating value (HHV), or the sludge calorific value, is a critical factor for the economic
feasibility of the combustion as it represents the quantity of energy that can be recovered in the boiler. The change
in dry solids content is shown for four cases in Figure 4. HHV is available only for case 4 (Figure 5).

Dry Solids Content

Figure 4 shows that the mixed sludge dry solids content increases as the sludge moves downward in the
biodrying reactor. The standard error of the mean was estimated to be £2% using 5 measurements on a typical
sludge sample obtained in biodrying reactor. The dry solids content is nearly flat in the 1* and 2™ compartments in
all cases, and increases significantly in the 3™ and 4™ compartments. This is due mainly to the impact of higher
bioheat and higher temperatures in the bottom compartments (Tables 6 and 7), which increase the water holding
capacity of the gas phase and the water transfer from the solid phase to this gas phase.

Dry solids contert (%) Dry solids content (%)
30 35 40 45 50 55 60 30 35 40 45 50 55 60
Feed 00 oL Feed 00 e
0.2 | i 0.2 i
Comp. 1 04 rei | Comp. 1 041 _—
06 i 06 i
Comp.2 08 | Hﬂi Comp. 2 08 | uﬁ
Z@m) 1.0 ' Z(m) 1.0+ '
Comp. 3 1.2 "i"' Comp. 3 1.2 .i--'
141 i 141 i
Comp.4 16 e Comp. 4 164 ! .
(a): case 1 (b): case 2
Dry sdlids content (%) Dry sdlids content (%)
30 35 40 45 50 55 60 30 35 40 45 50 55 60
Feed 00 L i ‘ ‘ / Feed 00 ‘ A w w w
0.2 i 021 i
Comp. 1 04+ HH E Comp. 1 04+ [ E
06| I 061 |
Comp. 2 0.8 HH i Comp. 2 0.8 1 .-.-{I
Z(m) 1.0 E Zm) 1.0 E
Comp. 3 1.2 ST Comp. 3 1.2+ S
14 ! 141 |
Comp. 4 164 - Comp. 4 161 : e
(c): case 3 (d): case 4

FIG. 4 Dry solids content change in the continuous biodrying reactor
The error bars represent one standard deviation above and below the mean

Higher Heating Value (HHV)

Figure 5 illustrates the change in HHV in the biodrying reactor for case 4. The standard error of the mean
was estimated to be £1.5% using 5 measurements on a typical sample obtained in the biodrying reactor.
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HHV (kJ/gd.b.)
9 10 11 12 13 14 15
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0.6
Comp. 2 0.8 —o—i

Z(m) 1.0
Total HHV

Comp. 3 1.2 loss=8.7% ——

1.4
Comp. 4 1.6 =

FIG. 5 Sludge higher heating values along the reactor length (Case 4)
The error bars represent one standard deviation above and below the mean

In this work, the highest dry solids content was achieved for an 8-day residence time (case 4), but the total
calorific value loss in this case was the greatest. Therefore, a compromise between the extent of the biodegradation
(calorific value loss) and the final dry solids level is always required to maximize the energy recovery in the
subsequent combustion process.

Assessment of the 1-D Model Accuracy

In this section, the accuracy of the 1-D model is assessed against the experimental temperature data of
Table 7. For each compartment, the experimental temperature values in the gas flow direction are averaged and the
averaged values (last column in Table 7) are used for the 1-D model accuracy assessment.
Table 7. Experimental temperatures in the continuous biodrying reactor

T, (°C) x=7.5cm x=17.5 cm x=27.5 cm T,.. (°C) Averaged

Temperature
Comp. 1 24 13 13 14 18 13
Case 1 Comp. 2 24 13 15 16 20 15
Comp. 3 24 15 15 20 26 17
Comp. 4 24 19 20 27 27 22
Comp. 1 25 15 16 17 24 16
Case 2 Comp. 2 25 17 18 23 25 19
Comp. 3 25 19 28 38 28 28
Comp. 4 25 30 38 47 43 38
Comp. 1 27 12 20 30 29 21
Case 3 Comp. 2 27 14 16 23 30 18
Comp. 3 27 18 26 30 31 25
Comp. 4 27 29 44 54 34 42
Comp. 1 26 18 20 23 23 20
Case 4 Comp. 2 26 13 14 20 24 16
Comp. 3 26 22 30 42 36 31
Comp. 4 26 43 50 56 40 49

Eq. (8) was solved analytically (see Appendix A) for temperature in each of the four compartments of the
reactor. The temperature results calculated by the 1-D model are compared to experimental data in Figure 6.
Although specific operating conditions result in specific temperature profiles across the four compartments, the
overall trend is similar for all cases. Overall, the predicted temperatures are in good agreement with the averaged
experimental data. One may argue that this is not surprising because the values of some of the data used in the 1-D
model were back-calculated from the experimental data. One must however keep in mind that the system is
governed by transport phenomena occurring in both the sludge and gas flow directions, and that lumped parameters
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were considered in the latter. We believe that one of the reasons for the good agreement down the reactor with this
simplified 1-D model is the offset between the exothermic biological heat and the latent heat of water evaporation.

However, larger differences can be noticed in the 4™ compartment for cases 3 and 4. These discrepancies
are most likely due to the growth behavior of the mesophilic and thermophilic microorganisms, which strongly
depends on temperature (see INTRODUCTION for the effect of temperature on microbial activity). In both cases 3
and 4, the higher temperature in the 4™ compartment favors the growth rate of thermophilic bacteria, which results
in higher bioheat release into the matrix of mixed sludge. This contradicts the assumption of a uniform bioheat
release and distribution, which was made for the development of the 1-D model (section Modeling Procedure).
Note however that such an assumption was made to simplify the 1-D model and obtain an analytical solution.

T€C) —— Nodel = Experimental T0) —— Model = Beperimental

9] 10 20 30 40 50 60 0 10 2 30 40 50 60

0.2

Comp. 1 0.4
0.6 4
Comp. 2 0.8 1
Z(m)1 4
Comp. 3 1.2
1.4
Comp. 4 1.6
1.8

FIG. 6 Comparison of the predicted temperatures to the experimental data
The error bars represent one standard deviation above and below the mean

Analysis of the Temperature Profiles and General Discussion

Figure 7 displays the temperature profiles for all four cases. There are two zones along the reactor height:
a convection-dominated zone in the 1% and 2™ compartments and a diffusion-dominated zone in the 3™ and 4™
compartments. In the first zone, a drop in the matrix temperature can be observed in all cases. In this zone, as
shown in Figure 4, the dry solids content does not significantly increase in the 1 and 2" compartments. The
evaporation of unbound water substantially cools the porous matrix of mixed sludge.

It also follows from the values of the ratio of bioheat to evaporative heat (E£,;) in Table 6 that, in the first
zone, the biological heat is not large enough to raise the temperature of the matrix. The decline of the matrix
temperature is sharper in cases 1 and 2, which can also be inferred from the Re and Pe values in Table 6. The higher
air flowrates, and hence the higher Re and Pe values, cause convection to dominate over diffusion and, since the
evaporation of unbound water takes place at wet-bulb temperature, the matrix temperature declines. Two
phenomena occur simultaneously here. One is the low bioheat generation in the 1* and 2™ compartments due
mainly to the delay in the microbial start-up caused by the microbial lag phase. The other one is the cooling effect
of the evaporation of the unbound water, which occurs at wet-bulb temperature.
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FIG. 7 Predicted temperature profiles for all four experimental cases

Upon feeding the wet sludge into the biodrying reactor, some areas of the particle surface, and thus some
portion of unbound water, are exposed to the air stream. Due to convective mass transfer, those areas become dry
whereas the rest of the particle, not exposed to the airflow stream retains some quantity of unbound water. The
convective evaporation, the amount of which is correlated to the air flowrate, therefore cools down the matrix. The
lower matrix temperature is more noticeable in cases 1 and 2 than in cases 3 and 4, which can be attributed to the
higher 1% compartment air flowrates (Table 6).

The particle sizes measured in the reactor decreased down its length. This is likely due to drag force and
inter-particle friction, coupled with the load pressure due to the sludge weight in the upper compartments. These
phenomena break up particle agglomerates, thereby enabling fresh areas to be exposed having unbound water. This
phenomenon results in further convective evaporation. Nevertheless, one may observe that, except in case 1 where
high air flowrate prevails, the temperature starts increasing at the end of the 2™ compartment and reaches a value at
the end of the 4™ compartment (7},,,) that is higher than that at the entrance of the 1*' compartment.

In the second zone, the 3™ and 4™ compartments, the temperature gradient quickly becomes positive,
which accelerates the evaporation of bound water, and results in an increase of dry solids content. This occurs
because the bioheat released to the gas phase increases the gas phase moisture holding capacity (RH,,, in Table 6),
which then results in the transfer of more water to the gas phase (Figure 4). However, the higher bioheat released
from aerobic activity in the 3 and 4™ compartments results in higher losses of HHV (Figure 5). As can be seen in
Table 6, the ratio of bioheat to evaporative heat () significantly jumps in the 3™ and 4™ compartments, resulting
in a rise of the matrix temperature in Figure 6.

The diffusion and capillary forces create a water gradient between the interior and the exterior of the
particles.*® Although it is a diffusion-dominated mechanism in the 3™ and 4™ compartments, the higher
temperatures related to the bioheat release enhance the drying rates. Under these conditions, the biological heat
generated surpasses the cooling effect of water evaporation (£, ; values >1 in Figure 6 and Table 6) .

The Re and Pe numbers in the 3™ and 4™ compartments for cases 3 and 4 are less than those for cases 1
and 2 (Figure 7).

Finally, the highest temperature is found at the end of the 4™ compartment for case 4. This is attributed to a
higher level of biodegradation (Qbio,4=3500W/m3, Table 6). Due to the low air flowrate in this case, the rate of
bioheat released in the matrix of mixed sludge is higher than the rate of heat removed by the air flow. As a result,
the accumulated heat leads to higher microbial activity, which further increases the temperature of the matrix.

Table 8 summarizes the characteristics of the transport phenomena prevailing in each compartment.

Table 8. Qualitative description of different cases

Experimental conditions Dominating transport phenomena
Case 1 This experiment was controlled by outlet relative In this case it is highly a convection
humidity for all compartments at lower limit dominated mechanism in all compartments of

(85%), a 6-day residence time, and 30 % recycle the biodrying reactor (£,,;<1), and biological
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ratio. activity does not significantly develop due to
very high air flowrate and cold porous media.
The 1-D model works well for this case both
for matrix temperature (Figure 6) and drying
rate (Figure 8). This is because of the small
variation of temperature in gas flow direction
for this case.

Case 2 This experiment was controlled by outlet relative In this case it is highly a convection

humidity for all compartments at higher limit dominated (£,;<1) at the top and an
(96%), a 6-day residence time, and 30 % recycle exothermic aerobic bioenergy dominated (£, ;
ratio. >1) at the bottom of the biodrying reactor.

Case3  This experiment was controlled by air flowrate in In this case it is a convection dominated (£,
all compartments at lower limit (7m’/h), a 4-day ~ <l) at the top and a highly exothermic aerobic
residence time, and 15% recycle ratio. bioenergy dominated (£,,>1) at the bottom of

the biodrying reactor.

Case 4  This experiment was controlled by air flowrate in In this case it is a convection dominated (£,
all compartments at lower limit (7m’/h), an 8-day <1) at the top and an exothermic aerobic
residence time, and 15% recycle ratio. bioenergy dominated (E,,>1) at the bottom of

the biodrying reactor.

Sensitivity Analysis

Sensitivity analyses were performed on the temperature of porous matrix (results not shown due to lengthy
mathematical formulations) with respect to the matrix porosity (¢), oxygen consumption (AO,%), air flowrate (Q,),
mixed sludge dry solids content (w,,), and water removal rate including the combined effect of inlet and outlet air
temperatures and relative humidity (X,,-X;,). It was found that the most influential parameters are the oxygen
consumption rate (which is related to the bioheat), and the air flowrate (which is related to the water removal rate)
and controlling transport phenomena in the reactor. The bioheat terms is essential for the diffusion of bound water
from the sludge particle interior to its surface, whereas the air flowrate is manipulated to obtain a desired outlet
relative humidity profile along the reactor height.

Usefulness and Shortcomings of the 1-D Model

Sludge drying rate in the continuous biodrying reactor can be used to estimate the final dry solids level.
The dry solids level is critical for an economically feasible combustion operation of a combustion boiler.

The model-predicted temperatures were used to calculate the water removal rate (drying rate) for different
cases. These results were compared to experimental data. As shown in Figure 8, the 1-D model is good only if the
temperature variation in a given compartment does not vary significantly from the gas inlet to the gas outlet (see
Table 7). For instance, the temperature variation in each compartment for case 1, and the 1% and 2™ compartments
of all other cases is very small, and hence a good agreement can be observed between the model predicted drying
rate and the experimental values. However, the agreement is not as good for the 3™ and 4" compartments in cases 2,
3, and 4, in which the exothermic aerobic bioenergy is the dominating mechanism. The usefulness of the 1-D model
is then limited in such cases, because it poorly predicts the 2-D transport phenomena governing the higher aerobic
exothermicity in the reactor, a situation which is likely to arise in an industrial biodrying reactor.
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FIG. 8 Comparison of 1-D model versus experimental data for sludge drying rate
CONCLUSIONS

A simple 1-D model based on lumped parameters in the gas flow direction and distributed parameters in
the solids flow direction was developed for a continuous biodrying reactor. The model was solved analytically, and
tested against experimental data. The model predicts vertical temperature profiles in the porous matrix which are in
good agreement with cross-section averaged experimental data, indicating that the heat and mass transfer
mechanisms along with the boundary conditions were appropriately incorporated in the energy equation. The 1-D
model is an easy tool for preliminary understanding of the transport phenomena prevailing in the biodrying reactor,
and provides information for an early assessment of the biodrying reactor.

A dimensionless analysis revealed that in addition to Re and Pe, the ratio of the bioheat to the evaporative
heat (E£,;) plays a significant role in the variation of the matrix temperature and the transport phenomena. It was
found that the temperature decreases when £, <1 and increases when £, >1.

The discrepancies between the predicted and experimental results are attributed to the following:

e The biological heat release was assumed to be uniform in a given compartment. In reality, it may vary due
to the effect of temperature in the gas flow direction on microbial activity of mesophilic and thermophilic
bacteria;

e The 1-D model assumes a uniform and flat air flow distribution in each compartment, which makes it
impossible to take into account the effect of possible two-dimensional hot spots that are likely in full-
scales in the matrix of mixed sludge. This may lead to unexpected results such as spontaneous firing or
non-uniform final materials;

e Experimental results confirmed large disagreement between the predicted water removal rate and
experimental data from the zone with higher aerobic exothermicity (the 3™ and 4™ compartments). This is
mainly related to the lack of 1-D model that cannot account for the temperature in the gas flow direction;

Therefore, despite the simplicity of the 1-D model, a 2-D distributed model is required to overcome the
above-mentioned limitations and to improve the prediction capability of the model not only in the solids flow
direction but also in the gas flow direction.
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NOMENCLATURE

Constant coefficient of the microbial growth reaction

A; Dimensionless number for compartment i

Ay Correction factor for compartment i

B; Dimensionless number for compartment i

b Constant coefficient of the microbial growth reaction

c Constant coefficient of the microbial growth reaction

Comp. i Compartment i, i=1,2,3,4

Cpg.i Specific thermal heat capacity of the gas phase in compartment i (J/(kg °C))
Cpro Specific thermal heat capacity of water (J/(kg °C))

CDons.i Specific thermal heat capacity of dried solids in compartment i (J/(kg °C))
d.b. Dry basis

d, Average particle size (mm)

D Height of each compartment (0.4 m)

dmg . Mass flowrate of inlet air through control volume in compartment i (kg/s)
dV=LWdz Control volume (m®)

dz The height of the element concerned (m)

E;; Ratio of evaporative heat to conductive heat

E;; Ratio of bioheat to evaporative heat

k Thermal conductivity of the solid phase (W/(m °C))

L Width of the biodrying reactor (0.4 m)

., Total mass flowrate of the solid phase (kg/s)

mg,i =0,Pq Mass flowrate of gas phase in compartment 7 (kg/s)

Pe; Peclet number in compartment i

Qbio,i

Qbio-standard

Bioheat produced in the matrix of compartment i through metabolic activities (W/m’)

Standard biological heat production in aerobic systems (J/ kg O,)

Qg Gas flowrate in compartment i (m*/s)
Re; Reynolds number in compartment i
RH,,,; Relative humidity of the outlet gas in compartment (%)
RH, Relative humidity of the inlet gas (%)
RR Recycle ratio of discharge biodried sludge (%)
RT Residence time (days)
Thor Temperature of matrix at the bottom of the biodrying reactor (z=1.6m) (°C)
T Inlet gas temperature or initial temperature of mixed sludge (°C)
T; Temperature of the matrix at z in compartment i (°C)

«_ I-T, o :
7; = T’ f Dimensionless temperature in compartment i

bot™ i

s Analytical solution of Eq.(16) in compartment i
M Analytical solution of non-homogeneous part of Eq.(8) in compartment i
T. Reference temperature (=T;,) (°C)
Tousi Temperature of the outlet gas in compartment i(°C)
( Vo2 IV 4ir) in Volume percentage (absolute value) of oxygen at the inlet gas flow
( VOZ/VA,-r),,u, Volume percentage (absolute value) of oxygen at the outlet gas flow
/4 Depth of the biodrying reactor (1 m)
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w.b. Wet basis
Wins.i Mixed sludge dry solids content in compartment i
X Distance of local experimental point from gas inlet port, cm
Xin Absolute moisture content of inlet gas (kg H,O/kg Air)
Kousi Absolute moisture content of outlet gas (kg H,O/kg Air)
%«_ Z Dimensionless height
g% = Z
D
Greek letters
0 Thermal diffusivity of the solid phase in compartment i (J/(s.K))
Bi Constant coefficient of the temperature equation
Vi Constant coefficient of the temperature equation
0; Constant coefficient of the temperature equation
¢l_ Constant coefficient of the temperature equation
o, Constant coefficient of the temperature equation
AH, Exothermic heat of biological reaction (J/kg-biomass)
AH,,, Latent heat of water evaporation (kJ/kg-H,0)
& Porosity of the matrix in compartment i(dimensionless)
u Viscosity of the gas phase (Pa.s)
Pe Density of the gas phase (kg/m®)
Pumsii Density of mixed sludge in compartment i(kg/m°)
Po, Density of oxygen (1.35 kg/m*)**!
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Appendix A: Analytical approach

Eq. (8) is a second-order ordinary differential equation. It is linear since the physical parameters are
assumed to be constant in each compartment of the biodrying reactor. Its analytical solution can be written as:

T.(z)=T"(2)+ T (2) (15)

where 7/(z) is the solution of the corresponding homogeneous equation:

d’T, a dr, g i Cpg i

— i el R i SR 16
2 k(eI & k(-eywp i =0 (16)

and T""(z) is a particular solution of Eq. (8). The general solution of Eq. (8) that satisfies boundary conditions

T (z=0)=T;, and T«(z=0.4)=T.,,(z=0)

is given by:

L) =T () + T (2) = B+ e + 4™ a7
where B;, v;, and ¢; are given in Table 9. Note that the second exponential term in Eq. (17) vanishes due to very
large value of the power term, and therefore, the overall solution becomes:

Ti(z):ﬂi"'%eé‘lz (18)
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Table 9. Overall solution parameters for the four compartments of the biodrying reactor
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Abstract

To increase the effectiveness and combustion efficiency of pulp and paper mixed sludge in biomass boilers, a novel continuous
biodrying process has been developed whose goal is to increase the dry solids content of the sludge to economic levels. The
drying rates in the process are enhanced by the metabolic heat produced by aerobic microorganisms naturally present in the
mixed sludge. The goals of this study were to systematically analyze the continuous biodrying reactor and understand the basic
transport phenomena occurring in it. By performing a series of screening experiments and a variable analysis, it was found that
the outlet relative humidity profile was the key variable in the biodrying reactor. The influence of different outlet relative
humidity profiles was then evaluated using biodrying efficiency index. It was found that the continuous biodrying reactor can
dry the mixed sludge to economic dry solids levels (>45% w/w) in a reasonably short period of time (less than 6 days). Such
economic dry solids level avoids removal of large amounts of bound moisture. The best outlet air relative humidity profile down
the reactor length was determined as a function of the nature of the unbound/bound water being removed at a given height in the
reactor, which in turn resulted in wet/dry bulb drying conditions. It was found that by employing an outlet relative humidity of
85%/85%/96%/96% in the four compartments of the reactor, the mixed sludge could be dried in one case from an initial dry
solids content of 40% w/w to above 52% w/w in 6 days.

Keywords: Biodrying process, pulp and paper mixed sludge, biodrying efficiency, transport phenomena, relative humidity
profile

1. Introduction

An estimated 2.6 million tonnes of mixed sludge is produced from Canada’s pulp and paper mills every year (Elliott and
Mahmood, 2005), and its disposal can represent a significant cost. Until recent years disposal strategies such as landfilling and
landspreading have been widely used, but environmental restrictions have made these practices increasingly difficult. Sludge
composting requires a relatively long residence time (30-50 days), and thus becomes less practical for large quantities of sludge.
These limitations coupled with increasing energy costs have made combustion an attractive sludge management option for many
pulp and paper mills. However, a sludge dry solids content of 45%w/w or more is typically required for efficient combustion in
woodwaste and other boilers (Kudra et al., 2002; Kraft and Orender, 1993).

In the primary wastewater treatment system of a pulp and paper mill, effluent solids are removed by settling/clarification

and flotation (Hynninen and Laine, 1998). The primary sludge mainly contains wood fibers and fillers. Primary treatment is
followed by biological treatment, often an activated sludge treatment (AST) system, in which wastewater organic matter is
broken down by means of aerobic biodegradation. The combined sludge from the primary and secondary treatments comprises
mixed sludge, consisting of a complex mixture of microorganisms, fibrous materials, lignin, mineral components (limestone and
phosphorus), and clay (Chen et al., 2002; Hippinen and Ahtila, 2004).
As described by many researchers (Tsang and Vesilind, 1990; Lee, 1994; Vaxelaire and Cezac, 2004; Navaee-Ardeh et al.,
2006), mixed sludge contains unbound and bound water: unbound water is relatively easy to remove using mechanical
techniques, whereas bound water is the most challenging to remove, typically requiring extended thermal drying techniques.
Due to the distinct characteristics of mixed sludge such as its stickiness and relatively low heating values, the application of
many drying technologies can be technically and economically challenging. A review of emerging drying technologies for pulp
and paper mixed sludge can be found in the literature (Navaee-Ardeh et al., 2006; CANMET Energy Technology Centre, 2005).
These studies reveal that many approaches have significant technical uncertainties and/or questionable economics. In fact,
efficient drying technologies that increase dry solids content of pulp and paper mixed sludge to values above critical levels for
economic combustion are needed to address this important challenge.

Biological drying (Choi et al., 2001; Navaee-Ardeh et al., 2006), or simply “biodrying” has the potential to raise the dry
solids content of mixed sludge to dry solids levels allowing for disposal in boilers with steam and/or power generation. In the

! This paper is accepted at Bioresource Technology
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biodrying process, the drying rate of sludge is augmented by biological heat in addition to forced aeration. This biological heat
provided by the aerobic microorganisms naturally present in biological (secondary) sludge is essential for the biodrying process.
The exothermic aerobic reaction can be represented as follows:

Substrate + a0,=» bCO, +cH,0 + New cell, AH,<0 (1

The biodrying reactor is self-heating, relying on microbial heat production to obtain the required process temperatures.
This is an advantage over conventional drying systems that depend on external heat sources (Mason and Milke, 2005a and
2005Db).

Bacteria responsible for biological activity can be classified into four groups based on temperature preferences (Fig. 1):
psychrophiles (active at 0-20°C), mesophiles (active at 8-48°C), thermophiles (active at 42-68°C) and hyperthermophiles
(medium and extreme) (active at 70-110 °C) (Madigan and Martinko, 2006). However, only mesophilic and thermophilic
bacteria are important in the biodrying process because they are active within the typical temperature range of the reactor.
Indeed, as reported by Frei et al. (2004) and Roy et al. (2006), the typical temperature range in the biodrying process is 15-55°C,
although temperatures of up to 65°C have been observed. These bacteria are sensitive to the temperature of the matrix in which
they grow. As shown in Fig. 1, too high temperatures kill mesophilic bacteria while favoring the growth of thermophiles. There
are also other factors that affect the biological reaction, namely (a) the moisture content of the substrate, (b) oxygen, and (c)
nutrient availability. A portion of the biologically-generated heat in the solid matrix is utilized by the microorganisms to support
their preservation, growth, and multiplication, whereas the rest serves to enhance the evaporation of bound water in the porous
matrix (Prescott et al., 1993; Bailey and Ollis, 1986). The metabolic reaction can theoretically take place at high moisture levels,
but such levels decrease the availability of oxygen needed to sustain aerobic decomposition, due mainly to the slow diffusion of
oxygen into the liquid film surrounding the microorganisms. Nakasaki et al. (1994) reported that the optimum moisture content
for the microbial activity is 45-65% w/w. This has been confirmed elsewhere (Liang et al., 2003).
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Fig. 1. Effect of temperature on the microbial growth rate of different
microbes (adapted from Madigan and Martinko, 2006)

In earlier bench-scale batch biodrying reactors conducted in our laboratories, temperature and pressure were measured
within the porous matrix of the mixed sludge, and the relative humidity and air flowrates were measured in the inlet and outlet
air flows. During earlier testing it was determined that a sludge to woodwaste ratio of 2:1 (dry mass basis) provided good
pneumatic conditions in the porous matrix of the batch biodrying reactor (Frei et al., 2004). The pneumatic performance of the
biodrying reactor is critical for good system control and uniform air distribution throughout the matrix. The internal bioheat
generation raised porous medium temperatures to peak values of approximately 65°C, and carbon losses from biological activity
ranged from under 5% to as high as 18%. The results highlighted a clear correlation between the high matrix temperatures and
the rate of water removal. The study also included a techno-economic analysis that demonstrated the economic viability of
implementing the technology in the Canadian pulp and paper industry (Frei et al., 2006).

In the second study conducted by Roy et al. (2006), a series of batch biodrying reactor experiments were performed
using a modified batch reactor configuration. The influence of several parameters on the drying rate was investigated, which
included air flowrate, initial dry solids content (mixed sludge & bark), C/N ratio and initial matrix temperature. It was found that
lower air flowrates favor bioactivity, but results in less biodrying. At higher air flowrates, bioactivity is limited due to the
cooling effects of moisture evaporation. The bioheat was recognized to be the major source of energy in the batch biodrying
system. The study included a thermodynamic analysis, where it was found that the biological energy produced in the batch
biodrying system varied from 3900 to 6500 W/m’-matrix, similar to values reported by Mote and Griffis (1982) (3400-4800
W/m®) and Harper et al. (1992) (3400-6500 W/m?) for aerobic composting processes.

In the same study, Roy et al. (2006) performed a techno-economic assessment for a full-scale biodrying system
comprising two 625-m’ reactors of 5m in height, 5m in width and 25m in length. The effect of final material dry solids content
was investigated on the capital and operational costs as well as on the system performance. As shown in Fig. 2, an optimum
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return on investment (ROI) was obtained in all scenarios for dry solids levels in the range of 43-45% w/w. This techno-
economic assessment indicates that it is not required to remove the bound water to a large extent.
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Fig. 2. Effect of dry solids content on ROI (Adapted from Roy et al. (2006))

Although these two studies confirmed the potential for economic viability of the batch biodrying technology, several
shortcomings were identified including operational inflexibility, relatively long residence times to reach economic dry solids
levels, non-uniform matrix conditions, larger required footprint than desired, and the possible occurrence of anaerobic
conditions (hot spots) in the reactor. These limitations resulted in variable dry solids content for the final product.

Therefore, a novel pilot-scale continuous biodrying reactor was designed and built in our laboratory to overcome the
limitations of the batch biodrying reactor, and raise the dry solids content of the mixed sludge to the economic level in shorter
residence time.

In a previous study, a 1-D computational model was developed whose goal was to investigate the dominating transport
phenomena in the continuous biodrying reactor (Navaee-Ardeh et al., 2009). This and several other aspects of such a process
have to be studied. Hence, the objectives of this paper are: to demonstrate the performance of a novel continuous biodrying
reactor, to identify the key variable(s) for the continuous biodrying reactor through process system analysis, and to assess the
impact of key variable(s) on the overall performance and the complexity of the continuous biodrying reactor.

2. Methods
2.1. Biomass characteristics

The biomass fed to the biodrying process was pulp and paper mixed sludge in a ratio of 45/55 (% w/w) primary to
secondary sludge, collected from a typical wastewater treatment plant at an Eastern Canadian TMP-newsprint mill. Material
characterization was conducted on a daily basis and included determination of dry solids content, elemental analysis (carbon,
hydrogen, nitrogen, oxygen and sulphur), and microbial counts. More details are given in Navaee-Ardeh et al. (2009).

2.2. Experimental set-up

Two pilot-scale vertical stainless-steel biodrying reactors were designed and built, each of 40-cm length x 100-cm width
x 200-cm height (Fig. 3). One biodrying reactor is fully instrumented and controlled on-line, whereas the second reactor has
limited instrumentation and used primarily to generate data for repeatability purposes. The instrumented biodrying reactor is
shown schematically in Fig. 4. It is divided into four nominal compartments. Temperatures (T) and relative humidity (RH),
pressure (P), and CO, were measured using six RH probes (HMW60U/Y, Vaisala, Helsinki, Finland), 12 pressure probes
(Dwyer Instrument Inc., USA), and 5 CO, sensors connected to an analyzer (MSA Instrument Division, Ultima gas monitor,
USA), respectively. The on-line measurement of carbon dioxide was used to estimate the rate of biodegradation and biological
heat. Temperature and relative humidity served to determine the drying rate (water removal rate). These measured quantities
were also used to assess the complexity of the transport phenomena prevailing in the biodrying reactor. Along with the incoming
gas temperature, relative humidity and air flowrates, they were logged at 8 min intervals using the LabView program (LabView
8.0.1, National Instrument Inc., USA).
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Fig. 3. Pilot-scale bioding reactor
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Fig. 4. Schematic diagram of the pilot-scale continuous biodrying reactor set-up
2.3. Experimental procedure

Mixed sludge was fed and biodried sludge discharged twice a day from the biodryer batch wise at about 10-22 kg solids
(dry basis) per batch. The sludge was extracted by two parallel screws installed at the bottom of the reactor. Fresh sludge
received from the mill was then mixed with the dried sludge prior to being manually charged into the reactor top so that good
pneumatic conditions prevailed throughout the experiments. Airflow was supplied by forced air and inductive blowers, driving
the air in the reactor cross-flow direction in each of the four compartments. The sludge residence time in the biodryer was 4-8
days, the total air flowrate was 28-75 m’/h and the dried sludge recycle ratio was 15-30% w/w. This range of residence times,
which was recommended by Roy et al. (2006), is expected to provide an economically viable biodrying process. The dried
sludge recycle ratio was recommended by Frei et al. (2004). The air flowrates were adjusted to obtain desired outlet relative
humidity profile in the reactor.

2.4. Commissioning and troubleshooting

Two experimental issues were identified and addressed during the commissioning experiments: (1) the occurrence of
cavities in the sludge matrix due to non-uniform residence times across the reactor, and (2) the re-evaporation of condensed
water in the outlet conduits, which made it difficult to control the outlet relative humidity in each compartment.
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2.4.1. Non-uniform residence time across the biodrying reactor

In the early commissioning phase it was found that the occurrence of non-uniform residence times of the sludge across
the reactor depth led to the formation of cavity near the sludge discharge port and variable dry solids contents in the discharged
materials (Fig. 5). The discharge screw geometry was subsequently modified to provide uniform residence times across the
reactor depth. To verify the effect of each modification, twelve balls with similar size and density as those the mixed sludge
particles were uniformly distributed at the top of the reactor, and the normalized residence time of each ball was measured. The
discharge screw was modified until satisfactory results were obtained (see Fig. 5).
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Fig. 5. Residence time distribution of sludge across the biodrying reactor
depth for unmodified and modified sludge discharge screws

2.4.2. Effect of re-evaporation of condensed water on relative humidity

The relative humidity of the exit airflow is critical for the control of the reactor biodrying conditions. Due to heat
exchange between the outlet airflow in the conduits and the surrounding environment, some of the water vapour was observed to
condense, causing high variability in the exit relative humidity profile (Fig. 6a). To prevent such variations, the conduits were
heat-traced and subsequently modified. Fig. 6b shows that the modified conduits resulted in a more stable humidity profile.
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Fig. 6. Outlet relative humidity of (a) unmodified and (b) modified conduits

2.5. Process performance
2.5.1. Base case experimental data

In total, 12 experiments were conducted and 6 cases that represent diverse operating conditions (Table 1) and address the
objectives of this paper are presented here. Cases 1 and 2 are at controlled air flowrates (Q, = 28 m’/h), 15% w/w recycle ratio
(RR), and 4- and 8-day residence times (R7), respectively. Cases 3, 4, 5, and 6 are at controlled outlet relative humidity (RH,,,),
a 6-day residence time, and 30%w/w recycle ratio. The outlet relative humidity profile for cases 3, 4, 5, and 6 are 85/85/85/85%,
96/96/96/96%, 96/96/85/85%, and 85/85/96/96%, respectively. The temperature (7;,) and relative humidity (RH,,) of the inlet air
were 24-26°C, and 10-14%, respectively.



Table 1 Experimental operating conditions

Q. (m'/h)  RHyp\ (%) RH,(%) T, (°C) _ RT(day)  RR(% wiw)

Comp. 1 7.04

Comp. 2 7.11 15
Case 1 Comp. 3 763 10 26 8

Comp. 4 7.65

Comp. 1 7.91

Comp. 2 7.41 15
Case 2 Comp. 3 731 12 26 4

Comp. 4 7.38

Comp. 1 26.4 85

Comp. 2 5.0 85 30
Case 3 Comp. 3 26.0 85 13 2 6

Comp. 4 18.0 85

Comp. 1 16.5 96

Comp. 2 8.0 96 30
Case 4 Comp. 3 14.0 96 14 24 6

Comp. 4 7.7 96

Comp. 1 25.4 96

Comp. 2 4.5 96 30
Case 5 Comp. 3 25.3 85 14 24 6

Comp. 4 6.2 85

Comp. 1 5 85

Comp. 2 11 85
Case 6 Comp. 3 16 96 13 24 6 30

Comp. 4 5 96

2.5.2. Water balance
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Overall water balances were performed, which included fresh, recycled and discharge sludges as well as inlet and outlet

gases:

Water in-Water out +Water generation =0

@

Steady-state conditions were identified when the matrix temperatures and the dry solids contents became constant over

time.

The water content in the gas phase was calculated from the relative humidity, temperature and air flowrate, whereas for
the solid phase it was directly obtained from the total mass of sludge and its dry solids content.

Cellular water produced by the microbial aerobic oxidation of substrate (Eq. 1) was estimated from the elemental
analysis results (Table 2) and the carbon dioxide generated in each compartment.

Table 2 Elemental analysis results for the mixed sludge in the biodrying reactor

From the top to the bottom of the % w/w Yow/w % w/w Yow/w
biodrying reactor Nitrogen Carbon Hydrogen Oxygen C/N
Feed 1.48 45.67 4.72 36.60 30.8
Compartment 1 1.58 44.92 5.08 36.10 28.4
Compartment 2 1.64 44.90 4.95 36.25 27.4
Compartment 3 1.81 44.65 4.79 35.80 24.7
Compartment 4 1.85 44.61 4.79 35.80 24.1

Typical experimental conditions used for the water balance are given in Table 3. This specific case correspondence to a
6-day residence time, 30%w/w recycle ratio, and a total air flowrate of 52m’/h.
Table 3 Typical experimental data used for the water balances

Q. (m/h) — RHpy (%) To(°C)  RH, (%) T, (°C)
Compartment 1 18.2 94 18 20 24
Compartment 2 8.5 78 23.6 20 24
Compartment 3 16.2 100 16.2 20 24
Compartment 4 9.2 80 27.2 20 24
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Note that the relative humidity and the temperature of the inlet gas were the same for all compartments, as all lines were
connected to the same inlet air stream. Fresh, feed and discharge sludge dry solids contents were 37, 40.3, and 51% w/w,
respectively. Fig. 7 shows the results of the water balance, which closes within less than 1%.
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water out by
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Fig. 7. Water balance in the continuous biodrying reactor

Water balance was performed for all experimental runs (cases 1-6), and satisfactory results were achieved for all of them
(error<2%). This confirms the validity of our experimental methodology.

2.5.3. Dry solids content evolution

Fig. 8 shows the evolution of dry solids content in the continuous biodrying reactor for the six cases. The error was
estimated to be £2% from 5 different measurements on a typical sample. These data were obtained in a steady-state regime when
the sludge properties in each compartment did not change over time.

As discussed earlier in section 1, the main goal of the biodrying reactor is to achieve an economic dry solids level. This
concept is very important in the drying process as it avoids excessive bound water removal. As expected, the mixed sludge dry
solids content increases as the sludge moves downward in the biodrying reactor. The largest dry solids content gains occur in the
3 and 4" compartments. This trend is slightly different from what was expected (Navaee-Ardeh et al., 2006). Indeed, it was
first thought that the dry solids content would increase more at the top of the reactor and level off in the 3™ and 4%
compartments. However, as shown in Fig. 8, the dry solids content is nearly flat in the 1% and 2™ compartments in all cases, and
increases significantly in the 3™ and 4™ compartments. This is due mainly to the significant impact of higher bioheat and higher
temperatures in the bottom compartments (Navaee-Ardeh et al., 2009), which increase the water holding capacity of the gas
phase and the water transfer from the solid phase to the gas phase. As can be seen, the economic dry solids level is achieved in
all cases.
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Fig. 8. Dry solids content change in the continuous biodrying reactor.
The dashed line indicates the economic dry solids content.

3. Results and discussion
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In this section, first, a process system analysis is performed to identify key variable(s) in the continuous biodrying
reactor, and then the impact of the key variable(s) is discussed on the overall performance of the biodrying reactor and the
complexity of the transport phenomena in the continuous biodrying reactor.

3.1. Identification of biodrying key variables

The goal of these experiments was to determine the key variables that affect the operation and the performance of the
continuous biodrying reactor. The following variables were investigated: biomass feed, pH of mixed sludge, C/N ratio, residence
time, recycle ratio, and outlet relative humidity profile. These are the most relevant variables that are considered in the aerobic
composting processes. Table 4 summarizes the biodrying variables and the potential impact of each of these variables on the
biodrying operation. Note that the effect of inlet air relative humidity and temperature are not investigated here because of their

small variation during the experiments.

Table 4 Two types of variables in the biodrying reactor for the screening experiments

Biodrying variable Range Potential impact on biodrying process

Type of biomass feed Mill specific Represents nutrient availability for biodrying operation

pH of biomass 6.4-6.8 Very high (>7) or very low (<5) values could be harmful
for the microbial activity and biodrying operation

Nutrient level (C/N ratio) 24-29 Out of range values (<15 or >30) are harmful to
microbial activity (Haug, 1993) and biodrying operation

Residence time (day) 4,6,8 Recommended by Roy et al. (2006). This affects reactor

performance and economic viability of the process
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Recycle ratio (Yow/w) 0,15,30 Recommended by Frei et al. (2004). This helps
microbial acclimation, and increases porosity and
permeability for better air flow in the matrix

Outlet relative humidity (%) 85,96 May have significant impact on the transport phenomena
in the biodrying reactor as it controls the mechanism of
unbound and bound water removal

3.1.1. Biomass feed

The type of biomass feed and its properties could potentially affect the performance of the biodrying process, extent of
microbial reaction, and feasibility of the process. Some of the key biomass properties include initial feed dry solids content,
biomass feed temperature, initial active microbial population of biomass feed, and nutrient level in the biomass feed. Since the
biomass feed was obtained from a given TMP pulp and paper mill, there were not significant changes on these properties from
one experiment to another. For instance, the fresh feed dry solids content, the ash content, and microbial counts remained nearly
constant. Therefore, the feed biomass was a fixed parameter for this study.

3.1.2. pH of biomass

The pH of the substrates in the matrix of mixed sludge must be near neutral (=7) because most of the biological systems
balance their cationic and anionic ions near the neutrality. In the biodrying experiments for this study, the pH of the mixed
sludge was not significantly affected by the process, which could be due to the buffered microbial environment. The mixed
sludge pH varied from 6.8 in the fresh feed to about 6.3 in discharge materials. This range is optimum for microbial activity in
aerobic composting facilities (Fitzpatrick, 1993).

3.1.3. C/N ratio

Roy et al. (2006) reported the C/N ratio as one of the most influential experimental parameters in the batch biodrying
process. Larsen and McCartney (2000) found that bioheat has a negative correlation with C/N ratio. An out of range C/N ratio
(<15 or >30) can therefore jeopardize the success of the biodrying process, so a regular elemental analysis of the mixed sludge
was conducted for each compartment.

Although C/N ratio was observed to decrease in the biodrying reactor (Table 2), it stayed within the range of active
microbial regime (between 15 and 30 (Haug, 1993). The results obtained are similar to values reported in the literature (Larsen
and McCartney, 2000). The C/N ratio of mixed sludge is part of the biodrying feed characteristics. As a critical variable, the C/N
ratio needs to be measured to ensure good operation of the biodrying reactor. In this work, the mixed sludge came from one
single mill and the elemental analyses revealed nearly constant C/N values for all feeds.

3.1.4. Residence time

Residence time affects not only the efficiency of the biodrying process, but also its capital cost. Removing unbound
water (in the 1 and 2™ compartments) requires less residence time, whereas bound water removal (in the 3™ and 4%
compartments) is based on diffusion mechanism and requires longer residence times. One of the goals of the pilot-scale
continuous biodrying reactor was to significantly reduce the residence time required to achieve economic dry solids levels, so as
to reduce capital costs. A broad range of residence times were tested: 4, 6 and 8 days, which on average resulted in 6, 10 and
15%w/w dry solids content increases, starting from an initial dry solids content of 38% w/w. First, an 8-day residence time was
tested that resulted in 54% w/w dry solids content for discharge sludge. This level of dry solids content is significantly above the
economic dry solids content (43-45% w/w in Fig. 2), and therefore is less attractive (Navaee-Ardeh et al., 2008). Then a 4-day
residence time was tested. As shown in Fig. 8b, the economic dry solids level was achieved. However, to ensure that the
biodrying operation always receives a 4-day treatment and the microbial activity acclimates well, the residence time was fixed at
6 days.

3.1.5. Recycle ratio

The recycling of dried sludge into the feed stream may be required for enhanced sludge acclimation, and as well, to
ensure that the necessary pneumatic conditions prevail in the porous medium. The microbial lag phase occurs because microbial
acclimation is needed when there is a change in environmental conditions (Madigan and Martinko, 2006). Therefore, 15% w/w
of the discharge stream (dry mass basis) was recycled and mixed with 85% w/w of fresh sludge (dry mass basis) and then fed
into the bioreactor. This led to an improved matrix temperature in all compartments. Table 5 compares the microbial population
counts for both mesophilic and thermophilic bacteria for three recycle ratios: 0% (100% fresh sludge), 15% w/w (85% w/w fresh
feed), and 30% w/w (70% w/w fresh sludge). It can be observed that the population of mesophilic and thermophilic bacteria are
about 200 times and 20 times greater, respectively, in the case of a 30% w/w recycle ratio.

Table 5 also shows that the microbial population counts are similar for a second feed (30% w/w recycle ratio).
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Table 5 Mesophilic and thermophilic microbial population count in fresh
feed and mixed feed

Recycle ratio (%  Mesophilic (CFU/g)  Thermophilic (CFU/g)

W/W)

0 43x10° 2.1x10°
15 6.05%x10’ 2.03x10°
30 (first feed ) 1.02x10% 4.04x10°
30 (second feed ) 9.03x10’ 4.04x10°

Another improvement due to the recycling of biodried sludge into the feed stream is the increase of the pneumatic
conditions, which results from a reduction of the pressure drop across the reactor width in each compartment. This can be
observed in Fig. 9, which compares the pressure drops across each compartment between the gas inlet and outlet for 0, 15 and
30% w/w recycle ratios. Increasing recycle ratio reduced pressure drop in all compartments. As anticipated, the pressure drops in
the 1% and 2™ compartments are higher than the pressure drops in the 3™ and 4™ compartments mainly attributed to the wetness
of the sludge. A sharp decrease can also be seen in the pressure drop from the 2™ compartment to the 3™ one. This can be
explained by significant increase of the dry solids content across these compartments, as shown in Fig. 8. Indeed, the drier the
sludge, the smaller the pressure drop. A dryer sludge has also a better resistance toward the compaction.

Note that if the pressure drop is too high, it may affect the distribution of air in the matrix, cause the development of
unpleasant hot spots, reduce the performance of the biodrying reactor, and result in non-uniform biodried sludge.

25 —&— 0% recycle ratio

—&— 15% recycle ratio
—a— 30% recycle ratio

(Pa)

0 T T T 1
Comp.1 Comp.2 Comp.3  Comp. 4
Fig. 9. Effect of recycle ratio on pressure drop in the reactor
For a full-scale reactor, hot dewatered immediately acclimated sludge will be conveyed directly to it which may not
require recycling, which reduces the capital costs of the biodryer. However, recycling may be necessary for those mixed sludges
that have higher proportion of tiny secondary (activated) sludge. Based on this assessment, the recycle ratio was fixed at 30%
w/w in this experimental program.

3.1.6. Outlet relative humidity profile

The outlet relative humidity profile along the biodrying height is a priori a critical process variable since the air provides
oxygen for the aerobic biological activity, cools the matrix when air flowrates is high enough, and transports water vapor and
some of the bioheat out of the reactor. Blowing large amount of air in the upper part of the reactor helps reduce the residence
time by accelerating drying, but it cools the matrix of sludge and prolongs the microbial lag phase period. Adequate
combinations of air flowrate and outlet relative humidity profiles may result in optimum conditions for unbound water removal
at the top of the reactor, and bound water removal at the bottom. For good biodrying conditions, each sludge type requires a
specific combination of outlet relative humidity to prevent excessive biodegradation, and to achieve an adequate water removal
rate (drying rate) and an economically feasible residence time. Therefore, various combinations of outlet relative humidity
profiles and air flowrates were investigated in this study. Two outlet relative humidity profiles were investigated following the
relevant literature (Mujumdar, 2007) and the controllability of the pilot-scale biodrying reactor: a higher outlet relative humidity
(96%) and a lower outlet relative humidity profile (85%).

The total air flowrate was varied from 28 to 75 m’/h, depending on the target outlet relative humidity profile:
85/85/85/85% (case 3), 96/96/96/96% (case 4), 96/96/85/85% (case 5) and 85/85/96/96% (case 6). Lower air flowrates were
needed to achieve higher outlet relative humidity (96%), and higher air flowrates were required for lower outlet relative
humidity (85%). The lower outlet relative humidity profile controls the biodrying process at wet-bulb temperature (Mujumdar,
2007), and is therefore efficient in the constant drying rate period which corresponds to the removal of unbound water. The
higher outlet relative humidity controls the biodrying process at dry-bulb temperature, activates the development of microbial
biodegradation (Berg et al., 2002), and is efficient in the falling drying rate period (Nissan et al., 1959), which corresponds to
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the bound water removal. The impact of outlet relative humidity profile (cases 3, 4, 5 and 6) on biodrying performance is next
discussed.

3.2. Effect of outlet relative humidity profile on biodrying performance

Fugere et al. (2007) stated that the biodrying performance is a critical parameter for the techno-economic assessment of a
biodrying process, since the biodryer accounts for about 35% of the total direct capital cost, and the capital cost of the biodryer
is strongly related to its efficiency. Navaee-Ardeh et al. (2009) found that there are two main heat transfer mechanisms that play
significant role in the biodrying reactor: heat loss due to the latent heat of water evaporation, and exothermic bioheat generated
through metabolic activity of aerobic microorganisms. These two components are also critical for the removal of unbound and
bound water. The biodrying efficiency index (1) can be defined, which considers the biological heat available to enhance bound
water diffusion and provide the latent heat of water evaporation:

4
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pg is the density of air (= 1.16 kg/m®) obtained from Perry and Green (1997). Biological heat (Q'bm) can be directly

n

determined from the CO, production rate, or equivalently from the O, consumption rate for aerobic processes, as follows
(Navaee-Ardeh et al., 2009):
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where, Opio-siandara» the amount of biological heat generated per gram of oxygen consumed, is equal to 16 kJ/g-O, for
different microbial species (Bailey and Ollis, 1986), Po, is the density of oxygen (=1.35 kg/m®) obtained from Perry and Green

(1997), and (VOZ/VA,»,.),-H and (V02/VA,»,.)D,,t are the volume percentage (absolute value) of oxygen experimentally obtained at the

inlet and outlet gas flows, respectively.

Xout—Xin represents the net amount of water transferred to the gas phase, that is the difference of absolute humidity
between outlet and inlet (kg H,O/kg air). It is evaluated using the relative humidity and temperature of the inlet and outlet
airstreams, and the following modified equation from Geankoplis (1993) and Haug (1993):
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Note that the numerical values; 8.896 and 2233 are constant coefficients for partial pressure of water vapor in Antoine’s
equation obtained from Haug (1993).

As shown in Fig. 10, blowing more air at the top of the reactor (lower outlet relative humidity (85%)) and slowing it
down at the bottom (higher outlet relative humidity (96%)) seems to result in the best biodrying efficiency index (case 6). In this
case, the amount of evaporative heat is 3 times greater than the biological heat generated. This indicates that the biodrying
reactor has performed well in this case with higher water evaporation and less biodegradation. As a result, the final dry solids
content in case 6 is greater than that of the other cases (see Fig. 8). It is essential to avoids large biodegradation rates in the
biodrying reactor in order to preserve calorific values of mixed sludge and obtain higher energy recovery in a combustion boiler.

5

Case 3 (85/85/85/85%)
4.5 Case 4 (96/96/96/96%)
Case 5 (96/96/85/85%)
4 Case 6 (85/85/96/96%)

354
n 3|
25

2 4

cH om E H

Case3 Case4 Case5 Caseb6

Fig. 10. Biodrying efficiency index evaluated at four
outlet relative humidity profiles
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3.3. Effect of outlet relative humidity profile on the complexity of transport phenomena in the biodrying reactor

Understanding the nature of transport phenomena in the biodrying reactor is essential for design, scale-up and process
control. The temperature of the porous matrix in the biodrying reactor can primarily be used to describe the complexity of the
biodrying reactor. It affects several physical properties, microbial activities (see Fig. 1), as well as drying process. Navaee-
Ardeh et al. (2009) developed a 1-D model to describe the transport phenomena in the biodrying reactor. However, it was found
that the usefulness of the 1-D model was limited to certain conditions that result in less complexity of transport phenomena in
the biodrying reactor, because it poorly predicted the 2-D transport phenomena governing the higher aerobic exothermicity in
the reactor, a situation which is likely to arise in an industrial biodrying reactor.

Therefore, it is important to explore the impact of the key variable on the complexity of transport phenomena in the
biodrying reactor so that an appropriate model (1-D or 2-D) can be developed/applied for each condition.

More precisely, we are interested in assessing the impact of the outlet relative humidity profile on the complexity of
temperature profile in the biodrying reactor. To do so, the following complexity index (CI) is introduced:

4 3
— 2 6
Cl=2 2T, = T) ©
i=l j=l
where, T;; and T;;, are the temperature at local j (j=1,2,3 in Fig. 3) in compartment i (i=1,2,3,4) and the inlet gas
temperature in compartment i, respectively. In fact, it quantifies the importance of the variation of the velocity profile along the
gas flow direction.

Fig. 11 shows values of the complexity index for cases 3, 4, 5, and 6. In cases 3, 5 and 6, where higher air flowrates were
applied (low outlet relative humidity along the reactor height), the temperature variation in the gas flow direction was not
significant, indicating a less complex transport phenomena in the biodrying reactor that can be described with a 1-D model. In
fact, our 1-D modeling results confirmed acceptable accuracy for theses cases (Navaee-Ardeh et al., 2009). In case 4, however,
the complexity index is very large indicating a more complex biodrying reactor that requires a sophisticated model (e.g. a 2-D
model) for the description of the transport phenomena. The large complexity in this case is attributed to a lower air flowrate
(higher outlet relative humidity profiles (96%)) that favors the development of higher temperatures in the biodrying reactor and
results in a higher aerobic exothermicity in the reactor. In fact, it was found that the 1-D model poorly predicted the 2-D
transport phenomena governing in the reactor for case 4 (Navaee-Ardeh et al., 2009).

Interestingly, the complexity index (CI) in cases 5 (blowing low at the top and high at the bottom) and 6 (blowing high at
the top and low at the bottom) are equal, even though the biodrying efficiency index in case 6 is higher than that of case 5. This
indicates that CI alone is not sufficient to fully grasp the complexity of the heat transfer mechanisms prevailing in the reactor. It
appears that combining CI and biodrying efficiency index () would be more appropriate.

2500 - Case 3 (85/85/85/85%)
Case 4 (96/9 96%)
Case 5(96/96/85/85%)
Case 6(85/85/96/96%)

2000

1500

Cl
1000
0+ T T

case5

case 3 case4 case 6

Fig. 11. Complexity index versus outlet relative humidity profiles
It follows from these results that a 2-D model is needed to describe the transport phenomena in the biodrying reactor
more accurately and represent adequately the complexity of the reactor under a wide variety of operating conditions.

4. Conclusions

A novel continuous biodrying process was demonstrated to show significant promise for drying pulp and paper mixed
sludge. Different operating conditions were applied and, in all cases, economic dry solids levels were achieved.

Through a variable analysis, it was found that the outlet relative humidity profile is the key variable for this continuous
biodrying reactor. Four outlet relative humidity profiles were examined by adjusting the air flowrates in each compartment: case
3 (85/85/85/85%), case 4 (96/96/96/96%), case 5 (96/96/85/85%), and case 6 (85/85/96/96%), and it was found that the sixth
case resulted in the best biodrying efficiency index.

The impact of outlet relative humidity profile was investigated on the complexity of transport phenomena in the
biodrying reactor, and it was found that at higher outlet relative humidity profile (case 4) the biodrying reactor is a more
complex problem which requires a 2-D model for the description of the transport processes prevailing in the reactor.
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The continuous biodrying reactor is a novel process that combines forced convection (from aeration) and bioheat (from
exothermic metabolic activity of bacteria naturally present in the sludge) to dry the mixed sludge to economic dry solids level in
short residence times. It has great potential for sludge management in the pulp and paper industry.
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Abstract

A novel continuous biodrying reactor has been developed for drying pulp and paper mixed sludge to raise the dry
solids levels so that the dried sludge can be combusted economically in a biomass boiler for energy recovery. In our
previous modeling study, a 1-D model was developed to better understand the prevailing transport phenomena in
the biodrying reactor, based on lumped parameters in the gas flow direction. The model did not predict the two-
dimensional nature of the transport phenomena in the continuous biodrying reactor, especially under conditions of
high levels of aerobic exothermicity which are likely to arise in this industrial biodrying process. Therefore, the aim
of this work was to develop a 2-D model that follows the same approach as the 1-D model but also takes into
account coupled mass, heat, and biological transport processes for both gas and solid flow directions. This model
was solved numerically using the finite element method. The predicted temperatures reflect the two-dimensionality
of the transport phenomena in the biodrying reactor. Despite some discrepancies between the temperature predicted
by this model and the experimental data, the estimated water removal rates are in good agreement with measured
ones. It was found that only one third of the total water removal takes place in the convection-dominated zone of
the reactor, whereas the rest takes place in its bioheat- and mass-diffusion-dominated zone. It was also found that
conduction heat transfer plays only a minor impact on the matrix temperature, relative to the bioheat source term
and evaporative heat sink term that play important roles.

Keywords: Biomass, pulp and paper mixed sludge, biodrying, porous media, 2-D model, transport phenomena,
water removal rate.

INTRODUCTION

Navaee-Ardeh et al. [1, 2, 3] developed a novel continuous biodrying reactor for pulp and paper mixed
sludge. The biodrying reactor troubleshooting, the reactor performance assessment, and the key variables analysis
have been published earlier.” These studies revealed that the continuous biodrying reactor is a reliable process for
drying pulp and paper mixed sludge to economic dry solids levels, and that the outlet air relative humidity profile
was the key variable in the process. The experimental set-up includes two pilot-scale vertical stainless-steel
reactors, each of which is 200 cm high (effective height is 160 cm), 100 cm deep and 40 cm wide. One of the

" This paper is under review at Drying Technology
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reactors is fully instrumented and controlled online, and the other is used to generate additional data for
repeatability purposes. The instrumented biodrying reactor permits online monitoring of internal temperature and
pressure, changes in CO, levels due to exothermic biological reaction, relative humidity, and temperature of the
inlet and outlet airstreams (Figure 1). The continuous reactor is divided into four compartments and is provided
with feed and discharge ports (Figure 1). The dried sludge is extracted by two parallel screws installed at the
bottom of the reactor and the fresh mixed sludge and recycle sludge (obtained from the discharge of the biodryer)
are mixed in a 40-liter container prior to manual feeding it into the top of the reactor. Air flow is provided by two
blowers, one pushing the air into the porous matrix and one pulling it out. It is uniformly distributed in each
compartment through a series of perforated plates. When the screws turn, the materials flow downward due to
gravity. More details of the experimental set-up can be found in Navaee-Ardeh et al. [2,3].
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Figure 1 Schematic of pilot-scale set-up

Modeling of the biodrying process is helpful for better understanding of the transport phenomena prevailing
in the reactor as well as for scale-up and control. In our previous study,"”! a simple 1-D model was developed to
investigate the dominating transport phenomena in the continuous biodrying reactor. The 1-D model was based on
lumped parameters in the gas flow direction and distributed parameters in the solid flow direction. This means that
an average temperature was solved for in the gas flow direction. Although good agreement was obtained between
the predicted temperature and the experimental data, the water removal rate for the higher aerobic exothermic zones
of the reactor (the 3™ and 4™ compartments) showed significant discrepancies. In fact, the usefulness of the 1-D
model was observed to be limited to cases where the temperature variation in the gas flow direction at a given
height was very small. In other words, the 1-D model is a useful tool for cases in which the so-called complexity
index in the biodrying reactor is low.”! Our experimental observations thus revealed that the transport phenomena
in the continuous biodrying reactor are two-dimensional. The third dimension of the reactor helps increase the
capacity of reactor.

The objective of this work is to introduce a 2-D model of the transport phenomena prevailing in the
continuous biodrying reactor for drying pulp and paper mixed sludge. First, the model is presented. Its accuracy is
next assessed through a comparison with experimental data obtained from the pilot-scale reactor. The 2-D model
results are then used to estimate the water removal rate in the biodrying reactor, and the values obtained are
compared to those predicted by the 1-D model as well as to the experimental data.

METHODOLOGY



195

In this section, first the material characterization is briefly introduced following Navaee-Ardeh et al. [2]. The
2-D modeling procedure is discussed, and the steps that were taken differently from the 1-D model are fully
described. In particular, temperature data in the gas flow direction are used in their original (not averaged) form for
the 2-D model assessment. These data are then used to estimate the water removal rate for the biodrying reactor.

Material characterization

The mixed sludge was a mixture of primary (45% w/w) and secondary (55% w/w) from an Eastern Canadian
TMP pulp mill. The material characterization including mixed sludge analysis and other experimental
measurements are explained in detail in Navaee-Ardeh et al. [2].

Modeling

A 2-D distributed model of global heat transfer is introduced, which follows along the line of Navaee-Ardeh
et al. [2]. Based on concepts of chemical and biochemical reaction engineering in porous media, it includes
biological heat, evaporative heat, and convective and conductive heat transfer due to the solid and gas phases. Two
types of convective heat transfer are represented: convection due to the solid phase, which brings into play sensible
heat, and convection due to the gas phase.

All assumptions made for the 1-D model and described in Navaee-Ardeh et al. [2] are valid except:

e Specific heat capacities of the solid and gas phases are not constant;

e Heat conduction due to gas phase is negligible and only heat conduction in solid phase in both directions is
considered;

e QGas flow distribution is not uniform and follows the ideal gas law (see Table 1).
Each compartment is discretized in the x and z directions as illustrated in Figure 2.

x=0 x=L
t t X

Mixed
sludge

Contrl Gas
- L Control
volume out

(@)



Incoming
mixed sludge

Prr i

—_ e s
— i Conduction heat —
p— -~ iiransfer between gas TProdieTT —
— ad solid phases —
j— /Mlxed sliid| metabc
s gc\/' —
— particle = \\{ fl’iat —
— It bial h) N 3 —
o microbial growt] - /\ J
— \ biological heat /~CO, ~ ~~ = — — o
— roducnon\/ -_—— —
Ambient — Q\s@ \p - ransfer A —
. — n S [ Saturated
ar  —| ~ \ﬂ& ﬂ\oW of heaw ~ i
— ~ — 7 ;ﬁ \\ \\ / —
— r =20 > —
| | 1 ‘ g —
—_ — \ Phase | -
j— N Bﬁcterla identified
p— G‘?{", m\rm\ed | sludee
— .Oe,r o,/] 4 between gas and —
j— NS | solid phases —
= % o Lsoldphases —
—_

I R A B B

Qutgoing mixed sludge
dx

(b)

Figure 2 Schematic of a control volume at (a) macroscopic and (b) microscopic scales
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Based on the assumptions and the control volume, and the heat transfer mechanisms illustrated in Figure 2,

the following energy balance is obtained for the control volume in each compartment:

Conductive heat transfer due to solid phase in ~ Conductive heat transfer due to solid phase in gas

vertical direction flow direction
¢ v
2 L=k,
6 AH, (T)X.(x)dn
(AH,,,( 6)x (x) e ) —————— Evaporative heat sink term
a(Cp d’gx 71 dx <------ Convective heat transfer due to gas phase

- % (dms,iCApmix,i(Y; - Tr))dz + Qbio,iW(l _fi)dXdZ = 0

Sensible heat transfer due ~ Biological heat source term
to solid phase

i=1,2,3,4

(M

The description of these terms can be found in Navaee-Ardeh et al. [2]. Note that the conductive heat

transfer due to the solid phase in both directions is included in the 2-D model.
The following comments are in order:

e The mass flowrate of solid phase obtained from dr_, = de;

e The mass flowrate of gas phase is given by dm,, =u,&p, Wdz;

e The biological heat was determined using the same approach as described in Navaee-Ardeh et al. [2];

e Reference temperature (7,) is chosen to be that at the inlet (77,);

®  Cpu:is modeled as function of the reactor height Cp, . = az* + bz + ¢, where coefficients a, b, and ¢ are set

from experimental data (see Table 3);
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e Due to the difficulty of finding an appropriate global bioheat model for the entire biodrying reactor,
experimental bioheat values were used for the 1** and 2™ compartments (see Table 3), and correlation in
Table 1 was employed for the other compartments.
Based on these assumptions, Eq. (1) leads to the following differential equation:

oT. oT.
S - L8k,

n, . 0Cp, .
total mix,i
waI(l 8) (T ) LW T
6Cp i aAHevai a‘}(l aT;
Ugi ,Pg,((T o =+ Cp,, + X, aT ~+AH,, 5Tij Ox @)
o7,
_ Myotal
Cpmix i LW aZ
Note that this equation can be written as:
V.(=kVT)=Q - pCpuVT 3)

where

_ ks(l_gi) 0
B 0 ks(l_gi)

oCp. . OAH . ox,
T -T, £ S+ X, 2+ AH :
p(jpﬁ gl lpgl(( i m) 67: Cpg,; i a]: + eva,i 5T J O
m
O "total
Cpmzxt LW
GCpmm

0=0,,(1-¢&)- ’““’(T L) —F—

Using the boundary condltlons, 1(0, z)=T;, and T(x,0)=T,,, the set of four partial differential equations given
in Eq. (2) were solved numerically using the convection-conduction heat transfer module in COMSOL Multi-
physics (Version 3.5). Navaee-Ardeh et al. [2] found that in the continuous biodrying reactor the convection heat
transfer is greater than the conduction one. Therefore, a convective flux boundary condition, n.(—kV T)=0, was
prescribed along the other two sides of the computational domain.

Preliminary simulations were done with coarse and fine meshes of P, Lagrange- quadratic triangular
elements, which showed that the use of a 182 finite element mesh was adequate. Consequently, all simulations
discussed in the next section were carried out with this mesh.



Table 1 Parameters in 2-D model
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Parameter Correlation, expression or value Reference
Cpg,i 1005+1880.X; [6]
AH,,.; (J/kg
H,0) 2320226-2427T; [6]
. 0.1252+0.375 Biodrying
experiment
pgi (kg/t) 1.16 [6]
T,+273 Q,.,(m’/h) Biodrying
tg VS) T 273 1625 experiment
84.4(100x) Biodrying
0 16.06 + —————
RH (%) 124+ 100x) experiment
: 3 T,+273 . &,z Biodrying
Opio.s (WM (Tm +27 3)516 experiment
_ 2233
RH, xlo(&g% T +273
Xitkg H:0kg g grp| 100 7]
760 - i x10 L+273
100
D(m) 0.4 Pilot-scale set-up
ks (W/kg) 0.15 [6]
L(m) 0.4 Pilot-scale set-up
W (m) 1 Pilot-scale set-up
RESULTS

In this section, the accuracy of the 2-D model is assessed by means of data obtained from three experiments
that are fully described in a related paper [ and that are briefly recalled here. Total water removal rates are then
estimated using results of the 2-D model, and are compared to experimental values as well as to those predicted by
our 1-D model in Navaee-Ardeh et al. [2].

Assessment of 2-D Model Accuracy

Table 2 shows the overall experimental program considered in Navaee-Ardeh et al. [2]. Three experimental
runs that represent the diversity of the operating conditions are chosen from this experimental program for the 2-D
model assessment. The recycle ratios were chosen following Frei et al. [4] for acceptable pneumatic conditions in
the porous matrix of mixed sludge, and the residence times were determined from the work of Roy et al. [5] for an
economically feasible batch biodrying process. Feed and discharge were carried out twice a day with a mass
flowrate of 10-22 kg (d.b). A more comprehensive description of the overall experimental program can be found in
Navaee-Ardeh et al. [2,3].



Table 2 Overall experimental program from Navaee-Ardeh et al. [2]

Run Case Residence Recycle ratio Total air flowrate Outlet relative
time (days) (%) (m*/h) humidity (%)
1 4 15 34
2 1 4 15 28
3 4 30 28
4 4 30 34
5 8 15 34
6 3 8 15 28
7 8 30 28
8 8 30 34
9 6 30 75 85,85,85,85
10 2 6 30 46 96,96,96,96
11 6 30 55 85,85,96,96
12 6 30 64 96,96,85,85
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Fixed and case-dependent parameters required by the model can be found in Table 1, respectively. Note that,
in the all cases the results reported correspond to steady-state conditions.

Table 3 Experimental parameters required for the 2-D model

Case 1 Case 2 Case 3
— N e < — g\ e < — g\ e <
Q. o Q. o o o o o Q. o Q. o
£ £ £ = £ £ £ £ £ £ £ £
o o o o o o o o o o o o
@) O O @] @] @] @] @] @) @] @) @)
0, (m/h) 791 741 731 738 165 8.0 14.0 77 704 7.1 7.63 7.65
Q'bio,i(W/m3) 511 402 1200 2800 494 511 1770 2000 0O 50 2000 3500
E 053 045 1.17 196 020 065 1.13 15 000 007 115 132
RT (days) 4 6 8
RR (%) 15 30 15
T;, (°C) 26 24 26
RH,, (%) 12 14 10
a 156.8 78.1 51.6
b 102.5 274.7 408
c 3054 2891 2759
5;(m™) 1.38 1.56 1.68
5(W/m®) 322.5 210 336.7

Table 4 shows the experimental temperature data required for the 2-D model assessment for three cases.
Note that, the experimental observations with a perforated (for gas phase) and a stainless steel (for solid phase)
thermocouples revealed very small differences (<4%) between the gas and the solid phase temperatures. Therefore,
the experimental data in Table 4 are counted for both solid and gas phases (thermal equilibrium).
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Table 4 Experimental temperature in the continuous biodrying reactor for cases 1, 2, and 3
T;, (°C) x=7.5cm x=17.5cm x=27.5 cm T, (°C)

Comp. 1 27 12 20 27 29
Case 1 Comp. 2 27 14 16 23 30
Comp. 3 27 18 26 30 31
Comp. 4 27 29 44 54 34
Comp. 1 25 15 16 17 24
Case 2 Comp. 2 25 17 18 23 25
Comp. 3 25 19 28 38 28
Comp. 4 25 30 38 47 43
Comp. 1 26 18 20 23 23
Case 3 Comp. 2 26 13 14 20 24
Comp. 3 26 22 30 42 36
Comp. 4 26 43 50 56 40

Temperature Profile in the Gas Flow Direction

The accuracy of the 2-D model is first assessed by comparing the numerical results to the experimental data
in the gas flow direction. Although different operating conditions is expected to result in different temperature
profiles in all four compartments, Figure 3 shows that the overall trend is fairly similar for all cases. The
experimental error was estimated at £3% using 5 temperature measurements taken at a typical location in the
reactor. Overall, the predicted temperatures are in good agreement with the experimental data. The largest
discrepancies were observed in the 4™ compartment (about 30%). This is believed to be due to the complexity of
the microbial growth behavior of the mesophilic and thermophilic microorganisms, which are not only space- and
temperature-dependent but are also influenced by the moisture and nutrient availability in the matrix. In fact, the
bioheat model (Table 1) does not take into account the effect of C/N ratio and moisture content. It was reported
elsewhere that these two parameters also have a strong impact on the microbial growth in the aerobic composting
processes.l”! Several global bioheat models were developed and tested in this study, but were not accurate enough to
estimate the bioheat in different compartments.

Note that a thorough investigation of the velocity profile would require adding momentum equation to the
current set of equations, which would result in a more complex system to be solved. Therefore, only a flat velocity
profile based on ideal gas law was used in all simulations.

The numerical results in the gas flow direction are presented in Figure 3. Due to a rapid exchange between
the gas and the solid phases, a sharp decrease can be noticed in every compartment when it enters the reactor (x<7.5
cm). In fact, this type of porous medium is known to be a very efficient heat exchanger.™” However, one may
observe that the temperature tends to increase in the second section (x>7.5 cm) of each compartment. The extent of
this temperature rise depends on the quantity of bioheat generated in each compartment. More precisely, in the 3™
and 4™ compartments, after a slight decrease (up to x=7.5 cm), the temperature increases all the way to the gas
outlet in the reactor. This is mainly due to the availability of higher biological heat and exothermic activity of
thermophilic bacteria (see Table 3). In the 1% and 2" compartments, because of an evaporative heat dominating
mechanism, the matrix temperature does not recover as much and stays below the inlet gas temperature.
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Figure 3 Predicted temperatures vs. experimental data in the gas flow direction

Temperature Profile in the Solid Flow Direction

Figure 4 compares the numerical results obtained with the 2-D model to the experimental data. Only case 3
is considered here because similar behavior was observed in the other two cases. As can be seen in Figure 4, there
is a good agreement between the experimental data and these numerical results. The upper bound discrepancy
observed in the first section (x<7.5 cm) of the 4™ compartment is 30%. However, this discrepancy decreases when
approaching to the gas outlet. Possible explanations are due to the gas flow pattern at the entrance of each
compartment or the dependency of the biological heat on the mixed sludge moisture content and nutrition level
(C/N). The higher temperature in the 4™ compartment favors the exponential growth rate of thermophilic bacteria,
resulting in higher bioheat release into the matrix of mixed sludge and more bound water diffusion toward the
surface of the particles.

In all cases, two zones can be recognized for the temperature profile in the biodrying reactor: a convection-
dominated zone that is comprised of the 1 and 2™ compartments, and a diffusion- and bioheat-dominated zone that
is comprised of the 3™ and 4™ compartments. Consistent with the results of the 1-D model in the first zone, a large
drop in the matrix temperature can be observed. This can be explained by the values of the bioheat to evaporative
heat ratio (£;) (see Table 3) that are smaller in the first zone, which means that the biological heat is not large
enough to raise the temperature of the matrix. The dependence of this ratio on the temperature profile was observed
in one of the related papers.”* It was then established that the temperature decreases when E,<I and increases when
E>1.

In the second zone (the 3™ and 4™ compartments) the higher bioheat results in a significant temperature rise
in the matrix of mixed sludge. Navaee-Ardeh et al. [2] stated that the moisture content in these compartments leads
to enhanced microbial activity. The diffusion of bound water out of the sludge particles is favored by higher
temperature, which also speeds up drying. In the biodrying reactor, water removal mainly takes place in the second
zone, because of the higher matrix temperature in this zone. This can be inferred from Figure 5 where it shows that
more than 70% of the total water removal takes place in the second zone. Note that, as a rule of thumb, an increase
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of 11°C in temperature causes a 50% drop in the air relative humidity,” which improves mass transfer from the

solid phase to the gas phase.
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Figure 4 Predicted temperatures vs. experimental data in solid flow direction

The discrepancies between the experimental data and the model predicted values in the gas and solid flow
directions are not only due to the experimental error. Other possible causes are: (1) the presence of anaerobic zones
due to uneven distribution of gas velocity profile which were not investigated, (2) the complex mechanisms of
water diffusion out of the particles in the mixed sludge which was not taken into account, (3) the numerical error
inherent to the estimation of bioheat, and (4) the possibility of local thermal non-equilibrium which was not
considered.

Water Removal Rate

The final level of dry solids content in the mixed sludge depends on transfer mechanisms that were discussed
in the previous section. The amount of water removed from the sludge depends on the temperature in the reactor in
the gas flow direction. The water removal rate (WRR (kg/day)) can be determined using the following relationship:
WRRi = 24(Xaut,i - Xin )Qg,ipg =1,2,3,4 “)

In order to determine the absolute moisture content of the gas into (X;,) and out of (X,,,) the reactor, two
components must be proven: temperature and relative humidity. The temperature is predicted by the 2-D model,
and the relative humidity is determined from experimental data by means of the correlation given in Table 1.

Figure 5 shows that the water removal rates predicted for all three cases are in good agreement with the
experimental data, which confirms the usefulness of the 2-D model developed in this work. It also highlights the
limitations of the 1-D model,"”) more specifically in the 3" and 4™ compartments in the gas flow direction where
more important temperature variations were observed (Figure 3). As stated earlier, more than 70% of the total water
removal takes place in the bioheat- and mass-diffusion-dominated zone (the 3™ and 4t compartments). This implies
that a better water diffusion and removal rate may be achieved using a smaller particle size.
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Figure 5 Water removal rate (WRR): numerical results vs. experimental data

Figure 6 shows the water removal rate down the reactor height for case 3. Two steep rises in the water
removal rate were observed at the end of the 2™ and 4" compartments. This trend supports the vertical variation of
dry solids content in the biodrying reactor.’”) Microbial count measurements showed that these sharp rises are
related to the maximum microbial activity of the mesophilic bacteria at the end of the 2™ compartment and the
thermophilic bacteria at the end of the 4™ compartment, respectively.

These results show the implication of the 2-D model for design of a continuous biodrying reactor.
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Figure 6 Vertical profile of water removal rate in the continuous biodrying reactor (case 3)
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Finally, Table 5 summarizes the advantages and limitations of the 1-D and 2-D models.

Table 5 Comparison between the 1-D and 2-D models
Advantage Limitations or drawbacks

- Unable to predict temperature variation
in the gas flow direction

- Uses constant physical parameters

- Cannot handle complex microbial
growth mechanisms

- Uses constant values of bioheat in each
compartment

- Inaccurate in the bottom compartments

- Poorly predicts the water removal rate

- Cannot vary the gas velocity profile

- Analytical solution

- Easy to perform sensitivity analysis
Good agreement with the averaged
temperature

1-D model

- Predicts the temperature in both solid
and gas flow directions

- Can vary the gas velocity profile

- Can handle variable physical parameters

- Good agreement with actual

2-D model experimental data both for the solid and

gas flow directions

- Can handle complex microbial growth
mechanisms

- Accurately predicts the water removal
rate

- No analytical solution
- Bioheat model does not take into account
the moisture content and C/N ratio

CONCLUSIONS

A 2-D distributed model was developed and solved numerically using the finite element method. It
simulates transport phenomena including particularly heat transfer in a continuous biodrying reactor for the
treatment of pulp and paper sludge. The model can predict the temperature profile in the porous matrix of this
reactor in both gas and solid flow directions. The 2-D results were shown to be in satisfactory agreement with the
experimental data.

The 2-D model was used for the estimation of water removal rates in the biodrying reactor. It was found that
the values estimated with this model were in good agreement with the measured values.

The transport phenomena prevailing in each of the four compartments of the reactor were investigated.
Consistent with the results of the 1-D model, it was found that the continuous biodrying process is governed by a
convection-dominated heat transfer at the top of the reactor where more unbound water exists, whereas the water
diffusion and the bioheat play a dominant role at its bottom.

The gas flow temperature plays critical role in the estimation of the water removal rate. Unlike the 1-D
model, by accounting for this gas flow temperature in the 2-D model, it was shown that more than 70% of the total
water removal takes place in the water diffusion-dominated zone where the biological heat dominates the
evaporative heat. This indicates that, since the diffusion is the main driving force in the biodrying process, further
reduction in residence time in the diffusion zone of the biodrying may not be an appropriate strategy.

The 2-D model can be a useful tool for scale-up and design of the continuous biodrying reactor by
simplifying it into a modified 1-D model based on the dominating transport phenomena at the top and at its bottom.
This will be further considered in a forthcoming part of this modeling study, which will show a systematic strategy
for a reactor design tool development. By performing dimensionless analysis on the 2-D model, we believe it is
possible to develop scale-up criteria and interpret the dominant transport phenomena at the top and the bottom of
the biodrying reactor relevant to the unbound and bound water removal.
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NOMENCLATURE
a Constant coefficient
b Constant coefficient
c Constant coefficient
Comp i Compartment 7, i=1,2,3,4
Cp Arbitrary specific heat capacity (J/kg °C)
Cpg.i Specific heat capacity of gas phase in compartment i (J/kg °C)
CDumixi Specific heat capacity of solid phase in compartment i (J/kg °C)
D Height of each compartment (m)
dm i Mass flowrate of gas phase (kg/s)
dm_, Mass flowrate of solid phase (kg/s)
E; Ratio of bioheat to evaporative heat'”!
k Thermal conductivity of matrix (W/(m°C))
ks Thermal conductivity of solid phase (W/(m°C))
L Width of the biodrying reactor (m)
M, Total mass flowrate of solid phase (kg/s)
wa,i Bioheat generated through metabolic activity in compartment i (W/m?), i=1,2,3 4
Obio-standard Standard biological heat production in aerobic systems (J/ kg O,)
Qg Gas flowrate in compartment i (m3/h), i=1,2,3,4
RH; Relative humidity of gas phase in compartment 7 (%)
RH,; Relative humidity of gas phase at the inlet (x=0) (%)
RR Recycling ratio of biodried mixed sludge (%)
RT Residence time (days)
T; Temperature of the matrix (°C)
Temperature of gas phase at the inlet (x=0) (°C) and initial temperature of feed
7‘}” b 0
mixed sludge (z=0) (°C)
T. Reference temperature =T}, (°C)
u Velocity vector (m/s)
Ug; Gas phase velocity (m/s)
w Depth of the biodrying reactor (m)
WRR,; Water removal rate in compartment i(kg/day), i=1,2,3.,4
X The axial distance from gas inlet in each compartment (m)
X; Absolute moisture content of gas phase in compartment i (kg H,O/kg Air)
X; Absolute moisture content of gas phase at the inlet (x=0) (kg H,O/kg Air)
Y Absolute moisture content of gas phase at the outlet of compartment i (x=0.4 m)
outt (kg HO/kg Air)
z; Vertical distance from the reactor top (m)
Greek letters
o Constant coefficient (W/m®)
0> Constant coefficient (m™)

AH,, i Latent heat of water evaporation in compartment i (J/kg-H,0)
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\V4 Gradient operator (m™)

& Porosity of the matrix in compartment i (-)

p Arbitrary density (kg/m”)

Pg Density of the gas phase(kg/m®)!"”!
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APPENDIX B: Complementary Papers

B1. Heat and Mass Transfer Modeling of a Novel Biodrying Process: Lumped
System Approach and Preliminary Results

Heat and Mass Transfer Modeling of a Novel Biodrying Process: Lumped System Approach and
Preliminary Results '

} Shahram Navaee-Ardeh, Frangois Bertrand, Paul R. Stuart
Ecole Polytechnique de Montréal, Chemical Engineering Department,
Montréal, Québec, CANADA, H3C 3A7

Abstract

Environmental restrictions have led landfilling of the pulp and paper mixed sludges almost impossible. The
combustion of the mixed sludges in the boiler is currently a feasible alternative. However, the dryness of mixed
sludges must be above critical levels (>42% w/w) in order to achieve stable boiler's operation and ensure the
recovery of the sludge's calorific value. A novel batch biodrying process has been developed at Ecole
Polytechnique Montreal whose goal was to valorize the mixed sludges by taking the advantage of biological heat
naturally produced in the porous matrix as a result of exothermic metabolic activity of microorganisms. The
preliminary results have shown the techno-economic viability of this process and led to the development of a
continuous system with expected enhanced properties. The continuous biodrying reactor can be divided into four
compartments each of which is governed by specific transport phenomena. Mixed sludges from the pulp and paper
industry are full of moisture with highly porous and anisotropic macro and micro structures. Mathematical
modeling of such porous matrix is a valuable tool for the design of the reactor as well as for the determination of a
stable operating window that leads to an efficient techno-economic process. The objective of this paper is to present
a comprehensive lumped model that describes heat and mass transfer in each of the four compartments. The
underlying differential equations, which are solved in a coupled manner, allow for the effect of biological heat in
the reactor. The dimensionless form of these equations reveals the significance of the Peclet number for heat
transfer as well as that of a dispersion number for mass transfer. Numerical profiles of the temperature and moisture
content in the porous matrix are also presented.

' This paper was presented at CSChE conference in 2006, Sherbrooke, Canada



209
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Abstract

A novel biodrying process is under development whereby aerobic activity enhances drying rates in a porous
mixture of mixed sludge from a pulp and paper mill, rendering it suitable for combustion. A 1-D distributed
mathematical model of transport phenomena inside the biodrying reactor was investigated. The temperature profile
obtained from the model is in good agreement with the experimental data. This model shows that the transport
phenomena in the biodrying reactor can be investigated numerically, which can lead in the long term to the
development of efficient system design, process optimization and control strategies.

Introduction

Environmental restrictions have made landfilling of pulp and paper mixed sludge expensive which, when coupled
with increasing energy costs, has made combustion an increasingly attractive sludge management option for many
pulp and paper mills. However, for an efficient combustion of the sludge in woodwaste and other boilers, a sludge
dryness of 40% w/w or more is required [1]. A novel continuous biodrying reactor is being developed at Ecole
Polytechnique which dries mixed sludge based on the principle of different transport phenomena dominating at
various levels of a vertical reactor. The sludge drying process relies to a great extent on the microbial heat produced
by exothermic biodegradation reactions and forced aeration [2]. To date there is little information available for the
modeling of biodrying reactors. By modeling the transport phenomena inside the biodrying reactor, it will be easier
to better understand the process, which can lead eventually to more efficient reactor design, optimization and
control.

Modeling

The continuous reactor is vertical and wet fresh mixed sludge enters from top and exits from the bottom. Mixed
sludge moves down by gravity in a continuous manner and water removal from the porous matrix is enhanced by
forced aeration cross each compartment. The reactor is nominally divided into 4 compartments which are
geometrically equal (Figure 1). The heat and mass transfer equations have been solved for each compartment and
the interconnection between adjacent compartments was used as a boundary condition. Biologically available heat,
which is provided by microorganisms naturally available in the porous matrix, and water evaporation appear as
source terms in the heat equations. Two terms, corresponding to convection and conduction heat transfer, are
present in these equations in addition to the sensible heat entering and exiting each compartment. Uniform
distribution of air was assumed in each compartment thus ignoring horizontal temperature variations within each
compartment. The dry solids and water in mixed sludge were taken into account through sensible heat source terms.

Results and comparison

Figure 2 shows an example of the temperature variation from the top to the bottom of the biodrying reactor. The
modeling results are in good agreement with the experimental data. Due to high moisture content of the fresh mixed
sludge at the top of the reactor and high aeration conditions, the evaporative heat term dominates, resulting in a
rapid decrease of temperature in the first compartment. However, as the sludge moves down the reactor, the

? This paper was presented at Pan-Pacific Conference in Vancouver in 2008
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biological heat source term has a significant effect, resulting in the temperature rise in the reactor below 0.4 m. The
air leaves the reactor at close to 100% relative humidity carrying higher moisture content and increasing the
efficiency of the biodryer. Various operating conditions were investigated and, in most cases, the model was able to
predict the behavior of this complex process with reasonable accuracy.

Process
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Figure 2. Experimental and predicted temperature profiles

Conclusions

A 1-D model was developed to investigate the transport phenomena occurring inside a continuous biodrying reactor
developed at Ecole Polytechnique de Montreal. The modeled values were in good agreement with experimental
data for most conditions, showing that this 1-D model is a useful tool that can lead eventually to the development of
efficient reactor design, process optimization and control.
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B3: Novel continuous biodrying reactor: principles, screening experiments and
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Abstract

A novel continuous biodrying reactor is being developed at Ecole Polytechnique, whose goal is to valorize pulp and
paper mixed sludge for economic and efficient combustion in the boiler for steam generation. Drying rates are
enhanced by biological heat produced by exothermic microbial reactions under forced aeration through the porous
matrix of mixed sludge. Specific transport phenomena dominate in different zones of the reactor, and the variables
having the greatest impact on drying rates are relative humidity of exit airflow and incoming sludge characteristics.
In this paper, the principles of the continuous biodrying reactor will be presented, followed by a discussion on
results obtained from screening experiments. Preliminary experiments have shown that mixed sludge entering at
38% w/w dryness can achieve 47% w/w dryness in approximately 4 days. This results in an economically-viable
capital cost and significant reductions in fossil fuel otherwise needed to stabilize boiler operation.

3 This paper was presented at CSChE conference in Ottawa in 2008
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Abstract

A novel biodrying process has been developed whereby thermophilic and mesophilic aerobic activity enhances the
drying rate of pulp and paper mixed sludge, to a solids level suitable for combustion. A 1-D distributed
mathematical model of transport phenomena is used to investigate the temperature of the porous matrix and identify
the parameters that are critical for the process. It is shown that temperature profiles obtained from this model are in
good agreement with experimental data. A biodrying efficiency was defined which represents the ratio of
biodegradation and evaporation rates. The predicted temperatures yielded biodrying efficiencies ranging from 65%
to 90% depending on the operating conditions and the target sludge dryness.

Keywords: Biodrying, 1-D modeling, transport phenomena, pulp and paper mixed sludge
1. Introduction

On a yearly basis, the production of the pulp and paper mixed sludge in Canada is estimated to be about 2.6 million
tons (Elliott and Mahmood (2005)). The mixed sludge consists of a complex mixture of microorganisms, fibrous
materials, lignin, mineral components (limestone and phosphorus), clay, inert solids rejected during the recovery
and water treatment process (Chen et al. (2002), Hippinen and Ahtila (2004)).
Historically, landfilling and landspreading have been commonly used for the management of pulp and paper mixed
sludge. Sludge composting requires a relatively long residence time (30-50 days), and thus is is hardly feasible,
given the large quantities of sludge produced in pulp and paper mills. Furthermore, environmental restrictions
increasingly render landfilling and landspreading of the sludge difficult, which when coupled with increasing
energy costs, has made combustion an increasingly attractive sludge management option for many pulp and paper
mills. However, for an efficient combustion of the sludge in woodwaste and other boilers, a sludge dryness of 40%
w/w or more is typically required (Kudra et al. (2002), Kraft and Orender (1993)). A novel continuous biodrying
reactor has been developed by our research group which relies on the energy generated by the metabolic activity of
aerobic mesophilic and thermophilic microorganisms naturally present in biological (secondary) sludge (Navaee-
Ardeh et al. (2006)). There is little information available for the modeling of this type of process, which would
provide insight into the transport phenomena governing sludge drying. The objectives of this paper are then to:

e Develop a 1-D distributed model of the transport phenomena inside the biodrying reactor

o Identify key parameters that are critical for the operation of the biodrying reactor

e Introduce a new definition of biodrying efficiency and use numerical results to estimate its value

2. Modeling

* This paper was presented at 4™ Inter-American Drying Conference in 8" World Chemical Engineering Conference
2009



213

The continuous pilot-scale reactor is vertical (dimensions 40cmx100cm*200cm), and wet fresh sludge mixed with
30% (mass basis) of dried sludge is fed from the top and removed from the bottom of the biodrying reactor (Figure

la and 1b).
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Figure 1 Pilot scale biodrying reactor

Mixed sludge flows downward in a continuous manner in the reactor. Water removal from the porous matrix is
enhanced by forced aeration across the reactor and through the sludge matrix, which can be divided into 4
compartments of equal size and shape (0.4mx1mx0.4m)(Figure 1la and b). Heat and mass transfer has been
resolved separately for each compartment, and the interconnection between adjacent compartments taken into
account through boundary conditions. Thermal convection and conduction are considered in the energy balance.
Bioheat and water evaporation appear in the model as source and sink terms, respectively. Uniform distribution of
air is also assumed and horizontal temperature variations in each of compartment are neglected. The dry solids and
water in mixed sludge are taken into account through sensible heat source terms. This leads to the following 1-D
energy balance:

Sensible heat term by
solid and water

mwmv,icpnﬂ,i + (1_ Wmv,i)cpHZO)(Tz,i _Tr) . _mmtal ,i(wrm,i(pms,i + (1_ wmv,i)(szOme‘&

ar, ; ar, ; . .
_ka(l_gx)LW T’ _(_ks(l_gt)LW dZ’ )Jz)—‘r@mg,i)cpg(To_Tr)_(dmg,i)q]g(Tz,i_T&

z

Conduction term by Convection term by gas

solid and water phase
+ Qbia A,i(l - gi)dV - AHevaAaw,i(XoutIet i Xinkt )dmg,i = 0 l = 1923354
\ )\ _
Biological heat source o (1)
term Evaporation cooling term

where m,, , . is the rate of wet material entering at the top of the reactor (kg/s), cpy; and cp,,, are the heat capacity

of gas and mixed sludge (J/kg °C), respectively, k; is the thermal conductivity of solid (W/m.°C), dV is the volume
of the compartment (m®), 7., is the temperature at a given height z, 7, is the reference temperature equal to 7, (°C)
(inlet air and sludge temperature), w,,; is the mass solids fraction of mixed sludge, &; is the porosity of the medium,
a,,; is the water activity, X; is the absolute humidity of gas phase, L and W are length and width of each
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compartment (0.4 and 1 m), respectively and Qyio; (W/m®) and AH,,, (J/kg H,O) are the bioheat and evaporation
heat, respectively.

The bioheat is directly determined from the O, consumption rate as follows:

VOZ[M _Vozow Qg

Ovio = Ohio-standar poz( V., ) @

where Qbio-standard is the constant 16 kJ/g-O2, obtained from Bailey and Ollis (1986), ¢ is time period (h), Q, is

3 . . 5 Vo, Vo,
the gas flowrate (m’/h), p,, is the oxygen density (1.35 kg/m’), ——=

Air

is the oxygen consumption rate (v/v),

and L,W, and D are length, depth and height of each compartment.

The evaporation heat of water, AH.,,, has a negative correlation with the temperature. In order to incorporate this
into Eq. (1), a constant value of AH,,,=2270000 J/kg H,O was used along with the correction factor, a,,, so that the
last term in Eq. (1) remains constant for each compartment but varies from one compartment to another
compartment.

Note that Eq. (1) leads to a convection-diffusion ordinary differential equation for each compartment that, along
with boundary conditions T, ;(0)=T,, T,2(0)=T,,(0.4), T,3(0)=T,2(0.4), T,4(0)=T,5(0.4) can be solved analytically.

3. Results and model verification

An example of the results obtained by solving the heat transfer equations is given in Figure 2. There is reasonable
agreement between the model results and the experimental data. More precisely, there is a significant drop in
temperature in the 1* compartment. The model predicts that this drop continues in the second compartment whereas
the temperature values measured in the reactor remain higher. This discrepancy may be due to either the
simplifying assumptions inherent in the 1-D model or the use of an average temperature in the gas flow direction.
The bioheat dominates the evaporation heat in the 3™ compartment, which results in a positive value of the net heat
in the matrix and a rise of the temperature through to the bottom of the reactor (4™ compartment). Therefore, the
reactor is characterized by the existence of two zones with phenomenologically different behaviors: a first zone,
comprised of the 1* and 2™ compartments, within which cooling occurs owing to the water evaporation (free and
interstitial moisture) and a second zone, comprised of the 3™ and 4™ compartments, where the bioheat is mainly
used to remove the bound water.
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Figure 2: Temperature profile of porous matrix
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Sensitivity analyses were used to identify that the oxygen consumption, the air flowrate and the water removal rate
are key parameters for this biodrying process. Moreover, the biodrying efficiency, 1, is defined as:

Total Carbon Loss
n=1- Total Water Loss 3)
where the total water loss (TWL) is the evaporation rate and the total carbon loss (TCL) is used to evaluate the
biodegradation rate.

Both TCL and TWL are highly dependent on the matrix temperature. For instance, the higher the temperature, the
higher the carbon loss and the higher the water holding capacity of the carrying air. It was found that the biodrying
efficiency can vary from 65% to 90% depending on the operating conditions and the final sludge dryness.

4. Conclusion

A 1-D model was developed to investigate the transport phenomena occurring inside a continuous biodrying reactor
and was tested against experimental data. The model was observed to reasonably predict the experimental data,
although discrepancies were noticed in the 2™ compartment. This may be due to the simplifying assumptions such
as uniform distribution of the air flow, constant physical parameters and uniform distribution of the bioheat
associated with the 1-D model. This has provided the impetus for the development of a 2-D model, currently
underway. These models are unique and useful tools for the development and control of a novel biodrying process
governed by complex transport phenomena which rarely been systematically studied before.

Acknowledgments

This work was supported financially by FQRNT and NSERC. The assistance of Carl Tchoryk, Kheng Huynh, Omar
Ben Ndiaye and Antonin Paquet for the experimental work is gratefully acknowledged. The first author also
acknowledges fruitful discussions with Prof. Jamal Chaouki and Prof. Mario Jolicoeur from the Department of
Chemical Engineering at Ecole Polytechnique Montreal, and Prof. Tom Richard from the Department of
Agricultural and Biological Engineering at Pennsylvania State University.

References

Chen, G., Yue, P.L., and Mujumdar, A.S., (2002). Sludge dewatering and drying. Drying Technology 20(4-5), 883-

916.

Elliott, A. and Mahmood, T., (2005). Survey benchmarks generation: management of solid residues. Pulp and Paper
79 (12), 49-55.

Hippinen, 1. and Ahtila, P., (2004). Drying of activated sludge under partial vacuum conditions-An experimental

study. Drying Technology 22 (9), 2119-2134.

Kraft, D.L. and Orender, H.C., (1993). Considerations for using sludge as a fuel. Tappi J. 76 (3), 175-183.

Kudra, T., Gawrzynski, Z., Glaser, R., Stanislawski, J., and Poirier, M., (2002). Drying of pulp and paper sludge in

a pulsed fluid bed dryer. Drying Technology 20 (4-5), 917-933.

Navaee-Ardeh, S., Bertrand, F., Stuart, P.R., (2006). Emerging Biodrying Technology for the Drying of Pulp and

Paper Mixed Sludges, Drying Technology 24(7), 863-878.





