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Titre : Torréfaction et broyage de biomasse lignocellulosique pour sa valorisation thermochimique : 
influence des conditions de prétraitement sur les propriétés d'écoulement des poudres 

Mots clés : Biomasse lignocellulosique, BtL, torréfaction, DEM, test de cisaillement, coulabilité de 
poudres, distribution de taille et forme de particules 

Résumé : Une technologie prometteuse pour répondre à 

la demande croissante en énergie renouvelable est la 
gazéification de biomasse lignocellulosique pour la production 
de biocarburants de deuxième génération. Ce procédé 
nécessite une alimentation en biomasse sous forme de poudre. 
Les problèmes de convoyage et de manipulation liés à la faible 
coulabilité de la biomasse broyée sont un verrou pour 
l’industrialisation des procédés BtL. La torréfaction comme 
procédé de prétraitement, en plus d'augmenter la densité 
énergétique de la biomasse, peut influencer également les 
propriétés des particules obtenues après broyage, et en 
conséquence, l’écoulement des poudres. L'évaluation de 
l'écoulement des poudres de biomasse sous différentes 
conditions de consolidation est essentielle pour concevoir des 
technologies de manipulation et de convoyage efficaces.  
L'objectif de ce travail est d'évaluer l'effet des conditions de 
torréfaction et de broyage sur l’écoulement de poudres de 
biomasse. Une première partie consiste en une étude 
expérimentale dans laquelle la coulabilité d'échantillons 
torréfiés sous différentes intensités a été évaluée à l'aide d'un 
appareil de cisaillement annulaire. La coulabilité est corrélée à 
l'intensité de la torréfaction (mesurée par la perte de masse 
globale) pour deux essences différentes. La forme des 
particules semble être le paramètre qui influence de manière 
prédominante la coulabilité des poudres à l'état consolidé. 

La caractérisation de la coulabilité à l’état non consolidé a été 
effectuée à l'aide d'un tambour rotatif par l’analyse des 
avalanches des poudres. Des corrélations entre les 
caractéristiques des particules et la coulabilité sont ainsi 
établies. La modélisation de l'écoulement de la biomasse à 
l'aide de la Méthode des Éléments Discrets (DEM) constitue 
une deuxième partie de ces travaux de recherche. La taille 
submillimétrique des particules de biomasse, ainsi que leur 
faible densité, leur forme allongée et leur comportement 
cohésif sont des défis pour l’implémentation d’un modèle de 
réaliste d’écoulement particulaire en DEM. Un modèle DEM 
des particules de biomasse est mis en œuvre à l'aide d'une 
représentation simplifiée (assemblement de sphères) à gros 
grains de la forme des particules, ainsi que d'un modèle de 
force cohésif. Une procédure systématique de calibration des 
paramètres DEM permet d'obtenir un ensemble de 
paramètres ajustés. L'évolution expérimentale des contraintes 
de cisaillement d’une poudre dans un état consolidé peut alors 
être reproduite de façon réaliste. De même, le comportement 
d’avalanche des poudres dans un tambour tournant est 
également bien reproduit par les simulations, de façon 
qualitative et quantitative. Ces résultats mettent en évidence le 
potentiel des simulations DEM pour étudier l'effet des 
caractéristiques des particules, qui sont influencées par la 
torréfaction et les conditions de broyage, sur le comportement 
d'écoulement de la biomasse en poudre. 

 

 

Title: Torrefaction and grinding of lignocellulosic biomass for its thermochemical valorization: influence of 
pretreatment conditions on powder flow properties 
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Abstract: Gasification of lignocellulosic biomass for 
production of second-generation biofuels is a promising 
technology to meet renewable energy needs. However, 
feeding and handling problems related to the poor flowability 
of milled biomass considerably hinder the industrial 
implementation of Biomass-to-Liquid processes. 
Torrefaction as pretreatment step, in addition to improving 
energy density of biomass, also affects the properties of the 
milled particles (namely size and shape) that significantly 
influence flow behavior. The evaluation of biomass flow 
characteristics under different flow conditions is essential to 
design efficient and trouble-free handling solutions. 
The aim of this work is to assess the effect of the torrefaction 
and grinding conditions on the biomass flow behavior. A first 
part consists of an experimental study in which the flow 
properties of samples torrefied under different intensities 
were obtained using a ring shear tester. Flowability is 
correlated to the intensity of torrefaction, as measured by the 
global mass loss, for two different wood species. Particle 
shape seems to be the predominant parameter influencing 
flowability of powders in a consolidated state. 

Characterization of non-consolidated flowability through 
avalanching analysis using an in-house rotating drum was also 
conducted. Correlations between particle characteristics and 
flow behavior are thus established. 
The modeling of biomass flow using the Discrete Element 
Method (DEM) constitutes a second major part of this 
research. Challenging aspects of biomass particle modeling 
are their submillimetric size, low density, elongated shape and 
cohesive behavior. A material DEM model is implemented 
using a simplified (multisphere) upscaled representation of 
particle shape, along with a cohesive contact model. A 
systematic calibration procedure results in an optimal set of  
DEM parameters. The experimental shear stress evolution 
and yield locus can then be realistically reproduced. The 
avalanching behavior of the powders is also well captured by 
simulations, both qualitatively and quantitatively. These 
results highlight the potential of DEM simulations to 
investigate the effect of particle characteristics, which are 
driven by torrefaction and grinding conditions, on the flow 
behavior of powdered biomass. 
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General preamble 
 

The work presented in this thesis manuscript was carried out at the LGPM laboratory (Laboratoire de 

Génie des Procédés et Matériaux), of CentraleSupélec (Université Paris-Saclay). 

This manuscript is written in an article-based form. Five publications therefore constitute the 

chapters III, IV (two publications corresponding to sections 2 and 3), and V (two publications 

corresponding to sections 2 and 4), with unpublished complementary information included in the 

chapters. The content of publications has not been modified from the published versions, but the layout 

has been homogenized according to the general format of the manuscript. Due to the writing format 

chosen for this manuscript, some of the background information, mainly in the Introduction and 

Materials and Methods sections of the various articles, had to be reiterated and may seem redundant to 

the reader. We would like to emphasize that this apparent redundancy obeys a need for self-sufficiency 

of the articles in their published or submitted form.  

The references to the publications are as follows: 

• Effect of torrefaction intensity on the flow properties of lignocellulosic biomass powders 

John Pachón-Morales, Julien Colin, Floran Pierre, François Puel, Patrick Perré 

Biomass and Bioenergy 

Volume 120, January 2019, Pages 301-312 

DOI: https://doi.org/10.1016/j.biombioe.2018.11.017 

 

• Investigation on criteria for assessment of flowability of cohesive and non-cohesive 

powders using a rotating drum 

John Pachón-Morales, Julien Colin, Joel Casalinho, François Puel, Patrick Perré 

To be submitted to Advanced powder technology 

 

• Flowability characterization of torrefied biomass powders: static and dynamic testing 
John Pachón-Morales, Julien Colin, Joel Casalinho, Patrick Perré, François Puel 

Submitted to Biomass and bioenergy on January 2019 

 

• DEM modeling for flow of cohesive lignocellulosic biomass powders: Model calibration 

using bulk tests 

John Pachón-Morales, Huy Do, Julien Colin, François Puel, Patrick Perré, Dingena Schott 

Advanced Powder Technology 

Volume 30, Issue 4, April 2019, Pages 732-750 

DOI: https://doi.org/10.1016/j.apt.2019.01.003 

 

• Potential of DEM for investigation of flow of cohesive and elongated biomass particles 

in a rotating drum 

John Pachón-Morales, Patrick Perré, Joel Casalinho, Huy Do, Dingena Schott, François 

Puel, Julien Colin 

Submitted to Advanced powder technology on April 2019 

https://doi.org/10.1016/j.biombioe.2018.11.017
https://doi.org/10.1016/j.apt.2019.01.003
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Résumé en Français 
 

Introduction 

Bien que les opinions sur la disponibilité des stocks de ressources fossiles puissent varier de 50 à 500 

ans, il est largement admis que les réserve sont limitées et qu'il est essentiel de rechercher de nouvelles 

sources d'énergie renouvelables. Cette limitation, combinée aux effets observés sur le changement 

climatique, a stimulé l'intérêt pour la biomasse en tant que source d'énergie renouvelable neutre en CO2. 

L'utilisation de carburants issus de la biomasse (biocarburants) est l'une des réponses technologiques 

prometteuses pour réduire les émissions de CO2 et de gaz à effet de serre dans le secteur du transport. 

Après une première génération de biocarburants qui utilise la partie comestible des plantes, une 

deuxième génération – qui utilise la totalité de la matière lignocellulosique – reste à développer à échelle 

industrielle. Bien qu'il existe plusieurs voies de transformation pour la valorisation de la biomasse, la 

conversion thermochimique par gazéification à flux entraîné est l'une des voies privilégiées pour la 

production de biocarburants de deuxième génération. L'utilisation d'une matière première de biomasse 

sous forme de poudre augmente sa réactivité pendant la gazéification et facilite son transport et son 

injection. Il est donc nécessaire de broyer en amont la biomasse solide pour obtenir une poudre. 

Cependant, en raison de la résilience mécanique de la lignocellulose notamment liée à sa nature fibreuse, 

cette étape est très consommatrice en énergie. Par ailleurs, les problèmes liés à la manipulation de 

biomasse sous forme broyée sont fréquents et entravent considérablement l'industrialisation des 

procédés 2G. La conception de technologies efficaces de stockage, de manipulation et d'alimentation 

nécessite une connaissance des propriétés d'écoulement du matériau sous différents états de 

conditionnement. 

La torréfaction, en plus d'améliorer des caractéristiques de la biomasse telles que le contenu 

énergétique et de diminuer son hygroscopicité, est une étape de prétraitement qui peut améliorer la 

broyabilité de la biomasse et réduire la consommation énergétique de cette étape. Actuellement, les 

connaissances des propriétés d’écoulement des poudres de biomasse restent très limitées et très peu 

d'informations sont disponibles sur les effets de la torréfaction sur les caractéristiques des particules et 

leur l’aptitude à écoulement. Cependant, cette connaissance est essentiel pour la conception 

d'équipements et de procédés industriels de conversion de  biomasse et pour la prévention des problèmes 

lors du transport ou du stockage. 

L'objectif de ce projet doctoral est d'observer, quantifier et comprendre l'effet des étapes de 

prétraitement (torréfaction et broyage) sur les caractéristiques physiques des poudres de biomasse 

obtenues. Dans ce but, une combinaison d'approches expérimentales et numériques est utilisée pour 

étudier le comportement du matériau, ainsi que pour développer des outils qui peuvent être utilisés pour 

la conception et l'optimisation des systèmes de manipulation et convoyage industrielles de la biomasse. 

Questions de recherche 

En résumé, l'objectif de ce travail peut être synthétisé comme une tentative de répondre aux suivantes 

questions de recherche: 
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- Comment la torréfaction et les conditions de broyage affectent-elles les propriétés particulaires de 

la biomasse ? 

- Quel est l'effet de ces caractéristiques de particules sur le comportement d'écoulement dans 

différentes conditions ? 

- Les simulations par la méthod des éléments discrets peuvent-elles, dans un but prédictif, reproduire 

le comportement d'écoulement de matériaux de biomasse bruts et torréfiés? 

Méthodologie 

Dans un premier temps, d'un point de vue expérimental, la compréhension du comportement 

macroscopique de la poudre nécessite l'évaluation des effets de torréfaction à l'échelle particulaire, 

notamment en termes de taille et de forme des particules. Comme les matériaux granulaires peuvent se 

comporter très différemment en fonction de leur conditionnement et de leur état de consolidation, leur 

caractérisation dans des conditions différentes est également nécessaire. Deuxièmement, d'un point de 

vue numérique, la modélisation des écoulements à l'aide de la méthode des éléments discrets (DEM) 

peut fournir un aperçu des effets des caractéristiques à l'échelle des particules (imposées par les 

conditions de prétraitement) sur le comportement macroscopique. De plus, l'évaluation de la nature 

prédictive des simulations, qui est toujours souhaitée et recherchée, peut renforcer leur valeur en tant 

que moyen d’optimiser le procédé de valorisation de biomasse. 

Ce manuscrit est écrit sous forme d'articles. Cinq publications constituent donc les chapitres III, IV 

(deux publications correspondant aux sections 2 et 3) et V (deux publications correspondant aux sections 

2 et 4), avec des informations complémentaires non publiées incluses dans ces chapitres. Le contenu des 

publications n'a pas été modifié par rapport aux versions publiées, mais la mise en page a été 

homogénéisée selon le format général du manuscrit. En raison du format d'écriture choisi pour ce travail, 

certaines des informations de base, principalement dans les sections Introduction et Matériel et 

Méthodes des divers articles, ont dû être réitérées et peuvent sembler redondantes pour le lecteur. Nous 

tenons à souligner que cette redondance apparente obéit à un besoin d'autosuffisance des articles sous 

leur forme publiée ou soumise. 

Révision bibliographique : bilan de l’état des connaissances 

La majorité de la littérature s’est jusqu’à présent concentrée sur les modifications subies par la 

biomasse pendant la torréfaction d’un point de vue chimique et mécanique. Peu d'études ont abordé la 

question des effets du traitement thermique sur la coulabilité de la biomasse broyée. Aucune étude 

quantitative n’a été réalisée par rapport à l'effet couplé de la torréfaction et du broyage sur les 

caractéristiques des particules et les propriétés d'écoulement qui en découlent. Quelques recherches 

existent cependant, traitant de la coulabilité de poudres de biomasse native, notamment via des essais de 

cisaillement. Il y a donc un besoin explicite de plus de travaux qui permettent la compréhension du 

comportement de la biomasse traitée thermiquement. 

À un niveau plus fondamental, il est nécessaire de poursuivre les recherches sur l'adéquation des 

différents descripteurs de taille et de forme des particules de biomasse, qui permettent d'établir des 

corrélations avec les propriétés d'écoulement. Ceci est particulièrement critique pour les poudres de 

biomasse où l'on peut obtenir des populations très polydispersées de particules allongées après broyage. 
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La simulation de ce type de particules nécessite également la définition de modèles de matériaux 

simplifiés qui doivent être basés sur des descripteurs de taille et de forme représentatifs. 

Le potentiel des tests en tambour rotatif pour l'évaluation de l’écoulement non consolidé et 

dynamique n'a pas encore été évalué pour la biomasse. Ceci est principalement dû à l'absence d'un cadre 

robuste et fiable pour la caractérisation des matériaux cohésifs utilisant les résultats des tests d'avalanches 

dans des tambours rotatifs. Des corrélations ont été proposées entre les descripteurs d'écoulement 

obtenus à partir d'expériences dans des tambours rotatifs et le comportement dans des systèmes 

industriels de manipulation de poudres, mais des travaux supplémentaires sont encore nécessaires sur ce 

sujet. La possibilité d'extraire des paramètres utiles à la conception d’équipements, comme c'est le cas 

pour les tests de cisaillement, mérite également une recherche approfondie. 

Peu d'attention a été accordée à la combinaison d'approches expérimentales et numériques pour 

étudier l'écoulement de poudres de biomasse. Jusqu'à présent, la plupart des recherches utilisant la 

Méthode des Eléments Discrets se concentrent sur l'étude des interactions particule-équipement pour 

des briquettes de bois, des granulés ou des copeaux de bois. Le développement de modèles DEM adaptés 

à la biomasse dont les caractéristiques des particules ne correspondent pas aux systèmes typiquement 

modélisés (sphériques, avec des tailles supérieures au centimètre et non cohésifs). L'établissement de tels 

modèles, qui doivent demeurer efficaces sur le plan des simulations, peut faire intervenir de nouvelles 

méthodes de représentation de la forme des particules, des approches d’upscaling ainsi que de nouveaux 

modèles de forces de contact. Enfin, d’avantage de recherches sont nécessaires sur des tests appropriés 

aux matériaux cohésifs permettant la calibration des paramètres DEM. 

Principaux résultats et conclusions 

Nous avons d'abord exploré les effets de la torréfaction sur les propriétés d'écoulement des poudres 

de biomasse en état consolidé à l'aide d'une cellule de cisaillement annulaire de Schulze. Des échantillons 

de deux essences de bois, peuplier (feuillu) et épicéa (résineux), ont ainsi été torréfiés et broyés. 

L’écoulement étant fortement influencé par les propriétés des particules, nous avons mesuré l'impact du 

traitement thermique sur les distributions de taille et de forme des particules. La perte de résilience de la 

structure du bois brut par torréfaction a été vérifiée par le déplacement progressif des distributions de 

taille et de forme vers des distributions plus larges de particules plus fines et plus rondes lorsque les 

échantillons étaient torréfiés de manière plus intense. 

En même temps, nous avons observé une amélioration significative de la coulabilité avec l'intensité 

de torréfaction : la biomasse broyée passe d'un caractère cohésif pour les échantillons non-traités à un 

comportement presque fluide pour les poudres les plus fortement torréfiées. Selon les tendances 

générales des matériaux granulaires reportées dans la littérature, les échantillons intensément torréfiés, 

qui étaient composés d'une forte proportion de particules fines, devraient s’écouler difficilement en 

raison de l'augmentation des forces de cohésion interparticulaires par rapport au poids des particules. 

Nos résultats suggèrent que la diminution du chevauchement des particules (grâce notamment à des 

formes plus arrondies) a un effet dominant, ce qui se traduit par un meilleur écoulement. C'est donc 

l'évolution de la forme des particules plutôt que de leur taille qui est un paramètre décisif pour augmenter 

la coulabilité. L'amélioration de la coulabilité et les changements de taille et de forme des particules 

s'expliquent donc par le même effet : la perte de résilience de la structure fibreuse du bois natif par 

traitement thermique. 
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La perte de masse est un indicateur synthétique de l'intensité du traitement thermique en torréfaction, 

puisqu'elle inclut la température et le temps de séjour dans le réacteur. Cet indicateur a été corrélé avec 

succès dans des recherches antérieures aux propriétés physico-chimiques de la biomasse torréfiée. Nos 

résultats ont mis en évidence la possibilité de relier cette perte de masse à un facteur de coulabilité par 

une relation linéaire commune pour les deux espèces étudiées ici. Nous proposons donc de considérer 

la perte de masse comme un indicateur de la coulabilité à l’état consolidé. Ainsi, un indicateur unique, lié 

aux conditions de torréfaction, pourrait être utilisé pour la conception des étapes de prétraitement de la 

filière BtL. 

Les propriétés d'écoulement déterminées pour la biomasse broyée native et torréfiée représentent 

des données précieux qui peuvent être utilisées directement, grâce à la procédure de Jenike, pour la 

conception d'installations de stockage industriel telles que des trémies et des silos. Puisque la torréfaction 

suivie du broyage génère des poudres de biomasse composées de particules rondes et uniformes, avec 

l'avantage supplémentaire de réduire la consommation d'énergie pour le broyage, nos résultats indiquent 

que la torréfaction devrait être considérée comme un processus de prétraitement permettant d’améliorer 

l’écoulement de la biomasse en état consolidé. Des travaux supplémentaires sont toutefois nécessaires 

pour déterminer si le coût énergétique de la torréfaction compense la réduction du coût énergétique du 

broyage, en intégrant les bénéfices sur les opérations de manipulation des poudres. 

Dans une deuxième étape de notre travail expérimental, nous nous sommes focalisés sur le l’étude 

de l’écoulement des poudres de biomasse lorsqu'elles sont en surface libre, c'est-à-dire sans consolidation 

au-delà de la charge exercée par le propre poids du matériau. C'est le conditionnement du matériau que 

l'on trouve habituellement dans les systèmes de convoyage tels que les vis d'alimentation ou les pipelines. 

Le tambour rotatif  est l'un des dispositifs expérimentaux le plus pertinents pour étudier l'écoulement 

des matériaux granulaires dans ces conditions. Nous avons donc conçu et construit un dispositif 

expérimental couplé à une procédure efficace de traitement d'image qui nous a permis d'évaluer, par 

analyse d'avalanches, le comportement dynamique des poudres de biomasse avec une intervention 

minimale de l'opérateur. En raison de l'absence dans la littérature de descripteurs de coulabilité standards 

pour des matériaux cohésifs obtenus avec des expériences en tambours rotatifs, nous avons d'abord 

étudié la pertinence d'un indicateur de mouvement de la poudre, « l’angle centroïde », qui est basé sur les 

changements du centre de gravité de la poudre pendant la rotation. Cet angle s'est avéré efficace pour 

capturer la dynamique de la poudre et nous a permis d'évaluer plusieurs descripteurs de coulabilité tels 

que l'angle supérieur de stabilité, la fraction de révolution nécessaire pour déclencher les événements et 

la taille des avalanches. 

Outre les descripteurs de coulabilité mentionnés ci-dessus, l'irrégularité du profil de surface libre 

dans le tambour rotatif, caractérisé par le coefficient de détermination r2, nous a permis de distinguer le 

caractère non-cohésif d’un lot de billes du caractère cohésif des échantillons de biomasse. L'évaluation 

de la coulabilité à une vitesse de rotation relativement faible a donné lieu à des distributions de 

descripteurs dont on a pu tirer des conclusions fiables sur l'écoulement non confiné. Les descripteurs de 

coulabilité proposés sont complémentaires les uns des autres et doivent être considérés simultanément 

pour obtenir une conclusion plus précise sur les propriétés d'écoulement des matériaux testés. 

Le cadre général établi pour l’étude de la coulabilité à l'aide d'un tambour rotatif nous a permis 

d'étudier l'écoulement de poudres de peuplier natif et torréfié et de comparer les résultats ainsi obtenus 

à ceux issus des mesures en état consolidé en cellule de cisaillement annulaire. L'étude de deux coupes 

de tamisage (« fin » et « grossier ») d'échantillons de biomasse native et torréfiée a montré que les poudres 

fines étaient toujours plus cohésives que les coupes de tamisage grossier. Nous avons établi deux grandes 

catégories de comportement des poudres de biomasse dans un conditionnement non consolidé. Les 
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poudres les plus cohésives avaient une plus grande tendance à former des amas de particules qui 

s'écoulaient mal, tandis que des phénomènes de glissement par cisaillement étaient caractéristiques d'un 

bon comportement d'écoulement. Nos résultats suggèrent que, par exemple, dans un système à vis 

d'alimentation, les poudres finement tamisées légèrement torréfiées seraient plus susceptibles d'avoir un 

débit intermittent et de présenter des problèmes de blocage, que les poudres natives grossières. Plusieurs 

corrélations empiriques ont permis d’éclairer ces tendances à partir des caractéristiques des particules. 

Les descripteurs de coulabilité obtenus à partir d'essais de cisaillement et d'expériences de tambour rotatif 

ont donc été reliés à la taille, à la forme et à la l’étendue des distributions. Les relations quantitatives 

établies indiquent que la coulabilité, telle que mesurée par le test de cisaillement annulaire, est directement 

liée à la taille moyenne des particules (Feret minimum) et au ratio d’aspect, et inversement 

proportionnelle à l’étendue de la distribution de taille. Dans un conditionnement non-consolidé à surface 

libre, les particules fines, rugueuses et allongées, ainsi que les poudres avec une distribution étroite, 

seraient plus cohésives. Contrairement à l'état consolidé, l'augmentation de la polydispersité des poudres 

semble donc améliorer l’écoulement en absence de consolidation. 

Dans une deuxième phase de ce travail, afin de bénéficier de la puissance de la Méthode des Eléments 

Discrets pour la simulation de matériaux granulaires, nous avons développé un modèle de particules de 

biomasse à l'aide de LIGGGHTS®, un logiciel open source de simulation DEM. Afin de reproduire de 

manière réaliste le comportement des matériaux issus de la biomasse, des représentations simplifiées des 

particules ont été utilisées, ce qui a nécessité l'ajustement (« calibration ») des paramètres DEM. Aucune 

procédure de calibration de paramètres n’a pas encore été documentée dans la littérature pour les 

matériaux avec les caractéristiques de la biomasse, c’est-à-dire, avec des particules submillimétriques, 

allongées et cohésives. Par conséquent, comme première étape du travail de modélisation, nous avons 

développé et appliqué une procédure de calibration automatique pour obtenir des ensembles optimaux 

de paramètres d'interaction (coefficients de friction de glissement, coefficient de friction de roulement 

et densité énergétique de cohésion) qui reproduisent par simulation des réponses expérimentales telles 

que l'angle de repos d'un tas, la densité apparente et un taux de rétention. Une approche de représentation 

de la forme des particules par ensembles de sphères, ainsi qu’une mise en échelle de la taille des grains 

nous a permis de saisir, de manière simplifiée mais efficace sur le plan du temps de calcul, la nature 

allongée des particules de biomasse. L'utilisation d'une représentation upscaled (mise à l'échelle des 

particules d'un facteur 4) a en effet été nécessaire pour limiter le nombre de particules simulées et ainsi 

réduire le temps de calcul. La simulation d'une séquence de pré-cisaillement et de cisaillement dans une 

cellule annulaire appliquées à une coupe tamis grossière de biomasse native a fourni des contraintes 

tangetielles similaires à celles des expériences, montrant que les paramètres calibrés pouvaient en principe 

également être utilisés en conditions consolidées. 

Nous avons évalué le potentiel de la méthode DEM pour la simulation de l'écoulement de poudres 

de biomasse par l’étude du système à tambour rotatif utilisé pour la détermination de la coulabilité en 

état non-consolidé. Ce faisant, nous avons pu, en même temps, tester les paramètres calibrés 

précédemment en utilisant des mesures expérimentales pour deux coupes de tamisage d'échantillons 

natifs, légèrement torréfiés et intensément torréfiés. Les simulations DEM du comportement en 

avalanches ont abouti à des résultats similaires aux résultats expérimentaux vis-à-vis de plusieurs 

indicateurs de coulabilité (angle supérieur de stabilité, fraction d'événements déclenchant les avalanches 

et taille d’avalanches), montrant que la Méthode des Eléments Discrets pouvait être utilisée comme un 

outil fiable pour analyser et prédire l’écoulement non consolidé des poudres de biomasse. 

Globalement, la torréfaction semble améliorer les propriétés d’écoulement de biomasse en état 

consolidé. La biomasse torréfiée est donc moins susceptible de provoquer des problèmes de blocage 
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dans les unités de stockage. En revanche, puisque seuls des échantillons tamisés ont été testés dans des 

conditions non consolidées, il n'est pas facile de tirer des conclusions sur l'effet net de la torréfaction sur 

l’écoulement non consolidé à partir des résultats présentés dans ces travaux. Pour les échantillons 

tamisés, cependant, l'effet bénéfique de la torréfaction est mitigé et moins clair que dans des conditions 

consolidées. Bien que la torréfaction semble être un traitement efficace pour améliorer les 

caractéristiques de forme des particules et donc l'écoulement, nous sommes conscients que, dans un 

processus de gazéification, d'autres contraintes que l'optimisation de l'écoulement des poudres 

(notamment, la consommation énergétique globale du procédé et la densité énergétique du produit 

torrefié) peuvent influencer le choix général des conditions de torréfaction. Cependant, ces travaux ont 

mis en évidence que le choix des paramètres de prétraitement était crucial pour définir les propriétés 

physiques de la poudre et que ces effets devaient être pris en compte dans la conception générale et 

l'optimisation des procédés de prétraitement BtL. 

Perspectives 

Diverses perspectives pour des travaux futurs se dégagent de ces travaux. D’abord, d’un point de 

vue expérimental, l'évaluation des interactions de surface (forces électrostatiques, rugosité) et de leurs 

effets sur l’écoulement des poudres biomasse est un sujet majeur qui devrait être considéré dans la 

continuation de ce travail. L’évaluation de la pertinence des descripteurs moyens de taille et forme des 

particules pour caractériser l’écoulement doit également être approfondie. Par ailleurs, une progression 

naturelle de ces travaux devrait inclure des tests sur des échantillons non-tamisés en tambour rotatif. 

Concernant les simulations DEM, l'utilisation d'approches autres que les ensembles de sphères pour 

la représentation de la forme allongée des particules est encouragée pour les travaux futurs. Par exemple, 

la dernière version de LIGGGHTS® (3.8.0) inclut la possibilité d’avoir des particules de forme 

« superquadrique ». L'utilisation des formes superquadriques pourrait mieux imiter la forme plate des 

particules de biomasse que les modèles à ensemble de sphères. Des modèles à fibres flexibles, qui 

commencent à être implémentés dans les codes de simulation DEM, sont également de grand intérêt 

pour la simulation des particules de biomasse qui peuvent se plier et inversement sous consolidation. 

D'autres travaux sont également nécessaires pour établir des tests de calibration, en plus de l'angle de 

repos utilisé dans ce travail, qui pourraient distinguer différents dégrés de cohésion de poudre de 

biomasse. 

Enfin, d’un point de vue plus global, à l’échelle du procédé, un dernier axe de travaux futurs concerne 

l'intégration des méthodologies et des résultats présentés dans ce travail à la conception et à l'évaluation 

des technologies de prétraitement de la biomasse dans la filière BtL. Nous avons montré comment les 

résultats de ces travaux peuvent être utilisés soit pour la conception d'équipements (par exemple silos et 

vis d’alimentation), soit pour ajuster le couple intensité de torréfaction/intensité de broyage, en termes 

de bilan énergétique et pour satisfaire les besoins de gazéification. D’autres travaux sont cependant 

nécessaires, notamment, pour confirmer la pertinence de la perte de masse comme indicateur de 

coulabilité, ainsi que pour valider l’extrapolation des conclusions des tests en tambour rotatifs à l’étude 

des performances ou au design d’unités de convoyage. Une évaluation, à l'échelle du procédé, des 

économies d'énergie générées par l'amélioration de l’écoulement de la biomasse par torréfaction serait 

importante pour confirmer l’intérêt global de la torréfaction comme étape de prétraitement.
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Abbreviations 
 

  
1G First generation (biofuels) 
2G Second generation (biofuels) 
2D Two-dimensional 
3D Three-dimensional 

AoR Angle-of-repose 
ASTM American Section of the International Association for Testing Materials, 

BC Biomass coarse sieving cut 
BF Biomass fine sieving cut 
BtL Biomass-to-Liquid 

CAD Computer Aid Design 
CAS Critical Applied Stress 
Cat Catalyst 

CEA French Alternative Energies and Atomic Energy Commission 
CFD Computational Fluid Dynamics 
CGB Confédération Générale des Planteurs de Betteraves 

CI Compressibility (Carr’s) Index 
CML Compound Middle Lamella 
DEM Discrete Element Method 
ECN Energy Research Center (the Netherlands) 
EPSD Elastoplastic Spring-Dashpot Model 

EU European Union 
FEM Finite Element Method 
FFC Flow function coefficient 
FTS Fischer-Tropsch synthesis 
GB Glass beads 

GHG Greenhouse gas 
IFPEN Institut Français du Pétrole – Énergies Nouvelles 
INRA Institut National de la Recherche Agronomique 
ISO International Organization for Standardization 
JKR Johnson, Kendall, Roberts force model 

LAMMPS Large-scale Atomic/Molecular Massively Parallel Simulator 
LAS Lower Angle of Stability 
LCA Life cycle assessment 
LED Light-emitting diode 

LIGGGHTS LAMMPS Improved General Granular and Granular-heat transfer simulator 
MRI Magnetic Resonance Imaging 
ONF Office National des Forêts 

NSGA Non-dominated Sorting Genetic Algorithm 
PSD Particle size distribution 
R&D Research and Development 
Ref. Reference 
RST Ring shear tester 
SD Standard deviation 

sJKR Simplified JKR model 
SRST Schulze ring shear tester 
UAS Upper Angle of Stability 
USA United States of America 
w.b. Wet basis (for moisture content) 



SYMBOLS 

21 
 

Symbols 
 

  Units 
A Surface of contact m2 
a Acceleration m·s-2 
a Aspect ratio  

a50 50th centile of the aspect ratio distribution  
AoR Angle-of-repose degrees 
Ap Projected area of particle m2 
Av Area of convex hull m2 
B Hopper outlet size m 
c Overlapping factor  
C Cohesion kPa 
Cx Convexity  

CED Cohesion energy density J·m3 
CI Compressibility index  
D Composite desirability  
di Individual desirability  
dij Distance between centers of particles i, j m 
dp Particle diameter m (or µm) 

deq 
Equivalent diameter (of a sphere having the same volume than the clump 
of spheres) 

m 

dFmax Maximum Feret Diameter m (or µm) 
dFmin Minimum Feret Diameter m (or µm) 
dFmean Mean Feret Diameter m (or µm) 

e Relative error % 
e Coefficient of restitution  

FF Flow function  
FFC Flow function coefficient  

ff Flow factor (for hopper design)  
f Fraction of revolution required to trigger events  
ff Flow function  

F1, F2 Forces measured by the tie rods in a RST N 
c

ij
F  Contact force between particles i and j N 

,c t

ij
f  Tangenial component of the normal contact force N 

,c n

ij
f  Normal component of the normal contact force N 

s

c,n

ij
f  elastic deformation (spring) conservative force N 

v

c,n

ij
f  viscous dissipation (damping or dash-pot force) N 

g Gravity m·s-2 

Geff Effective shear modulus Pa 

HR Hausner ratio  

iI  Moment of inertia of particle i kg·m2 

kn Elastic constant for normal contact N·m-1 

kt Elastic constant for tangential contact N·m-1 
kr Rolling stiffness N·m-1 
Li Lower limit of possible values of Yi  
mi Mass of particle i kg 
meff Effective mass kg 

ML Mass loss % 
mr Mass of powder retained (shear box) g 



SYMBOLS 

 

22 
 

mo Initial mass of powder (shear box) g 
N Normal force  
n Avalanche number, number of particles between endplates  

nsph Number of spheres in a clump  
O Objective function  
P Pressure Pa 
P Perimeter m 
p Retainment ratio (shear box)  
R Particle radius m 
Reff Effective radius m 
r2 Coefficient of determination of linear regression  
s Skin parameter m 

Sx Particle size span  
Sψ Circularity span  
Sε Span for flowability indicator ε distribution  
T Temperature °C 
T Period between avalanches s 

t

ijT  Torque acting in particle i by particle j N·m 
r

ijT  Rolling friction torque N·m 
,r k

ijT  Torque component modeled as a mechanical spring N·m 

t Time s 
tM Time of discharge s 
Ui Upper limit of possible values of Yi  

i
v  Velocity vector of the mass center of particle i m·s-1 

Vclump Volume of a cluster of spheres m3 
VL Loose volume m3 

VT Tapped volume  
x Set of optimal individuals  

t
v  Tangential relative velocity m·s-1 

w Rotating drum width m 
xi Particle vectorial position m 
x50 50th centile of PSD µm 
Yeff Effective Young’s modulus kPa 
Y Young’s modulus kPa 
Yi Response to be optimized  
   
   
   

Greek letters 

  Units 
α Centroid angle degrees 
β Hopper half angle degrees 

n
  Viscoelastic damping constant for normal contact N·s·m-1 

t
  Viscoelastic damping constant for tangential contact N·s·m-1 

δt Tangential displacement m 

   Size of avalanches degrees 

t   Timestep s 
ΔTH Hertz time s 
ΔTR Rayleigh time s 

,r ijθ  Incremental relative rotation between two particles degrees 

p
d  Particle size variation during ball milling  
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ΔH0 Standard enthalpy of reaction kJ/mol 
ζ Ratio small events/large events  
θ Angle of slope of powder free surface from linear regression degrees 
λ Overlapping distance m 
µs Sliding friction coefficient  
µr Rolling friction coefficient  
ξ Flowability descriptor  
ρb Loose bulk density kg·m-3 
ρt Tapped bulk density kg·m-3 
σ Consolidation stress, normal stress kPa 
σsh Shear (normal) stress  
τ Shear stress, tangential stress kPa 
ν Poisson’s ratio  
ψ Circularity  
φe Effective angle of internal friction degrees 

ψ, ε General flowability indicator  
ω Angular velocity, rotational speed rpm 
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General Introduction 
 

Although opinions on the availability of fossil resource stocks may vary from 50 to 500 years, it is widely 

agreed that the reserve is limited and that it is essential to search for new renewable energy sources. This 

limitation combined with their observed effects on climate change have propelled the interest on biomass 

as a CO2–neutral renewable energy source. The use of biomass-based fuels (biofuels) is one of the most 

promising technological responses that can help reduce CO2 and greenhouse gas emissions. 

After a first generation of biofuels that uses the edible part of plants, a second generation – which uses 

the entire lignocellulosic material – has not yet been fully developed. Although there are several 

transformation routes for biomass valorization, the thermochemical conversion through entrained-flow 

gasification is one of the preferred pathways to produce second-generation biofuels. The use of a biomass 

feedstock in powder form increases its reactivity during gasification and facilitates its conveying and 

injection. Beforehand, it is therefore necessary to grind the solid biomass into powder. However, due to the 

fibrous and resilient nature of the lignocellulose, this step is hugely energy consuming. Torrefaction, besides 

improving biomass characteristics such as energy content and decreasing hygroscopicity, is an interesting 

pretreatment stage that can improve biomass grindability, reducing energy consumption. 

Problems related to the handling of the biomass feedstock in a milled form are frequent and greatly 

hinder the industrialization of 2G processes. The design of efficient feeding storage, handling and feeding 

solutions needs knowledge on the bulk flow properties of the materials under different conditioning states. 

Currently, this knowledge remains very limited and very few information is available on the effects of 

torrefaction on particle characteristics and flow behavior. However, it is essential for the design of industrial 

biomass conversion equipment and processes and the prevention of problems during conveying or storage. 

The objective of this doctoral project is to observe, quantify and understand the effect of the 

pretreatment stages (torrefaction and grinding) on the physical characteristics of the biomass powder 

obtained. Within this aim, the combination of experimental and numerical approaches can help to 

understand the behavior of the material, as well as to develop tools that can be used for the design and 

optimization of the industrial handling systems for biomass. 

First, from an experimental perspective, the understanding of the bulk macroscopic behavior of the 

powder needs the assessment of the torrefaction effects at the particle scale, namely in terms of particle size 

and shape characteristics. As granular materials can behave very differently depending on their conditioning 

and consolidation state, characterization under different conditions is also necessary. Second, from a 

numerical point of view, modeling using the Discrete Element Method can provide insight on the effects 

of particle scale characteristics (driven by pretreatment conditions) on the bulk behavior. Additionally, the 

assessment of the predictive nature of simulations, which is always desired and sought, can reinforce their 

value as a means to improve the overall biomass valorization process. 

Concisely, the aim of this work can be condensed as an attempt to provide answer to the following 

research questions: 

• How torrefaction and grinding conditions affect the particle properties of biomass? 

• What is the effect of these particle characteristics on the flow behavior under different conditions? 

• Can Discrete Element Simulations reproduce the flow behavior of raw and torrefied biomass 

materials within a predictive aim? 
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Manuscript outline 

The overall objective of this research was achieved in the various phases of this work presented as 

distinct chapters. The manuscript outline is schematically shown in Figure 1. 

Bibliographical elements are presented in Chapter I. A first part mainly deals with concepts related to 

the biomass-to-liquid technologies and the need for biomass characterization in terms of flow properties, 

the pretreatment stages and the wood characteristics. The overall context of the study is also described. A 

second part focusses on the flow characterization of granular materials: the commonly used methods and 

their application to biomass materials. Finally, the modeling of particulate systems is reviewed with emphasis 

on the Discrete Element Method. Its generalities as well as the challenges faced when simulating biomass 

particles are presented.  

Chapter II covers the description of the experimental facilities that are common to most of the work. 

The torrefaction unit, the grinding devices as well as the equipment used to characterize particle size and 

shape are thus presented. This includes two brief experimental studies on (i) the intraparticle homogeneity 

of heat treatment and (ii) the effects of torrefaction on the grinding energy consumption. 

Chapter III corresponds to the experimental study of the influence of the intensity of torrefaction on 

the flowability of poplar and spruce powders, evaluated using a Schulze Ring Shear tester. The effects of 

torrefaction on particle size and shape and their subsequent effect on flow properties are discussed. A 

complementary section of this chapter presents further results using a ball milling technology. 

The need for flow characterization under different conditions has been underlined above. Therefore, 

the flowability characterization using a rotating drum, in which the powders are in a non-consolidated 

dynamic state, is discussed in Chapter IV. First, an investigation is made on the criteria for assessment of 

flowability using avalanching behavior for non-cohesive and cohesive materials. A detailed description on 

the conception, configuration, acquisition and analysis of data using the in-house-designed device is also 

provided. Then, raw and torrefied biomass powders are studied using the rotating drum device and the 

results compared to shear analysis. 

Chapter V concerns the implementation of the Discrete Element Method (DEM) to the study of 

biomass powder flow. We present the calibration of a material model for biomass particles through 

comparison between experimental and simulated bulk responses. A preliminary validation of the calibrated 

parameters is made by simulating a ring shear test and comparing the simulation results to those presented 

in Chapter IV. This procedure is subsequently applied to wood powders treated under different torrefaction 

conditions and with different particle sizes. Finally, the potential of DEM simulations to represent realistic 

flow in a rotating drum is the subject of the last part of this chapter, in which experimental (from Chapter 

IV) and simulated results are compared. 

A general conclusion, as well as suggestions for future work conclude this manuscript. In an Appendix 

section, in addition to some further results, we detail the implemented image processing algorithms, as well 

as the DEM input scripts and the algorithms developed for processing the results. Finally, a comprehensive 

French summary is also provided. 
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Figure 1. Outline of the main parts of the  manuscript. 
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A- From biomass to liquid fuels 
 

1. Energetic, environmental and geopolitical context 

In the 19th century, the industrial revolution in developed countries enabled them to experience strong 

economic and demographic growth. During this period and much of the 20th century, the prosperity of a 

country was assessed in demographic and economic terms and was based mainly on the extensive use of 

fossil and mineral resources. But the two oil shocks of 1973 and 1979, as well as the industrial disasters of 

the 1980s made decision-makers aware of the need to combine environmental protection with economic 

development. Thus, in 1987, the notion of sustainable development appeared at the 42nd session of the 

United Nations. Since then, several conferences and agreements have been concluded around the world to 

seek global cooperation around environmental and climate change issues. These agreements involve the 

establishment of limits and objectives for reduction of greenhouse gas (GHG) emissions and the use and 

development of alternative energy sources. 

With the objective of mitigating climate change, the European targets for renewables and energy 

efficiency were revised upwards in 2018. The European 2030 climate and energy framework calls thus for 

the use of biomass in electricity, heat and transport (fuels), in order to reach at least 32 % share of all energy 

use coming from renewable sources by 2030. As of 2016, renewable energy accounted for an estimated 

18.2 % of global total final energy consumption [1]. This implies that the use of biomass should roughly 

have to double to meet the European targets [2,3]. 

The main drivers for biomass use include volatility in crude oil market, climate change mitigation and 

reduction of greenhouse gas emissions, reduced dependence on imported energy resources, increased cost 

for primary power generation and improved opportunities for agricultural products and rural economies [4]. 

Beyond the heat and power generation sectors, the transport sector remains the most important sector to 

which these benefits of biomass utilization could contribute positively. 

Indeed, transport has been the sector most resistant to efforts to reduce CO2 emissions due to its high 

dependence on fossil fuels and steady growth. On a global scale, the share of renewable energy in transport 

is low (only 3.1 %) compared to other sectors such as heating (10.3 %) and power generation (26.5 %).  Up 

to 90 % of this share is currently provided by liquid biofuels. 

As the technology for converting biomass to energy matures and expands, governments have moved to 

incentivize biofuel production, particularly bioethanol and biodiesel. In 2015 for example, 34 countries plus 

the European Union (EU) have renewable fuel usage mandates and stimulus in place. However, currently 

there is a halt to incentive policies for first generation biofuels (Section 1.1) (except in Asia), due to their 

mixed environmental record and their impact on food production. Biofuel promotion policies have thus 

begun to include specific requirements for the use of second-generation cellulosic biofuels. In the EU, for 

example, the Renewable Energy Directive for 2030 [2,5] proposed by the European Commission in 2017 

included a target of 3 % for 2G biofuels and a cap of 7 % on 1G biofuels. Similar requirements for the use 

of advanced biofuels have already been adopted at the national level in the EU, for example in Italy [1]. In 

India and China, a medium-term emphasis is been given in development of 2G biofuels over 1G biofuels. 

In France, the Grenelle Acts (Grenelle de l’Environnement 1 (2007) and 2 (2010)) and the Directive 

2009/28/CE are the basis for the National Renewable Energy action plan [6]. This plan sets a target of 

27 % renewable energy in the electricity sector, 33 % in the heating/cooling sector and 10.5 % in the 
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transport sector by 2020. The Energy transition Act [7] aims at achieving a total share of renewable energy 

in the energy mix of 32 % and a 30 % reduction in fossil fuel consumption by 2030 [8]. According to Grenelle 

2, 50 % of renewable energy targets must be achieved by biomass. Biofuels (mainly 1G) are expected to 

account for the share of renewable energy (10.5 %) in the transport sector. While the implementation of 2G 

biofuels is expected by the period 2010-2020, their inclusion in the energy mix is not explicitly mentioned 

in the renewable energy target.  

Biomass valorization through biofuel production is not a new topic, as evidenced by the well-developed 

technologies for 1G biofuel. Production of 1G biofuels for transport has indeed increased 2.5 % in 2017, 

with the United States and Brazil remaining the world’s largest producers of ethanol and biodiesel [9]. 

However, even if progress is being made, complementary 2G technologies for biomass valorization, that do 

not compete with food crops and/or affect arable land, are still to be developed (Section 1.2). 

1.1. First-generation biofuels 

The first-generation biofuels industry, launched in the late 1970s, was based on the biochemical 

transformation of sugar or starch crops (mainly sugar cane and maize, respectively) into ethanol fuel and 

oilseeds into biodiesel. These industries grew rapidly in the first decade of the 21st century, with annual 

world production rising from 1.7 to 10.6 × 107 m3 of ethanol from 2000 to 2017 and 31 × 106 m3 of biodiesel 

in 2018 [1], the main ethanol-producing countries being USA and Brazil.  

It was not until 1992 and the reform of the Common Agricultural Policy (CAP) that biofuels were 

launched in France and Europe. The objective was then economic and made it possible to offer farmers 

new opportunities and create jobs in order to revitalize rural areas. More recently, it is mainly environmental 

objectives that have contributed to the development of the sector, helped by economic incentives.  

The development of first generation biofuels was not achieved without controversy, including criticism 

of crop and biofuel subsidies, concerns about the use of food crops for fuel production and the debate on 

the environmental impact of biofuel agriculture, including uncertainties about the role of biofuels in 

reducing greenhouse gas emissions [10]. In France, for instance, a review report on biofuel support policies 

[11] showed mixed economic results. This study shows that for many years tax exemptions had compensated 

producers well beyond the extra production costs. In addition, there was little job creation in the agricultural 

sector. Environmentally, recent Life Cycle Assessments [12] report a reduction in GHG emissions of 30 to 

60 % for 1st generation biofuels compared to their fossil fuels, whereas the initial forecasts were for a 

reduction of 60 to 80 % before 2002. At the geopolitical level, Europe's objective of increasing its energy 

independence by limiting fossil fuel imports seems difficult to achieve. A significant substitution of this type 

of energy by first-generation biofuels would require a much larger amount of land than is available [11]. On 

the other hand, the substitution of food crops for energy crops would imply direct competition between 

these two possible crop types. The development and expansion of the biofuels sector then contributes to 

rising food prices in the medium term and increasing food insecurity among the most vulnerable segments 

of the population in developing countries [13]. 

Many of these concerns would be mitigated by the development of advanced biofuels that use high-

yielding non-food crops that can be grown on marginal or fallow lands. These alternative crops are of two 

types: lignocellulosic biomass (i.e. second-generation biofuels) and lipids from alternative crops (such as 

algae, i.e. third-generation biofuels) [14]. 

It is however important to note that the aforementioned considerations should be taken with prudence. 

Indeed, they are currently the subject of intense debate [1]. A recent study [15] reveals that first-generation 

biofuels can still be considered to have very good GHG emission performance compared to second-

generation biofuels. Moreover, competition for arable land would be offset by the excellent land efficiency 
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of first-generation crops and, in the case of wheat, most of the European ethanol production is based on 

grain of non-food quality and on harvest surpluses, without any competition. A balanced complementarity 

of use between first- and second-generation biofuels therefore seems to be the way forward. 

1.2. Second-generation biofuels 

Second-generation (2G) liquid biofuels are produced from agricultural lignocellulosic biomass. The 

main advantage of producing second-generation biofuels from inedible feedstocks is that it limits direct 

competition between food and fuel land use associated with first-generation biofuels. Feedstock involved 

in the process can be grown specifically for energy purposes, increasing production per unit land area, and 

more of above-ground plant material can be converted and used to produce biofuels. As a result, this will 

further increase land use efficiency compared to first generation biofuels. Second-generation biofuels are 

obtained by two different approaches: biochemical or thermochemical processing (Section 2.3). In the 

current state of development, production processes require sophisticated processing production equipment, 

high investment per unit of production and large-scale facilities to curtail capital cost via economies of scale. 

To achieve the potential energy and economic outcome of 2G biofuels, further research, development and 

application of technologies are required on feedstock production and conversion processes [16]. 

Despite these limitations, several examples exist of successful implantations of industrial-scale processes 

for 2G biofuel production. One of them is the Borreggard biorefinery (Norway), established in 1938. It 

produced about 20 million liters of cellulosic ethanol (by biochemical transformation) from spruce in 2017 

[1,17]. Since the early 2010s, five commercial-scale ethanol refineries based on biochemical processes have 

been opened (in Italy (closed since), Brazil and USA) and two gasification projects (Canada, USA). 

Thermochemical processes such as gasification are still far from being widely commercialized and, for the 

most part, only pilot plants are available at the time, most of them located in Europe [18]. The most recent 

projects for industrial-scale production plants of 2G biofuels include plans by: 

- India: plans were announced in 2017 to build at least 12 commercial-scale advanced biofuel plants, 

mainly to produce cellulosic ethanol from the large volumes of plant residues in the country [1]. 

- Canada: In 2017, Enerkem adapted its commercial-scale gasification plant to produce 

lignocellulosic ethanol [1]. 

- Switzerland: a plant that will produce 50 000 tons of cellulosic ethanol was announced in 2017. 

- The Netherlands: initial funding has been granted for developing a lignocellulosic ethanol project 

in Rotterdam [19] . 

- China: Enerkem and Sinobioway Group signed an equity investment to build more than 100 biofuel 

facilities based on thermochemical processes [20]. 

 

 
Figure 2. Borregaard biorefinery. (a). Plant in Sarpsborg (Norway), (b) Products and mass balance from 1 ton of woody biomass. Adapted from [17]. 
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1.3. The French scenario: Futurol, BioTfuel and Syndièse projects 

The Futurol project was launched in 2008 with the aim of developing a process for the biochemical 

production of cellulosic ethanol. With a total budget of €76.4 million, this program was carried out by 11 

research, industrial and financial partners: ARD, IFPEN, INRA, Lesaffre, Vivescia, ONF, Tereos, Total, 

Crédit Agricole Nord Est, CGB, and Unigrains. The pilot plant is located on the agro-industrial site of 

Pomacle-Bazancourt (Marne, France). After 10 years of R&D, the French Futurol 2G ethanol production 

technology entered its commercialization phase in early 2019 [21,22]. 

Launched in 2010, the BioTfueL project aims to develop a BtL chain for producing 2G biofuels (diesel 

and kerosene) by treating the widest possible range of biomass and blends of biomass and fossil resources 

through a thermal route. It brings together R&D organizations (IFPEN and CEA) and manufacturers (Avril, 

Axens, Sofiprotéol, Total and Thyssenkrupp). Sited near Dunkirk (gasification-Fischer-Tropsch synthesis) 

and Venette (pretreatment) in northern France, the objective is to become an established demonstrator of 

2G biodiesel and biokerosene production technologies by 2020 [23–25]. 

The Syndièse project (CEA) is intended to build a demonstrator for the production of 2G biofuels by 

gasification with a production capacity of 10 tons/hour. The construction of the technological platform for 

the biomass pretreatment started in October 2013 at the Bure-Saudron site (Meuse, France). In the study 

phase for several years, its operation is announced over 20 years from 2015 [26]. 

2. From biomass to liquid fuels 

2.1. Biomass, its interest and limitations 

Several definitions and categories of ‘biomass’ are available in literature. According to the International 

Organization for Standardization ISO, biomass is the ‘material of biological origin excluding material 

embedded in geological formations and/or fossilized’ [27]. This quite comprehensive definition includes 

animal (obtained from livestock) and vegetal biomass: energy crops, agricultural crops and trees, food, feed 

and fiber crop residues, aquatic plants, algae, forestry and wood residues, agricultural wastes, processing by-

products and other non-fossil organic matters. Vegetal biomass is then classed as: 

• Woody biomass: biomass originating from trees, brushes and shrubs  

• Herbaceous biomass: biomass from plants that has a non-woody stem, and which dies back at the 

end of the growing season 

• Fruit biomass: correspond to the part of a plant which holds seeds (e.g. oil palm fruit, nuts, olives) 

• Aquatic biomass: biomass from so called hydrophytic plants, which are plants that have adapted to 

living in or aquatic environments. 

For its part, the last European Directive on the promotion of the use of energy from renewable sources 

[28] defines biomass as the ‘biodegradable fraction of products, waste and residues from biological origin 

from agriculture, including vegetal and animal substances, from forestry and related industries, including 

fisheries and aquaculture, as well as the biodegradable fraction of waste, including industrial and municipal 

waste of biological origin’. 

Biomass materials are derived from the reaction between CO2 in the air, water and sunlight, through 

photosynthesis, to produce carbohydrates that form the building blocks of biomass [29]. The synthesis of 

biomass takes place within a relatively short timeframe, in contrast to fossil resources that also result from 

photosynthesis but have been densified, transformed and preserved over geological time scales [30]. In the 

biomass resource, the energy of sunlight is stored in chemical bonds. When the bonds between adjacent 
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molecules and atoms are broken by digestion, decomposition or valorization processes, the stored chemical 

energy is released.  

In the context of this work, biomass will rather correspond to the ‘woody’ and ‘herbaceous’ 

subcategories of the ISO definition that correspond to the commonly named ‘lignocellulosic biomass’. 

Woody materials (i) contain much more thermal energy than food crops, (ii) the amount of fertilizers and 

pesticides necessary for wood is much lower and (iii) the production of woody materials is much higher 

than for food crops which means that the land use becomes smaller. 

2.1.1. Drivers for biomass use 

Although a subject of debate, the production and application of biomass are considered to have a neutral 

impact CO2 carbon cycle [31]. This means that, if biomass is grown sustainably, its production and 

application does not produce any net amount of CO2 in the atmosphere: the CO2 released by the application 

of biomass is stored in the biomass resource during photosynthesis. Biomass is therefore considered the 

only natural and renewable carbon resource and large-scale substitute for fossil fuels [32]. 

Sources of biomass for bioenergy applications are abundant and diverse. These sources include agro-

crops (grasses/herbaceous plants, starch and sugar crops and oilseeds), crop residues, and several tree 

species (woody crops/ lignocellulosic species). These products can be either burnt directly for energy or 

processed further for conversion to liquid fuels like ethanol and diesel [32]. The diversity of biomass sources 

and valorization processes means that its use reduces or spreads fuel dependency on a limited number of 

oil-providing countries, with inherent risks to energy security and sudden price fluctuations.  

Despite these advantages for biomass use, there are important drawbacks that hinder its wide utilization 

at present. A summary of both interest and challenges for utilization of biomass in an energy framework are 

summarized in Table 1. 

2.1.2. Challenges for utilization of biomass 

Conversion technologies for biomass still face several challenges that must be overcame for the design 

of efficient valorization processes. The limitations for the widespread use of biomass feedstock in bioenergy 

applications are not only related to the characteristics of the raw material itself, but also to societal and 

economical aspects. 

First, technological obstacles are often linked to the intrinsic properties of the raw woody material. 

Transformation challenges reside in its high oxygen content, its relatively low calorific value, its hydrophilic 

nature, its high moisture content and its low bulk density [33]. Raw biomass has also a tenacious and fibrous 

structure which, along with its poor flowability, makes process design and control complicated [34]. These 

characteristics make biomass transformation expensive compared to fossil fuels use and greatly impact 

logistics and final energy efficiency. 

Additionally, producing bioenergy from biomass needs to overcome logistics challenges in terms of 

resource availability and supply chain (collection, storage, pre-processing, handling and transportation) [30]. 

Feedstock production and logistics can contribute more than 35 % of the total costs of 2G biofuels 

production, with logistics for transporting biomass from source to conversion accounting for 50 to 75 % 

of these costs [35]. Transport, handling and storage costs of the raw material are high, and challenges arise 

from competing land use between biomass production for food, material and energy use.  

These challenges trigger uncertainties regarding the profitability of the process and partially explain why 

there are currently no BtL plants operating on a commercial scale. The production costs of BtL are higher 

than those of fossil diesel, and BtL products are at present not competitive with fossil diesel. However, 
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competitiveness should increase with the increase in oil prices, possible subsidies and CO2-environmental 

taxes, as well as improved transformation technologies [36].  

Table 1. Interest and challenges of utilization of lignocellulosic biomass within an energy context. 

Interests 

Available in a wide range of resources; diversity provides many new structural features to exploit. 

Lignocellulosic biomass is less subject to world price fluctuations or supply uncertainties as of fossil 

fuels 

Climate neutral carbon cycle of CO2. 

Negligible sulphur content: biomass does not contribute SO2 emissions. 

Woody materials contain much more energy than food crops. 

The amount of fertilizers and pesticides necessary for wood is much lower than for food crops. 

Production of woody materials is much higher than for food crops: smaller land use. 

Challenges 

High oxygen content. 

Low calorific value (in comparison to fossil fuels). 

Hydrophilic nature. 

High moisture content. 

Reduced overall energy efficiency. 

Tenacious and fibrous structure. 

Heterogeneous composition. 

Land use conflicts. 

 

2.2. Wood as a model of lignocellulosic biomass: properties and structure 

Each dry biomass has specific properties related to the type of raw material, although there are 

characteristics common to all biomasses. In this research, for the sake of simplicity, we will use wood as 

biomass model, and we will employ either of these terms indiscriminately. 

Wood is a material of biological origin, so there is a high variability in properties between species, within 

species and even within trees.  

2.2.1. Anatomic structure 

Wood consists of tissues with lignified walls. In the living tree, this tissue fulfils many functions ranging 

from sap conduction to mechanical support, storage, restitution, support adaptation and resistance to 

biological attacks. Wood is formed by the division and differentiation of newly formed cells. The so-called 

meristematic cells forming tissues (meristem), are found in the tree in two forms. The first are the apical 

meristems located at the root tips and in the buds of the stem and twigs. They are responsible for the tree 

height growth and, by differentiation of meristematic cells, they originate the epidermis, the primary xylem 

and the primary phloem. The second are the lateral meristems forming thin cell sleeves that are found along 

the entire length of the stem, twigs or roots. This meristem, the cambium (or bifacial cambium) produces 

the suberophellodermal layer under the bark responsible for the formation of protective tissues (cork and 

phelloderm) on its external side and the xylem (woody tissues), on the internal side. 

In temperate regions, the cambium stops functioning in winter, and it resumes its operation in spring 

by setting up a new layer of cells distinct from the previous layer. These successive layers are often visible 

in the form of annual growth rings. During the same year, the seasons influence cambial activity so that it 

is possible to distinguish clearly in softwoods between wood formed in spring (‘early’ wood) and that formed 

in summer (‘late’ wood). This tissue organization is more complex in hardwoods and depends strongly on 
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the species. The growth ring width is not constant within the same tree, it varies according to the growing 

conditions from one year to another, the position in the tree, the social status of the tree in the forest, etc. 

Most of the cells formed in the cambium dies after some weeks, after the deposition of the secondary 

cell wall, a process known as lignification. After a few years of operation, the parenchyma cells, which 

remained alive, finally die. The wood is transformed to form the heartwood, it is the process of 

duraminization. This process is responsible for the principal chemical properties (secondary metabolites) 

which condition wood utilization (durability and color, for example). When the heartwood is colored, it is 

perfectly distinguishable from the sapwood (active part of the tree regarding the sap flow). 

Wood is an orthotropic porous material; that is, it has unique and independent mechanical properties 

in the directions of three mutually perpendicular axes: longitudinal, radial and tangential. The longitudinal 

axis L is parallel to the fiber (grain); the radial axis R is normal to the growth rings (perpendicular to the 

grain in the radial direction); and the tangential axis T is perpendicular to the grain but tangent to the growth 

rings [37]. These axes are shown in Figure 3. 

 
Figure 3. The three principal axes of wood with respect to fibers direction and growth rings [38]. 

The anatomy of gymnosperms (commonly called conifers or softwood) is different from that of 

dicotyledonous angiosperms (hardwood). It is more complex for the latter as hardwoods are more evolved 

botanical species with highly specialized cells (Figure 4). 

2.2.1.1. Softwoods 

Conifers (gymnosperm trees) have a simple and regular organization. Wood is composed of tracheids 

and medullary rays. Sometimes transversal tracheids, resin canals and axial parenchyma are also found 

(Figure 4a). Axial (or longitudinal) tracheids constitute about 90 % of the woody mass and form the 

conductive tissues for raw sap and support. They are fusiform, long and thin cells of square or rectangular 

cross-section. They are arranged in rows and connected to each other by their tapered ends. Tracheids 

communicate with each other by bordered pits and with medullary rays by half-bordered pits. Tracheids 

formed in the spring have a large cavity (lumen) and thin walls. This geometry favors the flow of sap. At 

the end of the growing season, the tracheids become more adapted to the supporting role, so the cells then 

have a smaller section and thicker walls. Softwoods tend therefore to have a clear growth ring boundary. 

Medullary rays are composed of radially elongated parenchymal cells over a height of one or more cell 

layers. They have a role of radial conduction and accumulation of reserves. The resin canals are made up of 
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secretory cells. Their organization in a circle delimits the channel in which the produced resin flows. Resin 

canals are not present in all conifers, but their presence is often the first criterion for recognizing coniferous 

wood. Examples of softwood trees are cedar, Douglas fir, juniper, pine, redwood, spruce and yew. 

2.2.1.2. Hardwoods 

While in softwoods tracheids perform the dual function of support and conduction, in hardwoods (also 

known as broad-leaved, angiosperm trees), different tissues ensure these two functions: the wood fibers and 

the vessels. Medullary rays and parenchyma are present as well (Figure 4b). Examples of hardwood trees 

include alder, balsa, beech, hickory, mahogany, maple, oak, poplar, teak and walnut. 

 
Figure 4. Schematic of cell organization of conifer and broad-leaved trees. Adapted from [39] . 

Vessels are long rows of cells connected end to end that allow the conduction of raw sap from the roots 

to the leaves. Sap circulates from one line of cells to another through single or multiple perforations. Pits 

allow circulation to the parenchyma and neighboring cells via bordered or half-bordered pits. In cross-

section, the arrangement, grouping and size of vessels are the first important criteria for species recognition. 

Fibers are present only in hardwoods. They are long narrow cells that generally resemble latewood 

tracheids (length from 1 to 2 mm, diameters from 0.01 to 0.05 mm). Fibers have closed ends, mostly pointed 

and sometimes are equipped with dentations [40]. They mainly play a supporting role and act on the density 

and mechanical strength of the wood. 

2.2.1.3. The cell walls 

The plant cell wall has a multi-layered structure (Figure 5). The layers and underlayers of this wall differ 

from each other in their chemical composition and in the organization of their constituents. The secondary 

wall of wood cells is composed of three layers, S1, S2 and S3, as shown in Figure 5. Each layer within the 

secondary cell wall can be considered as a natural fiber-reinforced composite where the stiff hydrophobic 

crystalline cellulose microfibrils are closely packed in a hydrophilic matrix of amorphous cellulose, 

hemicelluloses and lignin. The central and the thickest layer (named S2, 1-10 µm thick) is the most important 

structural component of the cell wall, which provides mechanical support for the tissue [41]. The cell walls 
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are bonded by the compound middle lamella (CML) which is composed of the primary wall and middle 

lamella. 

 
Figure 5. Schematic view of cell call layers (MFA is the microfibril angle) [41]. 

2.2.2. Biochemical composition 

The moisture content of living trees depends on the wood density and the place in the tree (heartwood 

or sapwood). The moisture content is close to full saturation in sapwood an in the range of 40 % to 80 % 

of the total wood mass in heartwood. The moisture content of living tree varies seasonally, and the average 

values are in the range of 40 % to 50 % of the total wood mass. 

The elementary chemical composition is almost the same for all dry wood species (Table 2). This global 

composition can be represented by the global formula CH1.5O0.65, neglecting nitrogen and ashes, or 

C6H8.39O3.54N0.1, to be more specific [42]. In comparison with other combustibles, wood is relatively poor 

in carbon content and rich in oxygen content. This is one of the main limitations for widespread use biomass 

highlighted in section 2.4. 

Table 2. Elementary approximated composition of wood [42]. 

Element Mass percentage 

Carbon 49.5 

Hydrogen 6.0 

Oxygen 43.0 

Nitrogen 0.5 

Ashes 1.0 

 

Ashes are variable among species and among the parts of the tree, according to the soil where the tree 

has grown. Their composition consists essentially of magnesium, lime, silica, potash and phosphoric 

anhydride.  

At the macromolecular level, biomass contains varying amounts of cellulose, hemicelluloses, lignins. 

Small amounts of low-molecular-mass compounds (extractives), water-soluble organic compounds and 

inorganic compounds are also present. Table 3 lists the average content of these compounds in wood. 
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Table 3. Average composition (mass %) of woody biomass [42]. 

 Conifers (softwoods) Broad leaved trees (hardwoods) 

Cellulose 42 (±2) 45 (±2) 

Hemicelluloses 27 (±2) 30 (±5) 

Lignins 28 (±3) 20 (±4) 

Extractives 3 (±2) 5 (±4) 

 

2.2.2.1. Cellulose 

Cellulose is a glucose polymer consisting of linear chains of (1,4)-D-glucopyranose units – a six-carbon 

monosaccharide – linked by a glycosidic link β(1→4), with a degree of polymerization varying from 5 000 

to 14 000 units. It is considered to be the most chemically and thermally stable constituent of wood and 

plays a fundamental role in the mechanical strength of the cell walls of the anatomical elements of wood. 

Its chemical representation can be seen in the Figure 6. 

 
Figure 6. Plant cells, microfibril structure and cellulose chemical representation [43,44]. 

The tight fiber structure created by hydrogen bonds results in the typical material properties of cellulose: 

high tensile strength and insolubility in most solvents. The hydroxyl groups present on the chain allow the 

formation of intermolecular hydrogen bonds at the origin of an organization of cellulose into microfibrils. 

These links can be random and irregular or perfectly ordered. We then distinguish the so-called amorphous 

regions (paracrystalline cellulose), consisting of a helical stack of cellulose chains, and rigid and hydrophobic 

crystalline regions, corresponding to a stack of macromolecular chains oriented preferentially in the axial 

direction (Figure 6). Due to their poor accessibility, crystalline regions are less reactive to external molecules. 

2.2.2.2. Hemicelluloses 

Hemicelluloses are a mixture of polysaccharides such as glucose, mannose, xylose and arabinose and 

methylglucoronic and galaturonic acids with a degree of polymerization of 100-200. Unlike cellulose, 

hemicelluloses are mostly composed of five-carbon monosaccharides, is highly hydrophilic, has a branched 

topology and has a short chain length. 

The composition and structure of the hemicellulose in softwoods differ from those of hardwoods. In 

softwoods, mannose is the most important hemicellulosic monomer followed by xylose, glucose, galactose 
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and arabinose. Most of the mannose is present as O-acetyl-galactoglucomannan (about 20 %) whose 

structure is show in Figure 7a. In hardwoods, xylose is the most important hemicellulosic monomer as O-

acetyl-4-O-methylglucoronoxylan (Figure 7b). 

 
Figure 7. Chemical structure of hemicelluloses (Adapted from [45]). 

2.2.2.3. Lignins 

Lignins are a group of amorphous, high-molecular-weight, chemically related compounds. The building 

blocks of lignin are believed to be the phenyl-propanes (Figure 8a), a three-carbon chain attached to rings 

of six carbon atoms (Figure 8a). The proportions of these precursors in lignins vary with their botanical 

origin. Lignins present in the wood walls are in part responsible for increasing the mechanical strength and 

thermal stability of wood and for reducing the hygroscopicity of biomass. 

 

Figure 8. Lignins. (a) Basic units. (b) Schematic formula of the polymer of a hardwood lignin (Adapted from [46]). 

2.2.2.4. Extractives 

Extractives are non-structural constituents of wood that represent a minor fraction. They contribute to 

the properties of wood such as color, smell and taste and protect against fungi and insect attacks. Extractives 

can also be toxic or alter wood hygroscopicity. Wood extractives can be classified into different groups as 

shown in Table 4. 

2.2.3. Poplar and Spruce: potential use as feedstock for BtL processes 

Poplar (Populus spp.) is one of the most common utility hardwoods in the United States [47] and are 

popular trees for agriculture and landscape worldwide. Poplars are one of the most desirable feedstocks for 

2G biofuels, mainly because of their fast growth (from 3.25 to 21.5 dry tons per hectare and per year [48,49]), 

which means the ability to produce a significant amount of biomass in a short time. The sequencing of 

poplar genome has also paved the way for tailoring new clones, optimized for biofuel production [50,51]. 

Since poplar grows well in poor soils, fertilizer inputs are low compared to other crops. Yield estimates 

range from 3.25 to 21.52 dry tons per hectare [49]. 

 

(a) Glucomannan
(b) Xylan

R = CH3COO or H

Coniferyl alcohol

(a) 

Sinapyl alcohol p-coumarylalcohol

(b) 

link to hemicellulose-
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Table 4. Classification of extractives in wood [46] 

Aliphatic and alicyclic compounds 

Terpenes and terpenoids (including resin acids and steroids) 

Ester of fatty acids (fats and waxes) 

Fatty acids and alcohols 

Alkanes 

Gums (polysaccharides) 

Linear-structured gums 

Branched-structured gums 

Branch-on-branch-structured gums 

Phenolic compounds 
Simple phenols, stilbenes, lignans, isoflavones, condensed 

tannins, flavonoids, hydrolysable tannins 

Inorganic compounds 
Cations: Ca+, K+, Mg+, Na+, Fe2+ 

Anions: NO3
-, SO4

2-, PO4
3- 

Other compounds 
Sugars, cyclitols, tropolones, amino acids, alkaloids, coumarins, 

quinones 

 

France is the leading European producer of poplar and the 2nd largest in the world in terms of planted 

areas, after China. Poplar plantations in France have a surface of approximatively 170 000 ha which means 

1,4 % of the total forest surface. The wood volume reaches 30 millions of m3, this represents around 

158 m3/ha [52]. The quality of the poplar wood (soft and clear, because its low duraminization) is particularly 

well suited to the manufacture of plywood, light packaging and furniture [53].  

 
Figure 9. (a) Poplar plantation (b) Spruce plantation in Lanarce (France) (c) Geographic distribution of poplar plantations in France [52]. (d) Spruce average volume per 

hectare [52]. 

Poplar 

plantations

Alluvial 

valleys

(c) (d)

(a) (b)
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Although poplar lumber residues represent a relatively minor biomass resource at the national level 

compared to other sources of woody biomass (0.8 % of the total gross availability of fuelwood), they are 

easily accessible (Figure 9a-b), and they can be a valuable resource for local actors. In addition, these residues 

do not currently seem to be systematically recovered; they are sometimes swathed at the end of the plot to 

be burned on site [54] (this practice has recently been prohibited in France [55]. 

Spruce (Picea abies) is the dominant species in the Scandinavian forest and it is often used as reference 

of softwood species for research on bioenergy applications [56–60]. Norway spruce is the feedstock species 

for the production of biochemicals in the Borregaard’s biorefinery [17]. Spruces have an elastic and resistant 

wood, used as lumber (carpentry, masts, lutherie) or in industry (crates, paper, etc.). In France, spruce 

represents about 188 million m3 of wood and is the main softwood species on 573 000 ha of forest [52] 

(Figure 9c-d). 

2.3. Processes for biomass valorization into liquid fuels 

Processes that have been positively experimented for the conversion of biomass into liquid fuels include 

(but are not limited to) fast pyrolysis, direct liquefaction, transesterification of vegetable oils to produce 

diesel fuel, production of bio-ethanol from agricultural crops to blend with gasoline, production of bio-oil 

from algae, and most recently, the production of higher hydrocarbons by conversion of biomass-derived 

syngas by a Fischer-Tropsch process. These processes can be divided into two main categories: 

biochemical/biological and thermochemical transformations. In general, high-moisture content biomass 

lends itself to a ‘wet/aqueous’ conversion process, involving biologically mediated reactions such as 

fermentation, while ‘dry’ biomass such as wood chips is more economically suited for gasification, pyrolysis 

or combustion [29]. The choice of conversion processes depends on the type, property and quantity of 

biomass feedstock, the desired form of the energy, the environmental standards, the economic conditions 

and the project-specific factors [61,62]. 

2.3.1. Biochemical conversion of biomass 

It involves the use of enzymes and microorganisms to transform plant molecules into fuels, chemicals 

or electric power. A comprehensive review on the biochemical routes for biomass-based energy has been 

made by Saxena et al. [61]. In general, biochemical transformation of lignocellulosic biomass follows the 

same process as the production of ethanol 1G. However, due to the very different nature of the biomass 

used, additional stages need to be added and others modified. A pretreatment step (mechanical, physico-

chemical  and/or biological) is necessary to make cellulose molecules accessible. To date, steam explosion 

is the most mature pretreatment processes. It consists in a high temperature (between 160 and 270 °C) 

treatment by injection of saturated steam under high pressure (10 to 50 bar) for a short time followed by a 

sudden expansion until atmospheric pressure. This causes a disintegration of the lignocellulosic structure, a 

partial hydrolysis of hemicelluloses and the onset of lignin transformation, finally making cellulose molecules 

much more accessible [63]. The subsequent enzymatic hydrolysis allows the degradation of cellulose into 

hexoses. Then, the hexose fermentation, which requires special yeasts, takes place. Finally, downstream 

operations are used to separate and purify the 2G bio-ethanol and other products. 

2.3.2. Thermochemical conversion and Biomass to Liquid processes 

Biomass to Liquid (BtL) is often used as a synonym of the thermochemical transformation of biomass. 

Strictly, BtL denotes a subcategory of thermochemical processes that allows the conversion of biomass to 

liquid synthetic fuels, while thermochemical processing can also produce gaseous products (e.g. via 

combustion, gasification). Thermochemical processes use heat and catalysts to transform plant polymers 

into fuels, chemical or electrical power [14]. It occurs at temperatures ranging from at least several hundred 

degrees Celsius to more than 1000 °C above ambient conditions. Thermochemical routes include 
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combustion, gasification, fast pyrolysis, hydrothermal processing (or direct liquefaction), catalytic hydrolysis 

to sugars and supercritical fluid extraction (Figure 10). As shown in Table 5, thermochemical processing 

presents several advantages relative to biochemical processing such as production of a diversity of 

oxygenated and hydrocarbon fuels, shorter reaction times, lower cost of catalyst and smaller production 

plants. A synthetic comparison of the main BtL processes is presented in Table 6. 

 
Figure 10. Routes for biomass valorization. Adapted from [18]. 

Table 5. Comparison of biochemical and thermochemical processing of biomass [14]. 

 Thermochemical processing Biochemical processing 

Products Range of fuels Primarily alcohols 

Reaction conditions 100 - 1200 °C, 1 - 250 atm Less than 70 °C, 1 atm 

Residence time 0,2 s - 1 h 2 - 5 days 

Selectivity Depends upon reaction Can be made very selective 

Catalyst/biocatalyst cost $0,01/gallon gasoline $0,50/gallon ethanol 

Sterilization No sterilization required Sterilize all feeds 

Recyclability Possible with solid catalyst Difficult 

Size of plants (biomass input) 5-200 ton/day (fast pyrolysis) 2000-8000 tons/ day 

 

Currently, the major BtL production processes are gasification followed by a Fischer-Tropsch synthesis 

(FTS) and pyrolysis. Within the purpose of this work, only the gasification process will be the examined. A 

detailed review of the BtL processes and their current state of development has been carried out by Ibarra-

Gonzalez et al. [64]. 
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Table 6. Comparison of the main BtL processes (Adapted from [64]). 

BtL process 
Operation 

conditions 

Reaction 

mechanisms and 

process 

description 

Advantages Disadvantages References 

Gasification 

followed by 

FT-synthesis 

Temperature: 

600-1000 °C; 

pressure: 

atmospheric; 

residence 

time: 3-4 s; 

controlled 

amount of 

oxidizing 

agent;  

drying 

required. 

Syngas containing 

mainly CO and H2 

is produced by a 

sequence of 

reactions (C-O, 

Boudouard 

reaction, C-H2O, 

hydrogenation 

reaction). Gas 

clean-up is 

followed by a 

Water-gas shift 

reaction and a 

Fischer-Tropsch 

synthesis.  

Mature 

technology; 

biomass 

gasification for 

generation of 

heat and power 

is already 

commercialized. 

Requires high 

temperatures; 

produces 20 % 

wt % oil and 80 

wt % gas, 

therefore it 

requires FT 

synthesis to 

increase liquid 

product yield. 

[14,65–68] 

Flash/fast 

pyrolysis 

Temperature: 

450-500 °C; 

pressure: 

atmospheric; 

residence 

time: ca. 1 s;  

absence of 

oxygen;  

drying 

required. 

Lignocellulosic 

material is 

converted into a 

carbon-rich solid 

and volatile matter 

by heating in the 

absence of oxygen. 

The light small 

molecules are 

converted to oily 

products (bio-oil) 

through 

homogeneous 

reactions in the gas 

phase and rapid 

condensation. 

High oil yield 

(up to 80 wt % 

on dry feed); 

lower capital 

cost; 

Gasification 

produces heat 

and 

combustible 

gas, while 

pyrolysis 

produces bio-

oil, gases and 

heat as principle 

products. 

Poor fuel 

quality 

obtained. 

[14,69,70] 

Hydrothermal 

liquefaction 

Temperature: 

300-400 °C; 

pressure: 5-

20 MPa; 

residence 

time: 0.2-

1.0 h; 

drying 

unnecessary. 

Occurs in aqueous 

medium, 

which involves 

complex 

sequences of 

reactions 

(dehydration, 

decarboxylation, 

and 

hydrogenation of 

functional 

groups, etc.) 

Better quality of 

bio-oil obtained 

(high heating 

value, low 

moisture 

content). 

Relatively low 

oil yield 

(20  wt %–

60 wt %); need 

high-pressure 

equipment, 

thus, higher 

capital cost. 

[14,69,71,72] 



CHAPTER I. Literature review 

46 
 

Supercritical 

fluid 

extraction 

Temperature: 

250-400 °C; 

pressure: 4-

5 MPa;  

residence 

time: 0.3-

4.0 h; 

requires 

solvent 

addition. 

Thermal disruption 

of the 

lignocellulose or 

other organic 

materials for 

extraction of useful 

products and for 

oxidation of the 

organic materials. 

Fast kinetics, 

higher biomass 

conversion, 

ease of 

continuous 

operation and 

elimination of 

catalysts use. 

High 

temperature 

and pressure, 

which increase 

operation costs. 

Bio-oil yield of 

26 wt %–

60 wt %. 

[73–76] 

 

2.3.2.1. Gasification 

Gasification is the partial oxidation of carbonaceous feedstock in the range of 600 °C to 1000 °C to 

produce a gas of low calorific value (about 4 to 6 MJ/Nm3 compared with natural gas at 36 MJ/Nm3) that 

can be used either directly in applications such as gas turbines, engines and fuel cells, or transformed into 

hydrocarbons and chemicals by a Fischer-Tropsch synthesis. The gas produced is therefore more versatile 

to use than the original biomass. Due to its higher chemical efficiency (≈ 70-80 %), expressed as the ratio 

between the chemical energy in the gas produced and the chemical energy in the feedstock, it is desirable 

that gasification be increasingly used in the future rather than the direct combustion of biomass [34]. 

Gasification has been the subject of several reviews, including those by Sikarwar, McKendry, Higman, 

Probstein, et al.[68,77–80]. 

A schematic representation of a biomass gasification plant is shown in Figure 11. Four main stages are 

highlighted: the biomass pretreatment, the gasification itself, the conditioning of the syngas and the Fischer-

Tropsch synthesis. 

2.3.2.1.1. Biomass pretreatment 

Biomass is a resource with variable properties, dispersed and low energy concentration (section 2.1.2). 

It therefore seems necessary to transform it into an intermediate, more homogeneous product better 

adapted to its transformation into biofuels. The product of the pretreatment steps is a more energy-dense 

material and well adapted to the transport and supply under pressure of gasifiers. Pretreatment processes 

are further detailed in section 2.3.3. 

1.1.1.1.1. Gasification reaction and equipment 

In the gasifier, the biomass is treated under reducing conditions with oxygen added in sub-stoichiometric 

amounts compared with the amount needed for complete combustion. Gasification can be achieved by 

direct addition of O2, using exothermic oxidation reactions to provide the energy necessary for gasification, 

or by pyrolysis through the addition of sensible heat under anoxic conditions. In both cases, steam may be 

added to promote additional production of H2 via the water-gas shift reaction [14].  
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Figure 11.  Main stages of a biomass gasification process (BioTfuel project [23,24]). 

Gasification reactions at the particle scale are schematically shown in Figure 12. From these reactions, 

it follows that the gas generated (‘producer gas’) is a mixture CO, CO2, H2, CH4, N2, H2O and a rich 

spectrum of hydrocarbons. The mixture of predominantly CO and CH4 produced after a separation to 

remove CO2 from producer gas is commonly known as ‘syngas’. Its formation can be simplified by the 

following global reaction:  

2 2
C H O CO H+ ⎯→ +  ΔH0 = +131.8 kJ/mol 

 
Figure 12. Gasification reactions at the particle scale. Adapted from [14]. 

To handle different kinds of available biomass feedstocks, a variety of gasification reactors and processes 

have been developed. They can primarily be classified into three main categories: fixed bed, entrained flow 
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and fluidized bed reactors (Table 7). Large-scale (industrial) applications usually employ entrained flow or 

fluidized bed gasifiers, while fixed bed gasifiers are preferred for small-scale gasification. 

Table 7. Main reactor designs for gasification [14,18,77]. 

Gasifier  

technology 
Characteristics Schematic example [14] 

Fixed 

bed/bubbling 

bed 

Can handle large and coarse particles 

Release lower temperature gas product 

High gasification agent consumption 

Ash is removed as slag or dry 

High particulate content in gas product 

stream 

Simplest and robust design 

Economical at small scale 

Tolerant for large range of biomasses 

Non-uniformity in temperature 

High tar and char yields 
 

Fluidized bed 

Uniform temperature distribution 

Low tar and char yields 

Better gas–solid contact 

Shorter residence time 

High operating temperature (1000–

1200 °C) 

Suitable for feedstocks with low ash 

fusion temperature 

Ash is removed as slag or dry 

Low particulate content in the gas 

stream 
 

Entrained flow 

Need finely milled feed material (ca. 

100-400 µm) 

Very high operating temperatures 

(>1200 °C) 

Yields high quality syngas 

Not suitable for high ash content 

feedstocks 

Very high oxygen demand 

Ash is removed as slag 

Short residence time 

Very low tar yield 

Economical for large scale 

 

 

1.1.1.1.2. Syngas clean-up and conditioning 

Syngas clean-up is the removal of undesirable impurities from the gas and depends on its end-use. Gas-

phase impurities in syngas include NH3, HCN, other nitrogen gases, H2S, other sulphur gases, HCl, alkali 

metals, organic hydrocarbons (including tar) and particulates. The concentration of these impurities depends 

on the feedstock composition and operating conditions. This represents a very technically challenging 

situation for any syngas cleaning system, which usually are, in consequence, costly processes. Syngas clean-

up and conditioning is therefore a key technical barrier to the commercialization of biomass gasification 

Updraft gasifier Downdraft gasifier

Bubbling bed gasifier

Circulating fluid-bed gasifier

Entrained-flow slagging gasifier
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technologies and has a big impact on the cost of clean syngas. A recent review on syngas clean-up processes 

can be found in [81]. After cleaning, the hydrogen content is adjusted (steam reforming or water-gas shift) 

by increasing the H2/CO ratio to 2, which increases FTS performances.  

1.1.1.1.3. Fischer-Tropsch synthesis (FTS) 

The Fischer-Tropsch synthesis reaction was formulated in 1923 by two German researchers, Franz 

Fischer and Hans Tropsch. FTS has long been recognized as a polymerization reaction represented in its 

simplest form as follows: 

nCO + 2nH2 ⎯⎯ →⎯ PTcat ,,
-(CH2)-n + nH2O  ΔH (227 °C) = -165 kJ/mol 

The Fischer-Tropsch reaction produces a range of olefins, paraffins and oxygenated compounds such 

as alcohols, aldehydes, acids and ketones that are mainly linear with a high percentage of olefinic 

hydrocarbons [14]. The composition of FTS products depends on the FTS catalyst and on the reaction 

conditions. Catalyst used for FTS are often group VII transition metal oxides (Ru, Fe, Ni, Co, Rh, etc.), and 

are selected according to the desired products. Nevertheless, iron catalysts are the most common, mainly 

because of their easy availability and low costs compared to other metals. Figure 13 shows a general 

flowchart of the FTS process from different fuel sources, including biomass.  Depending on the type and 

quantity of products desired, either a low-temperature (200-240 °C) or a high-temperature (300-350 °C) 

synthesis is used. The hydrocarbon mixture resulting from FTS is then distilled and purified to obtain the 

final products, known as the refining stage. 

 
Figure 13. Fischer-Tropsch synthesis process flowchart (adapted from [14]). 

2.3.3. Feedstock pretreatment for gasification 

To overcome some of challenges for biomass use and make the feedstock suitable for energy 

applications, pretreatment processes are essential.   

The intensity of pretreatment of the biomass feedstock depends on the gasification technology used. 

Entrained flow reactors are one of the most promising technologies because a rapid high-temperature 

biomass gasification can be achieved, leading to high-quality syngas [82]. Heat and mass transfers are very 

efficient in this type of reactor, but the biomass must be dried and ground into particles of several hundred 

micrometers prior to injection [83]. At least two pretreatment stages are therefore needed: 

- Drying: moisture content limits gasification efficiency, but also reduces grinding performance. 

High moisture content leads to inconsistent particle sizes when the particles are less than 2 mm 

[33]. A drying process should ensure a moisture content of less than 10 to 15 % before gasification. 

- Particle size reduction (grinding): a fractionation is needed to improve the chemical reactivity 

by increasing the total surface area, to eliminate mass and heat transfer limitations, to increase bulk 
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density. It eases the conveying of the raw material along the processing chain and optimizes its 

injection into the gasifier. 

These preliminary steps, particularly the grinding, consume large amounts of energy and represent 

obstacles to be overcome in order to develop the use of biomass in thermochemical processes [83]. An 

attractive process that reduces energy consumption for grinding, among other rather beneficial changes in 

biomass properties, is torrefaction. 

2.3.3.1. Grinding 

Biomass mechanical size reduction is a treatment process which leads to rupture of plant cell wall and 

dissociation of tissues (epidermal, parenchymatous and vessel tissue). Barakat et al. [84] has established 

different process categories according to the size reduction degree: ‘powdering’ (m to cm), coarse milling 

(cm to mm), intermediate micronization (cm to 100 µm), fine grinding (<100 µm) and ultra-fine grinding 

(<30 µm). 

The most commonly used grinding equipment is a hammer mill, which has high-speed rotors with metal 

hammers that beat the biomass apart until it passes through the openings of a metal screen. These type of 

units are found in most biomass processing systems because of their reliability and flexibility to work with 

different feedstocks [85]. 

 
Figure 14. Hammer mill grinding woody biomass [86]. 

The type of grinder used to grind wood influences particles shape, size and therefore powder flowability. 

The poor flowability of wood powder is a drawback for conversion processing (section 2.5). The tendency 

to present flow obstructions is lower for powders ground in knife mills than for powders ground in hammer 

mills, due to particles size and shape obtained [87]. To improve particle flow characteristics, new types of 

mills are being developed. For example, vibration mills decreased grinding energy requirements, and lead to 

round shaped particles [88].  

Power consumption in disintegration of biomass depends on biomass character (soft- and hardwood or 

herbaceous biomass), moisture content, extent of size reduction and way of disintegration [89], but also on 

the torrefaction conditions, as described hereafter. 

2.3.3.2. Torrefaction 

Torrefaction is a thermal treatment operating in the low temperature range of 200 to 300 °C. It is carried 

out under atmospheric pressure in absence of oxygen. The process is characterized by low particle heating 

rates (<50 °C∙min-1) and by a relatively long reactor residence time (typically 1 hour) [90]. The resulting 

product has intermediate properties between wood and charcoal and exhibits several advantages when 
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compared to the original material such as decreased hygroscopicity, dimensional stabilization, increased 

biological resistance to decay, loss of mechanical resilience, etc. [91]. 

There is documentation on the torrefaction of a wide diversity of biomass resources, including: maritime 

pine, chestnut, oak eucalyptus, Caribbean pine and Rose gum [92,93], beechwood [82,83], birch, pine, 

bagasse [94], bamboo [95], wood briquettes residues [96], willow [82], and agricultural residues such as rice 

straw and rape stalk [97] or oil palm wastes [98,99]. 

2.3.3.2.1. Chemical transformations during torrefaction 

Chemical changes during torrefaction strongly influence the final properties of the torrefied material, 

therefore a brief review of the main chemical transformations due to thermal treatment is given hereafter. 

Chemically, torrefaction reduces the oxygen content in biomass by degradation of the reactive 

hemicellulose fraction. This generates a final solid product which has a lower O/C ratio compared to the 

original biomass. The main chemical changes of biomass during torrefaction are listed in Table 8. Exact 

temperature transitions depend on the type and properties of the biomass [90]. During the initial heating, 

water due to chemical reactions is removed by a thermocondensation process [33,34]. This occurs at 

temperatures between 160 and 180 °C and results in the formation of CO2. At temperatures between 180 

and 270 °C, the reaction is more exothermic, and hemicellulose degradation continues. At these 

temperatures, biomass begins to brown and releases more moisture, CO2 and large amounts of acetic acid, 

with some low-energy phenols. In the torrefaction range of temperatures, the main decomposition reactions 

affect hemicellulose. Xylan-based hemicellulose generally decomposes between 250 to 280 °C. Minor 

decomposition is to be expected for lignin and cellulose except for chemical changes in their structure, 

which do not lead to a significant mass loss. 

Table 8. Structural and chemical changes in biomass during drying and torrefaction (adapted from [90]). 

 

At about 280 °C, the reaction is entirely exothermic and gas production increases, leading to the 

formation of CO, hydrocarbons such as phenols and cresols and other heavier products. Treatment 

temperatures above 300 °C are not recommended, as they can lead to significant devolatilization of biomass 

due to the initiation of the pyrolysis process [33].  

Non-reactive drying Reactive drying Destructive drying

Water, 

organic

compounds 

and gases

Mostly

surface 

moisture

removal

Insignificant organic

emissions

Initiation of  H-C 

bonds breaking.

Emission of  lipophylic

compounds and 

unsaturated fatty acids, 

sterols, terpenes

Breakage of  inter- and intramolecular hydrogen, 

C-O and C-C bonds. Emission of  hydrophilic 

extractives (organic liquid product having 

oxygenated compounds). Formation of  higher 

molecular mass carboxylic acids (CH3-(CH2)n-

COOH), n=10-30), alcohols, aldehydes, ether, 

CO, CO2 and CH4

Cell and 

tissues

Initial 

disruption 

of  cell

structure

Maximum cell structure 

disruption and reduced

porosity

Structural deformity Complete destruction of  cell structure. Biomass 

loses its fibrous nature and mechanical resilience.

Hemicellulose
Drying (A)

Depolymerization and 

recondensation (C)
Limited devolatilization and 

carbonization (D)

Extensive 

devolatilization

and 

carbonization

(E)

Lignin A           Glass transition 

(B)

C D E

Cellulose A C D             E

50 100 150 200 250 300
Temperature (°C)
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2.3.3.2.2. Global mass loss 

The chemical transformations that occur during torrefaction are accompanied by a mass loss, which can 

quantitatively be defined as: 

100(%) 
0

0 
−

=
m

mm
ML t

 
(1) 

Where, m0 and mt are the oven-dried mass before and after torrefaction, respectively. Mass loss is known 

to be a good indicator of the torrefaction intensity and has been successfully correlated with several 

properties of the treated biomass such as energy properties [100], dimensional changes [93], particle size 

after grinding [101,102] and flowability [102]. Mass loss can therefore be considered as a synthetic parameter 

of the severity of treatment with respect to the process conditions (namely temperature and residence time) 

[98,103]. Figure 15 indicates the typical mass loss evolution of a poplar sample for three different 

torrefaction temperatures, showing how the degree of thermal degradation depends on both the treatment 

duration and the temperature. 

 
Figure 15. Thermogravimetry of a poplar sample (Populus euro-americana ‘Koster’, obtained in a NETZCH STA 449 F3 Jupiter® thermobalance, 

temperature ramps at 1 °C∙min-1, m0 ≈ 8.7 mg); The dotted line corresponds to the temperature and the solid line to the ML. The zero of ML 

corresponds to the oven-dried state (Pin, Lu 2016, unpublished results). 

The thermal decomposition of xylan-based hemicelluloses occurs at a lower temperature than for other 

hemicelluloses. Therefore, due to their increased content of xylan-based hemicellulose, the mass loss is 

expected to be higher for hardwoods than for softwoods at the same treatment conditions [58,93,104]. 

2.3.3.2.3. Properties of the torrefied biomass solid 

Table 9 lists the main modifications in biomass properties triggered by torrefaction, as well as the effect 

of these changes on the subsequent valorization processes. 

2.3.3.2.4. Effect of torrefaction on grindability of biomass resources 

In entrained-flow gasification technologies, due to the relatively short residence time of fuel particles in 

the reactor, a small feedstock particle size is necessary (typically in the order of 100 µm [90]). Biomass 

resources have a tenacious and fibrous structure which makes it rather difficult to grind. In consequence, 

large energy consumption is necessary to obtain adequate particle sizes.  

As mentioned above, torrefaction has been shown to significantly improve the grindability of biomass 

by reducing its mechanical resilience. This increase of biomass brittleness has a chemical and anatomical 

origin. Figure 16a-b shows the damage to the anatomical structure, with several cracks appearing in the most 

fragile tissues, caused by severe torrefaction in eucalyptus samples [91]. The mechanisms of size reduction 

are therefore also different between raw and torrefied wood (Figure 16c). When raw biomass is ground, the 
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stress causes particles to break along the fiber orientation. These leads to the formation of rather needle-

shaped particles. In the case of torrefied particles, the stress causes the break of weaker hemicellulosic bonds, 

forming additional fracture lines depending on the orientation of the macrofibrils. Depolymerization of 

cellulose breaks down or weakens the macrofibrils, so the resulting particles are finer and have also 

decreased length and rounder shape [90]. 

Several studies have shown the efficiency of torrefaction in facilitating biomass grinding [57,89,105–

110]. For instance, a reduction of 80 to 90 % in the power consumption required to grind torrefied biomass 

compared to untreated biomass has been verified by Bergman and Phanphanich et al. [106,111], which 

means a power consumption similar to that of coal. Additionally, in their study on pine, spruce and beech 

chips, Phanphanich and Mani [106] found that specific energy consumption (in kWh∙t-1) for grinding 

decreased linearly with increased torrefaction temperature.  

 

Table 9. Effects of torrefaction on biomass feedstock properties. 

Properties 
Change during 

torrefaction 
Effects References 

Moisture content 
Reduced from 10-50 % to 1-

3 % (wet mass basis) 

Energy consumption for 

gasification is reduced. 

Transportation costs are 

reduced. 

Decomposition is prevented. 

[90,92] 

Bulk and energy density 
Significantly reduced bulk 

density. 

Transportation costs per m3 

are reduced. 
[90,111,112] 

Energy density 

Increase in energy density 

(>60 %). Calorific value is 

increased. 

Gasification efficiency is 

improved. 
[90,111,112] 

Grindability 

Biomass loses its tenacious 

nature because of the 

breakdown of hemicellulose 

matrix. 

Fiber length decreases. 

In some hardwoods (beech 

and poplar), vessels collapse 

and deformation of the 

fibers are observed. 

Power consumption for 

grinding is drastically 

reduced (up to 70-90 %). 

Capacity of the mill is 

increased. 

[57,89,105–

110] 

Particle size distribution 

Sphericity 

Particle surface area 

Smaller particle sizes and 

rounder particles are 

obtained after grinding 

compared to raw biomass. 

Improved chemical reactivity 

of particles. 

Flowability is generally 

improved. 

[102,106,113] 

Pelletability 

Uniform feedstocks are 

obtained with consistent 

quality. 

More lignin-active sites are 

opened, which eases 

binding. 

The required pressure and 

energy consumption for 

palletization is reduced. 

[90,92,114] 

Chemical composition 
Increase in carbon content. 

Decrease in H/C ratio. 

Less smoke and water-vapor 

formation during 

combustion and gasification. 

[115–117] 
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Hydrophobicity 

Biomass capacity to form 

OH bonds is reduced; 

nonpolar unsaturated 

structures are formed. 

Biological degradation is 

hindered. 

Stable storage. 

[105,114,118] 

 

Several methods are used to assess the ‘grindability’ of biomass resources and the effect of torrefaction 

on it. These methods can be based on: 

- Particle size distribution (PSD) changes: Arias et al. [110] studied the particle size distribution 

(PSD) after milling of torrefied eucalyptus and found that the percentage of particles in the smallest 

sieve size increased after torrefaction. Similar results were found by other researchers 

[102,106,108,119,120]. 

- Hardgrove Grindability Index (HGI):  Using this grindability test commonly used for coals, 

Bridgeman et al. [108] evaluated the effect of torrefaction on HGI of willow and Miscanthus 

samples. The test is described in a standard ISO procedure [121]. It is based in a sieving analysis of 

ball-milled material and requires a specific device. Torrefaction at high temperatures (290 °C) 

resulted in biomass with HGI values similar to those of coals. Similar results were obtained by 

Ibrahim, Williams and Manouchehrinejad et al. [122–124]. 

 
Figure 16. SEM images of a transversal section of E. Saligna. (a) Raw sample. (b) Torrefied sample (280 °C, 5 h). White square shows the image 

dimensions before treatment revealing sample’s shrinking [91]. (c) Representation of particle breakdown form raw, mildly treated and intensively treated 

biomass [90]. 

- Energy consumption for grinding: Several authors have compared the energy consumption for 

grinding of raw and torrefied biomass [89,90,107,109,125]. For instance, compared to untreated 

biomass samples, torrefaction at 300 °C reduced grinding energy consumption by ten times for pine 
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chips and by six times for logging residues [106]. Figure 17 shows the effect of wood moisture 

content (MC), torrefaction (270 °C, 30 min) and target particle size for willow wood on the grinding 

energy consumption of a cutting mill [89,90]. While the power consumption for raw biomass 

increased strongly with a decrease of the resulting particle size, this effect is less pronounced for 

dried and torrefied wood. In absolute terms, the power consumption was also greatly reduced when 

the biomass is torrefied. 

 
Figure 17. Comparison of power consumptions for milling of raw, dried and torrefied willow wood to final average size between 0.2 and 0.8 mm. The 

electric power consumption (kWe) is related to thermal energy of wood flow (in kJ∙s-1 = kWth) (MC: moisture content) [89,90]. 

2.3.3.2.5. Torrefaction energy requirements compared to reduction of energy consumption for 

grinding 

Since torrefaction requires an energy supply (ca. 0.6 to 1 MJ/kg of feedstock are required [90]), it is 

therefore reasonable to question the overall energy balance of the coupled torrefaction and grinding 

processes. While this is a relevant point to be addressed for assessing the interest of torrefaction as 

pretreatment step, the specific energetic consumptions are strongly determined by the type of technology 

used for both torrefaction and grinding, the operational conditions and the feedstock. This may explain why 

few studies have addressed the overall balance of the process so far. We present here some literature 

elements that could help to clarify the trade-offs encountered when analyzing the efficiency of the two 

pretreatment operations together. 

In their study on spruce and beech torrefaction, Repellin et al. [101] have stated that a mass loss of 8 % 

was an optimal value to reduce wood grinding energy while maintaining a good energy yield of the material. 

Over ML = 8 %, grinding energy decreased at a slow rate and any decrease of grinding energy required a 

significant loss of material. The average particle size decreased almost linearly with the mass loss until 

ML = 30 % and was under 200 µm for ML > 15 % for beech and ML > 5 % for spruce. 

Svoboda et al. [89] suggested that, to minimize the overall energy loss, an optimal process configuration 

would include torrefaction followed by vibration grinding [88] to particle size below 200 µm. The suitable 

temperature of torrefaction was between 270 to 280 °C (possible autothermal torrefaction processes could 

be triggered) and residence time of 0.5 h. The use of feeding methods developed for dry and pulverized 

coals could then allow a smooth feeding of the entrained-flow gasifier with relatively low energy 

consumption and high energy density of the biomass fed into the reactor. 

Only the torrefaction of the energy intake could already greatly impact the overall efficiency of the 

system. To achieve high energy efficiency at low cost, innovative torrefaction technologies have been 

developed, for example, in the Energy Research Center of the Netherlands (ECN) [90] to valorize excess 
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of heat and volatile energy. The process layout (Figure 18) is based on the direct heating of the biomass 

during torrefaction using recycled hot gases. The recycled gas consists of the torrefaction gas (combustible 

organic compounds) which is re-pressurized to compensate for the pressure drop in the recycling loop. It 

is heated by exchange with the combustion flue gas released. Torrefaction gas produces thus the heat 

required for torrefaction and pre-drying but utility fuel can also be added. This process configuration showed 

to be the most promising, achieving autothermal operation.  

 
Figure 18. Optimized torrefaction process layout [90]. 

The considerations presented above clearly show that there is an operational trade-off to be found 

between the torrefaction intensity, the reduction of grinding energy consumption and the particle 

characteristics (namely PSD and shape) that would enhance gasification performances. However, the energy 

balance between energy gain achieved by grinding, the increase in the calorific value of wood and the energy 

consumption for torrefaction using optimized configurations seems to be globally favorable [82,105], 

despite the energy required for torrefaction and the energy loss related to the mass loss.  

2.4. Obstacles for the industrialization of BtL processes 

Although the numerous benefits of using biomass for bioenergy are evident in terms of its potential to 

provide energy independence and security, rural development and climate change mitigation, the conversion 

technologies and supply logistics pose serious challenges to their commercialization. A comprehensive 

review on the barriers for commercial power generation using biomass has been made by Asadullah [126]. 

Some of the main challenges to be addressed before an economical feasible production of biofuels through 

BtL processes are: 

- Availability of cultivable land areas to produce biomass. They should not be in competition with 

food production. 

- High investment costs. 

- Low volumetric energy density of biomass (enhanced by pretreatments steps such as torrefaction) 

- The lack of a reliable supply chain that guarantees on-time, cost-effective, all-year-round and 

continuous delivery of feedstock [127].  
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- Technological breakthroughs: co-producing electricity and biofuels deserve further research. 

Synergy with fossil fuels (cofeeding) could also facilitate both scale enlargement and cost reduction 

[128]. 

Regarding the pretreatment stages, more research is needed on the effects of process conditions on the 

fuel characteristics. This will allow to obtain a homogeneous material that will be efficiently transformed in 

the gasifier. Research on the flow behavior and handling of ground biomass is particularly important to 

ensure reliable feeding [129]. 

Regarding gasification, although the related research is mature, development is required of large (about 

400 MW input), robust and cost-effective pressurized gasifiers. Feeding systems optimized for biomass 

particles are also an important technological barrier. 

Regarding FTS and downstream processes, research is needed on a gas cleaning section that matches 

the catalyst’s specification as well as on increased catalyst selectivity (for FTS).  

2.5. Handling biomass and biomass powders: current issues and problematics 

Currently, biomass handling is a key obstacle for the cost-competitive production of 2G biofuels. A 

common critical challenge is the feeding into the gasification reactor in a smooth continuous rate, but 

biomass handling problems also arise in the storage or the conveying facilities. 

Biomass handling problems are the result of many factors. Particle properties such as size, shape, 

density, moisture and cohesion, as well as poor design of feeders, hoppers and conveying systems are at the 

origin of the issues. Raw ground wood particles have needle shapes that confer a low flowability and a poor 

fluidization behavior to the powder [101]. Large irregularly shaped particles tend to cause bridging in the 

feeding systems. Due to cohesion effects, fine particles also have strong tendency to bridge and block 

feeding and storage systems. The elasticity of the particles and their fibrous and sticky behavior make 

biomass difficult to process. 

 
Figure 19. Flow problems in storage units (a) Rathole in biomass (sawdust) hopper (b) Operator hammering on hopper to induce flow [130]. 

The main types of feeding systems used for biomass are hopper or lock hopper systems, screw feeders, 

rotary valve feeders, piston feeders, pumps and pneumatic feeding systems. Bridging, ratholes, seal failure, 

feed rate fluctuations, blockages, reaction in the feed line, mechanical wear and corrosion are some of the 

issues encountered by many of these systems [129]. Pneumatic transport systems are not suitable for fibrous 

(b)(a)
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and needle-like biomass materials [89]. Fluidization of pulverized wood (dp<0.2 mm) is also difficult, due to 

the high cohesion forces between particles and channeling [131,132]. Screw feeding of wood powder suffers 

from fluctuations of flow rates [133]. These feeding problems can trigger temperature excursions in the 

gasifiers that cause fluctuations in the producer gas constituents [126].  

Pelletizing is a technological alternative that could ease transport and feeding compared to handling of 

powders. However, pellets are less reactive because of their low specific surface. An alternative consists in 

pelletizing and then grinding the pellets, which increases costs and reduce overall energy efficiency [134].  

It is therefore clear that the emergence of handling issues is closely linked to the characteristics of 

biomass particles. The study of these properties and the effect of the pretreatment stages on them is 

therefore important for assessing feeding and reactor performances, downstream operations and equipment 

for all biomass-related processes. In particular, a better understanding of the effect of particle characteristics 

on biomass flowability is required for engineers to develop cost-effective processing and handling strategies. 
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B- Flow behavior of  biomass powders 
 

Before describing the methods commonly used to characterize flowability, it is important to consider 

the general classification of granular materials into two categories: non-cohesive and cohesive. This 

classification can determine the use of one method or another and it is also crucial to take it into account 

for simulation purposes (Section C).  

1. Non-cohesive and cohesive granular materials 

Bulk materials can be divided into two main categories: non-cohesive and cohesive. In non-cohesive 

bulk materials, the interaction between the particles is mainly determined by the steric repulsion and the 

friction forces. The macroscopic behavior of the materials is therefore governed by the particle shape and 

size distributions and the surface interactions between the grains. In the case of cohesive materials, the 

interparticle cohesive forces (electric charges, liquid bridges, hydrogen bonds or van der Waals interactions 

and magnetic dipole-dipole interactions) become greater than the weight of the particles. The macroscopic 

behavior of the powder is therefore mainly governed by the magnitude of the cohesion forces [135].  

2. Methods for measuring bulk flow properties 

Due to the complexity of granular materials, any single and simple test method cannot characterize 

completely the flow properties of a powder and flowability can never be expressed as a single value or index 

[135,136]. Flowability, defined as the ability of a powder to flow, is a multivariate feature of the bulk material 

and is not an inherent property. It is the combined result of material physical properties and its interactions 

with the equipment used for handling. There are therefore a variety of test methods that provide different 

indicators of flow behavior and often different methods can produce different results. A complete review 

on the methods to measure the flowability of bulk solids has been made by Schwedes [137]. The choice of 

the method highly depends on the phenomenon the user is trying to capture. Shear tests are typically more 

relevant for assessment of flow in storage units, while dynamic non-consolidated tests might better 

reproduce the flow of powders in an open conveyor. 

Measurement methods for analyzing the consolidated, non-consolidated, static, quasistatic and dynamic 

properties of a powder can be strongly different [135]. Some of the methods that are commonly reported 

to measure the powder flowability are the angle of repose, the Compressibility Index (or Carr Index - 

Hausner ratio), the avalanching flow in a rotating drum, the flow through an orifice and the shear testing. 

In accordance with the objectives of this work, emphasis will be placed on the shear test procedure as 

well as on the evaluation of dynamic flow in rotating drums. A brief overview of the other methods is finally 

given. 

2.1. Shear tests 

Jenike was the first to establish the fundamental methods for determining the flow characteristics of 

bulk solids [138]. The procedures described by Jenike have become a standard method ASTM D6128 [139]. 

Jenike used the principles of plastic failure with the Mohr-Coulomb failure criteria [140] to analyze the flow 

of solids in silos and bins, and to develop a model of flow and no-flow.  
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Figure 20. Schematic of a Jenike's shear tester (A: Base, B: ring, C: lid, σ: normal force, τ: shear force). Adapted from [137]. 

Jenike’s direct shear cell tester (Figure 20) and his procedure for designing hoppers have been commonly 

used in research and industrial applications for characterizing a variety of granular materials. However, the 

operation of Jenike shear tester requires training, the time required for measurements of a complete yield 

locus is about one or two hours and often has reproducibility problems [141]. These drawbacks have 

encouraged the development of devices such as the ring shear tester. 

2.1.1. Schulze ring shear tester 

Shear testing can be a time-consuming method but it is the most reliable and frequently used for the 

characterization of powder flowability under consolidation [3].  

Ring shear testers (rotary shear testers) have been used in soil mechanics since the 1930s, but it was only 

until the 1960s that an annular shear tester for bulk solids, where lower stresses than in soil mechanics are 

required, was developed. In 1992, an automatic and computer-controlled annular shear tester was developed 

by Schulze. The device automatically measures yield loci, wall yield loci, time consolidation, bulk density, 

etc. Since 2002, a small computer-controlled ring shear tester (type RST-XS) has been available. This tester 

allows the use of small sample volumes (9 ml, 30 ml and 70 ml) [142]. 

Unlike the Jenike shear tester, the Ring Shear tester requires a minimum of skill and uptime. In addition, 

because of the annular geometry, the shear displacement is not limited. Low variability results can be 

obtained following a standard ASTM procedure described in [143]. 

 
Figure 21. Schulze ring shear tester RST-XS. Adapted from [142]. 
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The XS model of the Schulze ring shear tester is shown in Figure 21 [142,144]. The bottom ring-shaped 

cell (internal diameter = 32 mm, external diameter = 64 mm, depth = 13 mm, internal volume = 31.4 cm3) 

contains the sample. An annular lid attached to a crossbeam lies on top of the sample. 

A normal force, N, is applied to the cross-beam in the axis of rotation of the shear cell and transmitted 

by the lid to the bulk solid sample. Thus, a normal stress σ is applied. The counterbalancing force, FA, is 

directed upwards and is created by counterweights. FA counterbalances the gravity forces of the lid, the 

hanger and cross-beam. 

The shear cell is driven in the direction of arrow ω and the lid is prevented from rotation by two tie rods 

which are connected to the cross-beam. Due to the relative displacement of the shear cell to the lid, the 

sample is therefore sheared. From the measured forces F1 and F2, the shear stress acting in the sample (τ) is 

calculated. The movement of the lid is unhindered in a similar way as the cover in Jenike’s shear tester. A 

homogeneous stress distribution across the sample can be obtained without any bearing friction between 

the very light components. Accurate measurements are thus possible especially at low normal stresses 

[141,145]. 

2.1.1.1. Procedure for determining the yield locus 

The yield locus represents graphically the yield limit of a bulk solid, i.e. the shear force required for 

triggering flow. It is determined through shear measurements following standard procedures. According to 

the procedure for the Schulze ring shear test [143], once the shear cell with the powder sample has been 

prepared, the maximum normal preshear stress, σpre, is applied on the cell lid. The preshearing step is carried 

out up to the attainment of a steady state value of shear stress in which the frictional forces between particles 

are maximum with respect to the applied normal load. At this point the powder attains a well-defined and 

reproducible state of consolidation corresponding to the top point shown in Figure 22b (preshear point). 

This steady state often occurs when the sample volume and thus its bulk density, ρb, reaches a steady state 

value at the end of compaction [141]. After the sample is relieved from shear stress (backward rotation of 

the shear cell until τ = 0), the normal stress is reduced to another value of σsh < σpre. The sample is then 

sheared until a peak value of shear stress, τsh is reached (incipient flow or failure). The sequence of two steps 

is repeated with the same σpre and increasing σsh values. Finally, a verification point at σsh,1 is made. The (σ, τ) 

couples obtained at failure are drawn to represent the yield locus corresponding to the consolidation applied. 

The evolution of the shear stress over time presented in Figure 22a shows the typical preshearing and 

shearing steps for a consolidation stress σpre of 2 kPa for a sample of powdered poplar. 

 

 
Figure 22. Shear stress procedure in a ring shear tester. (a) Evolution of the shear stress over time. (b) Yield locus construction and Mohr circles defining 

unconfined yield strength (σc) and consolidation stress (σ1). 
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From the yield locus plot, the application of the Mohr-Coulomb failure theory [140] allows the 

determination of different properties useful for assessing powder flowability but also for silo design. As 

shown in Figure 22b, the Mohr circle drawn through the preshear point and tangent to the yield locus locates 

the major principal consolidation stress (σ1). The unconfined yield strength (σc) is given by the major principal 

stress established by the Mohr circle passing through the origin and tangent to the yield locus. In Figure 

22b, the dashed line passing through the origin and tangent to the larger Mohr circle is the effective yield 

locus. Its angle of inclination with respect to the σ-axis is the effective angle of internal friction φe. The 

cohesion, C, corresponds to the value of the shear stress where the yield locus intersects with the τ-axis, i.e. 

at the normal stress σ = 0.  For a complete study of the flow properties of a bulk solid, this procedure should 

be repeated for a range of initial consolidation loads, resulting in a series of yield loci [146]. The flow function 

(σc vs. σ1) can thus be drawn (Figure 23). 

2.1.1.2. Flow function and flowability 

When using shear measurements, the flowability of a bulk solid is characterized mainly by its unconfined 

yield strength, σc, in dependence on the consolidation stress, σ1. The ratio FFC is commonly used for 

quantifying flowability: 

1

C

FFC



=  (2) 

The larger the FFC is, the better a bulk solid flows. A classification of flowability based on FFC can 

therefore be established (Table 10). Figure 23 shows the graphically the flowability classification zones in a 

flow function plot. From this diagram, it is clear that FFC of a bulk solid depends on the consolidation 

stress. For must bulk solids, a better flowability is obtained at greater consolidation stress.  

Table 10. Flowability classification according to FFC values. 

FFC range Classification 

FFC < 1 Not flowing 

1 ≤ FFC < 2 Very cohesive 

2 ≤ FFC < 4 Cohesive 

4 ≤ FFC < 10 Easy flowing 

FFC ≥ 10 Free-flowing 

 

 
Figure 23. Flow function, lines of constant flowability and flowability classification. 

2.1.1.3. Hopper design procedure based on Shear testing results 

 

One of the strengths of shear testing compared to other flowability characterization methods is that the 

results (yield locus, flow function) can be directly used for the design of storage units, such as hoppers and 

bins, by following the standard procedure established by Jenike [138]. A brief description of this procedure 
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is presented below in order to highlight the influence of the flow behavior of the granular material on the 

equipment design [147]. 

In general, the design procedure consists of determining the maximum hopper half angle (β, the angle 

between the vertical vessel and the sloped hopper outlet) to avoid ratholes and funnel flow (Figure 24a), 

and the minimum hopper outlet size (B, Figure 24b) which prevents arching at the vessel opening. Two 

values are required: the flow function and a flow factor ff. While the flow function depends solely on the 

shear strength of the material, ff depends on both, the bulk material properties and the characteristics of the 

hopper (material of construction, shape, wall friction, etc.). ff describes the ability of a hopper to discharge 

consolidated solids by gravity. For mass flow to occur (i.e. every particle in the storage vessel moves 

downward in unison towards the vessel opening), ff must be located above the flow function (i.e. the applied 

hopper discharge stress must be greater than σc). 

Besides the flow function, additional material properties required for design are the bulk density as a 

function of the applied normal stress, the effective angle of internal friction (φe) and the wall friction angle 

(φw). The effective angle of internal friction determines the lateral (or outward) stress acting on the vessel 

wall, while the angle of wall friction, describes the strength of interaction between the bulk solids and the 

wall material.  

Jenike's hopper design protocol can be summarized as follows: 

• Obtain the values of φe and φw and use the Jenike published charts [138]that relate them to both β 

and ff. 

• Determine the critical applied stress (CAS) from the intersection of the measured flow function 

and the calculated ff line. The ff line is a straight line through the origin with slope equal to 1/ff. 

• Calculate the minimum hopper outlet size (B) using values of CAS, β and bulk density at the 

consolidated stress at the hopper outlet (ρb) as: 

( )

b

H CAS
B

g






=  (3) 

( ) 2
60

H


 = +  
(4) 

 where g is the gravitational constant.  

 
Figure 24. (a). Flow regimes in silos (Adapted from [130]). (b) Scheme of a conical hopper depicting the hopper outlet diameter (B) and the hopper half 

angle (β) (Adapted from [147]). 
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2.2. Other measurement methods for determination of flow properties of bulk solids  

Examples of further simple test methods relatively widely used are: 

• Hausner ratio (HR) and Carr’s compressibility index (CI): simple and relatively fast to 

determine. They are based on the unsettled apparent volume (‘loose’ =VL) and the final tapped 

volume (‘tapped’ =VT) of the powder after tapping the material until no further volume changes 

occur (Figure 25a). They are calculated as follows: 

/
L T

HR V V=  (5) 

( )1 / 100
T L

CI V V= −   (6) 

Equivalent definitions using the loose bulk density and tapped bulk density can also be used. CI and 

HR are not intrinsic properties of the bulk material, i.e. their values might depend on the methodology used 

(diameter of the cylinder used, number of times the powder is tapped, mass of material used, etc.). A call 

for harmonization of the procedure for measuring CI and HR has been made by the United States 

Pharmacopeia [148]. 

 
Figure 25. (a). Compressibility test in a tap volumeter. (b). Funnel for measuring time of discharge (tM). (c). Measurement of poured angle-of-

repose (αM). Adapted from [141]. 

This method is based on the influence of interparticle adhesive forces on bulk density: in loose solids 

of poor flowability, large voids are formed due to the effect of adhesive interparticle forces. This is not the 

case with free-flowing bulk materials. Poorly flowing powders are thus more compressible [141]. 

• Flow through an orifice: Flow through an orifice is generally measured as the mass per time 

flowing from a number of container types (bottles, funnels, hoppers). The flow rate can be 

measured in discrete or continuous increments. This method only gives reliable results with free-

flowing materials (Figure 25b). 

• Angle-of-Repose: Angle of repose (AoR) is one of the most used parameters for characterizing 

the flow behavior of granular materials. AoR is the result of the balance among interparticle forces 

and gravity forces [149]. One definition of the Angle-of-repose is the constant three-dimensional 

angle (with respect to the horizontal base) assumed by a conical pile of material formed by different 

methods [148] (Figure 25c). Although the values of AoR are found to be very dependent on the 

method used, it continues to be extensively used, especially in the pharmaceutical industry [149–

153]. A comprehensive review on the AoR of granular materials, its definitions, its measurement 

methods and its influencing factors has recently been made by Beakawi et al. [154]. 

A generally accepted scale of flowability for the Angle-of-Repose, the Compressibility Index (CI) and 

the Hausner Ratio is given in Table 11. In Figure 26, the different flowability characterization methods 

reported here are classified relatively to each other according to the stress state of the powder (compacted 

or loose) and the predominant measurement conditions (static or dynamic).  
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Table 11. Flowability scale according to several indicators [148]. 

Flowability CI (%) HR AoR (degrees) 

Excellent ≤ 10 1.00 – 1.11 25 – 30 

Good 11 – 15 1.12 – 1.18 31 – 35 

Fair 16 – 20 1.19 – 1.25 36 – 40 

Passable 21 – 25 1.26 – 1.34 41 – 45 

Poor 26 – 31 1.35 – 1.45 46 – 55 

Very poor 32 – 37 1.46 – 1.59 56 – 65 

Very, very poor > 38 > 1.6 > 66 

 
Figure 26. Flowability characterization methods. CI: compressibility index; RST: Ring shear tester; AoR: angle-of-repose. 

2.3. Rotating drum systems for measurements of flow properties  

 

Particular interest has been given to granular materials in rotating drums as its usage is present in a wide 

range of industrial sectors from agricultural to mineral mining. They are used in size reduction, granulators, 

dryers and reactors for processing granular materials. Rotating cylinders are also used to determine bulk 

solid flow properties such as the dynamic angle of repose and the avalanching behavior [155]. Laboratory 

tests in rotating drums have been used for decades to understand the dynamic and shear behavior of 

particulate materials [156,157] at low stresses  and close to the surface of the bulk material. Compared to 

powder rheometers based on shear measurement, the only stress applied on the powder sample in the 

rotating system is induced by gravity. Therefore, the rotating drum evaluates powder dynamic properties in 

a free-surface non-consolidated conditioning [158]. The study of bulk behavior using a rotating drum could 

therefore better represent the actual stress conditions of powders flowing in a non-consolidated regime 

through a pipeline (compared to shear tests).  

In a rotating drum, flow events during rotation are easily reproducible because the system is 

continuously self-feeding. The experiments can therefore be replicated a large number of times without 

operator intervention in a short period of time [159]. These advantages have made rotating drums one of 

the most practical geometries for studying the flow of granular materials. 

Particle flow in a partially filled rotating drum may exhibit a range of complex phenomena, such as 

avalanche, mixing and segregation. These phenomena are also highly dependent on whether the material is 

cohesive or non-cohesive. 

For non-cohesive materials, extensive research has been conducted to understand the dynamics of 

granular flow, both from a macroscopic bulk perspective and at the particle scale. A grounding work has 

been made by Mellmann [160], who identified different flow regimes existing in a drum for non-cohesive 
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materials: sliding, surging, slumping, rolling (continuous), cascading, cataracting and centrifuging. These 

regimes depend on the rotational speed, the filling ratio, the wall friction and the dimensions of the drum 

(Figure 27). 

 
Figure 27. Flow regimes in a rotating drum for non-cohesive powders. Adapted from [160]. Fr is the Froude number i.e. the ratio of centrifugal force to 

gravity (g). ω is the rotational speed and R is the drum radius. 

Although most of the research so far has focused on the study of the description of flow regimes and 

dynamics [155,159,169–172,161–168], the assessment of flowability through rotating drums has also been a 

topic of great concern [156,157,173–179]. The main criteria used to characterize flowability of non-cohesive 

materials using a rotating drum are the dynamic angle of repose (in a continuous regime) and the time 

elapsed between events (in a slumping regime). 

Experimental research to understand the dynamic behavior of various non-cohesive samples has been 

successful. However, many challenges remain for sticky and cohesive materials like biomass powders. For 

this type of materials, the behavior of the granular assembly is more complex, and the classification of flow 

regimes established by Mellmann does not apply. Interparticle cohesion induces intermittencies in the whole 

range of rotating speed [180–184].  Figure 28 shows the typical flow in a rotating drum for non-cohesive 

and cohesive granular materials. While in the case of a non-cohesive material, a constant, uniform and 

smooth slope develops (continuous regime), very irregular free-surface profiles and the formation of 

agglomerates of particles are characteristic of a cohesive behavior.  

 
Figure 28. Flow in a rotating drum. (a). Non-cohesive material in a continuous regime. (b). Irregular flow of a cohesive powder. Adapted from [135]. 

Research on the flow of cohesive powders in rotating drums include the work by Castellanos et al. [181] 

who have established different flow regimes for fine cohesive materials (dp < 30 µm): as the rotational speed 

increases, cohesive powders move from a plastic regime to a fluidized regime followed by a entrained or 

suspended regime. Similarly, Alexander et al [180]. showed a correlation between increase in bed volume 

(dilation) and cohesion of different samples: as dry cohesion increased the material dilated further. 

Iaccoca and German [185] have first used avalanche behavior to characterize powder flowability of 

cohesive lubricants. They have used strange attractor diagrams, which are plots of time of the nth cascade 

versus the time of the ‘n + 1’ cascade, to evaluate flowability. However, this type of representation, typically 

used in chaos theory and analysis, was not the best format for analysis of flow behavior and quantitative 

Sliding Surging Slumping Rolling Cascading Cataracting Centrifuging

Fr = ω2Rg-1

ω ω

Granular sugar Powdered sugar
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comparison between different powders. The cumulative distribution of the time elapsed between events 

better described the flow dynamics and allowed detection of changes in flow caused by powder additives. 

Since this work by Iacocca, there has been increased interest in establishing new criteria for assessing 

flowability of cohesive powders using rotating drum experiments. Lavoie et al. [186] and Soh et al. [187], 

for example, have proposed ‘fluidity’ and ‘cohesion’ indices based on the avalanche periods, while Alexander 

et al. [180,188], Davies et al. [189] and Yang et al. [190] have used the variation of the mass center of the 

powder over time. Because of the irregular surface of avalanches of cohesive materials, adapted 

measurements of the dynamic angle of repose have also been applied to materials such as wet glass beads 

[191,192], xerographic developers [193], moist pharmaceutical powders [194], silicon carbide abrasives [135], 

cocoa powders [183,184] and lactose powders [158,195,196]. 

2.3.1. Commercial systems for flowability assessment using rotating drum principles 

The possibility of assessing flowability of bulk solids using the dynamic avalanching behavior has 

encouraged the development of commercial devices such as the Revolution powder analyzer (Mercury Scientific 

Inc. SC, USA) [197].  

At the heart of the equipment is a rotating cylinder into which bulk powder samples are placed (Figure 

29). The drum has two borosilicate glass sides. The standard version of the cylinder is 100 mm diameter, 35 

mm wide. The mechanical drive is made through a motor connected to two high precision silicone rollers. 

A digital camera with the assistance of a cold cathode back lighting takes images of the powder during 

rotation. The images are processes by a software that measures several aspects of the powder, including the 

potential energy, angle, surface fractal, time between events and volume.   

 
Figure 29. Revolution powder analyzer [197] (a) Top view. (b) Sample drum. (c) Sample inside the drum. 

The instrument is easy to use and operator-independent, but problems have been reported regarding 

powder adhesion to the glass walls which distorts the measurements [198]. Additionally, a warning has been 

raised as cohesive powders may display short times between avalanches due to aggregate formation, and 

thereby wrongly be assessed as having good flow. 

3. Linking flow properties and granulometry of granular materials 

Unfortunately, the relationship between grain properties and the powder bulk behavior of granular 

materials is far from obvious [199], and therefore both types of measurements have to be performed. 

Although extensive research has been undertaken on experimental and numerical studies about these 

relationships, there are currently no general statements applicable to all types of granular materials under all 

flow conditions. 

Flow properties are not always correlated with a single size or shape descriptor and the width of the 

particle size and shape distributions have also to be considered. Prediction of flowability on the basis of a 

(a)

(b)

(c)
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particle size distribution is therefore difficult. Nevertheless, the following qualitative rules often apply for 

materials of uniform particle shape [141]: 

• Flowability of granular materials with a similar width and type of PSD increases with increasing 

median size. 

• Flowability of granular materials having the same median size tends to increase with a decrease of 

particle size polydispersity.  

• When considering coarse particles (dp > 500 µm), spherical, smooth particles tend to flow better 

than non-spherical, rough, sharp-edged particles. For fine powders, interparticle cohesive forces 

could play a major role. A pronounced roughness could thus hinder the ability of particles to 

approach each other, thus promoting flow.  

Examples of work on the effects of particle size and shape on flowability include the research of Lumay 

et. al and Boschini et al. [135,158]. In their work with cohesive and non-cohesive granular materials and 

using different methods for flow characterization, they have found that cohesion between grains becomes 

important when the grain diameter is inferior to 50 µm. The repose and flowing angles were thus increased 

by the cohesion. Therefore, for small grains, the macroscopic properties of a pile were mainly related to the 

cohesive forces between the grains. For larger grains, the particle shape becomes an important parameter. 

In particular, the elongation of the grain influences the macroscopic properties of the assembly. 

Walton and Braun [200] have investigated the effect of particle shape on the dynamic angle of repose 

and on the bulk flow behavior in rotating cylinders using Discrete Element Method (DEM) simulations 

with single spheres and cluster of spheres in a tetrahedral configuration. They have concluded that the angles 

increase greatly between the spheres and a tetrahedral configuration, as the particle interlocking is much 

larger.  

More recently, Mallick et al. [201] have experimentally addressed the question of the influence of particle 

size on the cohesion and unconfined yield strength of fly ash of coal fired thermal power stations 

(dp < 150 µm). They found that increasing in fines content increased the cohesion of fly ash. They have 

developed correlations for cohesion and unconfined yield strength dependent on the particle size, the span 

and the compressibility index of the powders. It was the dependence on the compressibility index that was 

most pronounced. 

4. Flowability of biomass materials: state-of-the-art 

Several researchers have addressed the question of estimating biomass flowability. Nevertheless, despite 

the frequent occurrence of handling problems, there is still a relatively poor knowledge of the flow 

properties of biomass materials and few data on biomass flow properties are available for designing efficient 

transportation, storage, feeding and handling systems [202]. 

Recently, the suitability of conventional tests of flow properties such as shear testing applied to biomass 

materials, has been questioned [202]. The elongated and irregular shapes of biomass particles promote high 

compressibility and long strain before the attainment of failure and steady state-stress [203,204]. Irregular, 

fibrous and flaky particles can show a pronounced expansion due to elastic recovery when being unloaded 

after consolidation. Thus, the properties of the sample change during unloading, leading to erroneous 

strength measurements [141]. Miccio et al. [202,205] found that shear measurements could however be used 

for the characterization of flow properties of biomass when the particle size is below 2 mm.  

Although new methods based on the tendency of biomass bulk solids to arch over bins and hoppers 

have been proposed [87,202,206–209], it is still widely accepted that the principles of commonly used 

methods can be used as fundamental knowledge for obtaining the flow properties of biomass particles [113]. 
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Moreover, these new alternative methods are limited as they do not give results that can be directly used for 

design. 

Research on biomass flow characterization using standard shear tester or other established apparatus 

includes the works by: 

 Barletta et al. [208], who have identified some mechanical properties (such as unconfined yield strength) 

of granular biomass (wood chips, wood powder and straw chops) and indicated some critical requirements 

for biomass characterization procedures (namely particle sizes below 2 mm). Gil et al. [206] have measured 

the flowability of woody and herbaceous biomass (poplar and corn stover , dp < 5 mm and 2 mm) under 

various moisture contents in a shear tester following standard procedures. They have assessed the effects of 

physical characteristics (particle size, shape and moisture) on flowability, finding that smaller and rounder 

particles improved flow behavior while long and hooked particles favorized bridging and particle 

interlocking. Crawford et al. [147,210] have studied the effect of physical and chemical pre-processing on 

the flowability of different kinds of biomass using a FT4 Powder Rheometer [211] and a Jenike shear tester. 

Zulfiqar et al. [212] have determined the flow properties of biomass and coal blends using shear testing. The 

flow properties are dependent on the form of the biomass (sawdust or woodchips). Coal/sawdust blends 

were not likely to cause flow problems while coal/woodchip blends were.  

Adapa et al. [204] have conducted shear experiments on ground raw and pretreated agricultural biomass 

(dp < 6 mm), showing that steam-exploded grinds had higher internal friction compared to raw grinds. 

Stasiak et al. [213] have characterized flowability of sawdust and woodchips against popular construction 

materials using a direct shear tester. Woodchips had the worst flowability, having the highest angles of 

internal friction. Larsson [214] have used a Schulze Ring Shear Tester (RST) to measure the friction 

properties of reed canary grass under a range of normal pressures. The Ring Shear tester was also used by 

Miccio et al. [202] to determine the flow functions of gypsum powder, sawdust and olive husk. Flow 

functions are located in the very cohesive region for gypsum powder, in the cohesive zone for sawdust and 

in the easy-free flowing region for olive husk. Using RST measurements, Barletta and Poletto [215] have 

determined the flow properties of ‘dry’ and ‘wet’ sawdust (moisture content of 16 and 49 %, respectively). 

The flow function for the wet material was near the very cohesive region while the flow function for the 

dry powder located in the cohesive zone. Wu et al. [216] have measured the mechanical properties of wood 

pellets, torrefied pellets, and woodchips with a large-scale annular shear tester and have concluded that 

wood pellets had the best flowability, followed by torrefied wood pellets and chips. 

More recently, Falk et al. [217] have noted that, based on their flow functions, milled torrefied Norway 

spruce and reed canary grass (dp < 1mm) could be classified as easy-flowing, while milled raw Norway spruce 

(dp < 1 mm) was rather cohesive.  Staskiak et al. [218] have used a vane shear tester to study the flow behavior 

of ‘forest woodchips’ (centimetric size) and have found that the method, easier to implement and less time-

consuming, is in good agreement with results based on Jenike method. Shear tests have allowed Craven et 

al. [59] to conclude that fine milled wood pellets and pulverized coal (dp < 1 mm) require a higher shear 

stress to flow than coarser materials (wood pellets, torrefied pellets, ground anthracite and torrefied wood 

chips, dp > 1 cm). Coarse materials could be classified as easy-flowing while milled materials are cohesive. 

The use of alternative methods (not based in classical shear measurement) for assessment of biomass 

flowability has been reported, among others, by Ileleji and Zhou [219], who measured the angle-of-repose 

of bulk corn stover with different particle sizes (< 6.4 mm) and two moisture contents (dry, < 10 % wet 

basis and wet, > 20 % w.b.). In general, decreasing moisture content and particle size decreases the AoR, 

but, in any case, stover particles of the particle size ranges tested have a poor flow behavior. Wu et al. [216] 

have also used AoR measurements for characterization of wood pellets, torrefied pellets, and woodchips. 

AoR has also been used by Guo et al. [220] to assess flowability of biomass-coal blends. Xu et al. [113] have 

used AoR tests, Hausner ratio and Compressibility index to evaluate flowability of raw and torrefied (300 °C, 
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45 min) agricultural biomass materials (soybean straw, corn straw, rice, straw and rice husk, dp < 1 mm). The 

same flowability indicators have been used by Tannous et al. [221] for studying Douglas fir powders 

(dp < 1 mm). Biomass flow assessmentbased on arch formation in silos has been also widely conducted, 

especially by the research team of Miccio et al. [202,205,208,215,222,223]. 

Although these studies have investigated the effects of particle characteristics on the flow properties of 

various biomass feedstocks, no study has specifically examined how pretreatment stages, including 

torrefaction and grinding, affect the flowability of biomass. 

The need for further understanding and characterization of the flow properties for biomass materials is 

incontestable. Studies on the relevance and reliability of traditional methods for assessing flow behavior 

applied to biomass are also required. This information would contribute to the development of currently 

non-existent standards for the characterization of the flowability of biomass materials [3]. 

4.1. Size and shape of biomass particles and effects on flowability 

Characterization of particle size and shape is part of the flowability assessment, as the flow behavior of 

bulk materials is closely related to these properties. Biomass feedstock rarely consists of particles of uniform 

size and shape and it is important to consider this variability in the design and operation of handling systems. 

Moreover, regarding gasification systems, particle size distribution has been reported as one of the main 

parameters affecting the composition, quality and final application of the producer gas [224].  

Bridgeman et al. [225] have studied the analytical and chemical properties of ball milled switchgrass and 

reed canary grass as a function of their particle size. Their results highlight the chemical heterogeneity of 

the biomass materials since smaller particles have a significantly higher concentration of inorganic matter, 

moisture and nitrogen content but lower carbon content and calorific value than larger particles. This is due 

to a preferential distribution of the plant sections (with different composition) on the different 

granulometric ranges. A more homogeneous trend has been reported by Guo et al. [226], who used a cutting 

mill to produce biomass particles (pine, beanstalk, rice straw, reed) in the range of 83 to 425 µm. By sieving, 

they obtained linear cumulative particle size distributions that coincided for the different biomass materials. 

The effects of particle size on gasification performance have been studied by Tinaut et al. and 

Hernandez et al.  [224,227] who found that the maximum efficiency, fuel conversion and quality of producer 

gas (in terms of CO and H2 concentrations) are obtained with the smaller particle sizes. Few studies have 

addressed the influence of biomass particle size on flow behavior. Chevanan et al. [228], for instance, have 

realized that the change in particle size greatly affected the friction coefficient of chopped switchgrass, wheat 

straw and corn stover. In their study on milled poplar and corn stover, Gil et al. [206] have reported that 

lower particle sizes improved flow behavior as measured by shear tests, mainly due to the lower presence 

of overlong and hooked particles. In the case of black soybean powders, Lee et al. [229] have concluded 

that the particle smallest in size require the largest hopper angles and opening dimensions.  

Although some standardized framework for determination of biomass PSD by sieving has been recently 

published [230], there is still a call for consensus on standards using different methods. Indeed, Hartmann 

et al. [231] have found serious incompatibility when PSD for wood chips is determined by various measuring 

methods. The measured particle dimension varies as a function of the methods for size classification: images 

analysis and horizontal or rotating sieving. In their study on milled poplar and corn stover (dp < 5 mm), Gil 

et al. [232]have established that the size classification obtained by standard sieving corresponds to the 

particle width (shorter dimension). However, because of the elongated particle shape and agglomeration, 

ca. 30 % of the particles were ‘wrongly’ classified. From these works it is therefore clear that particle shape 

must be specified in order to clarify which dimension is taken into account when particle size is evaluated. 
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Often, for materials such as minerals, plastics and pharmaceuticals, particle shape is simplified by the 

assumption of sphericity. However, biomass particles at a millimetric scale are far from sphericity and 

previous research suggests that assuming spherical shape for biomass particles could lead to large errors in 

terms of modeling of thermal treatment processes [233]. Biomass particle shape is not simple to characterize, 

in part because of the lack of a homogenized framework for defining particle shape. Biomass cross sections 

differ from regular geometric forms (square, rectangle, circle, etc.), which makes their classification 

challenging. In the literature, it is possible to find studies that propose several factors and descriptors for 

shape classification: aspect ratio, rectangularity, solidity, curl, and others such as circularity ratio, convexity, 

and so on [206]. However, more studies are still needed in order to establish correlations with typical 

behaviors observed during biomass handling operations [3].  

Concerning biomass handling issues, the influence of particle shape on tendency to bridge has been 

reported by Mattson et al. [234] for various chipped biomass and Paulrud et al. [87] for ground pine. A high 

proportion of hooked particles or thin, long particles increases the bridging tendency. More recently, Lee et 

al. [229] have stated that the internal friction angle of black soybean powders is influenced by both particle 

size and shape (circularity). It has been found that biomass shape make shear measurements more difficult 

due to the high compressibility and long strain of the material [202,204]. The need for alternative flowability 

characterization techniques for elongated fibrous materials has thus been identified [235]. 

4.2. Effects of torrefaction on flow properties of biomass materials 

While research on the effects of torrefaction on the energy properties of biomass has been extensive, 

there has been little quantitative analysis on the flow properties of the torrefied biomass feedstock. 

Xiao et al. [236] have studied the effect of pyrolysis (in the range of 300 to 700 °C) on the angle-of-

repose, the bulk density and the internal friction of rice straw. They found that the three measured 

characteristics were improved through pyrolysis, which could favor the feeding of biomass. The particle 

shape was nearly spherical after pyrolysis and the adhesion between particles weakened.  

Xu et al. [113] have performed flowability tests (angle-of-repose, Hausner ratio and Compressibility 

index) in milled raw and torrefied soybean straw, corn straw, rice straw and rice husk. They have concluded 

that flowability, as measured by the selected criteria, was improved by torrefaction. They have argued that 

the main reason for this improvement was the reduced moisture content of torrefied powders, which 

hinders the formation of liquid bridges. A second reason was the destruction of the fiber structure that led 

to more uniform biomass particles.  

Almendros et al. [237–239] have studied the effects of combined torrefaction and grinding processes 

on grindability, particle size and shape distributions, bulk density and compressibility of spruce and beech 

powders (d < 500 µm). They have highlighted that the torrefaction intensity significantly influences the 

particle size distribution (the particle diameter is reduced when increasing torrefaction temperature) but 

does not affect the particle morphology in terms of circularity, elongation and roughness. More intensively 

torrefied powders are also less cohesive and require a lower minimum fluidization velocity. 
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C - Modeling flow of  biomass materials  
 

Over the last decades, interest in simulations has increased for the numerical study of granular media. 

Although the two approaches are complementary, three major advantages of simulations over experiments 

can be pointed highlighted [240]: 

• Simulation allows any physical quantity to be ‘measured’ without disrupting the system. 

Experimentally, given the opacity of the grains, it is hard to study individual trajectories or measure 

local properties. Some techniques have been recently developed (MRI, X-ray tomography) but they 

require long exposure times and heavy equipment 

• All parameters can be varied independently of each other: size distributions, friction properties, 

coefficient of elasticity, stiffness, etc. 

• Simulations are free of undesirable effects such as humidity, static electricity or misalignment. 

The appeal of numerical simulations is therefore obvious, and several approaches have been proposed 

to study particles flow behavior, interactions with handling equipment and process optimization. An 

overview of the different approaches to simulating granular materials is made in Table 12. In the following 

sections, emphasis will be placed in the Discrete Element Method (DEM), which has proven to be a reliable, 

powerful and relevant tool for simulating granular materials. 

Table 12. Simulation approaches for granular materials. 

Method Characteristics Ref. 

Numerical 

methods 

(FEM/DEM) 

Use numerical solutions of partial differential equations for stresses and 

flows. Relatively inexpensive and amenable to extensive parametric 

studies with few particles. 

Challenges remain for simulation of cohesive, fine and polydispersed 

systems. Parameter calibration is required. 

[241] 

Particle and  

continuum  

mechanics 

Granular materials are represented as a solid continuum. 

They can be computing efficient but often unrealistic regarding the 

variability of grain characteristics at the particle scale. Assumptions of 

small or continuous deformation are not valid for granular materials. 

[242–245] 

Lattice models 

Their implementation seems simple and there is the possibility of 

treating “large” systems. Cellular automata have been used for flow 

problems and the modeling of avalanches in sand piles, but experiments 

have shown significant deviations from predictive simulations. 

[246–249] 

Monte Carlo 

method 

It is statistical method based on the use of random numbers. A 

drawback is its lack of physicality, as the deterministic mechanical 

behavior must be mimicked by statistical laws. Usually, Newton’s laws 

cannot be satisfied with stochastic approaches, and are inherently 

deterministic. There is no exact framework which could allow the 

coupling of probabilities and forces. 

[250,251] 
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1. The Discrete Element Method (DEM) 

DEM is an increasingly popular numerical technique for computing the behavior of granular materials. 

This method was originally applied by Cundall in 1979 [241] to problems in rock mechanics. The method 

is based on the use of an explicit numerical scheme in which interactions between a finite number of shape-

invariant particles are monitored contact by contact and the motion of the particles is modeled individually. 

Two types of DEM approaches are most common: soft-particle and hard particle approaches. They are 

succinctly compared in Table 13. Because of its numerous assets, the soft-particle DEM method will be 

developed further and used in this work and referred as ‘DEM’. 

Table 13. Soft-particle and hard-particle approaches of DEM [252] 

‘Soft-particle’ DEM method Hard-particle DEM method 

Particles are allowed to suffer minute deformations which are 

used to calculate elastic, plastic and frictional forces between 

particles. 

Motion of particles is described by Newton’s laws of motion. 

A constant time-stepping is performed (time-driven DEM). 

Capable of handle multiple particle contacts and equilibrium 

states. 

Extensively used, it represents the best accuracy-effort trade-

off for most cases. 

A sequence of collisions is processed, 

one collision at a time and being 

instantaneous. 

The forces between particles are often 

not explicitly considered. 

Variable time-step (event driven DEM). 

Not able to manage static packings of 

particles. 

Useful in modeling of rapid granular 

flows.  

 

DEM simulations can provide dynamic information, such as the trajectories of and transient forces 

acting on individual particles, which is extremely difficult, if not impossible, to obtain by physical 

experimentation at the current stage of development [252]. To illustrate DEM capabilities, it is noteworthy 

to mention the work by Bharadwaj et al. [253] who simulated the effect of particle properties such as size, 

shape, size distribution and friction parameters on the flowability of glass beads in a powder rheometer. 

They noticed that DEM simulations are well suited for such a study since they isolate the impact of each 

particle property on the bulk powder behavior. The experiments with millimetric glass beads validated 

simulation results. The value of DEM is demonstrated by the broad wide of applications reported in the 

literature going from flow through hoppers [254,255] and conveyors to die filling for tableting [256], fracture 

of agglomerates and comminution [257]. 

1.1. Governing equations  

 

A particle in a granular flow can have two types of motion: translational and rotational. In DEM 

approach, it is generally assumed that, at all times, the resultant forces on a particle can be determined 

exclusively for its interaction with the contacting particles and vicinal fluid for a coarse particle system (i.e. 

propagation of disturbance waves from particles and fluid far away are not considered). Newton’s second 

law can thus be used to describe the motion of individual particles. At any time t, the equations for the 

translational and rotational motion of a particle i with mass mi and moment of inertia Ii can be written as: 

Translational motion: 

2

2

c nc f gi i

i i ij ik i i

j k

d d
m m

dt dt
= = + + + 

x v
F F F F  (7) 

Rotational motion: 
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ci

i ij

j

d
I

dt
=

ω
M  (8) 

where xi is the position of the particle i, and vi and ωi are the translational and rotational velocities, 

respectively, c

ij
M is the torque acting on the particle i by particle j or walls, nc

ik
F is the non-contact force acting 

on particle i by particle k or other sources, f

i
F  is the particle-fluid interaction force on particle i, and g

i
F  is 

the gravitational force. Figure 30 shows a schematic representation of the 2D interaction between three 

particles, where particles i and j are in contact, while particle i and k interact through a capillary force. 

Once the forces and torques are known, equations (7) and (8) can be solved numerically. The positions, 

velocities and forces of all particles can be thus determined. The general steps of the DEM implementation 

are depicted in Figure 31. 

 
Figure 30. Schematic representation of forces acting on particle i from contacting particle j and non-contacting particle k (capillary interaction). A detail is 

made on the contact point to show the normal overlap (δn) definition (adapted from [252]). 

 

1.2. Interparticle force models 

1.2.1. Contact models 

The contact between two particles is not at a single point but on a finite area due to the deformation of 

the particles. In DEM, this is equivalent to the contact of two rigid bodies allowed to overlap slightly (i.e. 

<0.5 % of the particle diameter). This overlap (δn) is not a real phenomenon but rather aims to indirectly 

represent the deformation of the interacting bodies at the contact point. The distribution of forces over this 

area can be decomposed into a component in a tangential plane and one normal to the plane, so a contact 

force has a tangential ,c t

ij
f  and a normal ,c n

ij
f  component: 

, ,      if 0

0                 otherwise

c t c n

ij ij n
+ 

= 


c

ij

f f
F  (9) 

The tangential overlap (Figure 30) is defined by the difference between the distance of the particle 

centers and their radii: 

n i j i j
R R = − − −x x  (10) 

where xi and xj are the position vectors of the center of the particles i and j, and Ri, Rj their respective radii.  

δn
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Figure 31. General DEM algorithm. 

The normal and tangential components of the contact force are generally calculated according to 

different procedures, depending on kinematic quantities (positions and velocities of the two grains) or multi-

physical parameters. DEM generally adopts simplified force models, often neglecting many geometrical and 

physical factors that would make the resolution computationally inefficient. In this literature review, a 

concise description of the force models widely used and available in LIGGGHTS® (commonly used DEM 

software, used in this work) will be provided. A comprehensive review of the different force models 

proposed in literature has been carried out by Zhu et al. [252]. 

1.2.1.1. Hertz-Mindlin contact model 

Due to the efficiency and accuracy of its force calculations, the most commonly used contact model is 

the Hertz-Mindlin non-slip contact model [258,259]. This model offers a compromise between a relatively 

low computational effort and good agreement with experiments for simulation of static behavior. 

A commonly used representation of the Hertz-Mindlin contact model is shown in Figure 32.  

t 
=

 t
0
+

Δ
t
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Figure 32. Schematic representation of the Hertz-Mindlin spring dash-pot contact force model. 

In Figure 32, particles i and j are in contact. The normal component of the contact force tending to 

repulse the particles includes an elastic deformation (spring) conservative force (
s

c,n

ij
f ) and a viscous 

dissipation (damping or dash-pot force) (
v

c,n

ij
f ): 

n

n n n
s v

d
k

dt


 = + = − −c,n c,n c,n

ij ij ij
f f f  (11) 

where kn is the elastic constant for normal contact and γn is the viscoelastic damping constant for normal 

contact. The term 
n

d

dt


corresponds to the relative velocity of the grains in the normal direction n, which 

can be expressed as follows: 

( )n

i j

d

dt


= − v v n  (12) 

where vi and vj are the velocity vectors of the center of mass of particles i and j. 

The elastic constant for normal spherical contact is defined as [260]: 

4

3
n eff eff n

k Y R =  (13) 

The effective radius Reff is calculated from: 

1 1 1
eff i j

R R R
= +  (14) 

And the effective Young’s modulus (Yeff): 

( ) ( )22 111 ji

eff i j
Y Y Y

 −−
= +  (15) 

where ν is the Poisson’s coefficient.  

Strictly speaking, it is clear from Eq. (13) that kn is not a constant term, as it depends on the normal 

overlap. This makes the Hertz-Mindlin model a non-linear contact model, with a global order for the normal 

force of δn
3/2. 

The normal viscoelastic damping constant is given by: 

i

j

Normal

spring

Normal 

dash-pot

Tangential

spring

Tangential

dash-pot

Frictional

slider

,c n

ij
f

,c t

ij
f
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( )
1/2

2 2

2 5/6 ln(e)
2 0

ln (e)
n eff eff n eff

Y R m 


= 
+

 (16) 

where e is the coefficient of restitution and meff the effective mass, given by: 

1 1 1
eff i j

m m m
= +  (17) 

The formulation of Eq. (11) has the disadvantage of applying a generally attractive force during a certain 

phase of contact: at the very end of unloading (when the two grains are about to separate) the overlap 

become too small compared to the separation velocity. The repulsive effect therefore becomes negligible 

compared to the attractive effort that restricts separation. In the absence of cohesion, this situation is not 

physically realistic. To solve this difficulty, it is possible, for example, to limit the normal contact force to 

be either c,n

ij
f for  0c,n

ij
f , or be replaced by zero if a pre-calculated value of c,n

ij
f gives an overall attractive 

force ( 0c,n

ij
f ) [261]. 

The tangential component of the contact force is similarly given by a spring that stores energy from the 

relative tangential motion, representing the elastic tangential deformation of the particle surface, and a 

tangential damping force:  

t

t t t

d
k

dt


 = − −c,t

ij
f  (18) 

where kt is the elastic constant for tangential contact, given by: 

8 = −t eff eff nk G R  (19) 

with, Geff the effective Shear modulus: 

2(2 )(1 )2(2 )(1 )1    − +− +
= +

j ji i

eff i jG Y Y
 (20) 

The tangential damping constant corresponds to: 

( )
1/2

2 2

2 5 / 6 ln(e)
8 0

ln (e)
 


= 

+
t eff eff n effG R m  (21) 

The tangential displacement cannot be explicitly determined from the particle positions but can be 

calculated through time integration of relative tangential velocity at the contact point. The tangential contact 

force can thus be seen as a ‘history’ effect that accounts for the tangential overlap, δt between the particles 

for the duration of the contact. The relative tangential displacement can therefore be written as: 

,0

( )

c

t

t t

t

v d  =   (22) 

where vt is the tangential relative velocity and tc,0 the time when the contact between the particles started. 

The magnitude of the tangential force is truncated by the Coulomb frictional limit, where the particles 

start to slide over each other (frictional slider in Figure 32). The expression of this limit corresponds to: 

( )max =c,t c,n

ij ij
f f  (23) 

where µ is the sliding friction coefficient. 
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1.2.1.2. Non-contact force models: the Johnson-Kendall-Roberts model 

For cohesive solids, cohesive forces are surface interactions that can have various physico-chemical 

origins (hydrogen bond or van der Waals force, the capillary force and the electrostatic force) that may act 

concurrently or successively to different extents. Although force models have been proposed for each one 

of these force contributions [252], it is customary to use a simplified formulation that includes a macroscopic 

quantity called ‘energy density’. This term represents the energy required to separate two particles in contact 

[262,263]. 

The JKR model [264] is a commonly used cohesive model based on the Hertz contact theory. If two 

particles are in contact, it adds an additional normal force contribution tending to maintain the contact, 

which writes in its simplified formulation: 

CED A= nc,n

ij
f  (24) 

where CED is the Cohesive Energy Density in J/m3 and A is the contact area between particles, calculated 
as:  

( )( )( )( )
24

 − − + − − + + +
=

ij i j ij i j ij i j ij i j

ij

d R R d R R d R R d R R
A

d
 (25) 

where dij is the distance between the center of the particles and Ri, Rj are the radii of the spheres i and j in 
contact. For a particle (i)-wall (j) contact, the contact area becomes: 

( )2 2= −i ijA R d  (26) 

In cohesive systems, the normal contribution triggered by cohesion must be included in the truncation 

limit of friction (Eq. (23)). 

1.3. Numerical resolution and simulation aspects 

1.3.1. Integration scheme 

There is a variety of methods for the numerical integration of systems of coupled differential equations 

(e.g. Euler, Leapfrog, Verlet, Gear schemes, etc.). In DEM, the integration of Newton’s equation of motion 

for granular particle systems (Eqs. (7) and (8)) is numerically difficult due to the short-range interaction with 

extremely steep gradients. 

It has been shown that the actual numerical integration of the equations of motion consumes only small 

part of the total computational costs [265]. The main part of the computer time is spent on the evaluation 

of the forces which act on the particles in each time step. Consequently, using a less complicated integration 

algorithm cannot save much computer time. On the contrary, computer time is wasted by using a less stable 

numerical integrator since to achieve a comparable accuracy, a smaller time step is needed which increases 

the number of force evaluations. A stable widely-used integration scheme for DEM is the Velocity-Verlet 

integration scheme. 

1.3.2. Velocity-Verlet Integration scheme 

Since velocities of particles are of interest, but not explicitly tracked with the classical Verlet algorithm 

[266], the Velocity-Verlet integration scheme is more often used. As the accelerations (a) are position-

independent, the algorithm is explicit. Some advantages of the Velocity-Verlet scheme are related to its easy 

implementation and memory efficiency. 

The integration scheme consists, from an initial state t = 0, in defining a timestep Δt and calculating the 

kinematic variables by linearization of the equations of motion. A Taylor expansion is therefore used for 

both positions and velocities as follows: 
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21 2 ( )
t t t t t

t t
+

= +  + x x v a  (27) 

( )1 2
t t t t t t

t
+ +

= + + v v a a  (28) 

Integrators of Velocity-Verlet type compute alternately the new positions and velocities in sub-steps. 

For the second-order Velocity-Verlet method, the sub-steps are: 

1. Calculate 
1 2

1 2
t t t t

t
+ 

= + v v a  (29) 

2. Calculate 
1 2t t t t t

t
+ + 

= + x x v  (30) 

3. Derive 
t t+

a  from the interaction forces (31) 

4. Calculate
1 2

1 2
t t t t t t

t
+ +  +

= + v v a  (32) 

 

1.3.3. Timestep 

 

The timestep (i.e. the duration between two consecutive iterations) must be chosen carefully. Although 

the explicit integration scheme used in DEM is more computationally efficient than an implicit numerical 

scheme, it is only conditionally stable, so a small timestep must be used. 

Several main aspects have therefore to be considered when selecting the value of the timestep: 

• The timestep must be chosen sufficiently small to capture the phenomenon of energy transmission 

by wave propagation: Within a group of particles, the force transmission between individual 

particles is supposed to happen essentially through Rayleigh waves that travel through the surface 

of the bodies. The timestep should therefore be smaller than the time it takes for the wave to 

transverse the minimum particle size within the group of particles. 

• If the calculation time step is too large, the system may not be able to react to all the occurring 

dynamics: for example, two particles may cross each other if their relative speed is high and the 

timestep is large. 

• The overlap may not exceed a certain limit (typically 0.5 % of the particle diameter), because the 

overlap represents energy stored in the ‘deformation’ of the particle. Thus, choosing a timestep 

too large leads to unphysical energy ‘generation’ in the system. 

• If the timestep is too small, it unnecessarily consumes time for the calculations. 

The selection of an adequate value for the timestep can be made based on criteria from the Rayleigh 

time and the Hertz contact time [245]. The Rayleigh time (TR) is the time taken by the wave to propagate 

through a solid particle. It can be approximated as (in SI units): 

8766.01631.0

5.0

+










=
v

G
R

T
R




 
(33) 

where R is the radius of the smallest particle in the simulation domain, G the shear modulus and ν is the 

Poisson’s ratio. 

The contact time established by the Hertz’s theory (TH) depends on the relative particle velocity, the 

effective mass, the effective radius and the effective Young’s modulus: 

( )

( )

1
2 5

2
2.87

eff

H

eff eff

m
T

R Y

 
 =
 
 

v
 (34) 

In practice, it is recommended to use 10 to 30 % of TR or 5 to 15 % of TH as an adequate simulation 

timestep. This ensures that the contact is resolved in an appropriate way without excess overlap energy. 
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The stability limit for LIGGGHTS® is between ca. 15 % and 25 % of both TR and TH, depending on 

the system. 

1.3.4. Contact detection 

Contact detection is one of the most important aspects in DEM. The contact search can take up to 

90 % of the computation time. It is completely inefficient to check each pair of particles for possible 

contacts which leads to a computing time of order N2 where N is the number of particles. Since the forces 

between particles are of short range, the force computation can be restricted, using a grid-based structure, 

to pairs of particles which are close neighbors. Therefore, several methods for contact detection and 

neighborhood algorithms have been proposed in literature [250,267]. This allows us to exclude pairs of 

particles that are too far away from each other. In general, a pair of spherical particles is included in the 

neighbor list if: 

i j i j
R R s−  + +x x  (35) 

where s is the so-called skin parameter that should be optimized during the stages of setup of simulations 

[268].  

1.4. Particle shape in DEM: rolling friction model and multisphere representation 

 

Three-dimensional DEM simulations have often used spherical particles as they have the advantage of 

computational simplicity. Nevertheless, several authors have shown the importance of particle shape in 

handling behavior using DEM [255,269,270]. A variety of approaches have been developed to reproduce 

non-spherical particles in a DEM framework in an efficient way. Shape is an expensive feature to model in 

DEM, so a first strategy consists in emulating the effect of non-spherical shapes by adding a ‘rolling friction’ 

contribution to the rotational motion of the spherical particles [271]. Eq. (8) thus becomes: 

( )t ri
i j ij ij

d
I

dt
=  +

ω
T T  (36) 

where t

ijT  is the torque generated by the tangential force and causes particle i to rotate, and r

ijT  is the rolling 

friction torque generated by the asymmetric distribution of normal contact forces that slows down the 

relative rotation between particles in contact [272]. A variety of contact models are available for calculating 

the rolling friction torque. For instance, in the EPSD2 (Elasto-plastic spring-dashpot) model [273] the 

additional torque contribution is given by: 

,

,

r r k

ij ij r r ijk= = − T T θ  (37) 

where ,r k

ijT is a torque component modeled as a mechanical spring, kr is the rolling stiffness and
,r ijθ  is the 

incremental relative rotation between two particles. The torque contribution is truncated so:  

, ,maxr k r

ij ij r eff nµ R =T T F  (38) 

where rµ  is the rolling friction coefficient, 
effR  the effective radius and ,maxr

ijT being the limiting spring torque 

which is achieved at a full mobilization rolling angle m

r . In the EPSD2 model, the rolling stiffness rk is 

defined as: 

2

r t effk k R=  (39) 

where kt corresponds to the tangential (i.e. shear) stiffness. 

Within the aim of simulate more realistic particle shapes, the most commonly used approach is to create 

simplified representations using spheres connected in a rigid way (multisphere approach) [274]. Using 
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multisphere representations, it is possible to create clusters with spheres of varying sizes, positions and 

overlapping degrees to create desired shape and roughness (Figure 33). One motivation for use clusters of 

spheres is to save computation time compared with using mathematically more complex shapes, due to the 

reduced number of operations required in the overlap computation; however, this advantage will be lost if 

many spheres are used. A trade-off between shape representation accuracy and computing efficiency has to 

be found.  

Using simplified representations of the actual shape in DEM is common practice, however the realistic 

material behavior must be ensured by changing, for example, rolling and sliding friction coefficients. 

Calibration is therefore required to ensure that the material model represents realistic behavior [275]. 

 
Figure 33. (a) Woodchip approximation using the multisphere approach and (b) actual woodchip particle. (c) Maize grain (d) DEM multisphere model.  

Adapted from [276,277]. 

 

1.4.1. Computational challenges of DEM 

 

With the power of nowadays available computers, DEM can be easily implemented and simulated. 

Nevertheless, DEM simulations have currently inherent flaws. The main computational challenges for a 

large-scale implementation of DEM can be summarized in the following points: 

• DEM can be a time-consuming method. As a result, the number of particles used in numerical 

simulations often remains low compared to real systems. Generally, using a standard computer, it 

seems difficult to simulate more than 106 particles over a long period of time whereas, for instance, 

a liter of fine sand usually contains 107 or 108 grains. Wide particle size distributions are often 

avoided in DEM simulations, since the numerical simulation time step is, in addition to material 

parameters, limited by the size of the smallest particle in the model Eq. (33) [278]. 

 

• Reliable results require realistic but computationally-efficient particle shape representations. A 

trade-off between accuracy of particle shape models and calculation time must be found for 

irregular-shaped materials. 

 

• It is necessary to determine (or calibrate) the input parameters for simulations. In addition to the 

requirement for generally large batches of simulations, this can lead to uncertain accuracy of the 

DEM modeling. Thus, the results DEM can often only be considered qualitative, indicative rather 

than predictive [279]. 

Extensive research has been conducted to try to overcome these challenges. Promising approaches that 

have been successfully applied to a wide range of materials are the scaling of particle size and the 

implementation of systematic calibration procedures.  

 

(a) (b) (c) (d)
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1.5. Scaling approaches 

 

Besides the calibration of DEM parameters, the large number of particles present in industrial 

applications greatly hinders the use of DEM large-scale industrial systems [279]. Particle scaling is one of 

the existing techniques for reducing the computational cost of DEM simulations. 

Different approaches to scale up particle size have been developed and summarized by Roessler and 

Katterfeld [280]. In exact scaling (Figure 34a) the particle size and the domain/geometry are both scaled by 

the same factor and has no advantage in reducing the number of particles. Another approach (Figure 34b) 

is to simply ignore particles with a size below a certain value and to assimilate them to particles of bigger 

size. This approach is called scalping [281,282]. Coarse graining (Figure 34c) is defined as the increase in particle 

size while maintaining the domain size, thus reducing the total number of particles in the system [283–285]. 

Domain or geometry variables such as gravitational acceleration and the velocity of moving boundaries 

would remain unchanged. Particles are no longer a one-to-one representation of the actual particles and 

might be referred to as pseudo-particles or representative discrete volume elements. 

 
Figure 34. Schematic representation of particle size scaling approaches (adapted from [280]). 

1.6. Calibration approaches 

 

In order to obtain reliable results from DEM simulations, the parameter values must be carefully chosen, 

measured or calibrated. In some cases, parameters calibration may be the more critical component of a 

DEM simulation project [286].  

Two approaches to obtain the input parameters required DEM simulations can be found in literature 

[287]. In the Direct measuring approach parameters such as the coefficient of restitution, the interparticle friction 

or the particle density are directly measured at particle or contact level. In the Bulk calibration approach a 

simple experiment (or a set of experiments) is conducted and one or more of the material bulk properties 

is measured. The ‘experiment’ is numerically reproduced and the values of the parameter are adjusted until 

the predicted bulk behavior matches the measurements. A brief overview of the strengths and weaknesses 

of each one of the calibration approaches is made in Table 14. 

Exact scaling Scalping Coarse graining(a) (b) (c)
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Table 14. Approaches for DEM parameter calibration. 

Approach Advantages Disadvantages References 

Direct  

measuring 

Parameters are independent of 

the DEM code used 

There is a physical interpretation 

of each parameter. 

It is generally difficult to measure 

particle-scale properties for fine 

materials. 

No guarantee for a reliable bulk 

representation from accurately 

measured ‘micro-properties’. 

[279,288–

290] 

Bulk  

calibration 

Widely used, mainly because the 

simplifications usually made to 

particle size and shape reduce 

the value of a direct approach. 

The analysis of bulk responses 

rather that particle-scale 

properties better reproduces the 

granular material behavior. 

The physical meaning of the 

parameters may be lost. 

The problem is often ill-conditioned: 

the bulk responses are influenced by 

more than one parameter, which 

complicates the obtention of unique 

solutions. 

[279,291–

295] 

 

A combination of the two approaches is often used: some parameters are based on values reported in 

the literature (measured directly in experiments) and other highly influential parameters are adjusted (namely 

the coefficients of friction) by comparison with experimental bulk responses [296].  

 

1.7. DEM Software 

1.7.1. Overview 

Different software packages for DEM simulations have been introduced. Some of them, such as 

EDEM® (version 2018, DEM Solutions Ltd., Edinburgh, UK), ROCKY© (version 4.1, ESSS, Florianópolis, 

Brazil), and PFCTM (version 6.0, Itasca Consulting Group, Inc., Minneapolis, MN, USA), are commercially 

distributed, but other ones, like LIGGGHTS® (version LIGGGHTS-PUBLIC 3.3.1, DCS Computing 

GmbH, Linz, Austria), YADE (The Yade Project, Grenoble, France) or LMGC90 (LMGC, Montpellier 

University, Montpellier, France) are open-source packages. All these software programs provide several 

contact models, so it is possible to choose the most appropriate program for simulating different processes 

or systems. Although some comparative studies have been conducted to evaluate the comparative 

performances between different codes [297], very little is known about the existence of differences when 

comparing to each other [277]. 

The advantage of being a widely used open source code, as well as other valuable features described 

hereafter guided our decision to use LIGGGHTS® code in this work. 

1.7.2. LIGGGHTS® 

LIGGGHTS® is an open source Discrete Element Method particle simulation software developed by 

Sandia National Labs and distributed by DCS Computing GmbH, Linz, Austria [268,298]. LIGGGHTS® 

stands for LAMMPS Improved General Granular and Granular-heat transfer simulations. LAMMPS is a 

molecular dynamics software simulator (Large-scale Atomic/Molecular Massively Parallel Simulator) that 

preceded the creation of LIGGGHTS, an improved version that made the move from Molecular Dynamics 

to DEM simulations by adding features like contact force formulations involving Hertz/Hooke pair styles, 

cohesion and rolling friction forces and heat conduction between particles. LIGGGHTS® is currently used 

by a variety of research institutions world-wide. 
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Besides approaching the DEM in a reliable and complete way, another goal of LIGGGHTS® is to be 

used in industrial applications, that is the reason why it also includes the possibility of importing and 

handling complex CAD geometries, moving meshes to account for moving geometries and other particle 

insertion options [299]. 

The LIGGGHTS® code is written in C++ and can be run either in a single processor or in parallel. 

Several versions of LIGGGHTS® are available, namely a ‘public’ version and a ‘premium’ version. The 

premium version includes additional features for large-scale industrial applications, available for industrial 

partner companies.  

 
Figure 35. Example of LIGGGHTS® input file with its main sections highlighted. 

Some of the features of the public version of LIGGGHTS® are: 

• distributed-memory message-passing parallelism (MPI) 

• spatial-decomposition of simulation domain for parallelism 

• relatively easy to extend 

• it runs from an input script 

• syntax for defining and using variables and formulas 

#LIGGGHTS® input script example

atom_style granular

atom_modify map array

boundary     m m m

newton       off

communicate   single vel yes

units        si

region       reg block -0.05 0.05 -0.05 0.05 0. 0.15 units box

create_box 1 reg

neighbor 0.002 bin

neigh_modify delay 0

#Material properties required for pair style

fix          m1 all property/global youngsModulus peratomtype 5.e6

fix          m2 all property/global poissonsRatio peratomtype 0.45

fix          m3 all property/global coefficientRestitution peratomtypepair 1 0.95

fix          m4 all property/global coefficientFriction peratomtypepair 1 0.05

pair_style gran model hertz tangential history

pair_coeff * *

timestep     0.00001

fix          gravi all gravity 9.81 vector 0.0 0.0 -1.0

fix          zwalls1 all wall/gran model hertz type 1 zplane 0.0

fix          zwalls2 all wall/gran model hertz type 1 zplane 0.15

fix          cylwalls all wall/gran model hertz type 1 zcylinder 0.05 0. 0.

#region of insertion

region       bc cylinder z 0. 0. 0.045 0.00 0.15 units box

#particle distributions

fix          pts1 all particletemplate/sphere 12345787 1 density constant 2500 radius constant 0.25

fix          pdd1 all particledistribution/discrete 17903  1 pts1 1.0

fix          ins all insert/pack seed 123457 distributiontemplate pdd1 vel constant 0. 0. -0.5 &

insert_every once overlapcheck yes all_in yes particles_in_region 1800 region bc

#apply nve integration to all particles

fix          integr all nve/sphere

#output settings, include total thermal energy

compute         rke all erotate/sphere

thermo_style custom step atoms ke c_rke vol

thermo          1000

thermo_modify lost ignore norm no

compute_modify thermo_temp dynamic yes

dump            dmp all custom 800 post/dump*.newModels id &

type x y z ix iy iz vx vy vz fx fy fz omegax omegay omegaz radius

#insert particles and run

run             5000

Initialization

- Particle type

- Parallelization settings

- Geometry boundaries

- Neighbor specifications

Setup

- Material properties

- Geometry settings

- Contact models

- Particle generation

Detailed settings

- Speed and memory utilization

- Output and saving options

Execution
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• syntax for looping over runs and breaking out of loops 

• it runs one or multiple simulations simultaneously (in parallel) from one script 

• it outputs to the widely used and open source vtk data format 

• can be coupled with other codes such as CDFEM® or Open FOAM for coupled CFD-DEM 

simulations 

• import and handling of complex moving geometries using stl walls and vtk meshes 

• force and wear analysis on meshes as well as stress-controlled walls 

• a variety of particle-particle contact implementations, including models for tangential history, non-

sphericity and cohesion 

• possibility of implementing heat conduction between particles 

• flexible definition of particle distributions for polydispersed systems 

Although a graphical user interface (under development) has recently been released, LIGGGHTS® is 

typically executed by reading commands from a text input script (Figure 35) in a Linux environment one 

line at a time. 

2. The Discrete Element Method applied to biomass systems 

To date, no research has been found regarding DEM simulations on millimeter-scale biomass systems. 

The implementation of DEM for cohesive, elongated and fine systems is far to be complete. So far, discrete 

element modeling of biomass systems has focused mainly on centimeter-scale studies of wood briquettes 

or wood chips, with few particles.  

Maione et al. [276], for example, developed a model capable to represent the main dynamic phenomena 

in a rotating pyrolysis reactor for wood chips using a multisphere particle representation (Figure 33). Höhner 

et al. [300] investigated the effect of particle aspect ratio of wood cylinders (with length between 6 and 30 

mm) on the discharge behavior of hoppers. It was shown that the hopper discharge rate decreased with an 

increase in particle aspect ratio and DEM could correctly predict this behavior. Assessment of the durability 

and effectiveness of a standard tumbling test has also been investigated for wood pellets through DEM 

[301]. Heat generated on chute surfaces during handling of biomass pellets has also been investigated by 

extracting numerical impact/shear density data from DEM simulations [302]. 

Calibration of DEM parameters for biomass feedstock is complicated because of the elastic, cohesive, 

fibrous and stringy bulk behavior related to the individual particle characteristics, which makes the 

experiments poorly reproducible and requires adaptation of existing contact models [235]. One of the first 

studies on the systematic calibration of cohesive materials has very recently been undertaken by Roessler 

and Katterfeld [294], who conducted experiments and simulations in wet sand systems. Although rare, 

research in the field of biomass particle calibration and modeling includes the determination of physical 

properties of non-cohesive briquettes to be used in DEM models by Ramirez-Gomez et al. [303] and the 

study through DEM of feeding systems for wood-chips by Rackl et al. [275].   
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Knowledge gap 
 

This literature review indicates that there is currently insufficient knowledge on the following issues: 

- Overall, while much of the literature has focused on the chemical and mechanical changes of 

biomass during torrefaction, few studies have addressed the issue of its effects on biomass 

flowability. No quantitative studies on biomass powders have thus been carried out relative to the 

coupled effect of torrefaction and grinding on both the particle characteristics and the subsequent 

flow behavior. Even though some researchers have undertaken the study of the flowability of 

biomass powders, most of the available literature deals only with raw materials. There is an explicit 

need for more research to improve the understanding on behavior of torrefied biomass. 

 

- At a more fundamental level, further research is needed on the adequacy of different size and shape 

descriptors for biomass particles, that allow correlations with flow behavior to be established. This 

is particularly critical for biomass powders where highly polydispersed populations of elongated 

particles can be obtained after grinding. Computer modeling also requires the definition of 

simplified material models that should be based on reliable size and shape descriptors. 

 

- Although research on the flow properties of raw biomass using shear test devices has been 

conducted, the potential of the assessment of dynamic non-consolidated flow behavior using 

rotating drum setups have not yet been explored for biomass. This is mainly due to the lack of a 

well-established and reliable framework for the characterization of cohesive materials using 

avalanching behavior in rotating drums. Some correlations between the flow properties obtained 

from rotating drum experiments and the behavior in handling industrial systems have been 

proposed, but additional work is still needed on this subject. The possibility of extracting parameters 

useful for equipment design, as is the case for shear experiments, also deserves in-depth research.  

 

- Far too little attention has been paid to the combination of experimental and numerical approaches 

to study biomass powder flow. Until recently, most research using the Discrete Element Method 

has focused on the study of particle-equipment interactions for wood briquettes, pellets or 

woodchips. Challenges need to be addressed in the development of DEM material models adapted 

to biomass materials whose particles are far from the typically-modeled spherical, coarse and non-

cohesive systems. The establishment of such models, which must remain computationally efficient, 

may include new methods for particle shape representation, scaling approaches as well as novel 

contact force models. Finally, further research is needed on bulk setups for calibration of DEM 

parameters that are suitable for cohesive materials. 
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1. Preamble 

In this section, we present the experimental facilities that are common to most of this research. First, 

the design and main characteristics of the torrefaction unit are introduced. Then, the grinding devices are 

presented along with a brief study on the energy consumption for grinding and the effects of torrefaction 

on it. Finally, the system for characterization of particle size and shape is described, as well as the definition 

of the main size and shape descriptors used throughout this work. Two investigations, one of the intra-

particle homogeneity of the heat treatment and another on the energy consumption during grinding; which 

are presented in Appendices I and II complete this chapter. 

2. Torrefaction unit description 

The torrefaction reactor consists of a batch temperature-controlled oven supplied with nitrogen. The 

inert nature of the furnace atmosphere is monitored using an oxygen analyzer (Figure 36). 

2.1. The furnace 

The torrefaction furnace is a Memmert UFP 400 oven with a volume of 53 L. Heating elements (1.4 kW), 

distributed evenly over the base, ceiling and side walls of the box, are used to heat and maintain the chamber 

at a set temperature of up to 300 °C. The convection in the oven atmosphere is ensured by a vertical fan 

located on the rear wall of the oven (Figure 36). The oven is equipped with two temperature sensors 

indicating the temperature of the chamber. The side and rear walls are equipped with wall passages allowing 

the instrumentation of the wood samples (measurement of pressure and temperature within the samples) 

and the analysis of the chamber atmosphere (temperature and oxygen level). The tightness of the oven is 

ensured by using a heat-resistant silicone sealant to close the gaps between the various sheets of the box 

and Teflon parts to ensure a tight passage of the measuring instruments. 

2.2. Oxygen content control 

The nitrogen inlet (99.5 % purity, delivered by a Domnick Hunter LC/MS 15 generator [304]) is located 

below the oven. The gas stream is heated in the preconditioning chamber before entering the oven through 

the slots in the vertical walls. A needle screw valve mounted on a flow meter is positioned upstream of the 

oven to control the nitrogen flow rate (up to 5 L∙min-1 at atmospheric pressure) (Figure 36). The oxygen 

level of the enclosure is controlled by an Arelco ZOA 100 MDC analyzer [305] using a zirconium oxide 

detector. The gases from the torrefaction chamber exit through one of the rear wall passages and are led 

through a copper tube to the oxygen analyzer sensor. The control of the incoming nitrogen flow rate and 

the ‘instantaneous’ oxygen content in the oven make it possible to adjust the nitrogen supply according to 

needs. 

2.3. Cooling system 

 The double wall of the oven provides good thermal insulation. Rapid cooling allows the thermo-

activated reactions in the sample to be inhibited once the torrefaction time is over. It was therefore necessary 

to develop a device allowing fast cooling while guaranteeing the inert nature of the atmosphere. Cooling is 

thus ensured by an additional supply of nitrogen at room temperature through the double wall of the oven 

bottom. This results in a cooling of ca. 2 °C∙min-1.  
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Figure 36. Schematic representation of the torrefaction unit (adapted from [306]) (a) General view of the device. (b) Detail on the mass tracking system 

(c) Picture of the device. 

1.1. Mass loss monitoring 

With the designed device, it is possible to continuously track the evolution of the sample mass during 

torrefaction. This is made using an Ohaus Explorer Pro remote scale with a maximum capacity of 6.100 kg 

and an accuracy of 0.01 g, placed underneath the furnace (Figure 36b). In the chamber, the sample to be 

torrefied is placed on a tripod support connected via a rigid rod to the balance tray. To ensure the tightness 
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of the system, the scale is enclosed in a hermetically sealed plexiglass box. This box and the oven are 

connected by a tube through which the rod of the weighing device passes.  

The balance must be maintained at a temperature below 40 °C. To prevent the convection of hot gases 

from the oven to the balance, the nitrogen stream is supplied to the furnace via the Plexiglas box. The 

nitrogen then passes through the tube and into the preconditioning chamber of the oven. Thus, at the tube 

level, the gas flow is always upwards. In addition, the use of glass elements (tube and rod) limits the effect 

of heat diffusion from the oven to the box along these two elements. To avoid weight disruptions, the 

nitrogen flow (up to the rod) is automatically interrupted by means of a solenoid valve before each mass 

measurement. Similarly, the fan is stopped because, in operation, it causes oscillations of the sample, which 

alters the accuracy of the measurement. 

1.2. Temperature profiles 

The torrefaction process consists of a 24-hour drying phase at 110 °C followed by a 1-hour treatment 

phase at the chosen temperature (Figure 37). The relatively fast heating (10 °C∙min-1) and cooling rates limit 

the duration of the transient regime. 

 
Figure 37. Typical temperature profile during a torrefaction test. 

Indeed, as stated by Bergman et al. [90], difficulties in interpreting the torrefaction process may arise 

from the definition of the torrefaction time. Misunderstanding about the torrefaction time automatically 

leads to inaccuracies in relating product quality to torrefaction operating conditions. To overcome this 

problem, in this work, the ‘torrefaction duration’ or ‘torrefaction time’ refers to the duration of the plateau 

at the treatment temperature (between 200 and 300 °C), independently of the heating and cooling durations. 

Torrefaction reactions are relatively slow [90], so the heating time between 200 °C (i.e. the temperature at 

which decomposition reactions are initiated) and the torrefaction temperature is not considered in the 

torrefaction duration.  

2. Influence of particle thickness on the heat treatment homogeneity 

of poplar wood 

During the initial stages of this research, we investigated the effects of the size of wood chips (width) 

on the torrefaction homogeneity within the particles. The results are presented as a separate article in 

Appendix I [307]. This study revealed that (i) there are exothermic degradation reactions activated at the 

core of the samples whose extent depends on the torrefaction intensity and the sample thickness; these 
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reactions can trigger intra-particle heterogeneity of treatment (ii) the mass loss can also depend on of the 

sample thickness (ii) there is no significant detected difference in elemental chemical composition along the 

thickness (in the range of thicknesses tested). This study determined the choice of the sample thickness to 

be torrefied for the studies in section 3 of chapter III as well as in Chapters IV and V.  

3. Grinding units 

Several grinding technologies were used throughout this work. First, in the preliminary stages of the 

study, a batch IKA M20 cutting mill was used (2nd section of Chapter III). Subsequently, within the purpose 

of moving closer to an industrial approach in which grinding operations are carried out continuously rather 

than in batches, a continuous cutting mill was employed (Retsch SM300) (Section 3 of Chapter III and 

Chapters IV and V). This technology also made it possible to obtain powders exhibiting an evenly 

distributed PSD and to control the output particle size roughly using an output sieve. Finally, a planetary 

ball mill was employed in a complementary study as a means of obtaining very fine powders of well-

controlled granulometry (Section 3 of Chapter III). 

3.1. IKA M20 cutting mill 

This device is suitable for dry grinding up to 250 ml (i.e. batch grinding) of hard or brittle materials at a 

fixed rotational speed of 20 000 rpm. A M21 stainless steel cuter was used (Figure 38). An automatic system 

that controlled the grinding and resting cycles was implemented to guarantee the repeatability of the grinding 

procedure. A circulation of cold water inside the grinder jacket hindered sample heating. 

 
Figure 38. IKA M20 cutting mill [308]. 

Table 15. IKA M20 technical data [308]. 

Size reduction principle cutting, impact 
Process type batch 
Motor rating input 450 W 
Motor rating output 225 W 
Circumferential speed max. 72 
Feed grain size max. 7 mm 
Type of rotors 6-disc rotor 
Material cutter stainless steel 1.4034 
Material milling chamber stainless steel 1.4301 
Power-ON time 7 min 
W x H x D closed 170 × 350 × 170 mm 
Net weight 6.6 kg 
Permissible ambient temperature 5 – 40 °C 
Permissible relative humidity 80 % 
Frequency 50/60 Hz 
Power input 550 W 

 

M21 spare cutter

Grinding chamber
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3.2. Retsch SM300 cutting mill 

A Retsch SM300 cutting mill (Figure 39) was used to continuously grind raw and torrefied wood chips. 

The main characteristics of the mill are listed in Table 16. 

The general experimental procedure is as follows. The biomass is first introduced through the hopper 

(sample inlet) and then passes through the chamber where it will be intercepted by the rotor and crushed 

between it, equipped with knives, and the counter-knives (Figure 39b). Once the biomass has been 

sufficiently ground (particle size < sieve opening), it passes through a sieve with variable mesh openings 

(between 1mm and 10 mm). The outflow particle size can therefore be controlled by changing the outlet 

sieve. The powder can either be collected directly by gravity in a container or aspirated by a cyclone 

connected to the outlet. 

 
Figure 39. Retsch SM300 cutting mill. (a) Experimental device [309]. (b) Illustration of the grinding chamber (Adapted from [310]). (c) Poplar 

milled using a 4 mm hole sieve (left) and a 1 mm hole sieve (right). 

Table 16. Mean features of the SM300 cutting mill [309]. 

Size reduction principle shearing, cutting 
Process type continuous 
Material feed size* < 60 x 80 mm 
Final fineness* 0.25 - 20 mm 
Speed at 50 Hz (60 Hz) 100 - 3000 min-1 
Rotor peripheral speed 4.7 - 20.3 m/s 
Rotor diameter 129.5 mm 
Type of rotors 6-disc rotor 
Types of hoppers universal, long stock 
Material of grinding tools tungsten carbide 
Sieve sizes trapezoid holes 1.00 mm 
Drive 3-phase asynchronous motor with frequency converter 
Drive power 3 kW with flywheel mass ~ 28.5 kg 
Power connection 1-phase 
Engine brake yes 
Protection code IP 20 
W x H x D closed 576 (1080 opened) x 1677 x 750 mm (with base frame and universal hopper) 
Net weight ~ 160 kg 
Standards CE 

*depending on feed material and instrument configuration/settings 

Sample inlet

Rotor

Outlet sieve

Rotor speed 

control

6-disc rotor

Outlet sieves
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3.3. Planetary ball mill 

A PM100 Retsch planetary ball mill can be used secondarily (after grinding with the SM300 mill) for finer 

grinding. Planetary ball mills are indeed often used when the highest degree of fineness is required [311]. In 

this device (Figure 40), the grinding jar is arranged eccentrically on the ‘solar wheel’ of the planetary ball 

mill. The direction of movement of the solar wheel is opposite to that of the grinding jars in the ratio 1 :-2. 

The difference in speeds between the balls and the grinding jar produces an interaction between frictional 

and impact forces, which releases high dynamic energies. The interplay between these forces produces the 

high degree of size reduction of the planetary ball mill. The main characteristics of the device used in this 

work are listed in Table 17. 

 
Figure 40. Retsch PM100 planetary ball mill. Adapted from [311]. 

Table 17. Main features of the PM100 ball mill [311]. 

Size reduction principle impact, friction 
Material feed size* < 10 mm 
Process type batch 
Final fineness* < 1 µm, for colloidal grinding < 0.1 µm 
Batch size / feed quantity* max. 1 x 220 ml, max. 2 x 20 ml with stacked grinding jars 
No. of grinding stations 1 
Speed ratio 1 : -2 
Sun wheel speed 100 - 650 min-1 
Effective sun wheel diameter 141 mm 
G-force 33.3 g 
Material of grinding tools stainless steel, tungsten carbide 
Grinding jar volume 250 ml 
Setting of grinding time digital, 00:00:01 to 99:59:59 
Interval operation yes, with direction reversal 
Interval time 00:00:01 to 99:59:59 
Pause time 00:00:01 to 99:59:59 
Measurement of input energy possible yes 
Interface RS 232 / RS 485 
Drive 3-phase asynchronous motor with frequency converter 
Drive power 750 W 
Electrical supply data different voltages 
Power connection 1-phase 
Protection code IP 30 
Power consumption ~ 1250 W (VA) 
W x H x D closed 640 x 480 (780) x 420 mm 
Net weight ~ 86 kg 
Standards CE 

*depending on feed material and instrument configuration/settings 

Grinding jar and balls
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3.4. Measurements of energy consumption required for grinding 

In an attempt for illustrating the interest of torrefaction in reducing grinding energy consumption, 

measurements of the grinding energy of poplar chips were conducted in both the cutting SM300 and the 

ball mill. The results of these investigations are presented in Appendix II. 

4. Particle size and shape characterization 

Particle size and shape highly influence the flow behavior of granular materials, so that their 

characterization is essential for the purposes of this work. A range of methods and equipment can be used 

for determination of particle size distributions. Mechanical sieving is the most traditional technique, but 

other methods based on image analysis or laser diffraction are also available. Throughout the entirety of this 

research particle size and shape characterization was performed using a Sympatec QICPIC unit. 

The QICPIC imaging system was developed by Sympatec GmbH [312] for use on particles sized between 

1 µm and 30 mm. This device is based in a dynamic image analysis of the powder. Image analysis uses a 

digital camera with special optics that captures the particles within the frame. Physical information about 

particle properties is transmitted to a computer which, using an evaluation software, determines the size and 

shape descriptors for each particle in the image. An overview of the system is given in Figure 41. 

Initially, using the gravity disperser (GRADIS), the sample is placed in a hopper. At the start of the test, 

the hopper is raised by a user-defined height and a controlled vibration of the feeding unit generates a 

relatively steady flow of particles and adds kinetic energy to the particle before they gall into the vertical 

shaft. As illustrated in Figure 41b, the particles pass between a light source and a pair of imaging lenses 

configured to minimize focusing problems. The light source exposure time is less than 1 ns. The camera 

records a sequence of binary frames of the particles. The camera detector operates at up to 450 frames per 

second, and therefore a statistically representative number of particles can be analyzed in a short span of 

time.  

As the particles fall through the shaft, particle-to-wall collisions and particle-to-particle collisions create 

a smooth dispersion with minimal overlap in the images generated. A vacuum-extraction unit placed at the 

bottom of the system generates a downward flow of air through the shaft (Figure 41c). An outlet slit placed 

at the end of the shaft aligns the particle flow for imaging beneath its opening [313]. The combination of 

vibration, free movement, collisions, and use of a vacuum minimizes the tendency for preferential alignment 

of the particles and makes it possible to assume a random orientation of the particles. 

Though dynamic image analysis remains a 2D measurement, the image acquisition system theoretically 

overcomes the restriction of conventional optical analysis where the plane of the particle image is orthogonal 

to the shortest axis of the particle and therefore a more realistic measurement of real 3D shapes can be 

obtained. Statistically representative analyses can therefore be carried out quickly. However, repetitions of 

the measurements were performed to ensure the repeatability of the measurements. 

For materials with particle size under 100 µm a wet dispersion system (LIXELL [314]) is recommended. 

In such a system, a solution containing the powdered material is fed into a cuvette using a pump (Figure 

41d). 
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Figure 41. QICPIC apparatus. (a) General overview (Adapted from [313]). (b) Detail on the image acquisition system (Adapted from [315]). (c) 
Image of the actual device used in this work (dry dispersion unit). (d). View into the LIXELL wet dispersion system (Adapted from [314]). 

4.1. Size and shape descriptors 

Several particle size measures are directly available within the QICPIC system. Feret diameters are one 

of the most used descriptors of particle size. They correspond to a group of diameters derived from the 

distance of two tangents to the contour of the particle in a well-defined orientation. The measurement is 

therefore equivalent to a slide gauge method. In practice, the Minimum Feret Diameter (dFmin) and Maximum 

Feret Diameter (dFmax) and the Mean Feret Diameter (dFmean) are used. The minimum Feret diameter is often 

used as the diameter equivalent to a sieve analysis [313,316,317].  

The dFmax and dFmin correspond, respectively, to the maximum or minimum Feret diameter after 

consideration of all possible orientations (0° to 180°). The Feret diameters for a sufficient number of angles 

are calculated, and their maximum or minimum is selected (Figure 42a). The dFmean is the mean value of the 

Feret diameters over all orientations according to the principle described before [317]. Feret diameters vary 

much more with irregular-shaped particles than with regular shapes, and consequently the maximum and 

minimum can be considerably different. As an example, the particle size distributions shown in Figure 42b 

correspond to the same sample of milled raw biomass. The elongated shape of the particles makes the 

distributions based on dFmin and dFmax significantly different. Throughout this work, special precautions were 

taken to explicitly mention the particle size descriptors used to draw distributions.  
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Figure 42. Particle size and shape descriptors. (a). Feret diameters and particle characteristics. (b) PSD of a milled biomass sample using dFmax and 

dFmin. 

The in-built shape measurement used in the QICPIC system are the aspect ratio (a), the circularity (ψ) 

and the convexity (Cx). 

The aspect ratio (0 ≤ a ≤ 1) gives an indication for the elongation of the particle and is defined as:  

min
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F

F

d
a

d
=  (40) 

The circularity is the ratio of the perimeter of the equivalent circle (i.e. that has the same area as the 

projected area of the particle Ap) to the real perimeter, P (Figure 42a). The result is a value between 0 and 

1: 
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The smaller the value, the more irregular is the shape of the particle. This results from the fact that an 

irregular shape causes an increase of the perimeter. This ratio is always based on the perimeter of the 

equivalent circle because this is the smallest possible perimeter with a given projection area. 

The convexity is an important shape parameter describing the compactness of a particle. In Figure 42a, 

the convexity is the ratio of the projection area itself (Ap) and the area of the convex hull (Ap+Av):  
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A
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A A
=

+
 (42) 

The maximum theoretical convexity is 1, if there are no concave regions [317]. 
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1. Preamble 
 

As stated in the literature review, despite the frequent occurrence of handling problems, there is a 

lack of knowledge on the flow properties of milled biomass. The effects of pretreatment processes such 

as torrefaction on the energy properties of the treated biomass are relatively well documented, but its 

impact on the flow behavior of the powdered material has not yet been studied. 

The purpose of this chapter is to experimentally investigate the flow behavior of raw and torrefied 

milled biomass using a shear test procedure. The powders are therefore in a consolidated state, and the 

properties obtained are intended to be directly used to design storage units in which this type of 

conditioning is encountered. Understanding the effect of torrefaction intensity on the flow properties 

measured requires the assessment of the relations between torrefaction and the particle characteristics 

of the powders obtained after grinding. 

A first study on this subject was carried out and published as part of the Proceedings of Powders and 

Grains 2017 – 8th International Conference on Micromechanics on Granular Media [318]. This study, 

which focused on a single softwood species (spruce) was completed by considering a hardwood species 

(poplar), along with a more complete characterization of the powders, both quantitatively (particle size 

and shape measurements for fine powders below 100 µm) and qualitatively (Scanning electronic 

microscope images). These results have led to the publication of a scientific article and are the subject of 

the second part of this chapter. 

The main characteristics of the selected wood species are provided in the materials and methods 

section. The different stages in the preparation of the biomass powder are also detailed. Torrefaction is 

carried out using the experimental device described in Chapter II. The torrefaction conditions are chosen 

in order to obtain a range of mass loss values. The same knife-grinding procedure is then applied to all 

the torrefied chips. Particle size and shape analysis and the flowability tests are at the heart of the second 

part of this chapter, from which the main conclusions are drawn. 

We observed a gradual shift in the distributions of particle size and shape towards finer and rounder 

particles as torrefaction intensity increased. Simultaneously, a significant improvement in flowability, as 

measured by a ring shear tester, with the intensity of torrefaction has also been clearly observed. Powders 

shifted from a cohesive nature for raw samples to an almost free-flow behavior for the most intensively 

treated samples. Through the results presented in this chapter, we show that the concomitant changes 

in particle size, distribution width and flowability parameters are not consistent with the general trends 

reported in literature for granular materials, smaller particles being expected to have lower flowability. 

Here, the increase in flowability is mainly due to the presence of rounder particles of treated biomass 

compared to the long, irregular and needle-shaped particles obtained for native biomass. From these 

results, the loss of resilience of the woody materials triggered by torrefaction and its subsequent effects 

on particle properties and bulk behavior is highlighted. Various expressions between the torrefaction 

operating conditions (as synthetized by the mass loss) and particle properties and flowability are given. 

In particular, we propose a unique linear expression between torrefaction intensity and the flowability 

for both species studied here. These expressions are intended as a valuable tool to optimize the BtL 

upstream processing chain and to quantitatively evaluate the interest of torrefaction to limit handling 

problems. 
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A complementary investigation is presented in the last part of this chapter(section 3). Finer powder 

samples (which are more suitable for measurements in a 30 ml-cell Schulze ring shear tester) are used. 

This was made possible by using a ball mill after a cutting mill. The study of the impact of the shape and 

size distributions independently of torrefaction (i.e. a study for a given torrefaction intensity) is described. 

This last (unpublished) part provides further evidence to the conclusions drawn previously regarding the 

effects of torrefaction on powdered biomass flow. First, the loss of mechanical resilience of biomass due 

to torrefaction led to smaller and rounder particles as well as wider distributions when the torrefaction 

intensity (as measured by the mass loss) is increased. These particle-scale changes are expressed at the 

bulk scale by an improvement in the flow behavior that gradually shifts from a rather cohesive to a free-

flowing nature. Secondly, the analysis of the particle size and shape changes triggered not by different 

torrefaction intensities, but rather by different grinding intensities (grinding times) showed that long 

grinding times led to rounder, more uniform and smaller particles. Consistently, this resulted in an 

improved flowability - despite the decrease in particle size - with the increase of the grinding time. 

 

1. Preamble 
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2. Effect of  torrefaction intensity on the flow 
properties of  lignocellulosic biomass 

powders 
 

John Pachón-Morales a, Julien Colin a, Floran Pierre a, François Puel a and Patrick Perré a 
a LGPM, Laboratoire de Génie des Procédés et Matériaux, CentraleSupélec, Université Paris-Saclay, 3 rue Joliot 

Curie, 91192 Gif-sur-Yvette, France 

Biomass and Bioenergy 120 (2019) 301- 312 

Abstract 

Flowability characterization of milled lignocellulosic biomass is essential for developing viable 

conveying, storing and handling solutions for gasification processes. This study investigated the effect 

of torrefaction on particles size and shape obtained after grinding and on flow properties of pulverized 

wood. Spruce and poplar samples with six torrefaction intensities were knife-milled to obtain biomass 

powders. Particles size and shape distribution were assessed using a morphological particle size analyzer 

and flowability parameters were determined with a ring shear tester. A more intense treatment produces 

finer, rounder and more regular particles. Simultaneously, a gradual shifting was observed from a 

cohesive behavior for native biomass to a nearly free flowing behavior for the most intensively treated 

samples. The trends in flowability cannot be explained by the size reduction nor the increase of 

distribution width. Instead, the explanation lies in the reduction of shape factor and the sharpness of 

particle surfaces for treated samples. However, all observations are consistent with the loss of resilience 

of treated wood. From our results, it is clear that torrefaction, in addition to its interest on reduction of 

energy consumption of grinding, should also be considered as a pretreatment step allowing to modify 

the flow behavior of biomass powders. 

Keywords: BtL, torrefaction, particles size and shape, lignocellulosic biomass, flowability 

2.1. Introduction 

Effective use of biomass gains worldwide attention as a feedstock for production of biofuels likely 

to reduce greenhouse gas emissions and dependence from petroleum-based energy resources. After the 

first generation of biofuels, that consumes edible products, a second generation using the lignocellulosic 

part of plants – such as wood – started to be developed at the industrial scale for lignocellulosic ethanol, 

but still needs development to produce biomass-to-liquid (BtL) fuels. One thermo-chemical BtL route 

includes a gasification process followed by a Fischer-Tropsch synthesis [68]. This thermochemical 

process requires a supply of ground biomass in the form of powder for three main reasons: i) to ease the 

conveying of the raw material along the processing chain, ii) to optimize its injection into the gasifier 

and iii) to increase the chemical reactivity of the biomass [119]. Grinding is then essential to obtain 

biomass powders meeting optimal conditions for gasification. However, due to its fibrous and resilient 

structure, grinding of native lignocellulosic biomass is an energy-intensive process. Therefore, a 

pretreatment step, such as torrefaction, is needed to improve the process.  
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Torrefaction is a thermochemical treatment operating at temperatures in the range 200 to 300 °C 

under atmospheric pressure and in absence of oxygen. The process is traditionally characterized by low 

heating rates (<50 °C.min-1) and by a relatively long reactor residence time (typically higher than 30 

minutes) [111]. The resulting product is intermediate between wood and charcoal and exhibits several 

advantages when compared to the original material such as an increased energy density [91], a decreased 

hygroscopicity, a dimensional stabilization [91], an increased resistance to biological decay [319], a loss 

of mechanical resilience [93], etc. Several studies have shown the efficiency of heat treatment on easing 

biomass grinding. A reduction of 80-90 % of the power consumption needed for grinding torrefied 

biomass can be attained in comparison with raw biomass [111]. This means a power consumption similar 

to that of coal. Previous research found a linear inverse correlation between the average particle diameter 

after grinding and the torrefaction temperature for wood chips and logging residues [106]. Pierre et al. 

developed an original impact device to evaluate the grindability of torrefied biomass [100]. The authors 

showed an energy consumption reduction of 86 % for oak torrefied to 38 % of mass loss and a reduction 

of 99 % for pine torrefied to 45 % of mass loss. 

Currently, transport and handling of biomass powders are a key obstacle for the cost-competitive 

production of second-generation biofuels. Indeed, creating a steady flow of the biomass particles out of 

the storage equipment is a significant issue for biomass processing and conversion. From industrial 

experience, the most common cause of failure in continuous biomass valorization facilities is feeding 

problems into the reactors [129]. 

Notwithstanding the frequent occurrence of handling problems, there is still a relatively poor 

knowledge of the flow properties of biomass materials [202]. More research is therefore needed in this 

field to ensure the sustainability of the supply chain [3]. This includes a better understanding of the 

combined effect of torrefaction and grinding parameters and the effects of particles shape and size 

distributions on powder flow properties. Flowability is often characterized through the unconfined yield 

strength (σc) which indicates the tendency of a bulk solid to form a cohesive arch in a hopper and to 

create ratholes in process equipment [320]. Following the procedure described in Section 2.5, unconfined 

yield strength is obtained from the Mohr analysis of the yield locus (failure strength against load stress) 

of a granular material. 

Regarding particle size, studies for coal-biomass systems have shown that bigger particles tend to 

reduce the bulk solids yield strength compared to finer particles [212]. Several models have been 

proposed to relate the particle size properties to the bulk unconfined yield strength. So far, only inverse 

relationships between the particle size and the unconfined yield strength, whichever the mechanism 

considered, are proposed (van der Waals Forces, capillary forces, elastic fracture, plastic-elastic fracture) 

[321–323]. These models have typically the following general expression [320]:  

n

p

C
d

K
=  (43) 

where σc represents the unconfined yield strength, K and n stand for constants dependent on the material 

properties and dp is a particle size descriptor. Experiments conducted on flame retardant powders [324] 

showed that samples cohesion decrease with increase of particle size. Similar conclusions for black 

soybean powders, where fine fractions were reported as cohesive, were made by Lee et al. [229]. Rohilla 

[325] concluded that there exists a particular particle size after which intermolecular forces become larger 

than weight forces, which triggered a decrease on flowability of fly ash samples. 

The lack of suitable standard methods for measuring and classifying particle shapes, the 

heterogeneity of shapes and the fibrous nature of biomass particles makes it difficult to characterize the 
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effects of these parameters on the flow properties [129]. Yet, several studies assessed the effects of shape 

on unconfined yield strength and found that irregular shapes tend to increase the cohesive strength 

between particles. According to [320], two key parameters influence the strength of a bulk powder 

system: the number of contacts per adjacent particles and the direction of these contacts relative to the 

centroid axis between adjacent particles. In the case of irregular particles, more effective contacts exist 

between particles and this situation can therefore increase yield locus values, resulting in a more cohesive 

behavior. Several studies have shown that bridging properties of chipped solid biofuels are mainly 

controlled by the shape and the size of the particles [207]. A high proportion of hooked or long and thin 

particles increased the bridging tendency. Similar results were obtained by Paulrud et al. [87] for ground 

pine and spruce. Hann [326] found that powders with narrow particle size distributions had better 

flowability and that bulk solids with rounded edges resulted in a greater unconfined yield strength. 

Particle shape is also essential when studying the specific surface area that governs mass and heat transfer 

phenomena during gasification [233,327,328]. 

Even though particle size and shape are likely to have the greatest impact on powder flow properties, 

few studies have evaluated powder flow in relation to both, particle size and shape, especially regarding 

biomass powders, and even less knowledge is available about the effect of heat treatment on particles 

properties. 

Previous works have reported the effect of torrefaction intensity as measured by the global mass loss 

(ML) on the flowability of biomass powders [329]: a direct relationship between the ML and the 

flowability factor was observed. The current work investigates the effect of different torrefaction 

intensities on the flow properties of knife-milled biomass (spruce and poplar), and assesses the relations 

between: 

• The torrefaction mass loss and the particle size and shape obtained after grinding 

• The particle size and shape and the granular material flow behavior. 

The results of this research are summarized as expressions between torrefaction operating conditions 

and physical properties and flowability of biomass particles. They are very useful in optimizing the BtL 

chain as they allow the compromise between energy loss due to torrefaction, grinding energy and 

flowability to be clearly assessed. 

2.2. Materials and methods 

2.2.1. Biomass preparation 

A hardwood and a softwood species have been considered for this study. Poplar was chosen as 

hardwood (Populus euro-americana Koster) as it is a promising forest energy crop, namely due to its fast 

growth in temperate climates. The development of poplar genotypes with improved yield, higher pest 

resistance, increased site adaptability and easy vegetative propagation has made poplar a commercially 

valuable energy crop [330,331]. The poplar tree selected for the present study came from a forest located 

in La Suippe valley in Auménancourt-le-Petit (France). Spruce (Picea abies), a softwood species, is another 

potential candidate to be used in BtL chains, mainly because of its intensive current use in the forestry 

industry. A spruce tree coming from a plantation in the Le Châtaignier forest in Riotord (France) was 

selected. Both trees were chopped and cut in boards that were subsequently dried. 

The sample size was chosen to fulfil several constraints such as the amount required for flowability 

tests (30 cm3 of powder needed), the grinding capacity of the grinder (maximum length) and the 
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homogeneity of the heat treatment (small thickness). The size of each individual wood chip was thus 

fixed to 20×20×3 mm3. Each sample of Table 1 consists of 32 chips of this size. The basic densities 

(oven-dry mass over saturated volume) are 311 ± 9 kg/m3 and 330 ± 10 kg/m3, for untreated poplar 

and spruce respectively. The respective growth ring widths are 14 mm and 2.85 mm. As it is well-known 

that wood properties present little changes in the longitudinal direction, all samples were collected along 

a single board to reduce the intra-tree variability. To further average the remaining variability and obtain 

twin samples, the 32 wood chips of each sample were selected following a recurrent stepped scheme 

along the board [329]. 

Table 18. Torrefaction conditions and global mass loss for the 14 samples studied. 

Torrefaction temperature (°C) 
Duration of 

torrefaction (h) 

Global mass loss, ML (%) 

Poplar Spruce 

Untreated 0 0 

220 1 2.8 2.0 

220 5 8.0 4.7 

250 1 12.0 7.1 

250 5 21.3 14.4 

280 1 25.2 18.7 

280 5 47.3 38.1 

 

In agreement with previous findings of [93,104,332], the mass loss values confirm the lower thermal 

resilience of poplar compared to spruce (Table 18). This is mainly explained by the lower resistance of 

hardwood hemicelluloses and lignins to heat treatment [333,334].  

2.2.2. Torrefaction 

A batch torrefaction furnace specifically developed in the laboratory was used to treat the samples 

[335]. The atmosphere of a hermetically closed Memmert UFP400 chamber is controlled by sweeping a 

nitrogen flow (5 L.min–1) to reduce the oxygen content, thereby avoiding oxidation and ignition. In all 

cases, the oxygen level, as measured at the gas outlet, remained below 1.5 %. A powerful fan inside the 

chamber ensures an efficient heat transfer either to heat-up the sample or to limit thermal overshot due 

to exothermic reactions. The gas temperature was measured nearby the samples using a K-thermocouple. 

A total of six treatments were performed at 220, 250 and 280 °C for 1 or 5 hours with the following 

protocol: (i) heating from room temperature at a rate of 5 °C min-1 up to 100 °C (ii) plateau at 100 °C 

for 30 minutes to remove the residual bound water (iii) heating at a rate of 5 °C min-1 until the treatment 

temperature. (iv) plateau at the treatment temperature for the desired duration and (v) cooling down 

thanks to thermal losses and an increased nitrogen flow entering the reactor. Preliminary simulations 

were performed using a comprehensive computational code to ensure that the treatment duration 

together with the sample thickness ensures the treatment to be quasi-uniform within the sample [336]. 

After treatment, samples were weighed to determine the mass loss (ML) due to heat treatment as 

follows: 

0

0

 (%) 100tm m
ML

m

−
=   (44) 

where, m0 and mt are the oven-dry mass before and after torrefaction, respectively. Mass loss is known 

to be a good indicator of the treatment intensity [91] and has been successfully correlated to several 

properties of the treated biomass such as energy properties [100] or dimensional changes [93]. 
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2.2.3. Grinding procedure 

Heat-treated samples were ground in a M20 IKA laboratory 550W knife miller. An automatic control 

system was implemented to guarantee the repeatability of the grinding procedure. The rotational speed 

of the knives (stainless steel cuter M21) was 20 000 rpm. To avoid any additive heat treatment due to 

thermal dissipation, several grinding and resting cycles were carried out, up to a total grinding time of 95 

seconds. A circulation of cold water inside the grinder jacket further reduced sample heating. 

2.2.4. Particle size and shape analysis 

A Sympatec-QICPIC morphological particle size analyzer with a M7 lens (measurement ranges from 

10 to 10240 µm) with a GRADIS dispersion and VIBRI feeding units was used in this work [312]. To 

conduct the test, about 5 g of wood powder was loaded onto the hopper of the instrument. The size and 

shape of powders were recorded and analyzed using the manufacturer software. 

The mean value of the Feret diameters over all orientations of the particle) is used as the magnitude 

characterizing particles size. The 50th centile of the cumulative volume distributions (x50) was taken as a 

mean size descriptor of each size distribution. The particle shape was characterized through the 

circularity, ψ (from 0 to 1), which is defined as the ratio of the perimeter of a circle having the same area 

as the projected area of a particle to its actual perimeter. A perfect sphere would give ψ =1 and the 

smaller the value of ψ, the more irregular is the shape of the particle. Mean values of circularity ψ50 were 

calculated as the 50th centile of the cumulative circularity distributions. 

The flow of a polydispersed bulk solid primarily depends on flow properties of the fines fraction 

[212], the size analysis of particles having a size under 100 µm was made for all samples. Hence the sieve 

fraction of the samples with a size below 100 µm was analyzed. This fraction was obtained by using a 

vibratory sieve shaker Retsch AS 200 at an amplitude of 60 % (1.8 mm) for 20 minutes. Particle size and 

shape were analyzed using a M4 lens allowing a better resolution for finer particles in the range from 

< 1µm to 1700 µm. The use of this lens needs samples to be fed as a liquid dispersion. Biomass powders 

were first colored by means of a 24-hour soaking in a Safranin-O – 10 % ethanol solution to avoid 

agglomeration, then diluted in 500 mL of water. This solution was pumped into the LIXELL wet 

dispersion system. Results presented are the combination of three repeatable tests. 

2.2.5. Flowability tests 

A RST-XS Schulze ring shear tester was used to assess the flow properties of biomass powders. The 

ring shear tester is a widely-used device to measure flow properties of powders, including angle of 

internal friction, wall friction and bulk density. The standard procedure leads to results with low 

variability [143]. According to this procedure, once the shear cell with the powder sample has been 

prepared, the maximum normal preshear stress, σpre, is applied on the cell lid. A typical evolution of the shear 

stress obtained from torque measurements is represented in Figure 43a. The preshearing step is carried 

out up to the attainment of a steady state value of shear stress in which the frictional forces between 

particles are maximum with respect to the applied normal load. At this point the powder attains a well-

defined and reproducible state of consolidation corresponding to the top point of the yield locus 

represented in Figure 43b. This steady state often occurs when the sample volume and thus its bulk 

density, ρb, reaches a steady state value at the end of compaction [337]. After the preshearing, the 

direction of shear is reversed, i. e. the shear stress is reduced to zero. Then, the normal stress is reduced 

to a value σsh,1 < σpre and the sample is sheared until a peak value of shear stress, τsh is reached (incipient 

flow or failure) [202]. The sequence of two steps is repeated with the same σpre and increasing σsh. Finally, 



CHAPTER III. Flowability characterization of powdered biomass under consolidation 

108 
 

a verification point at σsh,1 is made. The (σ, τ) couples obtained at failure are drawn to represent the yield 

locus corresponding to the consolidation applied as shown in Figure 43b). 

A set of three pre-consolidation stresses (σpre), considered as representative of the stress range for 

industrial applications, were tested: 2, 5 and 10 kPa [141]. Three shear points at 25, 50 and 75 % of σpre 

for each pre-consolidation stress were used to determine the yield locus of each sample. The yield locus 

curves were regressed from experimental points by a linear regression.  

As represented in Figure 43 b), the Mohr circle drawn through steady state point and tangent to the 

yield locus locates the major principal stress σ1, corresponding to the consolidation applied. The unconfined 

yield strength is given by the major principal stress passing through the origin and tangent to the yield 

locus. In Figure 43b), the dashed line passing the origin and tangent to the larger Mohr circle is the effective 

yield locus. Its angle of inclination with respect to the σ axis is the effective angle of internal friction ϕe. Yield 

locus for a non-cohesive granular material passes through the origin, so cohesion, C, corresponds to the 

value of the shear stress where the yield locus intersects with the τ axis, i.e., at the normal stress σ = 0. 

By measuring yield loci for different pre-consolidation stresses a flow function (σc vs. σ1) can be drawn. 

Unconfined yield strength governs the stress holding the material together on a free surface. It is the 

major principle stress that acts in a direction parallel to the free surface which supports the external 

forces tending to tear the surface apart [138]. The bigger its value, the higher the stress required to fail 

or fracture the granular material to initialize the flow. The unconfined yield strength indicates the 

tendency of a bulk solid to form a cohesive arch in a hopper and form ratholes in process equipment 

[320]. 

The ratio FFC (flow function coefficient) of consolidation stress to unconfined stress (σ1/σc) is used to 

quantify the flowability. The larger FFC, the better a bulk solid flows. All properties obtained from the 

Schulze ring shear tester are usually reported as a function of the major principal stress of consolidation. 

 
Figure 43. Flow properties determination (Untreated poplar sample, σpre = 5 kPa). (a). Experimental course of shear stress; (b) yield locus 

construction and Mohr stress circles defining unconfined yield strength and consolidation stress. 

2.3. Results 

2.3.1. Effect of torrefaction intensity on particle size and shape distributions  

A surface representation (Figure 44) was chosen to represent both the shape factor and the particle 

size distributions for three degrees of torrefaction: untreated, mildly treated (250 °C, 1 hour) and 

intensively treated (280 °C, 5 hours). A gradual shifting from large particles with relatively low circularity 
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towards finer particles and higher values of circularity becomes evident when increasing the torrefaction 

intensity. This reduction of particle size is a direct effect of the loss of resilience [107] . This is also the 

primarily reason of using torrefaction as pretreatment on the BtL chain: to obtain small and reactive 

particles at a lower grinding energy cost. 

These 2D graphs deserve a deeper analysis of the concomitant changes of size, circularity and peak 

intensity. For poplar powders, the peak value for circularity changed from ψ = 0.6 to ψ = 0.75 (increase 

of 25 %) from untreated to the most treated samples. For spruce, circularity peak values increased from 

ψ = 0.55 to ψ = 0.77 (increase of 40 %). This increase of circularity with torrefaction was already 

observed for pine [106].  

 
Figure 44. Influence of torrefaction intensity on circularity and size distributions for spruce and poplar powders. The color scale indicates the volume 

fraction of each size and shape range and varies between the same values regardless of the torrefaction intensity for each species. 

From the color scale, it is also noticeable that, for both species, a spreading of the distributions 

occurs at increased heat treatment intensity. For poplar, the initial, sharp, peak at 2 mm evolved 

progressively towards a wider peak spreading towards smaller and more spherical particles. Spruce 

presents a different behavior as two populations gradually appear. The initial peak is slightly shifted 

towards smaller particles (1800 µm, 1500 µm and 600 µm, from untreated to 7 % and 38 % of ML) and 

progressively disappears. Another peak is already visible at ML = 7.1 % at a mean particle size of ca. 300 

µm. For the most severe treatment (ML = 38.1 %) the initial peak almost disappeared and the second 

Spruce Untreated

Spruce ML = 7.1%

Spruce ML = 38.1%Poplar ML = 47.3%

Poplar ML = 12.0%

Poplar Untreated
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peak represents a large part of the power volume, with smaller (ca. 100 µm) and round particles 

(ψ = 0.77). 

 
Figure 45. Influence of torrefaction intensity (Mass Loss ML) on PSD: whole sample (top) and fines fraction (bottom). 

Figure 45 (top) presents the cumulative volume particle size distribution (PSD) for poplar and 

spruce. This synthetic representation allows the size reduction at increasing heat treatment intensities to 

be quantified. The trends reported in this figure confirm literature data [106,119,120]. In the case of 

poplar, for the highest values of mass loss, the cumulative distributions tend to overlap. This indicates 

that a plateau in particle size seems to be reached after a certain treatment intensity. Again, spruce 

presents a different behavior, as a significant shifting of the particle size distribution towards finer 

particles is still observed for the most severe treatments.  

These trends are confirmed by the analysis of the fines fraction (Figure 45, bottom). For poplar, the 

fines fraction presents a plateau at ca. 7 % of the total particle volume and the three most severe 

treatments (21 % to 47 % of mass loss) are very close. On the contrary, a large increase of the fines 

fraction is observed for ML = 38 %: almost 40 % of the particle volume. It is also obvious that the 

particle size distribution continues to shift towards small particles. 

  POPLAR                     SPRUCE 
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Figure 46. Effect of torrefaction intensity on the mean particle size (left) and volume of fines (right) of poplar and spruce powders. 

As synthetic indicator of the particle size reduction, the 50th centile (x50) of the particles size 

distribution was plotted as a function of ML in Figure 46. For the entire particle samples and for the 

fines fractions as well. Exponential expressions of the form 
50 ( )c MLx a b e− =  + were also fitted from these 

experimental data. The fitted parameters are presented in Table 19. These models imply an asymptotic 

behavior whose limit at "infinite torrefaction intensity" equals 427 µm for poplar and 226 µm for spruce. 

Table 19. Parameters of the exponential regressions of the form x50=a·[b+exp(-c·ML)] for the mean particle size after grinding as a function of 
ML. 

Sample a b c 

Poplar whole samples 1067 0.40 0.069 

Poplar fines 347.4 0.38 0.170 

Spruce whole samples 1258 0.18 0.104 

Spruce fines 120.7 0.91 0.069 

 

The general trend clearly confirms the loss of resilience at increasing treatment intensity. A similar 

behavior is observed for the two species. Yet, larger particles are obtained for poplar compared to spruce 

at similar torrefaction intensity. For spruce, the particles size is reduced by 88 % for untreated to severely 

treated wood (ML = 38 %). The reduction is only by 68 % for poplar. A higher effect of thermal 

treatment on the particle size reduction is therefore evident for spruce, even though the ML presents an 

opposite trend (lower values for spruce than for poplar for given torrefaction conditions). 

This result is quite surprising as the alteration of lignins and hemicelluloses by heat treatment explains 

the increase of cell wall brittleness. The native lignins of conifers are essentially constituted of guaiacyl 

(G) units together with a low proportion of p-hydroxyphenyl (H) units (except in compression wood 

rich in H units). Along with the G units and traces of H units, the lignins of deciduous trees are 

constituted of syringyl (S) units. The proportion of resistant bonds in native lignins increases with the 

frequency of G and H units whereas S units are mostly involved in weaker β-O-4 linkages. From this 

molecular point of view, poplar resilience should therefore be more deeply altered by heat treatment 

than spruce. 

As the observation regarding PSD depicts an opposite trend, the explanation is likely to rely on the 

difference in anatomical structure. Poplar is a pore-diffuse hardwood species which presents two levels 
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of porosity: vessels and cell lumen (fibers and parenchyma cells). This heterogeneity creates various 

possible fracture pathways of the tissue that permits large particles to be formed. On the contrary, spruce 

is made of tracheids for 95 % of its volume. Consequently, the formation of particles necessarily required 

fractures at this unique pore scale. This produces smaller particles, namely single tracheids or fractions 

of tracheids and a significant proportion of fines particle even at low treatment intensity. Obviously, this 

trend is stronger at higher ML levels, due to its effect in weakening the cell wall. The consequence on 

the proportion of fines (particle < 100 µm) is impressive: whereas both species depict a linear increase 

with mass loss, the proportion of fines increases up to 40 % for spruce, against 8 % for poplar. 

Finally, two synthetic indicators, in addition to the 50th centile values, are proposed to quantify the 

spreading of the distributions, the span criteria: SX for size and Sψ for circularity, calculated from the 

respective 90th and 10th centiles of cumulative distributions as follows: 

90 10

90 10

x

x x
S

x x

−
=

+
 (45) 

90 10

90 10

S
 

 

−
=

+
 (46) 

where 
90x  and 

10x  stand for the 90th and 10th centiles of the PSD and 90 and 10 represent the 90th 

and 10th centiles of circularity distributions. 

These criteria are reported in Table 3. The span of the particle size distribution tends to increase 

with the increase of torrefaction intensity. This trend is clearer for poplar than for spruce. However, for 

both species, an important increase from untreated to torrefied samples is observed (+50 % for spruce 

and +19 % for poplar). Powders of torrefied wood exhibit a more polydispersed population with smaller 

sizes than powders of native wood. The span of circularity distributions did not depict any clear tendency.  

Table 20. Ground samples properties: Global mass loss, mean particle size, mean circularity and span values. 

Torrefaction 
temperature 

(°C) 

Torrefaction 
duration (h) 

Poplar Spruce 

ML (%) x50 (µm) Sx ψ50 Sψ ML (%) x50 (µm) Sx ψ50 Sψ 

Untreated 0 1504 0.56 0.57 0.24 0 1611 0.67 0.52 0.26 

220 1 2.8 1261 0.69 0.60 0.22 2.0 1153 0.86 0.53 0.29 

220 5 8.0 1006 0.73 0.62 0.20 4.7 881 0.87 0.55 0.28 

250 1 12.0 975 0.79 0.63 0.21 7.1 940 0.90 0.54 0.29 

250 5 21.3 606 0.84 0.70 0.19 14.4 520 0.86 0.59 0.28 

280 1 25.2 628 0.82 0.68 0.20 18.7 504 0.88 0.58 0.30 

280 5 47.3 475 0.84  0.72 0.21 38.1 192 0.80 0.72 0.21 

 

2.3.2. Effect of torrefaction intensity on flow properties of biomass powders 

Flow functions presented in Figure 47 give information about the different flowability regimes by 

considering the ratio between the unconfined yield strength and the major consolidation stress [138]. A 

FFC value below 1 indicates a not flowing behavior, while a value of 4 represents the transition from 

cohesive to easy-flowing. Above 10, the powder is considered as free-flowing. The graphs obtained for 

our samples depict a clear effect of the heat treatment intensity on the evolution of these flow functions, 

either for spruce or for poplar.  
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For poplar, the curve obtained for the powder of native biomass is close to the line FFC = 4. It is 

therefore at the transition between cohesive and easy-flowing behavior. Starting from this value, a 

gradual and regular shift of the curves towards higher values of FFC is evident. The most intense 

treatment lies close to FFC = 10, which is the transition between easy-flowing and free-flowing. 

Spruce samples depict the same trend, but over a larger amplitude. Untreated biomass is at the middle 

of the cohesive zone, whereas the curve obtained for the most intense treatment (ML = 38 %) the FFC 

= 10 boundary. One has also to notice that the progression observed for spruce is not as regular as for 

poplar.  

 
Figure 47. Effect of torrefaction intensity (ML) on flow properties for (a) poplar and b. spruce powders (σpre = 5 kPa). 

These trends encouraged us to use the mass loss due to heat treatment (ML) as indicator of the 

flowability of biomass powder. As stated in this introduction, this parameter already proved to be an 

excellent synthetic indicator [91] for other biomass energy and mechanic properties. To that purpose, 

the value of FFC obtained with a pre-consolidation stress of 5 kPa was plotted as a function of ML for 

both species (Figure 48). Except one point for spruce, the quasi-perfect linear relationship obtained is 

remarkable. Similar trends were found for the other consolidation stresses studied (see the Appendix at 

the end of this section). Both species showed a quantitatively similar trend. Flowability factor increased 

by 105 % and 118 % for poplar and spruce, respectively, from the untreated to the most intensively 

treated samples. Mass loss could then be used in industry for practically assessing the powder flowability 

of biomass powder under consolidation, since its ease of obtaining. In addition, both species are on the 

same line. By removing the singular point found for spruce at ML = 14.4 %, a unique, linear, expression 

can be proposed to predict the effect of mass loss on flowability, valid for all the consolidation stresses 

studied (r2 = 0.80): 

1 2.81
untreated

FFC
ML

FFC
= +  (47) 

In this expression, that should be considered has one of the major outcomes of the present work, 

FFCuntreated represents the flowability factor (dimensionless) of powder from native biomass and ML is 

the mass loss due to heat-treatment (kg/kg). As a conclusion from this trend it can be seen that, in 
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contrast with raw biomass, torrefied wood particles have higher flowability, which will ease the injection 

of pulverized biomass into boilers in gasification units. 

 
Figure 48. Effect of the torrefaction intensity on the flowability factor of poplar and spruce powders (for clarity purposes only values at σpre = 5 kPa 

are presented). 

2.4. Discussion on the combined effects of particle size/shape and 

treatment intensity 

The previous results told us that: 

• The treatment intensity allows smaller and more spherical particles to be produced by grinding, 

• The flowability of particles obtained from heat-treated wood increases significantly and linearly 

with mass loss. 

It is therefore worthwhile to go further in the explanation and to investigate if the evolution of the 

flowability can be explained by the particle size and shape. To that purpose, Figure 49 represents some 

of the flow properties as a function of particle size and circularity. Either for poplar or for spruce, the 

unconfined yield strength increases with particle size and decreases with circularity. Similar trends were 

found for the other consolidation stresses studied and presented in Appendix at the end of this section. 

The third plot (Figure 49c) represents the value of FFC obtained with a pre-consolidation stress of 5 

kPa in a 3D plot, which depicts the concomitant change of size and circularity. This last plot summarizes 

the effect of heat-treatment on flowability: 

• Heat-treatment reduces the mean particle size and increases the circularity, 

• The cumulated effect of these two trends increases the powder flowability. 

As stated in previous works [316,337–339], for a given shape, flow properties tend to improve with 

mean particle size. As particles become finer, the van der Waals forces of attraction between them 

increase relatively because of their larger specific surface area (m2/g). During shear cell testing, there is 

a larger number of particle-particle contacts on the shear failure plane for a powder comprised of smaller 
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particles (Hou & Calvin, 2008). Consequently, the total area of contact is larger for smaller particles. At 

the same time, particles with less mass are subject to lower gravitational forces. 

The net result of these effects is the shifting of the yield locus towards higher stresses and thus, a 

larger value unconfined yield strength and smaller flowability, which is opposite to the clear trends 

observed in the present work. Other effects are therefore likely to counterbalance the sole effect of 

particle size. In addition to the mean size, the width of size distribution might be involved. As reported 

in [141], qualitatively speaking, flowability of bulk solids having the same median, x50, increases with 

decreasing width of the particle distribution. Again, this observation would produce an effect opposite 

to our observations: Table 2 tells us that the intensity of heat-treatment increases the width of the particle 

distribution, yet the flowability increases. Polydispersity effects were also studied by Schulze [337] for a 

mixture of coarse and fine lactose particles. The larger the percentage of the finer component, the more 

the yield locus was shifted towards higher stresses and the smaller the flowability. Interestingly, this trend 

was not observed for torrefied biomass powders. 

Additional explanations have therefore to be found. The flowability improvement could then be 

triggered by the change in the shape factor of the particles. Generally, when considering coarse particles, 

smooth, spherical particles flow better than rough, sharp-edged, non-spherical particles. This has been 

demonstrated for different kinds of granular materials: Lewandowski et al. [340] found that the higher 

the mean circularity the lower the cohesion for glass beads samples. Deviation of particle shape from 

sphericity led to higher angles of repose for microcrystalline cellulose [341] and higher compressibility 

in lactose powders [339]. Danjo et al. [151] also concluded that there is an increase in the flowability of 

bulk solids when there is an increase in the shape factor of the particles. 

For untreated biomass powders, the steric repulsion and frictional forces that are a consequence of 

the particle geometry lead to a greater extent of inter-particulate friction and locking. Hence, yield loci 

are shifted to bigger values when compared with torrefied samples, resulting in a decreased flowability. 

Similar findings have been reported previously by Goh et al. [342] for pharmaceutical powders, where 

some flowability properties such as the internal angle of friction where primarily influenced by particle 

shape and relatively independent of particle size. 

Another effect to take into consideration, regarding polydisperse systems such as biomass powders, 

is the lubricant effect of fine particles on coarser ones. Flow agents prevent particle surface from direct 

contact, reducing inter-particle adhesion forces and improving flowability. In the case of intensively 

torrefied powders, where very fine-grained powders were obtained, the adhesive force between the 

biggest particles would be reduced due to the increased inter-particle distance caused by very small 

covering particles acting as lubricant. However, flow agent particles must be sufficiently small in order 

to limit the adhesive forces of the flow agent particles themselves. The bigger shifting of flow functions 

from cohesive to free-flowing behavior shown in Figure 47 for spruce powders could be seen as a result 

of the higher amount of very fine particles compared to poplar samples. Since flow agents are often 

based on nanosized particles, a granulometric analysis at nanometric resolution would be useful for 

further validation of this hypothesis. 

Besides size and shape modifications, torrefaction is likely to alter the surface properties of biomass 

powders as well. The hydrophobic nature of torrefied samples could affect flow properties trough the 

electrostatic forces in two ways. Firstly, as the presence of bound water lowers the electrical resistivity, 

raw samples (which tend to capture moisture more easily) will tend to dissipate the electrostatic charges 

better. Secondly, as indicated in previous research [343], the electrostatic properties of the particles are 

directly related to the surface functional group chemistry: hydrophobic groups accumulate greater 
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quantities of charge than hydrophilic groups. All of this would mean that, all other parameters being the 

same, torrefied samples are more likely to present flow problems linked to charge build-up. However, 

flow problems induced by accumulation of electrostatic charges are mainly to be expected in free surface 

flows of fine powders or when the powder is in contact with non-conductive surfaces. In closed systems, 

as the ring shear tester, the effect of electric charges could thus be mainly neglected. As the samples were 

oven-dried prior to the flowability measurements, the formation of liquid bridges at the particle scale 

(which could increase cohesion) was also neglected. 

 
Figure 49. Effect of particle size and shape on flow properties for poplar and spruce powders: a. b. Unconfined yield strength, c. flowability factor 

(σpre = 5 kPa). 

SEM images of particles were grabbed for spruce and poplar for different treatment intensities using 

a FEI Quanta electron microscope (Figure 50). When the treatment intensity increases, a decrease of 
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particles length for a relatively similar width can be observed. This means a reduction of particles 

elongation which generally goes hand-in-hand with a circularity increase, as measured by the 

granulometric analysis made. The changes of circularity are very gradual, especially at low treatment 

intensities (Table 20). They become significant for intense treatments (for poplar, average circularity 

increased by +26 % compared to the raw biomass). SEM images are rather intended to show tearing, 

pulling-out and breaking profiles, that are affected by torrefaction, in addition to the shape changes (that 

are better evaluated statistically by the granulometric analysis). For untreated samples, the fibrous and 

resilient behavior of wood produces irregular needle-like particles, with tearing and pull-out profiles. 

Pulled-out fibers together with rather elongated particles certainly promote particle agglomeration, which 

is likely to reduce powder flowability. On the contrary, sharp breaking surfaces are observed for torrefied 

samples. These observations confirm the conclusions of both shape and size analysis and are in good 

agreement with those done by Almeida et al. and Arias et al. [110,344]. The effects of loss of resilience 

on the particle shape becomes thus evident, from native to severely treated biomass. 

 
Figure 50. Scanning Electronic Microscopic images for untreated and torrefied spruce and poplar powders. 
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As a conclusion of this discussion, we proved that the increase in flowability of wood powder with 

heat-treatment intensity is in complete opposition with the reduction of mean particle size or the increase 

in distribution width. Therefore, different effects should be involved to counterbalance the effect of 

particle size and to explain the clear improvement of flowability with heat treatment. Two major effects 

were pointed out. Both are tied to the loss of resilience of the fibrous behavior of native biomass: i) the 

reduction of the shape factor (higher particle circularity) and ii) the much higher regular and convex 

shape of particles.  

2.5. Conclusions 

The study, focused on two wood species, poplar and spruce, investigated the effect of torrefaction 

on the particles size and shape obtained after grinding and on the flow properties of milled wood. 

Overall, a gradual shifting of the particle size and shape distributions towards finer and rounder particles 

was observed when increasing treatment intensity. At the same time, a significant improvement of the 

flowability with torrefaction intensity was also clearly exhibited. Milled biomass gradually shifted from a 

cohesive character for the native samples to a nearly free flowing behavior for the most intensively 

treated samples. Considering these observations, a unique linear expression between torrefaction 

intensity and flowability factor was proposed for the two-species studied here. 

Finally, we proved that the concomitant evolution of particle sizes and distribution width and 

flowability parameters are not consistent as smaller particles should exhibit lower flowability. Indeed, the 

increase of flowability is mostly due to rounder particles with sharp surfaces of treated biomass compared 

to long and irregular needle-like particles obtained for native biomass. Both consequences, flowability 

improvement and size/shape factor reduction, are therefore explained by the same effect: the loss of 

resilience of the fibrous structure of raw wood by heat-treatment. 
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APPENDIX: Additional flow properties: angles of friction, cohesion 

and bulk density 

The friction angles are parameters related to the inter-particle friction of bulk solids and are one of 

the most used parameters to characterize their handling behavior. The angle of internal friction ϕlin is 

obtained from the slope of the linearized yield locus and the slope of the effective yield locus represents 

the effective angle of friction φe [141]. 

Cohesion characterizes the shear stress at yield under zero normal stress, i.e. the intersection of the 

yield locus with the ordinate. Bulk density is defined as the ratio of the mass of an amount of bulk solid 

to its volume. It is usually function of the consolidation stress. In the Schulze ring shear tester, the bulk 

density is calculated from the total charged mass of sample and the volume considering the lid 

displacement for a given consolidation stress [141]. 

Table 21 presents the values of the linearized internal angle of friction and the effective angle of 

internal friction resulting from the Schulze shear cell tests. There is not much difference between the 
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angles for poplar and spruce showing that there is a similar interparticle friction when the two species 

are compared. Variations of angles between the different degrees of torrefaction intensity are not very 

clear and are often below the standard variation of the set of measurements (around 1°). These results 

are comparable with those obtained by Wu et al. [216] for poplar chips (φlin ≈ 46°).  

Regarding cohesion, it follows the same trend than the unconfined yield strength: a more cohesive 

behavior is observed for the untreated powders then a gradual decrease follows until the minimal value 

for the most intensively torrefied samples. Like the other flow properties, cohesion is strongly dependent 

on the consolidation stress: with increasing consolidation stresses the yield locus skewed towards greater 

shear stresses because of the greater shear stress necessary to initiate flow. When the two-wood species 

are compared, relatively more cohesive behavior was found for the spruce samples than for poplar 

powders. 

Table 21. Flow properties for milled poplar and spruce at different torrefaction intensities. 

    Poplar Spruce 
 ML (%)  ML (%) 

σpre (kPa)  0.0 2.8 8.0 12.0 21.3 25.2 47.3 0.0 11.4 14.7 17.4 25.4 30.9 46.5 

Unconfined yield 
 strength (kPa) 

2 1.1 1.1 1.4 1.2 0.9 1.0 0.5 1.3 1.5 1.1 1.2 0.8 1.0 0.9 

5 3.4 3.3 3.2 3.0 2.5 1.9 1.4 4.7 4.0 3.2 3.0 1.9 2.4 1.6 

10 7.0 6.6 7.6 6.2 4.6 5.3 3.3 7.7 8.3 6.6 6.9 4.6 5.0 2.4 

Flowability factor 
FFC 

2 5.2 5.0 4.8 5.3 6.9 6.6 9.2 3.5 3.7 4.9 4.7 6.5 6.0 5.8 

5 4.6 4.4 4.9 5.0 6.0 6.3 9.4 3.9 3.8 4.5 4.8 7.4 6.2 8.4 

10 3.9 4.2 4.1 5.1 6.3 5.7 8.5 3.0 3.4 4.1 4.2 6.2 6.3 11.0 

Major consolidation  
stress (kPa) 

2 5.5 5.7 6.6 6.4 62.3 6.4 5.3 4.5 5.5 5.5 5.5 5.8 5.8 5.3 

5 13.9 14.4 15.5 15.2 15.3 14.1 13.4 1.5 1.5 14.2 14.1 13.6 14.5 12.9 

10 27.0 28.0 30.9 31.7 29.2 29.7 27.9 2.3 2.8 27.0 28.9 28.0 30.4 25.9 

Angle of 
 internal friction, φlin (°) 

2 43.8 47.4 47.2 48.0 47.7 47.4 45.3 39.0 41.8 43.5 45.1 46.5 46.9 44.7 

5 42.2 44.5 48.0 47.4 46.5 47.3 44.2 40.0 46.2 44.4 44.5 46.5 46.0 44.3 

10 43.4 44.9 46.2 45.2 45.2 45.9 46.2 39.6 44.3 43.5 45.2 45.4 47.2 44.0 

Effective angle 
 of friction, φe (°) 

2 48.1 51.6 51.6 51.8 50.7 50.5 47.6 46.2 48.2 47.8 49.2 49.7 50.5 48.4 

5 48.2 49.6 52.3 51.5 50.0 50.4 46.5 47.6 51.9 49.4 49.1 49.5 49.5 46.8 

10 49.3 50.1 51.5 50.3 48.5 49.6 48.6 47.9 51.0 49.1 50.4 48.9 50.6 46.0 

Cohesion (kPa) 

2 0.2 0.2 0.3 0.2 0.2 0.2 0.1 0.3 0.3 0.2 0.2 0.2 0.2 0.2 

5 0.7 0.7 0.6 0.5 0.5 0.4 0.3 1.1 0.6 0.6 0.6 0.4 0.5 0.3 

10 1.5 1.4 1.5 1.5 0.9 1.1 0.6 1.8 1.7 1.4 1.4 0.9 1.0 0.5 

Bulk density (kg/m3) 

2 152  164  180 180  221  211 221  153  153 174   174 217 221   243 

5 152 176 189 187 231 218 224 146 162 188 187 222 232 255 

10 165 181 196 195 238 228 227 188 177 198 198 233 237 266 

 

Bulk density was found to be directly dependent on the torrefaction intensity of the samples and the 

consolidation stress applied. Most intensively treated samples trigger denser powders after grinding that 

untreated ones. This is due to the reduction of both inter- and intra-particle voids generated after 

grinding with the reduction of particle size. This behavior agrees with the observations by Mani et al 

[119]. The increase of bulk density with torrefaction intensity is important: an average of 43 % is gained 

for the most intensively torrefied poplar sample with respect to the untreated sample. For spruce an 

average increase in bulk density of 58 % was observed.  
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3. Complementary investigation on the 

biomass flowability under consolidation 

3.1. Introduction 
 

The suitability of shear tests for the acquisition of flow properties for elongated biomass particles 

has been questioned by Miccio et al. [202] when particle size was above 2 mm (passing through a 2 mm 

sieve). Although the particle size distributions using the mean Feret diameter presented in the second 

part of this chapter were mostly located at values below 2 mm, the elongated particle shape means that 

at least one grain dimension could be generally greater than 2 mm. The relaxation after consolidation of 

the material due to the flexible nature of the elongated particles can lead to results that depend on the 

orientation of the particle during consolidation. This might explain the relatively high standard deviations 

of the values of unconfined yield strength obtained. 

Additionally, the manufacturer specifications for the ring shear tester [345] state that the dimensions 

of the shear cells limit the maximum size of the particles that can be tested. Although it is impossible to 

advise an accurate value for the maximum particle size because of the influence of particle shape and the 

particle size distribution, a maximum recommended size for the shear cell model used in this work (XS-

Mr) is 1.0 mm. 

With the aim of joining a particle size range that ensures reliable shear testing results, a ball mill was 

thus used to further reduce the particle size of the outflow of a Retsch SM300 cutting mill. The flow 

properties of the ball-milled powders are subsequently measured using a Schulze RST. The same line of 

reasoning as that followed in section 2 of this chapter is used for the analysis of the flowability results. 

Thus, the effect of torrefaction intensity on particle characteristics (size, shape and span of the 

distributions) is first evaluated, and then the effect of these particle-scale properties on flow behavior is 

discussed. 

A first part of this complementary work is a study of the torrefaction intensity effects on the 

flowability following the experimental approach of section 2. For this purpose, samples torrefied under 

different intensities are ground using the same grinding protocol (section 3.2). The differences in the 

obtained particle and shape characteristics are therefore exclusively the result of the different levels of 

torrefaction intensity. A second part consisted in taking advantage of the possibility of easily ‘controlling’ 

the particle size in a ball mill by modifying the grinding time, to study the effects of particle size and 

shape on flowability independently from torrefaction (section 3.3). A torrefied sample was therefore 

ground using different grinding times, leading to a range of particle sizes and shapes that could then be 

correlated to the measured flow properties. 

3.2. Effects of torrefaction intensity on flowability of ball-milled 

poplar powders 
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3.2.1. Torrefaction conditions 

Poplar chips (60×80×15 mm) were cut from dried boards and then thermally treated at four different 

torrefaction temperatures for 1 hour. Each torrefaction batch consisted in ca. 15 chips. The mass loss 

values reported in Table 22 are the average of the results for 8 chips. 

Table 22. Torrefaction temperature and global mass loss of the samples for a 1-hour treatment. 

Sample ID Torrefaction temperature (°C) Mass loss, ML (%) [SD*] 

Raw ----- 0.0 

ML = 12.2 % 240 12.2 [2.4] 

ML = 24.1 % 260 24.1 [4.1] 

ML = 32.0 % 280 32.0 [5.1] 

ML = 49.0 % 300 49.0 [7.6] 

*Standard deviation 

3.2.2. Cutting milling: particle size and shape measurement 

The raw and torrefied chips were ground using a Retsch SM300 cutting mill with a bottom sieve of 

1 mm trapezoid holes at the outlet. Particle size distributions depicted in Figure 51 were obtained using 

the Sympatec-QICPIC morphological particle size analyzer. The mean Feret diameter (dFmean) is used as 

descriptor of the particle size.  

 
Figure 51. Cumulative (left) and differential (right) size distributions in volume for the SM300 grinder outflow with a 1 mm hole bottom sieve. 

Figure 51 reveals that the size measurements of the Retsch SM300 cutting mill outflow follow the 

same qualitative trends reported in section 2 for powders obtained using an M20 IKA knife mill. The 

gradual decrease of the particle size when torrefaction intensity is increased is very clear, and from the 

differential distributions, the increase in the PSD width is also evident. Indeed, using the 50th centiles of 

the cumulative distributions, Figure 52a shows the relationships between ML and the PSD descriptors: 

an inverse relationship is depicted in the case of the mean particle size while a direct relationship can be 

observed for the span. As discussed in detail in section 2, these results are the consequence of the loss 

of mechanical resilience of biomass due to heat treatment. 
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Due to the use of an average Feret diameter (over all the orientations of the particle) as descriptor 

of particle size and as consequence of the elongated shape of the particles, the distributions shown in 

Figure 51 are located at values that exceed the size of the output grid. In Figure 52b, the distributions 

using the minimum and maximum Feret diameters instead of the mean Feret diameter are drawn. 

The distributions using the minimum Feret diameter are located at values under 1 mm. This means 

that the particles are more likely to pass through the outlet sieve of the grinder through their smallest 

dimension (width). This is consistent with previous results by Guo et al. [226] who stated that the average 

widths of biomass particles corresponded with the sieve sizes, while the average lengths exceeded the 

sieve size. 

Similar conclusions to those for Figure 51 regarding the effect of torrefaction intensity can be drawn 

using both minimum and maximum Feret diameters (except for the ML = 32.0 % sample using dFmin): a 

reduction of particle size with the increase of torrefaction intensity is observed. However, interestingly, 

Figure 52b indicates that the effect of the torrefaction intensity seems to be more important on the 

minimum dimension (dFmin) of the particles while the length (dFmax) is less affected for ML < 32 % and 

then abruptly reduced for the most intensively torrefied sample (ML = 49.0 %). This provides evidence 

for the breakage mechanism described in section 2.3.3.2.4 of Chapter I. Raw samples are preferably 

divided following the wood fiber orientation. Then, due to the hemicellulose decomposition that breaks 

down macrofibrils when torrefaction intensity is increased, the particles after grinding are thus 

preferentially thinner. By intense torrefaction, the fracture lines can be triggered transversely to the 

direction of the fibers, resulting in a shorter length. 

 
Figure 52. (a) Median descriptors of particle size and PSD span for the five samples. (b) Cumulative size distributions in maximum (dotted curves) 

and minimum (solid curves) Feret diameters. 

3.2.3. Ball milling: particle size and shape measurement 

The outflow of the cutting mill was ground using a Retsch PM100 ball mill. One third of the volume 

of the grinding jar (90 cm3) was filled with the biomass sample and another third with 15 stainless steel 

balls. The rotational speed (grinding jar) was set to 400 rpm. A grinding time of one minute after reaching 

the set speed was used for all the samples. 
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Figure 53. Particle size characteristics after ball milling. (a) Cumulative volume distributions for different torrefaction intensities. (b) Size and shape 

descriptors as function of the global mass loss. 

The cumulative size distributions depicted in Figure 53a show that finer powders are obtained for 

the most intensively torrefied samples. However, since the input samples for ball milling already do not 

have the same particle size, a reasoning in terms of the size variation between before and after the 

grinding seems more appropriate. This size variation Δd, (0 ≤ Δd ≤ 1) can be calculated as: 

,50

,50

1
Fmean f

Fmean i

d
d

d
 = −  (48) 

where dFmean,50|i and dFmean,50|f are the 50th centiles of the volume distribution before and after grinding, 

respectively. 

The size variation as well as the median (dFmean,50|f) and the span of the particle size distributions are 

shown in Figure 53b as a function of the global mass loss. While the particle size decreases and the span 

increases with the increase in torrefaction intensity, there is also a sharp increase of Δd when ML 

increases. A reduction of only 4.5 % of the median particle size is achieved after one minute of grinding 

for the raw sample, while the reduction is 70 % for the ML = 49.0 % sample. This means that, in 

absolute terms, as with the cutting mill product, a greater reduction in particle size when the torrefaction 

intensity increases is verified during ball milling. It is noteworthy that torrefaction until a mass loss of 

only 12.2 % already significantly increases the grindability compared to the raw sample as the size 

reduction with the ball mill is nearly 9 times greater than that of the raw biomass. 

Regarding the changes in particle shape triggered by torrefaction, Figure 54 shows that, overall, the 

most intensively torrefied samples tend to generate less elongated particles (higher aspect ratio). 

Although the differences are not as pronounced as in the case of particle size and the progression 

depicted in Figure 54b is not entirely monotonous, an increase of the aspect ratio of 26 % is obtained 

when comparing the raw and the most intensively torrefied sample. SEM images presented in Figure 55 

provide a clear and direct visualization of the particle shape. Although similar elongated shapes are visible 

for both the raw and the slightly torrefied samples, smaller and less elongated particles are obtained for 

the sample torrefied until a mass loss of 49.0 %. 
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Figure 54. Shape characteristics of the raw and torrefied samples. (a) Cumulative aspect ratio distributions. (b) 50th centile of the aspect ratio 

distributions as function of the global mass loss. 

 
Figure 55. Scanning Electronic Microscopy images for raw, slightly and intensively torrefied poplar powders. 

3.2.4. Flowability measurements 

The flow properties of the powders obtained after grinding were evaluated using a Schulze Ring 

shear tester. Three preshear stresses (σpre) were used at 2 kPa, 5 kPa and 10 kPa with three shear points 

at 25, 50 and 75 % of each σpre. The results presented are the average of three measurements repeated 

using different samples of oven-dried powder. The flow functions presented in Figure 56a were derived 

by Mohr analysis of the linearly-regressed yield loci. 

Although all the flow functions are located in the easy-flowing region, an effect of the torrefaction 

intensity on the flow behavior is clearly noticeable. There is a gradual shifting of the flow functions from 

a nearly cohesive behavior for the ML = 12.2 % sample to an almost free-flowing behavior for the 

ML = 49.0 % sample. Therefore, with the exception of the raw sample, the increase in torrefaction 

intensity leads to a better flow behavior. 

The positive effect of torrefaction intensity on the flowability factor at σpre = 5 kPa is shown in Figure 

56b. For torrefied samples, the effects of having less elongated and more spherical shapes when 

increasing torrefaction intensity would be dominant over the size reduction, as discussed in section 2 of 

this chapter, leading to an improvement of the flowability for the most treated powders.  
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Figure 56. Flowability of raw and torrefied ball-milled biomass samples (a) Flow functions (b) Flowability factor (σpre=5 kPa). 

The fact that the raw powder has such good flow behavior is somewhat surprising and an explanation 

it is difficult to be given considering only size and shape characteristics. A probable reason might be the 

large size of the raw particles compared to the torrefied samples. Size effects would predominate and 

their flowability is therefore improved as generally larger particle sizes lead to better flow behavior (see 

Chapter I - section B 3). Moreover, ball milling can also produce a surface erosion phenomenon that is 

not found in cutting milling, which has the effect of reducing the surface roughness of the particles and 

thus making it easier for them to slide relative to one another (see images in Figure 50 compared to 

images in Figure 55). Flowability could also be improved due to the reduced distribution span of the raw 

powders since monodispersed populations tend to have a better flow behavior [141]. An additional 

explanation could include the effects of torrefaction on surface interactions at the particle scale that are 

not assessed on this work, which would enhance cohesion between torrefied particles compared to 

untreated biomass. Further studies on this topic are therefore required. 

It is important to note that, as shown by the error bars in the flow functions (Figure 56a) which 

represent the standard deviation of the results, the repeatability of the measurements was significantly 

increased compared to the flowability measurements reported in section 2 for the knife-milled powders. 

Except for the raw sample, the qualitative trends were similar to those presented in section 2. and the 

results of the present complementary section therefore support the findings previously reported. 

The additional powder properties listed in Table 23 follow the same trend as the flowability factor. 

A minimum of cohesion and effective angle of friction is observed for the raw samples, while an inverse 

relationship with the ML increase is observed for the torrefied samples. In the case of the bulk density, 

raw powders are exceptionally dense and then, as in section 2, an increase of ρb with ML is verified. 

Table 23. Additional flow properties of ball-milled poplar for different torrefaction intensities (σpre = 5 kPa). 

 ML (%) 

 Raw 12.2 24.1 32.0 49.0 

Cohesion, C (kPa) 0.32 0.63 0.51 0.41 0.33 

Effective angle of friction, φe (°) 44.3 53.4 52.6 49.8 47.5 

Bulk density, ρb (kg/m3) 240.6 172.6 173.1 202.1 228.2 
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3.3. Particle size and shape effects on flow properties for the same 

torrefaction intensity 

3.3.1. Sample preparation 

The outflow of the SM300 cutting mill corresponding to the poplar wood chips torrefied at 240 °C 

(ML = 12.2 %) was ground using the ball mill with the same grinding parameters described in section 

3.2.3 (except for the grinding time). Six samples at grinding times of 1, 2, 3, 4, 5 and 8 minutes were 

produced. 

3.3.2. Particle size and shape 

Figure 57 shows surface representations of the aspect ratio and the particle size distributions in 

volume for three grinding times (1, 4 and 8 min.). As expected, as the grinding time increases, there is a 

clear shifting of the distributions both towards finer and less elongated particles. Additionally, the color 

scale, which indicates the volume fraction of particles, highlights the spreading of the distributions with 

the increase of the grinding duration. While a rather low-dispersed population of particles was obtained 

at low grinding times, a highly polydispersed powder is therefore produced after 8 minutes of grinding. 

The distributions at intermediate times, not shown in Figure 57, follow the same general trend. 

 
Figure 57. Effect of grinding time on the aspect ratio and size distributions of the powder obtained after ball milling (ML = 12.2 %). 

The results shown in Figure 58a – b are projections (differential distributions) of the surface plots 

that ease (but simplify) the visualization of the grinding time effects on particle size and shape. In the 

case of particle size, a gradual shifting of the distributions towards finer values is clearly noticeable. The 

shape of the size distribution passes from rather a peak to a flat bell, indicating the spreading of the 

distributions over a progressively wider range of sizes. Regarding particle shape, the differential 

distributions shown in Figure 58b progressively shift to the right, so that particles become less and less 

elongated as result of the ball impacts. Interestingly, unlike the size distributions, the shape distributions 

seem to flatten when the grinding time is increased from 1 to 4 minutes and then sharpen again from 

grinding times of 5 minutes with a new peak emerging at 8 minutes. This indicates that, for long grinding 

times, particles tend to have round uniform shapes over a rather large range of particle sizes. The plots 

1 min. 4 min. 8 min.
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in Figure 58c summarize these trends by means of average descriptors (50th centile of the cumulative 

distributions) of the distributions and size spreading (span). 

 
Figure 58. (a) Differential particle size distributions at different grinding times. (b) Differential aspect ratio distributions. (c) Average descriptors of 

particle size, shape (50th centiles of the cumulative distributions) and span of the PSD as function of the grinding time. 

The SEM images shown in Figure 59 illustrate the changes in particle size and shape as the grinding 

time evolves and qualitatively reinforce the conclusions drawn from the granulometric analysis presented 

above. The powders were sieved prior to image acquisition in order to better visualize the different size 

ranges of the particles. Two representative sieving cuts are therefore presented in Figure 59, the 

qualitative behavior being similar for the other sieving cuts prepared. From large needled-shaped 

particles at short grinding times, the grains gradually become very round and uniform for the long 

grindings. 

3.3.3. Flowability measurements 

Shear testing of the ball-milled powders using a Schulze Ring shear tester led to the flowability results 

shown in Figure 60. Four preshear stresses (σpre) were used at 2 kPa, 5 kPa, 10 kPa and 15 kPa with three 

shear points at 25, 50 and 75 % of each σpre. Except for the sample ground for 4 minutes, there is gradual 

improvement of the flow behavior from a nearly cohesive flow for the less ground powders to a nearly 

free-flowing behavior for the powders obtained after 8 minutes of grinding. The flowability factor 

therefore shows a strong direct relationship with the grinding time. 

0.2

0.4

0.6

0.8

1

200

300

400

500

600

700

800

900

1000

0 2 4 6 8

P
S
D

 s
p

an
, 

a 5
0

d F
m

ea
n,

5
0

(µ
m

)

Grinding time (min.)

dFmean
Span
a50

0

2

4

6

8

10

12

14

10 100 1000

D
if

fe
re

n
ti
al

 d
is

tr
ib

u
ti
o

n
 (

%
)

dFmean (µm)

1 min.
2 min.
3 min.
4 min.
5 min.
8 min.

0

2

4

6

8

10

12

14

16

0 0.2 0.4 0.6 0.8 1

D
if

fe
re

n
ti
al

 d
is

tr
ib

u
ti
o
n
 (

%
)

a

1 min.
2 min.
3 min.
4 min.
5 min.
8 min.

(a)

(b)

(c)



CHAPTER III. Flowability characterization of powdered biomass under consolidation 

128 
 

 
Figure 59. SEM images of the powders obtained after different grinding times. Two representative sieving cuts are shown. 

The elongated particle shapes obtained at short grinding times is likely to promote spatial 

interlocking, which results in a greater cohesiveness of the bulk solid. On the contrary, biomass powders 

composed of round uniform particles would thus flow better under consolidation than elongated needle-

shaped particles, even if the latter are on average larger. 

 
Figure 60. Flowability of torrefied biomass powder (ML = 12.2 %) at different grinding times (a) Flow functions. (b) Flowability factor at 

σ = 5 kPa. 

Consistently, the additional flow properties reported in Table 24 follow similar trends than the 

flowability factor. A decrease in the cohesion and the effective angle of friction is observed with the 

increase of the grinding time, while a better particle stacking leads to an increase of the loose bulk density. 

100-200 µm

200-400 µm

1.0 mm 1.0 mm 1.0 mm

2.0 mm 2.0 mm 2.0 mm 2.0 mm

1.0 mm

1 min. 5 min. 8 min.3 min.

0

2

4

6

8

10

0 10 20 30 40

σ C
(k

P
a)

σ1 (kPa)

1 min.
2 min.
3 min.
4 min.
5 min.
8 min

3

4

5

6

7

8

9

0 2 4 6 8

F
F

C

Grinding time (min.)

(a) (b)

Very 

cohesive
Cohesive

Easy-

flowing

Free-

flowing



CHAPTER III. 3.4. Conclusion 

129 
 

Table 24. Additional flow properties (σpre = 5 kPa) 

 Grinding time (min.) 

 1 2 3 4 5 8 

Cohesion, C (kPa) 0.76 0.57 0.52 0.35 0.39 0.33 

Effective angle of friction, φe (°) 52.5 47.9 47.8 45.3 44.9 42.0 

Loose bulk density, ρb (kg/m3) 171.9 206.2 242.8 259.5 276.3 347.0 

 

3.4. Conclusion 

This supplementary section was intended to provide additional elements for analysis of the effects 

of torrefaction on the flow behavior of milled biomass. Particular care was taken to produce powders 

having a size that guaranteed reliable and repeatable flowability measurements. For this purpose, two 

experimental investigations were carried out using ball-milled poplar powders. The effects of torrefaction 

and grinding on particle characteristics (size and shape distributions) were thoroughly discussed and used 

to understand flowability trends. 

First, the loss of mechanical resilience of biomass due to torrefaction led to smaller and rounder 

particles as well as wider distributions when the torrefaction intensity (as measured by the mass loss) is 

increased. These particle-scale changes are expressed at the bulk scale by an improvement in the flow 

behavior that gradually shifts from a rather cohesive to a free-flowing nature. 

Secondly, the analysis of the particle size and shape changes triggered not by different torrefaction 

intensities, but rather by different grinding intensities (grinding times) showed that long grinding times 

led to rounder, more uniform and smaller particles. Consistently, this resulted in an improved flowability 

with the increase of the grinding time. 

Overall, the results presented in these complementary studies are consistent with those reported in 

the published part (section 2) of this chapter. They provide further evidence to the hypotheses regarding 

the concurrent effects of particle size and shape on the flow behavior of biomass materials, according to 

which the effects on flowability of shape changes would be preponderant over particle size changes.  

Since torrefaction followed by grinding produces biomass powders composed of round and uniform 

particles, with the added benefit of lower energy consumption for grinding, the results presented here 

suggest that torrefaction should be considered as a valuable process to improve the flow behavior of 

powdered biomass under consolidation (some reservation remains regarding the raw sample). However, 

it could be necessary to correctly choose the torrefaction intensity to avoid a degraded flowability of the 

torrefied biomass compared to that of native biomass. 
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1. Preamble 

In Chapter III, we provided elements to better understanding the flow properties of powdered 

biomass under consolidation. Using a ring shear tester, the yield loci of the powders were obtained for 

different degrees of normal stress approaching industrial conditions, for instance, in storage facilities. In 

a consolidated state, torrefaction seemed thus to have a positive influence on the flow behavior of the 

milled biomass.  

However, in a Biomass-to-liquid industrial plant, the ground biomass can be subjected to a variety 

of stresses and flow conditions. Thus, for example, when the powder is conveyed, the flow conditioning 

can be considered as loose and dynamic, whereas in storage units the consolidated flow prevails. As 

granular materials can behave very differently according to the conditioning state, nothing guarantees 

that the conclusions drawn under a consolidated state will remain valid in a free-surface flow. Therefore, 

to predict the powder behavior under either of these conditions, it is necessary to use a wide array of 

characterization techniques. 

To reflect a large range of stress states, we used a second characterization technique for assessment 

of biomass flowability. Therefore, the objective of this chapter is to describe the characterization of 

flowability of raw and torrefied biomass powders in a non-consolidated (loose) and dynamic state using 

a rotating drum setup. Although there is a commercial device on the market that uses avalanching analysis 

to characterize flowability (as seen in Chapter I), we decided to in-house develop such as device. This 

work included the development of an image processing procedure for collecting reliable data taking into 

account the cohesive nature of biomass powders. 

The second part of this chapter presents the design and implementation of the rotating drum device. 

The procedure for image processing and data analysis is also detailed. Although avalanche analysis in 

rotating drums has been successfully used to characterize flowability of non-cohesive materials, few 

studies have been conducted on cohesive materials such as biomass. Therefore, we evaluated the 

relevance of different criteria for assessing flowability using a rotating drum, with a particular focus on 

cohesive materials. A general framework for the characterization of non-consolidated flowability 

applicable to both cohesive and non-cohesive materials is therefore proposed and discussed in an article 

format. This article is to be submitted to the Advanced powder technology journal. 

In this article we study the flow behavior of three contrasted granular materials (glass beads, fine and 

coarse biomass). From the temporal evolution of a bulk motion parameter (a ‘centroid angle’),we 

determine a set of flowability indicators (Upper Angle of Stability, fraction of revolution to trigger events, 

size of avalanches, etc.). The analysis of these indicators reveals  that the use of a bulk descriptor such 

as the change of the center of mass, instead of the commonly used indicators based on the slope of the 

free surface of the powder, is relevant for cohesive material study. An approach using a low rotational 

speed allowed us to obtain distributions of flowability descriptors that discriminate the cohesive extend 

of the materials tested. 

In the third section of this chapter, the developed framework is used to study the flow behavior of 

two sieving cuts of raw and torrefied biomass presented. A comparison with the results in a consolidated 

state (using a ring shear tester) is carried out. We analyze the effects of particle size, shape and width of 

the distributions on the bulk behavior of powders and establish several correlations between particle 

characteristics and flow descriptors. This study is part of a work on Discrete Element Modeling of flow 

of biomass particles in a rotating drum described in Chapter V. Wide particle size distributions can 
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significantly increase computing time for DEM simulations, so a first step in this work was to reduce the 

polydispersity of milled powders by sieving a grinder outflow. At the same time, this makes possible to 

evaluate, both experimentally and numerically, the effects of two well-differentiated size distributions on 

the flow behavior of biomass powders. This section is presented in the form of an article submitted to 

Biomass and Bioenergy journal in early 2019. 

From the results presented in this article, we verified that the fine sieved materials had always a 

greater cohesiveness, either in ring shear tests or in a rotating drum setup. The flowability indicators used 

allowed us to  rank the six samples of biomass. Overall, the fine mildly torrefied powders exhibited the 

worst flow behavior whilst the intensively torrefied coarse sample had the best flowability. The power 

laws presented correlated well the particle characteristics such as shape, mean size and PSD span to the 

flowability indicators. These results highlight the highly interdependent influential factors that should be 

considered when assessing flowability of biomass materials. 
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Abstract 

The assessment of flow properties of granular materials is essential for design and optimization of 

storage, handling and transport solutions. Rotating drum setups allow reliable characterization of powder 

flowability in a loose and dynamic state by analyzing avalanching behavior. A key issue is the lack of 

consensus on the flowability descriptors that can be obtained from this setup, particularly with respect 

to cohesive materials. Using an in-house rotating drum and materials representative of non-cohesive 

(glass-beads) and cohesive (two particle size populations of woody biomass) powders, this paper studies 

the relevance of different criteria to assess flowability. Rather than the slope of powder profile, a motion 

indicator based on the centroid of the bulk solid is found more pertinent for calculating a variety of 

flowability descriptors over a range of rotational speeds. While these descriptors successfully distinguish 

the levels of cohesion of the samples, a single speed analysis is more time-efficient as it allows 

distributions instead of average values to be obtained. Four relevant and complementary flowability 

indicators were thus selected to discriminate non-cohesive and cohesive avalanching behavior. The 

results presented in this work provide a general framework for flowability characterization using rotating 

drums, with emphasis on cohesive materials. 

Keywords: Flow properties, avalanching, centroid of bulk solid, cohesion, woody biomass powder, 

powder characterization 

2.1. Introduction 

Powders and bulk solids have to be stored, conveyed or handled in nearly all industries from 

pharmaceuticals to agriculture. Therefore, characterization of powders in terms of their flow properties 

is essential to design handling strategies and equipment that will prevent flow problems.  

Flowability is a difficult parameter to measure for granular materials. This is partly due to the 

complexity of particulate materials flow, as they can behave very differently depending on their stress 

and static/dynamic conditioning. Therefore, a wide variety of flow characterization methods and criteria 

are available in literature [137]. The most common method is the shear tester in which the force required 

to shear a powder under well-defined conditions is measured. Shear testers have successfully served as 

an engineering tool for the design of storage facilities, and work well for determining incipient failure 

conditions of granular materials. However, determination of flow functions can be time-consuming, and 

it can be difficult to achieve reproducibility for cohesive powders [137,188].  
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The conclusions drawn from shear tester measurements are valid for consolidated conditions, in 

which the powder is in a defined compacted state, which is not always the case in industrial applications. 

Another category of flowability characterization methods includes the analysis of powders in a loose 

dilated state. Some of these methods are the static and dynamic angle of repose (using rotating drum 

setups), the discharge time under standard conditions, the degree of fluidization and the powder aeration 

rates. 

Rotating drum setups allow the dynamic behavior of granular materials to be investigated under low 

stress conditions. The potential of powder avalanching assessment to determine the effect of an added 

ingredient on the rheology of a powdered mixture was first investigated by Kaye et al. [156] more than 

one decade ago. Since then, the interest in rotating drums for flowability characterization has grown 

steadily. The test does not need an expensive sample preconditioning, is performed quickly and can be 

repeated many times without operator intervention. Moreover, rotating drums can detect changes in 

powder flowability brought by powder additives more accurately and with greater reproducibility than 

other typically-used tests such as angle-of-repose tests and bulk density measurements [185]. These 

advantages have propelled the use of rotating systems for analysis of powder flowability. A drawback of 

the method, however, is its relative dependence on the test procedure, so that the characteristics obtained 

are not intrinsic properties of the material. The main sources of variability in the results from rotating 

drum tests are the occurrence of segregation and agglomeration phenomena, the air entrainment which 

can lead to a state of fluidization, or the ratio of particle size to cylinder diameter [177]. 

While experimental research to understand the dynamic behavior of various non-cohesive materials 

has been successful [160,177,190,346], many challenges remain for cohesive powders, which are quite 

common in the agricultural and food industry. Additional research on flowability characterization of 

cohesive materials using rotating drums is therefore needed, especially since recent works 

[180,184,190,193,195,347] have highlighted the usefulness of avalanches study to evaluate the flowability 

of cohesive powders such as moist pharmaceutical [194] and cocoa [183] powders. 

2.1.1. Criteria for assessing flowability inside a rotating drum 

When using rotating drums to study powders flowability, the establishment of an appropriate set of 

characterization parameters, usable for both cohesive and non-cohesive materials, remains a major 

concern. Suitable flowability criteria should fulfill several criteria: i) to be able to distinguish between 

different degrees of cohesion, ii) to be relatively independent of the experiment conditions and iii) to 

remain simple to acquire. This last point is especially true if the criteria are intended to be used to validate 

Discrete Element Method (DEM) simulations, which is commonly the case in recent research on analysis 

of powder flow using rotating drums [348,349]. 

Various criteria for flowability characterization through the assessment of powder avalanche flow 

have been proposed in previous research. Consensus is needed to ensure that measurements made by 

different research teams are comparable. The most commonly used criterion is the angle formed between 

the linear free surface and the horizontal in a continuous regime of flow, usually called the dynamic angle 

of repose [350]. A lower dynamic angle of repose usually indicates an enhanced flowability. A wide range 

of non-cohesive free flowing materials has been studied using this criterion [165,169,177,178,350–352]. 

However, with cohesive materials, it can be observed that the bulk solid does not flow continuously 

downwards over the surface, but rather in clusters of particles, forming a very irregular surface, difficult 

to describe by a linear approximation.  
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In the study of cohesive materials, three different approaches have been identified in the literature. 

A first approach consists in using average angles of the surface to describe cohesive profiles 

[135,158,193,194,353] regardless of the surface irregularities. A second approach is to define new flowability 

descriptors, such as temporal or frequency indicators [179,185–187,190,196,347,354]. Finally, another 

method consists in defining new bulk motion indicators such as the powder volume, surface or centroid to 

follow powder dynamics [180,183,188].  

When using the first approach, in which the powder surface is approximated by a linear profile, 

allowing an average angle to be defined, usually the Upper Angle of Stability (UAS) is used as flowability 

indicator. It corresponds to the surface’s angle at the maximum position before an avalanche, and it is 

generally directly related to the cohesive nature of the powder. In their work on cohesive materials 

Quintanilla et al. [193] used the avalanche size, defined as the difference between UAS and LAS (Lower 

Angle of Stability) to characterize cohesiveness: the larger the average size of avalanches, the larger the 

material cohesion. 

Within the second approach, previous studies have mostly used either strange attractor diagrams or 

the mean time needed to trigger an avalanche (T or avalanching period in seconds) as flowability 

indicators [179,185–187,196,347,354]. Strange attractor diagrams are plots of time of the nth avalanche 

versus the time of the n+1 avalanche. Although they allow a visual and simple representation of powder 

dynamics, they have proved to be a quite complex format for quantitative analysis [185]. The avalanching 

period can be a convenient and relatively reliable method of flowability assessment, usable for both 

cohesive and non-cohesive materials, as long as avalanches are correctly identified. Generally, a greater 

value of T at a given rotational speed indicates a higher powder cohesion since the events are less 

frequent. Powder having small values of avalanching period should flow freely. However, as highlighted 

by Soh et al. [187] T may not be discerning enough to differentiate between closely related materials with 

small differences in flow properties.  

Avalanches trigger changes in the degree of aeration, densification and cohesiveness, which in turn 

affect the subsequent bulk avalanche behavior. As the magnitude of these changes may not be constant 

and reproducible, variations in T arise. Lavoie et al. [186] thus proposed a flowability index based on the 

mean standard deviation of T over a range of rotational speed while Soh et al. [187] introduced two flow 

indices calculated from the gradient of T and its scatter against rotational speed.  

Recent research has suggested new indicators for tracking powder motion inside rotating drums. In 

their work with pharmaceutical powders Faqih et al. [180,188] analyzed the variance in center of mass 

using a load cell connected to a rotating cylinder. The variance of the signal was thus used as indicator 

of cohesive interparticle forces. Wojtjowski et al. [183] defined a ‘surface angle’ based on the position of 

the center of mass of the bulk powder relative to the center of the drum. The UAS could then be 

extracted from the temporal evolution of the surface angle and used as flowability criterion. In the same 

way, Tay et al. [196] and Nalluri et al. [347] used the potential energy of the powder to follow bulk motion 

and defined a maximum level of potential energy before avalanche as indicator of cohesion. 

Besides numerical descriptors, visual observation of the type of motion in the powder bed is also 

crucial to derive conclusions about powders flow [179]. In this way, some efforts to quantify the surface 

shape or roughness and relate it to flow behavior have recently been made [196]. 

The aim of this work is to study the relevance of different criteria to assess flowability using a rotating 

drum setup. Particular emphasis is placed on cohesive materials and, therefore, a centroid-based bulk 

descriptor for tracking the motion of powders is used. This work is intended to propose a set of flow 
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criteria that allow an accurate, simple and comprehensive description of flowability of both non-cohesive 

and cohesive powders when using a rotating drum system. 

This paper is organized as follows: in section 2, a presentation is given of the in-house experimental 

device, designed to meet several constraints. In addition, an exhaustive list of the flowability criteria 

commonly mentioned in the literature is carried out and they are determined for three samples of non-

cohesive and cohesive materials. Woody biomass powders are known to have a cohesive behavior and 

their characterization is especially needed nowadays within a context of energy production from 

renewable resources [59,235]. This is what motivated its use as representative of cohesive materials in 

this work. The strengths and weaknesses of the different criteria evaluated over a range of rotation speeds 

are discussed. A more detailed study of certain criteria at a single rotation speed is carried out using 

statistical distributions. Finally, by way of conclusion, some recommendations are made to accurately 

distinguish different levels of cohesion using avalanche assessment.  

2.2. Materials and methods 

2.2.1. Granular materials 

Glass beads (GB) of 1 mm in diameter were used as representative of a non-cohesive material. A 

Sympatec-QICPIC morphological particle size analyzer [312] was used to obtain particle size distributions 

of the samples. The values of the descriptors of particles size (PSD) and shape distributions are listed in 

Table 25. 

Biomass powders were obtained by grinding poplar chips samples using a Retsch SM300 cutting mill 

with a bottom sieve of 1 mm trapezoid holes at the outlet.  

In most cases, the flowability of bulk solids decreases with the reduction of particles size. For 

example, a correlation between a fineness parameter and flowability was found when using similar 

products with a particle size distribution of similar shape [141]. Therefore, two well differentiated particle 

size populations were studied to obtain two differentiated cohesive strengths. These samples were 

obtained by sieving the grinding outflow using sieve fractions between 500 µm and 710 µm for the coarse 

cut and between 200 µm and 315 µm for the fine cut.  

Table 25. Size and shape properties of the samples. 

Sample ID Description Sieving cut (µm) x50 (µm)* x90 (µm) x10 (µm) Sx a50 

GB Glass beads ------ 1 212 1 373 1 051 0.13 0.99 

BC Coarse cut of milled biomass 500-710 746 1 092 519 0.36 0.38 

BF Fine cut of milled biomass 200-315 352 513 243 0.36 0.42 

*(x50, x90, x10: 50th, 90th and 10th centiles of cumulative volume PSD distributions, respectively, Sx: distributions span=(x90-x10)/(x90+x10), a50: 

50th centile of the aspect ratio distributions (a=Feret diameter min./Feret diameter max.) 

2.2.2. Rotating drum and avalanching tests 

Rotating drums testers are among the most practical geometries to study the flow of granular 

materials. Compared to powder rheometers based on shear measurements, the only stress applied on 

powder samples in a rotating system is induced by gravity acting on their own mass. Therefore, the 

rotating drum evaluates powder dynamic and free-surface flow properties [158]. The results of 

avalanching measurements thus represent more accurately the actual stress conditions of powders 

flowing on a pipe or conveying line, for example. 
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When studying avalanching behavior in rotating drums, it is crucial to ensure the absence of external 

perturbations that would alter the regular motion of powders or modify their dynamic stability. Such a 

problem has already been encountered in previous research [192]. Keeping this constraint in mind, an 

in-house experimental device was developed to characterize the dynamics of avalanches over a relatively 

wide range of rotational speeds. Our device was designed to fulfill several constraints: 

• Smooth and regular rotation avoiding any perturbation of the intrinsic powder behavior, 

• Quality of lighting allowing a rigorous and easy post-processing of images, 

• Drainage of electrical charges to reduce electrostatic force effects, 

• Suitable range of rotational speeds 

The core piece of this device a stainless-steel cylinder (10 cm inner diameter, 2 cm width, roughness 

Ra ≈ 0.4 µm) clamped inside a roller bearing (IKO NAG 4924UU) as shown in Figure 62a-b. This design 

is the key-feature of our in-house device: it ensures a regular and smooth rotation, without vibrations 

and permits the uniform lighting required to grab high quality images. Two transparent conductive ITO 

(Indium-Tin oxide)-coated glass discs are used to ensure the drainage of static electricity. The drive 

mechanism, built between a motor (maxon RE040G/PM52) and the cylinder housing, deserves also 

attention. The transmission is made through two pulleys (one changeable) connected by a toothed belt. 

This configuration ensures a steady and stable rotational speed that can range between 0.01 rpm and 73 

rpm for the chosen pulley-belt set.  

In order to observe and record powder motion, an optical montage ensuring axial alignment between 

the camera and the drum was built. Images were acquired using a Photron FASTCAM high-speed camera 

(Mini AX100, max. resolution 1 024 x 1 024 pixels, max. framerate 4 000 fps) along with a 105 mm f2.8 

EX DG Macro OS SIGMA lens. A framerate of 50 fps during 355 s with a resolution of 896×720 pixels 

was used. This configuration allows a relatively high exposure time while taking clear images even during 

the avalanche motion. The camera was positioned horizontally facing the frontal side of the drum, with 

the center of view being aligned with the drum axis. A LED lighting panel (HSC PHLOX 24 V) was 

fixed behind the drum to obtain high-contrast shadow images of the powder. 

 
Figure 61. Rotating drum system. a. Experimental setup: 1: rotating cylinder, 2: high-speed camera, 3: motor, 4: lighting panel, 5. drive system. b. 

detail of the main assembly. 

A filling ratio of 40 % (63 cm3) of the cylinder volume was used. Samples were oven-dried for over 

24 hours before each run. All tests were performed at ambient relative humidity (measurements ranged 

from 46 % to 55 %). Rotational speeds ranged between 0.05 rpm and 20 rpm.  

(a) (b) Roller bearing

Glass discs

Cylinder

containing sample

LED lighting
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Bearing support
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Image post-processing was performed to obtain profiles of avalanche over time. In order to 

automatically process the large set of images of each test (typically over 18 000 images per test), the 

whole procedure was implemented using the Image Processing ToolboxTM of MATLAB platform. The 

condensed sequence of image processing and data analysis is presented as a flowchart in Figure 62a-b. 

 
Figure 62. (a) Image processing flowchart. (b) Main stages of image processing. 

The length of the surface profile in pixels was typically at least 1.5 times the magnitude of the drum 

diameter in pixels for a cohesive sample. The typical pixel size was ca. 0.18 mm (100 mm/542). From 

the coordinates of the powder surface over time, different features could be extracted. First, the average 

angle of surface (θ) was obtained by linear regression of the Px versus Py coordinates. The determination 

coefficient (r2) of the linear regression was also evaluated. From the centers of mass of the core cylinder 

and the bulk powder at a given moment, the relative angle between them, referred as ‘centroid angle’ (α) 

was calculated. The area occupied by the powder in pixels was also determined and followed over time. 

Figure 63 graphically shows the definitions of θ and α angles for an example of both non-cohesive and 

cohesive powders.  

 

2.2.3. Bulk motion indicator and flowability criteria 

Figure 64a depicts typical sequences of the centroid angles α for the three samples studied as well as 

the average angle of the slope θ for the BC powder (right-side scale). For the non-cohesive glass beads, 

there is a succession of very regular and periodic events. These events are relatively uniform in size and 

time spacing. In contrast, in the case of the cohesive samples, quasi-periodic large events take place as 

well as small random events. Using α as motion indicator allows to easily detect the avalanching 
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movements, characterized by a rapid drop in the value of α. Visual observation of the images taken 

during the tests made it possible to verify the correspondence between events occurrence and the α 

variations. 

 
Figure 63. Definitions the average angle of surface (θ) and the centroid angle (α). (a) Non-cohesive sample (b) cohesive sample. 

Values of θ presented in Figure 64a for the sample of coarse biomass (BC) show that, obviously, this 

representation is a poor indicator of the powder motion and flowability. Variations of θ failed to 

adequately show and quantify slumping events observed during rotation. This is due to the highly 

irregular profile developed during avalanching for cohesive materials. Indeed, the angle of the linear 

slope is not sensitive enough to rightly detect changes in the position of the powder or changes in the 

shape of the surface, which usually occurs during avalanches. The average slope is therefore misleading. 

 
Figure 64. (a) Typical evolution of α for a non-cohesive and two cohesive samples at ω = 0.2 rpm. (b) Equivalence between θ and α motion 

descriptors for glass-beads. 

Consistently, Figure 64b proves the equivalence between α and θ motion descriptors for the non-

cohesive glass beads. Thanks to the linear shape obtained for non-cohesive materials, any flow criterion 

determined from the α evolution in terms of maximum angles of stability, avalanches sizes and time 
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spacing is thus equivalent to an equivalent criterion obtained from the evolution of absolute values of θ, 

the latter being the most frequently reported in the literature.  

As a conclusion of this section, the centroid angle α is a relevant motion indicator: equivalent to the 

slope angle θ in the case of non-cohesive powders, it better describes the avalanche movement in the 

case of cohesive powders. Consistently, in the following, a wide range of flowability descriptors is defined 

and used to assess the flow behavior using the centroid angle α as indicator of the bulk motion inside 

the drum. At first, a wide range of rotational speeds is studied and then a detailed analysis is proposed at 

one single speed. Indeed, previous research on flowability assessment using rotating drums has focused 

primarily on analysis at one rotational speed, as it is more time-efficient than evaluation over a range of 

rotational speeds and it led to the same relative rankings of powders flowability [173,184,196,347].  A 

big number of events at one single rotational speed are thus studied and then statistical distributions of 

values for some descriptors can be drawn.  

For the analysis over a range of rotational speed the following criteria were studied: 

• Average α angle:  

Corresponds to the mean value of α for the measurement period. In general, higher average angles 

indicate higher cohesion between particles.  

• Upper Angle of Stability (UAS) and Lower Angle of Stability (LAS):  

The angle α varied between a maximum and a minimum value during an event. The maximum angle 

before an event is called UAS and the value of α after the event corresponds to LAS. A peak 

identification algorithm was used to find local maximum and minimum values from sequences such as 

the one shown in Figure 64. Angles of stability are homologous to AoR in a static measurement, so 

higher UAS generally correspond to a decreased flowability. In particular, UAS is an indicator of the 

inter-particle frictional forces that particles have to overcome to slide across over each other or to break 

away from the main body to create an avalanche. 

• Period between avalanches, T: 

It corresponds to the mean time elapsed between events in seconds. A greater avalanching period at 

a given speed generally indicates a bigger powder cohesion since the events are less frequent. Powder 

having small values of avalanching period should flow freely. For less cohesive powders, the general 

trend is shorter avalanche periods due to the lower energy requirement for avalanche. Powders exhibiting 

sharp and narrow avalanche time distributions normally are easy-flowing, and they will be preferable to 

work with than those displaying a plateau and broader distributions [347]. 

• Duration of avalanches: 

Corresponds to the time elapsed between UAS and LAS for one event. Avalanche duration was 

used by Li et al. [346] for studying granular avalanches of glass beads in slumping regime (0.01 rpm 

<ω<0.08 rpm) in a quasi-2D packed drum. 

• Load (before avalanche) rate, /
load

d dt : 

It corresponds to the rate of increase of the angle α during the pre-avalanche period. It is calculated 

from the average rate of increase of α between the end of an event (LAS state) and the beginning of the 
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next one (UAS state). Without slippage and movement of the powder relatively to its center of mass, it 

should correspond to the rotational speed. 

• Avalanche rate, /
av

d dt  

Corresponds to the average decreasing rate of the centroid angle, from the UAS to the LAS angles. 

• Percentage of revolution needed to trigger an avalanche (f) 

Similar to the period of avalanche, it is a geometrical indicator of particles flow dynamics, likely to 

detect change in flow regime when the rotation speed changes. The periods of avalanche are normalized 

by considering the effects of the rotational speed: 

100%
60

T
f


=  (49) 

• Size of avalanches, Δα 

Corresponds to the difference between the UAS and LAS. It has previously been used to 

characterize avalanches of dry grains in rotating drums [162,355]. Quintanilla et al. [193] used 

distributions of size of avalanches to study flowability of cohesive powders, finding that, in general, the 

greater the cohesion, the larger the average avalanches size. The statistics of avalanche sizes has proven 

to provide insight into the internal dynamics of granular materials, due to its possible connection to self-

organized criticality [192]. Tegzes et al. [192] showed that the avalanche size was equivalent to the 

potential energy difference of the sample just before and after an avalanche. 

• Cohesion index 

Defined by Lavoie et al. [186], it corresponds to the average value of the time elapsed between events 

(T) over a range of rotational speeds. It is an expression of the powder ability to absorb stress and reflects 

the inertia of the powder in relation to movement. The higher this value is, the more likely the powder 

will be to behave as an agglomerate of particles. More stable packings are then formed for particles with 

higher cohesion index. 
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where n is the total number of rotational speeds tested and 
i

T is the average period of avalanche at a 

given speed i. We should however notice that this index value is strongly dependent on the selected 

rotational speeds as it will be discussed in section 2.3.1. 

• Determination coefficient r2 

Lee et al. [179] highlighted the importance of considering both the numerical descriptors of flow 

(such as the ones described before) and the visual inspection of the type of motion in the powder bed 

in order to draw accurate conclusions of the ease of flow. We propose to include a parameter that 

indicates the irregularity of the profile: the coefficient of determination r2 calculated over the profile 

coordinates as: 
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where fi is the vertical position computed from the linear regression, y the mean of the data and yi the 

individual data point. 

Powders which flow well generally pack well, thus forming a smoother surface (r2 ≈ 1). On the 

contrary, cohesive powders tend to form agglomerates when tumbling so their surfaces tend to be 

rougher (r2 < 1). 

2.3. Results and discussion 

2.3.1. Analysis under a range of rotational speeds 

2.3.1.1. Average α 

Figure 65a shows the mean values of the centroid angle for the three samples as function of the 

rotational speed. Clearly, in average, values of α are always higher for cohesive samples than for the non-

cohesive glass beads. This reflects the greater effective internal friction of biomass powders and may be 

due to both the irregular shape and a greater interparticle friction force. A clear influence of the rotational 

speed on the average value of α was observed for the glass beads sample. Increasing ω from 0.5 rpm to 

20 rpm increased values of α by ca. 8°, which is in agreement with previous research [171]. For the 

cohesive samples, although the influence of ω is less pronounced, a gradual increase of the average α is 

also noticeable. 

2.3.1.2. UAS and LAS 

Regarding the Upper and Lower Angles of Stability (Figure 65b), a clear regime transition is observed 

for glass beads corresponding to the shifting from a slumping (episodic avalanches at low ω) to a rolling 

regime (continuous flow at ω > 1 rpm), characteristic of non-cohesive materials [160]. This transition is 

not abrupt. In the episodic avalanching regime, the mass of glass beads rotates as a solid body with the 

drum until the pile reaches the UAS value at which a layer of beads begins to flow. The avalanche stops 

when the angle reaches the value of LAS. For the system studied, the values of UAS and LAS are 

relatively independent of the rotational speed for values of ω < 0.3 rpm. In the continuous flow regime, 

there is a continuously flowing layer of glass beads on the surface of the rotating bulk solid and there is 

no further distinction between UAS and LAS values. The angle of the linear surface of the flowing layer 

(therefore also the centroid angle) remains relatively constant and the average value of α increases with 

the rotational speed. Similar results were obtained for glass beads by Wagner et al. [171]. In the case of 

cohesive powders, no clear flow regime transitions were identified using UAS and LAS criteria over the 

range of rotational speeds studied. For almost the entire range of ω, fine biomass powders had greater 

UAS and LAS than the coarse biomass powders, which indicates their higher cohesion. At high 

rotational speeds, the solid bed is lifted at a speed equivalent to the speed of the particles tumbling down 

the surface during an avalanche. This leads to the increase of LAS at values of ω > 2 rpm and the 

convergence between UAS and LAS values. 

2.3.1.3. Period between avalanches 

Period between avalanches, T, is shown in Figure 65c as a function of the rotational speed. For the 

GB sample, the general trend was shorter avalanche periods due to the lower energy requirement for 

avalanches. Events for glass beads were launched quite frequently, which means that it was easier to 

trigger flow, while for the cohesive powders avalanches were triggered at a lower frequency. At a 
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rotational speed of 0.5 rpm, for instance, avalanches took place 2.6 and 5 times less often for coarse and 

fine biomass powders, respectively, than for glass beads. For all the samples, the avalanching period 

decreased as the inverse of the rotational speed, which is consistent with the definition of this criterion. 

This trend was then also found by Yang et al. [190] for cohesive lactose powders. Differences between 

powders behavior are significant only in the low rotational speeds range (ω < 2 rpm).  

Lavoie et al. suggested to assess flowability of a variety of powders [186,187] using the slope of a T-

ω-1 graph (Figure 65d). In the present work, linear relationships between the avalanche period and the 

inverse of the speed fitted well the experimental data for the three samples (r2 > 0.98). A different slope 

for each powder could be distinguished. Each slope represents the combined effect of particle size 

distribution, morphology, density and chemical nature, a higher slope meaning a lower flowability [186]. 

According to this criterion, the fine biomass powders exhibited the worse flowability, while, as expected, 

the glass beads had the best flowing behavior. It should be noted that expressing the avalanche period 

in time units leads to values that depend trivially on the rotational speed. Therefore, a more suitable 

analysis using the fraction of revolution to trigger events (f) is proposed hereinafter. 

2.3.1.4. Duration of avalanches 

Concerning the duration of avalanches (Δt), for all the powders there is a clear decreasing trend when 

rotational speed is increased (Figure 65e). Again, this observation is consistent with the criterion 

definition which involves directly the rotation speed. Values of the avalanche duration are relatively close 

for the three samples, so Δt might not be a discriminating criterion when used for study of materials with 

intermediate cohesion. In addition, this parameter alone gives a poor description of the flow. It should 

be analyzed together with, for instance, the avalanche size. Avalanches taking the same time but with a 

greater angle variation could indicate a higher flowability. In the range of 1 rpm < ω < 10 rpm, avalanches 

were shorter in time for the fine biomass powders, followed by the coarser powders and finally by the 

glass beads. A shorter avalanche duration may be the result of a higher cohesive nature because (i) during 

tumbles, particles tend to stick to each other and hinder flow or (ii) there is a predominance of slumping 

short events (cracking of particles clumps).  

Another drawback of using the duration of avalanches as flowability indicator is the measurement 

resolution required for its precise estimation. The avalanches were often very fast compared to the time 

elapsed between consecutive avalanches (for instance, for the coarse biomass powders at 0.5 rpm, 

avalanches took place in 0.64 s whereas the avalanches period was 4.3 s). Depending on the frame rate 

of the image acquisition system, accurate detection of the beginning and end of avalanches will be more 

or less possible. Results for Δt can therefore be very sensitive to the detection of the beginning and the 

end of the events. 

2.3.1.5. Load rate 

Regarding the ‘load rate’, the results presented in Figure 65f reveal a very different behavior for the 

cohesive and the non-cohesive samples. A straight dotted line corresponding to the rotational speed in 

deg/s units has been drawn in Figure 65f as a reference. For the glass beads, at very low rotational speeds 

(<0.3 rpm) the movement of the center of mass follows the rotation of the drum: between two 

avalanches, the powder behaves like a rigid body. When the rotational speed is increased, the glass beads 

develop a continuous regime and the rate of increase of the centroid angle is offset by the effect of the 

beads rolling down the surface slope. In other words, there is an overlap between the tumble of individual 

particles and the lifting of the main bulk bed. Consequently, the powder centroid does not follow the 

drum motion at the same rate. Over all the range of rotational speeds, load rates remained at values 
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under 3.5 deg/s which is considerably small compared to the rotational speed. This is not the case for 

the cohesive powders. Their centroid motion take place at the same rate than rotation of the drum up 

to ca. ω = 5 rpm. Because of their cohesive character, powders are tilted as an ensemble that rotates at 

the same rotational speed than the drum.  

 
Figure 65. Descriptors used for assessing flowability of non-cohesive and cohesive powders over a range of rotational speeds. (a). Average ‘centroid’ 

angle. (b) UAS. (c) Period between events. (d) Period between events against ω-1. (e) Avalanche duration. (f) Load rate. (g) Avalanche rate. (h) 

Fraction of revolution to trigger events. (i) Avalanche size. (j) Cohesion index. 
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Under 5 rpm, avalanches frequency is relatively low compared to ω, and events are discrete compared 

to the powder bed lifting. At rotational speeds over 5 rpm the avalanching events take place continuously 

during powder rotation, so the motion of the centroid is counterbalanced by the continuous avalanches. 

The α gradient is therefore smaller than ω. This state could be seen as a ‘continuous’ flow, that consists 

of an uninterrupted succession of falling clumps events. For the fine biomass, load rates remained closer 

to the rotational speed than for the coarse ones, indicating a greater differentiation between bed motion 

and avalanches during rotation. This could also be indicator of a larger cohesion. All together, these 

results suggest that the load rate criterion is a good candidate to discriminate non-cohesive and cohesive 

materials at low rotational speeds. Differentiation between different cohesive materials would be possible 

at relatively high rotational speeds. 

2.3.1.6. Avalanche rate 

The avalanche rate is an indicator of the speed at which particles rearrange during an event. As 

shown in Figure 65g, the non-cohesive glass beads were characterized by very low avalanche rates 

(dα/dtav < 4 deg/s) over the entire range of rotational speed. In the case of the cohesive samples, the 

avalanche rate is much higher, roughly speaking, by one order of magnitude. The evolution has also a 

different shape, as the value continues to increase with the rotation speed (a rapid increase for ω < 5rpm 

and then a moderate increase for ω > 5 rpm). A greater avalanche rate was observed for the fine biomass 

powders for all values of rotational speed. This is the effect of the faster and greater variations of the 

centroid position produced by the tumble of particle clumps during avalanches (slumping). This type of 

event is prevalent in the case of very cohesive materials. For coarse biomass powders, although slumping 

events are also present, particles also slide over the surface of the main powder bed, resulting in a more 

gradual variation of the centroid position during avalanches. 

2.3.1.7. f factor: fraction of revolution needed to trigger an avalanche 

The analysis of avalanching dynamics based on fractions of revolution instead of on time interval 

(or period T) is proposed here (Figure 65h) as it allows the results to be normalized with respect to ω. 

The effects of the increase in centrifugal force are thus better highlighted. In general, cohesive powders 

require a larger fraction of revolution to trigger avalanches, for ω <5 rpm. For instance, at 0.5 rpm, in 

average, more than 7 % of revolution (i. e. 25.2°) are required to trigger events for BF powders, 3.5 % 

of revolution (12°) were needed for BC samples and only 1.4 % (5°) movements triggered GB events. 

Figure 65h shows that, for the non-cohesive sample, the fraction of revolution required to trigger events 

increases uniformly. Increasing rotational speed enhances the centrifugal effect on the bed of powder 

and therefore the adhesion of particles to the drum wall. Avalanches are thus hindered and flowability 

reduced. This trend cannot be observed when using the avalanche frequency criteria (Figure 65c). 

Analysis based on f is therefore preferred because it better reflects powder dynamics than a time based-

criterion (such as T) that is intrinsically dependent on ω. For both BC and GB samples, f increased when 

increasing the rotational speed while no clear trend was observed for BF powders. Although the values 

of f were generally the highest for BF samples, at ω > 5rpm, events for cohesive samples were triggered 

at lower revolution fractions than for non-cohesive powders. 

2.3.1.8. Avalanches size UAS-LAS 

As shown in Figure 65i, except for 2 rpm and 20 rpm values, avalanche size is globally greater for 

the fine biomass samples, followed by BC powders and finally GB (respectively 16°, 8.9° and only 0.9° 

at 0.5 pm). The is probably due to the higher tendency of the most cohesive materials to form clumps 
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of particles that significantly alter the centroid position before and after events when tumbling. Over 

0.3 rpm, glass beads flow in a continuous rolling regime so the avalanche size is almost negligible. 

Avalanche size tends to decrease with rotational speed for the cohesive powders. This could mainly 

be due to an overpassing of the particles avalanching rate by the movement of the drum: when particles 

tumble down and reach the lower stability state the bulk solid has already been lifted a bit by the drum. 

This reduces differences between UAS and LAS. In addition, since α evolution is highly affected by 

several types of motion happening simultaneously (tumbling of particles and lifting of the main bulk 

solid by the rotation movement) at high rotational speeds, distinction of individual avalanches becomes 

less precise and the differences between powder behaviors are also narrower. 

2.3.1.9. Cohesion index 

As expected, fine biomass particles have a higher cohesion index, followed by the coarse ones and 

lastly the glass beads (Figure 65j). Cohesion index values indicate that the cohesive strength of BF 

powders is 1.6 times greater than BC powders and 6.6 times higher than GB. Despite a classification of 

the powders flowability in accordance with other flow indicators, the use of cohesion index presents 

several drawbacks for its wide application. In addition to the fact that the cohesion index is not an 

absolute criterion since it depends on the range of rotational speeds selected, the limitations previously 

described concerning time-based indicators obviously also apply to the cohesion index. Experimental 

conditions should therefore always be mentioned when comparing different data. 

Overall, all of the afore-analyzed results confirm the cohesive nature of biomass powders. Fine 

sieving cuts were almost systematically found to have the worst flow behavior. Indeed, with increasing 

fineness, the interparticle attractive forces increase in comparison to the force of gravity. This leads to 

the formation of stable arches that produce a heterogeneous structure characterized by the presence of 

large internal voids and an increased cohesion. It is important to note that the data acquisition and 

analysis required to assess flowability over a range of rotational speed and for several samples can be 

relatively time-consuming, which reduces the practical value of rotating drum tests. A single-speed 

experimental approach is therefore presented hereafter. 

2.3.2. Analysis under a single rotational speed (ω = 0.5 rpm) 

Avalanching behavior, particularly in the case of cohesive powders, is the result of a random and 

chaotic reorganization of particles in the bulk material. A characterization based on a relatively large 

number of events is therefore necessary to draw statistically sound conclusions about powders flow 

behavior. Depending on powders flowability, obtaining and analyzing a large number of events may be 

time consuming. Overall, from the results presented above, the same qualitative ranking of flowability 

was observed over the entire range of speeds analyzed for most of the flowability descriptors. A single 

rotational speed analysis could therefore provide a faster overview and flowability classification of several 

granular materials. With a single speed analysis, the time required for testing is reduced and, therefore, 

tests can be performed over a longer period of time. This allows the criteria to be analyzed in terms of 

distributions rather than in terms of average values. 

Besides r2, three descriptors were studied here as they can convey complementary information about 

powders flow: UAS, f and Δα distributions. The use of these three descriptors together makes it possible 

to clearly distinguish the behavior of the three materials studied and thus reduces the risk of producing 

‘false equivalents’ for two different powders.  
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A rotational speed of 0.5 rpm was selected as it was a good trade-off between (i) having enough 

number of events to represent data in the form of a statistical distribution and (ii) being able to accurately 

identify each event and to avoid overlapping of particles tumbling and bulk rotation at the same rates 

(which typically occurs at high speeds). The speed of the drum is therefore slow enough to allow 

individual avalanches to occur independently of each other. 

2.3.2.1. UAS, f and avalanches size distributions 

The distributions of the flowability indicators shown in Figure 66 exhibit several interesting features. 

The right-most curves correspond systematically to the BF sample, the most cohesive material. Due to 

the similar nature of the cohesive samples BF and BC, their distributions are closer to each other than 

those of the GB samples. As expected, the width of the distributions is higher for cohesive materials 

than for glass beads, showing a higher dispersion and irregularity of the descriptors values around a mid-

value (already noticeable in Figure 64a).  

 
Figure 66. Flowability descriptors distributions for ω=0.5rpm. (a) Upper Angle of Stability. (b) Fraction of revolution needed to trigger avalanches. 

(c) Avalanches size. 

Quantitatively, the average value of the distributions, as well as their width (as measured by a span 

ratio) could be used as indicators of flowability. Average values are obtained from the 50th centile of the 

cumulative distributions and the span ratio, Sp, for the descriptor ε is given by: 

90 10

90 10



 

 

−
=

+
S  (52) 

where ε90 and ε10 are the 90th and 10th centiles of the cumulative ε distributions, respectively. 

Average and span values of the cumulative distributions for the flowability indicators studied are 

reported in Table 26. 

Regarding UAS distributions, an almost monodisperse distribution is obtained for the non-cohesive 

glass beads, which reflects the repeatability in terms of the Upper Angle of avalanches for this kind of 

materials. A dispersion in UAS values for BF and BC powders of 5.6 times and 5.2 times higher than 

for GB was found, respectively. 

Again, in average, the most cohesive samples need a higher fraction of revolution to trigger 

avalanches. A lower value of f50 along with a lower value of Sf are obtained for glass beads, showing their 

better flowability.  

The avalanches are larger in terms of angle variation for cohesive samples. As the cohesion increases, 

very broad distributions develop. Events for GB occur within a very narrow range of α (error bars in 
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Figure 64a), triggering variations of α before/after avalanches below 1°. In the case of the cohesive 

materials, and because of the slump of particles clumps, avalanches generate a high α variation which is 

greater for the most cohesive material and can reach up to 20 degrees. Distribution span shows that a 

large avalanches size scatter over a wide range of values for cohesive materials, illustrating the irregularity 

of the avalanching behavior. 

Table 26. Synthetic values from flowability descriptors distributions. 

Sample UAS10 UAS90 UAS50 SUAS f10 f90 f50 Sf Δα10 Δα90 Δα50 S Δα 

GB 117.8 118.7 118.1 0.0038 0.80 1.94 1.41 0.42 0.32 1.47 0.8 0.64 

BC 144.2 150.0 147.7 0.0197 1.27 4.05 2.48 0.52 1.55 14.4 6.8 0.80 

BF 146.4 152.8 149.4 0.0214 1.19 4.78 2.77 0.60 1.48 16.0 8.6 0.83 

 

UAS, f and Δα average values and spans allow us to distinguish between a cohesive and a non-

cohesive behavior and to establish a flowability ranking. Powders exhibiting the left-most and narrowest 

UAS, f and Δα distributions are likely to have an easy and consistent flow, and they will present less flow 

problems when flowing in a non-consolidated state.  

2.3.2.2. Analysis of regularity of surface profile: Mean r2 value at ω=0.5rpm 

The analysis of the avalanche size can be seen as a primary indicator of the type of motion during 

avalanches, as a motion in cohesive clumps generally results in greater angle variations during events. 

We propose to complete this first insight by the spatial regularity of the avalanche surface, as quantified 

by the coefficient of determination r2. It also gives an idea of the particle rearrangement after an 

avalanche.  

In the case of non-cohesive samples, the grains roll freely during events and the avalanching 

dynamics is dominated by the propagation of shear fronts over the free surface. These events form nearly 

flat and smooth surfaces, resulting in values of r2 very close to 1 (Figure 67a) at 0.5 rpm. On the contrary, 

for cohesive materials, the grains tend to stick together and form clumps, preventing free rolling of 

particles. There is a strong interaction between the shape of the surface and the formation of the clusters. 

Big irregularities over the surface act as trigger points for slumping events. Steep, rugged and usually 

concave surfaces are thus formed. This leads to values of r2 < 1 that vary greatly during events. The 

profiles for the BF samples were rougher than for BC powders and higher variations of r2 during 

avalanches were also observed (Figure 67a-b). The r2 criterion allowed not only to discriminate non-

cohesive and cohesive materials but also differentiate between different cohesion levels. 

 
Figure 67. Flow descriptor for the irregularity of surface profile (r2). (a) r2 evolution over 100 s of test. (b) average r2 values for the three samples 

studied. (c) effect of the number of sampling pixels on r2 value for the BC sample. 
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Figure 67c shows the effect of the number of sample points taken over the profile to determine r2 

for two images of tests for sample BC, one taken between two events (solid line) and the other during 

an event (dotted line). While the values of r2 obviously depended on the image (i.e. on the powder profile 

at a given time), the criterion is stable and independent of the number of sampling points as soon as 

20 % the resolution used here is used. This correspond to a sampling frequency equal to D/3.3, where 

D is the drum diameter in pixels. 

As a conclusion of this section, an analysis at constant low rotational speed was advantageous to 

quickly and quantitatively assess flowability. Indeed, an analysis at one speed is preferred as it makes 

possible, for the same experimental time and with lower sample handling, to work in terms of 

distributions rather than averaged values. The four criteria used here (UAS, f, Δα and r2) clearly 

distinguished between cohesive and non-cohesive behavior (distributions for cohesive materials were 

significantly shifted to the right and r2 evolutions were undoubtedly different). UAS and Δα are rather 

geometrical indicators of the stability of the powder while f is defined from a normalized temporal 

indicator (period to events). Finally, r2 characterizes the regularity of the powders profiles and gives an 

idea of the type of motion during events.  

Although the same flowability ranking could be established using any of the four indicators, so one 

could think that one single criteria may suffice, a complete assessment of flowability requires the use of 

several criteria. This also reduces the risk of producing false-equivalent samples in terms of flow 

behavior. Indeed, given the relatively small variety of degrees of cohesion studied in this work, caution 

should be exercised by using several criteria. Future work will explore materials with intermediate 

cohesion or nature in order to better assess the discriminating capacity of the flowability criteria from 

rotating drum tests. 

2.4. Conclusion 

This paper investigated the flowability assessment of non-cohesive and cohesive samples using a 

rotating drum setup, a device relevant to analyze powder flowability in a non-consolidated state and 

dynamic flow. An in-house rotating drum was designed and built to accurately assess the flow behavior 

of three contrasted powders (glass beads, fine biomass and coarse biomass). Experiments were 

performed over a range of rotational speeds. 

From the temporal evolution of the ‘centroid angle’, several criteria, either proposed in literature or 

by the authors, were extracted. The analysis of these criteria highlighted the relevance of using a bulk 

descriptor such as the change of the center of mass, instead of the commonly used surface angle, for 

characterizing motion of non-cohesive and cohesive materials. 

An approach using a single rotational speed was also presented using distributions, instead of average 

values, for four flowability descriptors: the Upper Angle of Stability (UAS), the fraction of revolution 

needed for triggering events (f), the size of avalanches (Δα) and the determination coefficient (r2). These 

descriptors were able to clearly discriminate among the cohesive extent of the samples. These flowability 

descriptors are complementary and should be considered simultaneously to obtain a more accurate 

conclusion about flow properties. 
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Abstract 

In a context of thermochemical valorization of biomass feedstock, the assessment of biomass 

powder flowability is essential for designing feeding, storage and handling systems. Biomass valorization 

processes require powders to be handled under consolidated and static conditions (e. g. storage facilities) 

or in a free-surface dynamic regime of flow (e. g. feeding systems), which necessitates characterization 

under different conditions. This paper evaluates the flow properties of two size populations of raw, 

mildly and intensively torrefied poplar powders using shear tests and avalanching behavior in a rotating 

drum setup. Size and shape descriptors show that particle size distribution and particle morphology of 

the six samples are the result of the coupled effects of the torrefaction intensity and the sieving stage. 

According to shear tests, although flowability trends are stress-dependent, coarse powders have better 

flow properties. A flowability ranking is established based on the parameters extracted from the dynamics 

of flow inside a rotating drum (tendency to form clumps of particles, Upper Angle of Stability, irregularity 

of the avalanche profile, fraction of revolution for avalanche). The fine mildly torrefied powders 

exhibited the most cohesive dynamic flow behavior. The relationship between the macroscopic flow 

parameters obtained from both characterization techniques and the powder characteristics (particle 

mean size, shape and polydispersity) is discussed through adjusted correlations. 

Keywords: Ring shear tester, rotating drum, torrefaction, flow properties, cohesion, woody biomass 

3.1. Introduction 

Thermochemical conversion of lignocellulosic biomass through gasification is a promising 

alternative for reducing fossil fuels consumption. Recent studies have shown the attractiveness of 

entrained flow reactors for the gasification of biomass. This technology is commercially available on 

large scale (for coal and liquid fuels) and yield the maximum efficiency from biomass to syngas [90]. 

Short residence times involved in entrained flow gasification demand sub-millimeter sized feedstock to 

optimize fuel injection into the gasifier and to increase chemical reactivity. Optimal performance of 

gasifiers requires feeding rates to be stable and steady which could be particularly difficult to achieve for 

biomass feedstocks given their fibrous, flaky and cohesive behavior. Flow fluctuations, bridging and 

blockage of biomass particles in feeding systems of gasifiers are indeed common industrial problems 

that can trigger temperature excursions and fluctuations of the fuel gas constituents [126,129]. 

The key cause of many handling problems is a lack of holistic and meaningful bulk characterization 

at the earliest stages of equipment design. To facilitate a basis for the design of trouble-free handling, 

storage and transportation systems for powdered biomass, flowability characterization under different 

flow conditions is essential. The issues encountered due to poor powder flowability can occur under a 
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range of flow and stress conditions: static or dynamic, compacted or in a loose packing. For instance, 

powders storage in silos can be considered as a static and compacted configuration while problems 

involving fluidization, pneumatic or mechanical transportation would involve rather dynamic, free-

surface and loose packing conditions. Due to the complexity of granular materials linked partially to the 

variety of conditioning states, any simple and single method cannot fully characterize flow behavior. 

Shear tests and avalanching study in rotating drums are two flowability characterization methods 

representative of a compacted and quasi-static state and a dynamic free-surface state, respectively. 

Although shear testing is often referred as a relatively time-consuming method [137], it is the most 

frequently used to characterize powder flow under consolidation. This method provides the powder 

yield loci from which cohesion, yield strength, internal friction, and flow functions can be determined 

[143]. These properties are useful for design of storage facilities or feeding systems. Though scarce, 

recent research regarding biomass flowability measurements using shear testers includes the work by 

Miccio et al. [202], who found that flow properties of particulate biomass (ground olive husk and 

sawdust) could be reliably measured by shear cells when the particle size is below 2 mm. In their work 

with comminuted poplar and corn stover (dp < 5 mm), Gil. et al [206] found that lower particle sizes 

improved flow behavior due to the lower presence of hooked particles, while higher moisture content 

led to higher tendency to form arches or ratholes. Guo et al. [356] showed that the addition of biomass 

(rice straw and sawdust) into coal had no effect on cohesion strength but significantly increased internal 

friction. Additional research using agricultural ground materials includes the works by Littlefield et al. 

[357] for ground pecan shells and Chevanan et al. [203] and Crawford et al. [147] for pre-treated and wet 

corn stover. 

Rotating drums allows the dynamic behavior of granular materials to be studied under low stress 

conditions. The test does not need an expensive sample preconditioning, is performed quickly and can 

be repeated many times without operator intervention. Moreover, rotating drums can detect changes in 

powder flowability brought by powder additives more accurately and with greater reproducibility than 

other typically used tests such as angle-of-repose and bulk density measurements [185]. These advantages 

have propelled the use of rotating drum systems for analysis of powder flowability. Even if an 

overwhelming majority of work using rotating drums has focused on non-cohesive materials 

[160,177,190,346], recent research [180,184,190,193,195,347] have highlighted the usefulness of 

avalanches study for assessing flowability of cohesive powders such as moist pharmaceutical [194] and 

cocoa [183] powders. In the case of biomass materials, results from avalanching behavior have been 

found to be correlated to the discharge rates at the outlet of screw feeders for biomass [217]. The 

avalanche characterization of biomass powder, which has a recognized cohesive character, could thus 

provide a new insight on the dynamic free-surface flow behavior of this material.  

Along with slurry or dissolved wood, torrefied powders are one of the basic forms of wood suitable 

for feeding of entrained flow gasifiers [89]. Biomass torrefaction is a pretreatment process that improves 

fuel characteristics in terms of energy density, hydrophobicity and physico-chemical stability [90]. It 

consists in a mild pyrolysis process carried out at temperatures ranging from 200 °C to 300 °C, under 

anoxic atmosphere and at relatively low particle heating rate (less than 50 °C/min). Several studies have 

highlighted the interest of torrefaction for increasing grindability of woody biomass so energy 

consumption for milling could be reduced down to 10 % of the energy needed for raw biomass 

[106,108,110]. Previous research suggests that torrefaction might also be of interest for improving 

biomass flow properties as measured by a shear tester [329] mainly because of the increase of particles 

circularity with torrefaction intensity.  



CHAPTER IV. 3. Flowability characterization of torrefied biomass powders: static and dynamic 
testing 

155 
 

Indeed, particle size and shape have been confirmed to have a significant influence on flow 

properties, in particular with regard to biomass materials. Mattson and Kofman [207] found that the 

most important property to explain bridging tendency of solid biomass was particle shape. Poor flow 

was directly related to the content of hooked or long and thin particles. Combined effects of particles 

size and shape on bridging tendency, yield strength and bulk density were observed Paulrud et al. for 

pine and spruce powders [87] and by Gil et al. for SRF poplar and corn stover [206]. Since biomass 

materials do not have the same composition or structure, the values of flow properties or their response 

to particle size or shape may vary with each material or pretreatment processes such as torrefaction. 

The main aim of this work is to assess the flow behavior of raw and torrefied biomass powder using 

two characterization techniques representative of either a compacted or a free-surface stress state. 

Effects of particle properties, such as particle size and shape, on the bulk behavior of powders are also 

highlighted. This study is carried out as part of a work on Discrete Element Modeling of flow of biomass 

particles in a rotating drum conducted by the authors. Broad particle size distributions can significantly 

increase DEM simulations run time, so a first stage in this work consisted in reducing the polydispersity 

of milled powders by sieving a grinder outflow. At the same time, this makes possible to evaluate, both 

experimentally and numerically, the effects of two well-differentiated size distributions on the flow 

behavior of biomass powders. 

3.2. Materials and methods 

3.2.1. Biomass powder preparation 

Poplar (Populus euro-americana ‘Koster’) was chosen as a representative of lignocellulosic biomass since 

it is a promising energy crop, namely due to its fast growth in temperate climates. In addition, the 

development of poplar genotypes with improved yield, higher pest resistance, increased site adaptability 

and easy vegetative propagation has made poplar a commercially valuable energy crop [330,331]. The 

poplar tree selected for this study (25 years old, basic density of 311 ± 9 kg/m3, growth ring width of 14 

mm) came from a forest located in La Suippe valley in Auménancourt-le-Petit (France). The tree was 

chopped and cut in boards that were subsequently dried. Samples of 60x80x15 mm3 were cut from the 

boards. 

3.2.1.1. Torrefaction 

A batch torrefaction furnace specifically developed in the laboratory was used to thermally treat the 

samples [335]. The atmosphere of a hermetically sealed Memmert UFP400 chamber was controlled by 

sweeping a nitrogen stream (5 L min−1) to reduce the oxygen content and thus avoid oxidation and 

ignition. In all cases, the oxygen level measured at the gas outlet remained below 1.5 %. A powerful fan 

inside the chamber ensures efficient heat transfer, either to heat-up the sample or to limit thermal 

overheating due to exothermic reactions. The gas temperature was measured in the vicinity of the 

samples using a K-thermocouple. Two treatments were carried out at 240 °C and 280 °C for 1 hour with 

the following protocol: (i) heating from room temperature at a rate of 10 °C·min−1 up to 100 °C (ii) 

plateau at 100 °C for 12 hours to remove the residual bound water (iii) heating at a rate of 10 °C·min−1 

until the treatment temperature. (iv) plateau at the treatment temperature for 1 hour and (v) cooling due 

to thermal losses and an increased nitrogen flow into the reactor. Preliminary experiments [307] and 

simulations performed using a comprehensive computational code [336] were performed to ensure that 

the treatment duration together with the sample thickness guarantees the treatment to be quasi-uniform 

within the sample. 
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After treatment, samples were weighed to determine the mass loss (ML) due to heat treatment as 

follows: 

100(%) 
0

0 
−

=
m

mm
ML t

 
(53) 

where, m0 and mt are the oven-dried mass before and after torrefaction, respectively. Mass loss is 

known to be a good indicator of the treatment intensity and has been successfully correlated to several 

properties of the treated biomass such as energy properties [100], dimensional changes [93] and 

flowability [102]. Mass losses of 9.6 ± 0.8 % and 24.5 ± 3 % were obtained for the samples treated at 

240 °C and 280 °C, respectively.  

3.2.1.2. Grinding and sieving 

Raw and torrefied materials were ground using a Retsch SM300 cutting mill with a bottom sieve of 1 

mm trapezoid holes at the outlet. Powders obtained after grinding were sieved to obtain two well 

differentiated sieving cuts representative of coarse and fine particles. A vibratory sieve shaker Retsch AS 

200 at an amplitude of 60 % (1.8 mm) for 20 minutes was used along with sieves of opening 500 µm and 

710 µm for the coarse cut and 200 µm and 315 µm for the fine cut.  

3.2.2. Particle size and shape measurements 

A Sympatec-QICPIC [312] morphological particle size analyzer was used to obtain biomass particle 

size distribution (PSD) after sieving. The values of the descriptors of particle size and shape distributions 

are listed in Table 27. The minimum value of the Feret diameter over all orientations of the particle is 

used to characterize particles size (dp). The 50th centile of the cumulative volume distributions (dp50) is 

the mean size descriptor of each size distribution. PSD span was calculated from values of the 90th and 

10th centiles as: 

( ) ( )
90 10 90 10

/x p p p pS d d d d= − +  (54) 

Particle shape was characterized through two shape descriptors (i) the aspect ratio, a (0 ≤ a ≤1), 

which is defined as the ratio between the minimum and the maximum Feret diameters and (ii) the 

circularity ф (0 ≤ ф ≤ 1), defined as the ratio of the perimeter of the equivalent circle having the same 

area to the perimeter of the projected area of the particle. A perfect circular projection would give ф = 1 

and the smaller the value of ф, the more irregular or rough is the particleshape. Mean values of the aspect 

ratio and circularity (a50 and ф50, respectively) were obtained from the 50th centiles of the cumulative 

shape distributions, and the shape descriptors span is defined by: 

( ) ( )90 10 90 10/S    = − +  (55) 

where ψ90 and ψ10 correspond respectively to the 90th and 10th centiles of the ψ shape descriptor 

distribution, either aspect ratio or circularity. 
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Table 27. Powder size and shape descriptors.  

Sample 

ID 
Description 

Torrefaction 

temperature 

ML 

(%) 

Sieving 

cut (µm) 

x50 

(µm) 

x90 

(µm) 

x10 

(µm) 
Sx a50 Sa ф50 Sф 

1 Raw coarse Untreated 0 500-710 746 1092 519 0.36 0.38 0.49 0.63 0.28 

2 Raw fine Untreated 0 200-315 352 513 243 0.36 0.42 0.53 0.59 0.34 

3 ML=9.6 % coarse 240 °C 9.6 500-710 667 929 448 0.35 0.31 0.56 0.59 0.31 

4 ML=9.6 % fine 240 °C 9.6 200-315 320 440 224 0.33 0.33 0.58 0.57 0.35 

5 ML=24.5 % coarse 280 °C 24.5 500-710 526 862 303 0.48 0.41 0.50 0.69 0.23 

6 ML=24.5 % fine 280 °C 24.5 200-315 253 370 162 0.39 0.43 0.56 0.68 0.26 

 
Figure 68. Biomass size and shape characteristics: (a) Particles size distribution, (b) Aspect ratio a (series without marker) and circularity ф (series with circular 

marker) distributions, (c) Examples of particle shape for each sample. 

Regarding particle size, data reported in Table 27 and Figure 68a show that, even though a sieving 

stage reduces polydispersity of the grinder outflow and created two well distinguished populations for 

each torrefaction intensity, the same sieving cuts do not necessarily have the same characteristics. Raw 

and mildly torrefied samples had relatively similar particle size while the most intensively torrefied 

samples had smaller particles and broader distributions. The same trend was observed for both the coarse 

and the fine sieving cuts. This is a consequence of the much higher brittleness of the torrefied samples 

at ML = 24.5 % which could lead to particle breakage and fines generation during the sieving process. 

The fact that similar PSD were observed for raw and mildly torrefied samples seems to indicate the 

presence of an abrupt change of brittleness between ML = 9.6 % and ML = 24.5 %. 

Particle shape also depended on both the torrefaction intensity and the sieving cuts (Figure 68b, c). 

Small particles were less elongated (lower aspect ratio) but had a more irregular surface (lower circularity) 

than the coarse ones. Intensively torrefied powders had rounder and less elongated particles than raw 

and mildly torrefied samples. Samples torrefied at ML = 9.6 % had the most needle-shaped and rough 

particles. 
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All the powders were oven-dried at 103 °C for at least 24 hours before the flowability tests.  

3.2.3. Flowability tests 

3.2.3.1. Ring shear tester 

A RST-XS Schulze ring shear tester [143,345] was used to assess the flow properties of the biomass 

powders under consolidation. The ring shear tester is a widely-used device to measure flowability of 

powders, including unconfined yield strength (σc), the major principal stress of consolidation (σ1) and the 

flowability factor (FFC). The standard procedure leads to results with low variability [143]. A brief 

overview of the theory behind these tests and some specificities related to tests on biomass powders are 

presented in the appendix of this section. A set of three pre-consolidation stresses (σpre), considered as 

representative of the stress range for industrial applications, were tested: 2, 5 and 10 kPa [36]. Three 

shear points (σsh) at 25, 50 and 75 % of σpre for each pre-consolidation stress were used to determine the 

yield locus of each sample. The yield locus curves were regressed from experimental points by a linear 

regression.  

The unconfined yield strength governs the stress holding the material together on a free surface. It 

is the major principle stress that acts in a direction parallel to the free surface which supports the external 

forces tending to tear the surface apart [37]. The bigger its value, the higher the stress required to fail or 

fracture the granular material to initialize the flow. The unconfined yield strength indicates the tendency 

of a bulk solid to form a cohesive arch in a hopper and to form ratholes in process equipment [12]. The 

ratio FFC (flow function coefficient) of consolidation stress to unconfined stress (FFC = σ1/σc) is used 

to quantify the flowability. In general, the larger FFC, the better the bulk solid flows. All properties 

obtained from the Schulze ring shear tester are usually reported as a function of the major principal 

stress of consolidation (σ1). 

2.3.2. Dynamic free-surface conditioning: rotating drum experiments 

 

Rotating drums testers are considered one of the most practical geometry to study the flow of 

granular materials. Compared to powder rheometers based on shear measurements, the only stress 

applied on powder samples in a rotating system is induced by gravity acting on their own mass. The 

results of avalanching measurements better represent real stress conditions of powders flowing in a pipe 

or handled by a conveying screw, for example. 

An in-house experimental device was developed to characterize the dynamics of avalanches of the 

biomass samples. The core piece is a stainless-steel cylinder (10 cm inner diameter, 2 cm width) clamped 

inside a roller bearing as show in the Figure 69a. This design ensures a regular and smooth rotation, 

without vibrations and permits the uniform lighting required to grab high quality images. Two 

transparent conductive ITO (Indium-Tin oxide)-coated glass discs are used to enhance drainage of static 

electricity. The drive mechanism, built between a motor and the cylinder housing, consists of two pulleys 

connected by a toothed belt. This configuration ensures a steady and stable rotational speed that can 

range between 0.01 rpm and 73 rpm for the chosen pulley-belt set.  

Images acquisition was made using a Photron FASTCAM high-speed camera at a framerate of 50 fps 

during 355 s with a resolution of 896×720. An image post-processing was performed to obtain the 

powder surface profile over time. To automatically process the large set of images of each test (typically 

ca. 18 000 images per test), the whole procedure was implemented using the Image Processing 

ToolboxTM of MATLAB platform. Details on the setup, definition of the best criteria for assessing 
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flowability and preliminary tests on non-cohesive and cohesive materials can be found in [358]. A volume 

of 63 cm3 of oven-dried powder was charged in the drum, corresponding to a filling ratio of 40 %. All 

tests were performed at ambient humidity between 46 % and 55 %. A rotational speed of 0.5 rpm was 

selected as it was a good trade-off between (i) having enough number of events to represent data in the 

form of statistic distributions and (ii) being able to identify each event accurately and to avoid overlapping 

of particles tumbling and bulk rotation at the same rates (which typically occurs at high rotational speeds). 

This drum speed was therefore sufficiently slow to allow individual avalanches to occur independently 

from one another. 

When using rotating drum systems to characterize powder flow, a commonly used bulk motion 

indicator is the angle of the air/powder interface with the horizontal [135,177,351,353]. This indicator is 

successful for describing motion of non-cohesive materials since a smooth and linear surface is 

developed at low rotational speeds. On the contrary, due to the marked irregularity of the interface 

profile for cohesive powders, a ‘centroid angle’ (α) was used in this work. This angle is defined as the 

angle between the center of gravity of the powder and the center of the drum (Figure 69b). Using α as 

motion indicator makes it possible to accurately detect the avalanching movements, characterized by a 

rapid drop in the value of α [358]. From the temporal evolution of α several flow parameters could be 

estimated using a peak identification algorithm to find local maximum and minimum values of α. 

The angle α varied between a maximum and a minimum value during an event. The maximum angle 

before an event is called Upper Angle of Stability (UAS) and the value of α after the event corresponds 

to the Lower Angle of Stability (LAS). UAS is an indicator of the inter-particle frictional forces that 

particles have to overcome to slide across over each other or to break away from the main body to create 

an avalanche. Angles of stability are homologous to AoR (angle-of-repose) in a static measurement, so 

higher UAS values and wider UAS distributions generally correspond to a decreased flowability.  

The percentage of revolution needed to trigger events (f) was also determined. It is calculated as: 

100%
60

T
f


=  (56) 

where T is the time (s) needed to trigger events and ω is the rotational speed (rpm). 

 A greater value of f generally indicates a bigger powder cohesion since the events are less frequent. 

Powder having small values of f distributions should flow freely and require lower energy to trigger flow. 

Powders exhibiting sharp and narrow f distributions normally are easy-flowing, and they will be 

preferable to work with than those displaying a plateau and broader distributions [347].  

The duration of events (Δt) was evaluated from the time elapsed between UAS and LAS states. 

Duration of events is a good indicator of the type of phenomena taking place during avalanches and was 

used by Li et al. [346] for studying granular avalanches of glass beads in slumping regime (0.01 rpm 

<ω<0.08 rpm) in a quasi-2D packed drum. 

The mere use of flow descriptors such as UAS or f could lead to similar conclusions in terms of flow 

behavior for samples having very different surface profiles. Consequently, in order to derive an accurate 

conclusion of the ease of flow, the visual inspection of the type of motion in the powder bed is also 

important [179]. In this work, the coefficient of determination r2 of the linear regression of the powder 

profile was used as a criterion to quantify of the irregularity of the interface. Powders which flow well 

generally pack well, thus forming a surface which is smoother. The coefficient r2 is therefore close to 1. 

Cohesive powders, instead, will tend to form agglomerates when tumbling so their surfaces are expected 

to be rougher and more irregular, leading to values of r2 lower than 1. 
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Figure 69. Rotating drum system. (a). Experimental setup: 1: rotating cylinder, 2: high-speed camera, 3: motor, 4: lighting panel, 5. drive system, (b). detail on the 

cylinder (c) Centroid angle (α) definition. 

3.3. Results and discussion 

3.3.1. Ring shear tests 

The yield loci obtained for all the samples at σpre = 5 kPa are represented in Figure 70a-b for the 

coarse and fine sieving cuts, respectively. Overall, the yield loci of the fine samples are higher than those 

of the coarse powders i.e. the stress required to failure is greater. In addition, for both size populations, 

effects of the torrefaction intensity are also observed as the higher yield loci corresponds to the most 

intense thermal treatments.  

Applying Mohr stress analysis to the yield locus plots, the values of the unconfined yield strength 

(σc) and the major principal stress of consolidation (σ1) were obtained. From these values, the flow 

functions presented in Figure 71a-b were drawn.  

 
Figure 70. Yield loci at σpre= 5 kPa for (a) Coarse sieving cut and (b) Fine sieving cut.  

The flow function diagram represents the strength of the material at the free surface and reveal the 

tendency of a granular material to form a cohesive arch inside a hopper. Flow functions are not 

necessarily linear, so instead of drawing linear regressions, the 3 points corresponding to the 3 preshear 

stresses studied were connected with smoothed curves to ease the visualization in Figure 71a-b.  
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Figure 71. (a) (b). Flow functions and (c) flowability factor FFC for the biomass sieving cuts. 

Although the flow functions are all located in the ‘easy-flowing’ region according to the Jenike 

classification [138], the raw coarse powder was almost ‘free-flowing’ and the fine torrefied samples were 

nearly in the ‘cohesive’ region. Some trends could therefore be identified. First, for the same torrefaction 

intensity, the flow functions for finer materials were always higher than those of the coarse cuts, which 

means that fine sieving cuts had higher cohesive strength. Second, the flow functions for the torrefied 

powders were located at higher values than for raw samples. In the case of the coarse sieving cut, the 

cohesiveness was greatest for the sample 5 (ML = 24.5 %) while in the case of fine samples, although 

both functions for the treated powders were very close, the sample 4 (ML = 9.6 %) was slightly more 

cohesive.  

The curves of Figure 71a-b intersect and overlap within the range of stresses studied. In addition, 

since the drawn flow functions are based on a limited number of preshear stresses, it might not be 

appropriate to draw general conclusions or to rank flowability exclusively on the basis of flow functions 

diagrams. An analysis of the flowability factor FFC (Figure 71c) may be more relevant.  

Indeed, the trends described above were found to be partially stress-dependent. For the same 

torrefaction intensity and preshear stress, fine powders had always a lower flowability. For coarse 

samples, at σpre of 2 kPa, flowability increased with increasing torrefaction intensity. At σpre of 5 kPa and 

10 kPa this trend was reversed so raw samples flowed better. This suggests that in the case of the coarse 

samples, torrefaction would improve flowability only at small stresses. High stresses should be avoided 

when storing or discharging torrefied materials. For the fine sieving cuts, the raw powder flowed better 

for all consolidation stresses and there was always a minimum of flowability for the mildly torrefied 

sample 4. 

Interestingly, results of FFC revealed a decrease in flowability with increase in consolidation for the 

torrefied powders, regardless of the sieving cut. This decrease was greater for coarse samples. For most 

common materials, flow functions always show a decreasing slope as the consolidation stress increases, 

so that the flowability increases with the extent of consolidation (as is the case for sample 2) [337]. The 

particular behavior of torrefied biomass powders was observed by Schulze [141] for hemp hurds, and it 

is mainly caused by the flexible nature of the plate-shaped particles. At high consolidation stresses, 

particles might change their orientation and adjust their shape as they ‘snuggle’ together. This leads to 

plastic deformations of the total bulk solid and more intensive overlap of the particles, an increase of 

the transferable friction force and therefore a higher yield strength. The rearrangement of particles to 

form a failure plan is facilitated by small particles dimensions, which may explain the smaller variation 

of FFC when increasing consolidation for the finer sieving cuts (samples 4 and 6).  
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Overall, the fine sieving cut of mildly torrefied powder (sample 4) had the lower flowability. This 

material will be more susceptible to problems such as bridging, agglomeration and blockage in 

compacted feeding systems. These results may seem in contrast with previous findings by Pachón-

Morales, et al. [102,359] who stated that torrefied powders led to better flowability than raw powders. 

Since the samples used in this work have been sieved in order to obtain two populations of distinct sizes, 

the results are not fully comparable to those of previous works. Polydispersity therefore also seems to 

play a role and should be considered to precisely conclude on the influence of powders properties on 

flow behavior. Considerations on the effects of particle size, shape and polydispersity are made in section 

3.3.3. 

3.3.2. Dynamic free-surface conditioning: Rotating drum tests 

3.3.2.1. Categorization of events 

Figure 72 compares a typical sequence of the centroid angle for a non-cohesive reference material 

such as glass beads (diameter = 1 mm) and two examples of biomass powders (samples 1 and 5). Overall, 

very different flow dynamics were observed when cohesive and non-cohesive materials were studied in 

a rotating drum. For the non-cohesive glass beads at a speed of 0.5 rpm, a continuous flow regime was 

almost fully developed, so that the particles rolled uniformly over a layer of particles on the surface and 

only very small variations of the angle occurred [358]. On the other hand, for the cohesive biomass 

powders, there was a succession of: (i) ‘large’ quasi-periodic events with angles differences of up to 20°, 

(ii) random events with variations in α from less than one to a few degrees (‘small’ events). Small events 

were especially visible for the raw powder. 

 
Figure 72. Typical evolution of the centroid angle for two examples of biomass powders and non-cohesive glass beads. Note that values of the sample 

5 are on the right y-axis. 

An analysis of the event categories that take place during powder rotation is important for assessing 

flowability descriptors. Indeed, two distinct event categories were detected by visual observation of the 

avalanches during rotation. These events are illustrated by the image sequence of the sample 1 (raw 

coarse) and the sample 5 (ML = 24.5 % coarse) shown in Figure 73. In the case of the sample 1, during 

a large event, particles formed relatively stable clumps that slumped and collapsed together over the 

powder surface forming a very rough and irregular profile at the end of the event (Figure 73c). The 

curved irregularities over the surface act then as trigger points for the forthcoming collapses which will 

occur in a rather local region. These small events correspond more to a material failure or break than to 
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a uniform shear sliding and are short in time and angle variation. In Figure 72, these events can be 

identified by a succession of small ‘precursor’ avalanches separated by short time intervals before a large 

avalanche. These small precursors contribute to gradually smoothen the surface. For the smooth surface, 

most of its grains meet simultaneously the condition of critical equilibrium and thus a large avalanche 

usually closes the cycle. 

For the sample 5, although slumping was also observed, during small events particles tended to 

uniformly slide over the entire length of the profile (Figure 73g), resulting in very smooth profiles after 

events (Figure 73h). During larger events, particles moved due to the shear failure within the sample and 

slid over the entire profile. Large events were thus predominant, as can be seen in the plot for the sample 

5 in Figure 72. 

The assessment of flowability descriptors should take into account the categories of events described 

above. If the UAS criterion is used, for example, the analysis should be based on the maximum angles 

of stability that trigger large events since they correspond to the critical equilibrium state of the whole 

bulk material. On the contrary, when using time-based indicators such as the period between events, 

considering both the precursor and the large events could give a better idea of the powder dynamics. Of 

course, both types of events may occur simultaneously during an avalanche which makes their 

identification challenging. 

 
Figure 73. Flow inside the rotating drum for two biomass samples. 

The duration of the events is used in this work as an indicator of their category and represented as 

frequency distributions in the Figure 74. Indeed, fast events are likely to correspond to clumps breaks 

from irregular profiles, while large sliding events occur generally over a longer period of time. Two well 

differentiated peaks show the occurrence of small and large events. The third peak especially noticeable 

for sample 5 at durations around 0.94 s corresponds to some exceptional sequences of large events. 

For the coarse samples, the slumping events with durations of ca. 0.3 s are predominant for the raw 

and the mildly treated samples (samples 1 and 3), while the shear sliding events observed at durations 

around 0.65 s prevail for the intensively torrefied powder (sample 5). These results corroborate the 

observations shown in Figure 72. In the case of the fine powders, even though the small slumping events 

are dominant over the large sliding events for all the samples, the raw fine samples presented slumping 

events more frequently, followed by the mildly treated and finally by the intensively torrefied sample. 

Quantitatively, a flowability indicator ξ can be defined by: 

Before event

Sample 1 (raw coarse)

Sample 5 (ML = 24.5 %, coarse)
During event After event

Before event 1 During event 1 After event 1
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Number of 'long' shear events

Number of 'short' clumping events
 =  (57) 

The lower the value of ξ, the more the powders tend to form stable clumps of particles that break 

on the free surface of the bulk material and give irregular profiles typical of cohesive powders. The values 

of the ξ indicator for the six biomass samples are listed in Table 28. The sample 5 stands out by its high 

tendency to have sliding homogeneous events, while the sample 4 is the most likely to form cohesive 

clusters of particles. 

Table 28. Values of the flowability descriptors from a rotating drum setup biomass powders. Span values are indicated in round brackets, 

flowability ranking is reported in square brackets.  

Sample ξ UAS50 (SUAS) (deg) f50 (Sf) (%) r2
50 (Sr2) 

1. Raw coarse 1.012 [II] 146.3 (2.8) [II] 5.45 (0.68) [II] 0.966 (0.030) [II] 

2. Raw fine 0.712 [V] 149.1 (2.8) [IV] 6.08 (0.74) [V] 0.944 (0.046) [V] 

3. ML = 9.6 % coarse 0.967 [IV] 148.2 (3.3) [III] 5.72 (0.66) [III] 0.956 (0.040) [III] 

4. ML = 9.6 % fine 0.571 [VI] 153.3 (3.0) [VI] 6.83 (0.73) [VI] 0.929 (0.051) [VI] 

5. ML = 24.5 % coarse 3.288 [I] 146.2 (3.2) [I] 5.79 (0.77) [IV] 0.991(0.014) [I] 

6. ML = 24.5 % fine 0.994 [III] 151.1 (2.5) [V] 4.62 (0.74) [I] 0.947 (0.030) [IV] 

 

 
Figure 74. Events duration for coarse (a) and fine (b) biomass powders. 

3.3.2.2. UAS distributions 

The distributions shown in Figure 75 were calculated using the values of UAS corresponding to the 

large events. While non-cohesive materials would exhibit unimodal and steep cumulative distributions, 

an increase in cohesiveness is usually accompanied by a shift of the UAS distribution to the right. The 

UAS distributions for the fine sieving cuts are systematically located at higher values than for the coarse 

sieving cuts, indicating a better flowability for biomass powders made of coarse particles. Mildly torrefied 

samples have the most right-handed distributions, followed by the intensively torrefied powders and the 

raw samples that have the best flow behavior in terms of UAS.  
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Figure 75. UAS distributions for both sieving fractions of raw, mildly and intensively torrefied samples. 

The avalanching behavior of cohesive powders, and particularly the Upper Angle of Stability is highly 

correlated with the uniformity of flow in screw feeders [217]. Materials have to build up at the end of 

the screw until collapsing, so fine mildly torrefied powders are likely to have highly variating flow rates, 

whereas the flow would be more even for coarse materials. Values of the 50th centile (UAS50) and span 

(SUAS, eq. 52) of the UAS distributions are reported in Table 28.  

3.3.2.3. f distributions 

The time between events (or period of avalanche) is generally used as a criterion of flowability and 

is commonly reported without consideration of the type of the events occurring inside the drum 

[179,185–187,190,196,354]. Like the period of avalanche, the fraction of revolution required to trigger 

events (f) is an indicator of particles flow dynamics, likely to detect changes in flow regimes when the 

rotation speed changes. Periods of avalanche are thus normalized by considering the effects of the 

rotational speed (Eq. 56). Figure 76 compares the fraction of revolution required to trigger events for 

the six samples when all the events are taken into account (Figure 76a) and when only the ‘large’ events 

are considered (Figure 76b). Overall, according to Figure Figure 76a, sample 5 required a higher fraction 

of revolution to trigger events, i.e. events tend to occur less frequently than for the other powders 

studied, while events for sample 1 were triggered more often. These results alone would lead to the 

conclusion that the powder 5 has the lowest flowability. However, it is crucial to consider the categories 

of events described above. Indeed, even if the frequency of events is lower for sample 5, the avalanches 

correspond rather to large sliding events than to clump breakings, which is an indicator of a better flow 

behavior. Therefore, although the frequency of events or the time elapsed between events is generally 

considered a good indicator of flowability in rotating drum setups, the findings presented here highlight 

the importance of considering the visual observation of the type of motion to derive an accurate 

conclusion of the ease of flow. Similar conclusions were drawn by Lee et al. [179]. Figure 76b shows the 

fraction of revolution to trigger events when only large events are considered. Distributions are thus 

closer and may overlap and intersect in some regions, indicating that a similar dynamic was obtained for 

the samples and making it more difficult to visually establish a ranking or flowability trend. Values of the 

50th centile (f50) of the distributions presented in Figure 76b are reported in Table 28. The fine powders 

had in average greater f50 values for the raw and mildly torrefied samples indicating a more cohesive 
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behavior. In the case of the highly torrefied samples, f50 values indicate that events were more frequently 

triggered for the fine sieve cut powders. 

 
Figure 76. Distributions of the fraction of revolution required to trigger events. (a) all the events. (b) only large events. 

3.3.2.4. Irregularity of powder bed profile r2 

Figure 77a shows an example of the temporal evolution of the coefficient of determination r2 for the 

sample 4 and 5 which exhibit radically different behaviors. In the case of the sample 5, due to the 

predominant sliding events, the powder surface was always relatively smooth, so the r2 values are closer 

to 1 than in the case of the sample 4. The Figure 77b compares the cumulative distributions of r2 for the 

six samples. Coarse samples had always more regular and smooth powder profiles, while fine powders 

had irregular and rough ones, characteristic of cohesive behavior. According to the r2 indicator, the 

sample 5 has the least cohesive behavior and the lowest tendency to form clumps of particles while the 

sample 4 is likely to form clusters of particles that cause irregular flow. Values of the average r2 and the 

span of the distributions are reported in Table 28. 

 
Figure 77. Coefficient of determination r2. a. Evolution over time for two examples of powders. b. Cumulative distributions. 
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A flowability ranking for the six powders was established according to the different criteria obtained 

from avalanching behavior analysis. This ranking is indicated in square brackets for each parameter in 

Table 28. Overall, the fine mildly torrefied powders (sample 4) exhibited the worst flow behavior, with 

a greater tendency to form clumps of particles, greater stability angles, greater f values and the most 

irregular powder profiles. In contrast, the intensively torrefied coarse sample (sample 5) had the best 

flowability according to three of the four descriptors used.  

It is interesting to compare the flowability ranking that can be established from results at low 

consolidation stress (2 kPa) from shear tests and the one obtained from avalanching behavior using, for 

example, r2 as indicator. From shear tests, from best to worst flow behavior: sample 5, 3, 1, 6, 2, 4. From 

rotating drum tests: sample 5, 1, 3, 6, 2, 4. Low stress and free-surface conditions led to similar rankings 

of flowability. Nevertheless, given the valuable insight on dynamic flow behavior that avalanching tests 

provided above, both static and dynamic characterization techniques should be employed to completely 

understand the flow properties of biomass powder and predict its behavior under different process 

conditions [353].  

3.3.3. Discussion on the effects of particle characteristics 

Experimental results shown above revealed a clearly distinct flow behavior between the samples. 

These differences are likely to be the result of the combined effect of the particle properties and the state 

of consolidation during flow. Particle properties are determined by the intensity of the torrefaction 

treatment but also by the sieving stage. The particle mean size and shape as well as the span of the PSD 

are considered to be the main particle characteristics affecting the flow properties. In view of the results 

presented above, several observations can be made: 

• Fine materials were always found to have a greater cohesiveness, both in a consolidated and in 

a loose packing condition. Therefore, flowability seems to be inversely correlated to the particle 

size of the samples. Indeed, fine particles have a larger specific surface area for the van der Waals 

forces of attraction to become dominant, thus decreasing the flowability of the powder samples 

[324]. 

• Mildly torrefied samples (number 3 and 4) had an especially low flowability. These samples were 

also among the samples with the lowest circularity and aspect ratio (Table 27). As pointed out 

in previous research [102], particle shape is likely to significantly affect flow properties of raw 

and torrefied biomass powders. Samples with irregular shapes are thus expected to have greater 

cohesiveness, which means lower flowability factors, higher angles of stability and more irregular 

powder profiles after avalanches. More elongated and less rounded particles shapes are therefore 

likely to partially explain the poor flow behavior of the mildly torrefied samples. 

• The span of the PSD is susceptible to play an important role on powder behavior. An attempt 

was made to limit its effect in this work due to the sieving stage, but the intensively torrefied 

samples still had relatively broad particle size distributions.  

Based on these observations, the power laws of Eqs. (58) to (60) were developed to correlate particle 

characteristics (mean particle size, span of the size distribution and mean aspect ratio) with the average 

values of three flowability criteria: FFC, UAS50 and 2

50r . Using Microsoft Excel Solver functionality, the 

four parameters of each flowability descriptor i (mi, ai, bi, ci) were fitted by considering the set of 

experimental data. Their values are listed in Table 29.  

( )
1

10 50 50
FFC FFC FFCa b c

kPa FFC xFFC m x S a
−

=  (58) 
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( )
1

50 50 50

−

= UAS UAS UASa b c

UAS xUAS m x S a  (59) 

2 2 2

2

2

50 50 50= r r r
a b c

xr
r m x S a  (60) 

 

Figure 78 shows that Eqs. (58) to (60) correctly described the relationships between powder 

characteristics and the flowability descriptors.  

In Eq. (58) values of FFC at σpre = 10 kPa were chosen as representative of a highly consolidated 

state. Eq. (58) indicates that the flowability, as measured by the ring shear tester, is directly related to the 

mean particle size and aspect ratio, an inversely related to the PSD span. This is in agreement with the 

physical observations made above. As for the PSD span, Zulfiqar et al. [212] in their study on flow 

properties of biomass and coal blends established that the flow of a polydispersed bulk solids primarily 

depends on the strength of the fines fraction. Therefore, among powder samples having similar mean 

size, the one having large PSD range is likely to have stronger particle to particle cohesion, i.e. lower 

FFC [141]. This could explain the relatively low FFC obtained for sample 5 and 6 at high consolidation 

despite their rounder and less elongated shape. This is in good agreement with earlier findings on other 

powdered materials [201,338]. 

 
Figure 78. Experimental and calculated values of three flowability descriptors. The dotted line corresponds to the diagonal x = y. 

 
Table 29. Parameters of the power law relationships (Eqs. (58) to (60)) for three flowability descriptors. 

i mi ai bi ci 

FFC 0.10 0.72 1.55 1.99 

UAS50 174.96 0.04 0.03 0.07 
2

50r  0.91 0.03 0.12 0.02 

 

Regarding the flowability descriptors obtained from avalanche assessment, Eq. (59) and (60) indicate 

that fine, rough and needle-shaped particles, as well as powders with narrow PSD would lead to a more 

cohesive behavior. Interestingly, increasing the powder polydispersity seems to improve flow properties 

in a non-consolidated free-surface regime. The relatively good flow behavior of the intensively torrefied 

samples (sample 5 and 6) could therefore be the combined result of the more rounded particle shape, as 

well as of the higher PSD span. In a free-surface dynamic flow, fine particles in a polydispersed 

population might act to some extent as flow agents that will reduce the tendency of large particles to 

entangle and interlock. 

Although the relationships of Eqs. (58) to (60) are well consistent with the experimental data, caution 

should be exercised with respect to the influence of other particles properties or process conditions not 

assessed here. Indeed, besides size and shape modifications, torrefaction is likely to alter the surface 
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properties of biomass powders as well. The hydrophobic nature of torrefied samples could affect flow 

properties trough the electrostatic forces in two ways. Firstly, as the presence of bound water lowers the 

electrical resistivity, raw samples (which tend to capture moisture more easily) will tend to drain 

electrostatic charges better. Secondly, as indicated in previous research [169], the electro- static properties 

of the particles are directly related to the surface functional group chemistry: hydrophobic groups 

accumulate greater quantities of charge than hydrophilic groups. All of this would mean that, all other 

parameters being the same, torrefied samples are more likely to present flow problems linked to charge 

build-up. Flow problems induced by accumulation of electrostatic charges are mainly to be expected in 

free surface flows or when the powder is in contact with non-conductive surfaces. Although a particular 

care was taken in the design of the rotating drum setup to limit the effect of electrostatic charges, a lower 

electrical drainage for torrefied powders might also be the reason for the reduced flowability of samples 

3 and 4 (besides their more elongated and rough shape). For the highly torrefied samples, the positive 

effect on flowability of both a large PSD span and a more rounded shape might surpass the negative 

effect of the charge build-up. 

3.4. Conclusion 

This paper investigates the flow behavior of raw and torrefied biomass powders using a ring shear 

tester and a rotating drum setup, corresponding respectively to either a flow under consolidation or a 

free-surface dynamic flow. Six samples were studied: two sieving cuts (200 to 315 µm and 500 to 700 

µm) for 3 torrefaction intensities (mass loss ML = 0 %, ML = 9.6 % and ML = 24.5 %). 

Fine materials had always a greater cohesiveness, either in ring shear tests or in a rotating drum setup. 

If the material is to be handle or stored at higher consolidation stresses, results from shear tests suggested 

that raw coarse powders are less likely to present flow problems. However, FFC results were found to 

be stress-dependent, and at low stresses intensively torrefied coarse powders flowed better. 

The analysis of avalanche behavior allowed the identification of two main categories of motion. The 

most cohesive powders had a greater tendency to form clumps of particles that flowed badly, while shear 

sliding events were characteristic of good flow behavior. Four flowability criteria were determined (ξ, 

UAS, f and r2) and made it possible to rank the six samples. Overall, fine mildly torrefied powders (sample 

4) exhibited the worst flow behavior and the intensively torrefied coarse sample (sample 5) had the best 

flowability. 

This work provided relationships between several flowability indicators under the two regimes of 

flow and particle characteristics such as shape, mean size and the PSD span. The power laws given fitted 

well the experimental data and corresponded to the expected physical behavior and observations of 

previous research. These results highlighted the multivariate and highly interdependent effects that 

should be considered when assessing flowability of biomass materials.  
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Appendix A. Flow properties measurements using shear testers 

The theory involved in the use of shear testing to evaluate the flow properties of powdered materials 

has been described in detail in [141], but will be briefly summarized here for better understanding of the 

subject.  

According to the standard procedure, once the shear cell with the powder sample has been prepared, 

the maximum normal preshear stress, σpre, is applied on the cell lid. The preshearing step is carried out 

up to the attainment of a steady state value of shear stress in which the frictional forces between particles 

are maximum with respect to the applied normal load. At this point the powder attains a well-defined 

and reproducible state of consolidation corresponding to the top point shown in Figure 22. This steady 

state often occurs when the sample volume and thus its bulk density, 
b
, reaches a steady state value at 

the end of compaction [141]. After the preshearing, the direction of shear is reversed, i. e. the shear stress 

is reduced to zero. Then, the normal stress is reduced to a value σsh,1 < σpre and the sample is sheared until 

a peak value of shear stress, τsh is reached (incipient flow or failure) [10]. The sequence of two steps is 

repeated with the same σpre and increasing σsh. Finally, a verification point at σsh,1 is made. The (σ, τ) couples 

obtained at failure are drawn to represent the yield locus corresponding to the consolidation applied. 

 
Figure 79. Shear stress testing for sample 1 at σpre = 2 kPa. a. Evolution of the shear stress over time. b. Yield locus construction and Mohr circles 

defining unconfined yield strength (σc) and consolidation stress (σ1). 

As represented in Figure 22, the Mohr circle drawn through the steady state point and tangent to the 

yield locus locates the major principal stress σ1, corresponding to the consolidation applied. The 

unconfined yield strength (σc) is given by the major principal stress passing through the origin and tangent 

to the yield locus. In Figure 22, the dashed line passing the origin and tangent to the larger Mohr circle 

is the effective yield locus. Its angle of inclination with respect to the σ-axis is the effective angle of 

internal friction φe. Yield locus for a non-cohesive granular material passes through the origin, so 

cohesion, C, corresponds to the value of the shear stress where the yield locus intersects with the τ axis, 

i.e., at the normal stress σ = 0. For a full investigation of the flow properties of a bulk solid, plots such 

as Figure 22 should be prepared for a range of initial consolidation loads, resulting in a series of yield 

loci [146]. Flow function (σc vs. σ1) can thus be drawn. 

Appendix B. Considerations on shear testing of biomass powders 

To produce accurate and reproducible yield loci using an annular shear tester, the material should 

reach a steady-state flow defined as plastic deformation of the bulk solid at constant shear stress and 
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bulk density. Fibrous, flaky materials such as biomass powders may not achieve a steady state flow during 

preshear. The material may also relax when the stress is relieved before the shear stage. This can be seen 

in Figure 80a as an increase in the lid displacement (equivalent to an increase of the bed height and 

decrease of the bulk density), as the shear stress is removed between the preshear and the shear stages. 

As a result, the material is not over-consolidated while it is sheared to failure which results in a lower 

yield locus and underestimation of the unconfined yield strength. Instead of a sharp maximum of τ when 

shearing, the curve reaches a plateau and looks like another preshear at lower consolidation stress. Miccio 

et al. [202] stated that the absence of peak values for the shear stress might also be due to a slight 

expansion of the biomass sample at the end of preshear (slight decrease of the lid displacement). 

However, in this study, this expansion was also present for samples that exhibited τ peaks at shear (Figure 

80b). This observations are in agreement with previous research by Miccio, Falk and Barletta et al.  

[202,208,217] who highlighted the particular behavior during shear tests of biomass powders with respect 

to conventional elasto-plastic solids. 

This behavior was rather observed for the tests at low σpre (i. e. 2 kPa) for the coarse sieving cuts like 

sample 1 shown in Figure 80a. Yield loci were therefore calculated taking steady-state values for shear 

stress during the shear stages when peak values were not detectable. Despite the above-mentioned 

peculiarities, (σ, τ) points show good repeatability and the corresponding yield loci can be linearized. Fine 

samples showed shear stress curves similar to those of common granular materials. An example is shown 

in Figure 80b (sample 6) where τ peak values during the shear stage can be clearly seen. 

 
Figure 80. (a) Shear stress and lid displacement during shear test of Sample 1 at σpre = 2 kPa. (b) Shear stress evolution of Sample 6 at σpre = 

5 kPa (note the presence of peak values when shearing to failure). 
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1. Preamble 
 

In addition to experimental approaches, simulations can provide valuable insight into the flow 

behavior of granular materials and, in particular, can be used to predict the performances of handling 

and transport facilities. The Discrete Element Method has recently attracted considerable interest for 

simulation of bulk solids, compared to traditionally-used continuum approaches which, as their name 

suggests, require often unrealistic assumption of a continuum system. In order to benefit from the 

interest and potential of DEM simulations, we opted to implement this method, which is still however 

under-development, to model the flow of biomass particles. 

A first step towards a realistic modeling of milled biomass is to establish a particulate model that 

approximates the main characteristics of the biomass grains. Since simplifying approaches are required 

to produce a computer-efficient representation of particles, adjusting the contact force parameters by 

comparison with experiments is essential. This adjustment, commonly referred to as ‘DEM calibration’, 

can be done by trial and error tests, but this becomes unviable when several parameters are calibrated 

over a wide range of values. We therefore aimed at using an automated calibration procedure. Although 

several automated calibration frameworks have been investigated in the literature, few have dealt with 

materials with the characteristics of biomass powders, that is, elongated, submillimetric and cohesive. In 

the first article presented in this chapter (section 2), we present the application of an automatic calibration 

framework which uses a genetic algorithm of optimization to obtain a population of optimal DEM 

parameters (friction and cohesion coefficients) that match experimental bulk responses. This is carried 

out for the two sieving cuts of raw samples characterized in Chapter IV. This article has recently been 

published in Advanced Powder Technology journal [360]. 

We develop a DEM material model for biomass powders by using a coarse-grained multisphere 

representation of shape and size distributions of particles along with a Hertz-Mindlin-EPDS2-SJKR 

cohesive force model. The application of a calibration procedure that uses a NSGA-II optimization 

algorithm is successful in determining the coefficients of sliding friction, rolling friction and a cohesive 

energy density term for two biomass powder populations: a coarse sieving cut between 500 µm and 710 

µm, and a fine cut between 200 and 315 µm. The results in the Section 2 of this chapter show that the 

calibrated contact-law parameters fit the physical responses accurately, and a validation using a ring shear 

tester gives promising results.  

The same calibration procedure is repeated for the other four samples (two sieving cuts of two 

different torrefaction intensities) and the results are compared in the following part (section 3) of this 

chapter. Since the bulk measurements required for calibration can also provide knowledge on the flow 

behavior of the samples, comparative comments on the values of these bulk responses for the six 

samples are also given and related to the particle characteristics. This section is composed of unpublished 

results. 

In the last part (section 4), we evaluate the capability of DEM simulations to capture the flow 

behavior of biomass powders in a non-consolidated dynamic condition, i.e. in a rotating drum. For this 

purpose, we used the calibrated particle models developed using the bulk setups described in section 2 

as they are relatively simple to implement within a calibration framework (compared to the time-

consuming simulations of a rotating drum setup). Due to computational time limitations, this assessment 

is restricted to the coarse sieving cuts of the samples studied in Chapter IV. We transpose the flowability 
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characterization framework set in Chapter IV for cohesive materials in rotating drums to simulations 

using similar image processing and data analysis strategies. The DEM simulation outputs are compared 

to the experimental results presented in Chapter IV and used to establish qualitative flowability rankings. 

These investigations are the subject of a recently submitted article to Advanced Powder Technology journal. 

Overall, the DEM results reproduced well the experimental behavior and distinguished between the 

different cohesive extent of the samples. Similar distributions of several flowability indicators (Upper 

Angle of Stability, fraction of revolution to trigger events and size of avalanches) are thus obtained from 

DEM simulations and experimental results.  Realistic results are thus obtained with upscaled simplified 

representations of particle shape that are efficient in terms of computing time. The simulation outcome 

shows that DEM is a relevant technique to assess flowability of biomass powders in a non-consolidated 

dynamic flow. This paves the way for the study of the effects of particle characteristics on bulk flow, 

which are briefly discussed. 
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Abstract 

Biomass feeding problems greatly hinder the industrialization of entrained-flow gasification systems 

for production of 2nd generation biofuels. Appropriate DEM modeling could allow engineers to design 

solutions that overcome these flow problems. This work shows the application of a DEM calibration 

framework to produce a realistic, calibrated and efficient material model for lignocellulosic biomass. A 

coarse (500-710 µm) and a fine (200-315 µm) sieving cuts of milled poplar were used in this study. The 

elongated shape and the cohesive behavior were respectively simulated using a coarse-grained 

multisphere approach and a cohesive SJKR contact model. Measurements of three physical responses 

(angle-of-repose, bulk density, a retainment ratio) allowed calibration of the sliding (µs) and rolling 

friction (µr) coefficients and the cohesion energy density (CED). Using a statistical analysis, the most 

influential calibration parameters for each bulk response were identified. A Non-Dominated Sorting 

Genetic Algorithm was used to solve the calibration multi-objective optimization problem. Several sets 

of optimal solutions reproduced accurately the three physical responses and the experimental shear 

responses were closely reproduced by simulations for the population of coarse particles. The DEM 

calibration framework studied here aims to produce material models useful for assessing flow behavior 

and equipment interaction for biomass particles.  

Keywords: Woody biomass powder, Discrete Element Method, Parameter calibration, Multi-

objective optimization, Cohesion 

2.1. Introduction 

Entrained-flow biomass gasification appears one of the most suitable technology for production of 

second-generation biodiesel, mainly because of its great flexibility for treating a variety of biomass 

feedstock and because it generates the purest syngas [131,361]. This process requires lignocellulosic 

biomass to be fed in sub-millimetric powder form. However, a major technical obstacle for a cost-

effective industrialization of this technology is related to the feeding, handling and transport of biomass 

particles. Unsteady flow and equipment blockages are linked to the fibrous and cohesive characteristics 

of biomass powders, as well as to their relatively low weight per unit volume. Despite the importance of 
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achieving trouble-free flow and the frequency of feeding problems, much more attention has been 

devoted typically to reactor design and operation than to biomass feeding and flow characterization 

[129]. 

Evaluation and design of biomass feeding systems need a full comprehension of the effects of 

biomass intrinsic properties such as particle size and shape on the flow characteristics. For this purpose, 

the use of numerical simulations constitutes a powerful alternative to experimental approaches, which 

are often limited regarding the exploration domain of influential variables, the presence of intrinsic 

sample variability, or as for the experimental difficulty of isolating individual parameter effects.  

The discrete element method (DEM) is the most frequently implemented method when designing 

and modeling particulate bulk solid handling systems. The particulate system is modeled as an assembly 

of singular discrete and interacting particles. Particle positions, velocity and forces acting on each particle 

are calculated at small intervals based on a force-displacement contact law and Newton’s second law of 

motion [241]. Whilst DEM simulations are being used more and more extensively in a wide range of 

applications, the question of whether DEM is capable of producing quantitative predictions, rather than 

only qualitative representations of a granular solid remains largely unanswered. Therefore, one of the 

main constraints for application of DEM in an industrial context is the determination of the input 

parameters needed to adequately simulate the behavior of particulate systems.  

Due to the disparity between physical properties obtained via traditional tests and the simulation 

parameters such as stiffness, sliding and rolling friction, calibrations tests are essential. Though scarce, 

research in the area of calibrating and modeling biomass particles includes the determination of physical 

properties of briquettes to be used in DEM models by Ramirez-Gomez et al. [303] and the study through 

DEM of feeding systems for wood-chips by Rackl et al. [275]. More research remains to be done 

regarding measurements or calibrations of biomass particles at a sub-millimetric and powder scale. 

Calibration of biomass feedstocks can be complicated by the elastic, fibrous or stringy bulk behavior 

related to individual particle characteristics and requires adaptation of existing contact models [235]. 

Integration of realistic shape models remains also of major concern. Indeed, previous DEM 

investigations have primarily focused on spherical particles. However, non-spherical powders such as 

biomass powders are more often encountered in industrial applications. Recent advances in computing 

speed and power have opened the way to more complex approaches for non-spherical particles 

representation. Possible shape descriptors in two and three dimensions are multi-sphere approaches, 

ellipses or ellipsoids, super-quadric bodies, discrete functions, shape combinations, composite particles 

and flexible fibers models. An overview of possible methods for DEM particles representation is given 

in [362–365]. 

Another major challenge for DEM simulations is the limitation regarding the number of particles 

that can be modeled in a reasonable time period Most of DEM simulations considers a restricted number 

of particles (in the order of hundreds of thousands) with diameters in the order of some millimeters to 

achieve a reasonable computing time [366]. In industrial practice, however, it is often necessary to deal 

with billions of particles within a wide range of particle sizes. For this reason, it is unavoidable to upscale 

the particle size to reduce the total number of particles and thus the computational time. Several 

approaches of particles scale-up have been developed and can be generally sorted as: “exact scaling” 

[282,367,368], “coarse-graining” [280,369–371] and “cutting-off” [280,372]. Exact scaling has no 

advantage regarding the reduction of the number of particles, so the computation time can be reduced, 

as scaling factors are applied to both the equipment geometries and the particles size. Coarse-graining is 

defined as the reduction of computational cost by replacing actual particles by scaled representative 
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models [370]. The scaling factor in the coarse-graining approach is only applied to the radius or volume 

of the particle, while the geometries of the equipment are not scaled. Coarse-graining approaches has 

been widely applied to spherical cohesionless materials [293,369,370,373] but, besides works by Thakur 

et al. [283], little research about its relevance on simulation of elongated and cohesive particles has been 

made.  

The main aim of this paper is to describe the application of a calibration framework proven 

successful for spherical materials [295,374,375] to biomass powders which are constituted of sub-

millimetric elongated particles and have cohesive characteristics. In addition, other subjacent goals are: 

(i) to explore the usefulness of a coarse-graining approach for simulation of a large number of elongated 

biomass particles (ii) to assess the influence of DEM calibration parameters on the bulk properties of 

the material (iii) to illustrate the trade-offs encountered when dealing with multiobjective calibration and 

the multiplicity of valid solutions. In a broader perspective, this work intends to establish calibrated, 

realistic and efficient material models allowing the assessment of the effects of biomass particle 

properties on bulk behavior. This will allow the study of efficient design strategies of handling equipment 

for powdered lignocellulosic biomass.  

2.2. Materials and methods 

2.2.1. Sample preparation and particle size and shape characterization 

Poplar was chosen as a representative for lignocellulosic biomass as it is a promising energy crop, 

namely due to its fast growth in temperate climates. Additionally, the development of poplar genotypes 

with improved yield, higher pest resistance, increased site adaptability and easy vegetative propagation 

has made poplar a commercially valuable energy crop [330,331]. The poplar tree selected for the present 

study came from a forest located in La Suippe valley in Auménancourt-le-Petit (France). The tree was 

shopped and cut in boards that were subsequently dried. 

Samples of 60×80×15 mm3 were cut from the boards and ground using a Retsch SM300 cutting 

mill with a bottom sieve of 1 mm trapezoid holes at the outlet. The powders obtained after grinding 

were sieved to obtain two well differentiated sieving cuts representative of coarse and fine particles. A 

vibratory sieve shaker Retsch AS 200 at a frequency of 60 Hz for 20 minutes was used along with sieves 

of opening 500 µm and 710 µm for the coarse cut and 200 µm and 315 µm for the fine cut.  

A Sympatec-QICPIC morphological particle size analyzer was used to obtain biomass particles size 

distribution (PSD) after sieving [312]. The values of the descriptors of particles size distribution and 

shape distribution are listed in Table 30. The minimum value of the Feret diameters over all orientations 

of the particle is used as the magnitude characterizing particles size. The 50th centile of the cumulative 

volume distributions (x50) was taken as a mean size descriptor of each size distribution. PSD span (Sx) 

was calculated from values of the 90th and 10th centiles as: 

( ) ( )90 10 90 10/xS x x x x= − +  (61) 

Particle shape was characterized through the aspect ratio, a, which is defined as the ratio between 

the minimum and the maximum Feret diameters for a given particle. Mean values of the aspect ratio, a50 

were calculated as the 50th centile of the cumulative aspect ratio distributions, and the aspect ratio span 

Sa is defined by: 

( ) ( )90 10 90 10/aS a a a a= − +  (62) 
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where a90 and a10 correspond to the 90th and 10th centiles of the aspect ratio distribution, respectively. 

Table 30. Sample nomenclature and size/shape characteristics. 

Sample Sieving cut (µm) x50 (µm) x90 (µm) x10 (µm) Sx a50 Sa 

1 (Coarse sieving cut) 500-710 746 1092 519 0.36 0.38 0.49 

2 (Fine sieving cut) 200-315 352 513 243 0.36 0.42 0.53 

 

2.2.2. Bulk behavior tests 

The first stage in the DEM calibration procedure consists of choosing an adequate number of bulk 

experiments that characterize particles bulk behavior. Suitable calibration measurements should: (i) be 

easy to implement in laboratory tests and time-efficient, (ii) produce sufficiently discriminating values 

from variations in material properties and (iii) be highly reproducible and repeatable. From this point of 

view, the bulk setups described hereafter have been proven suitable for cohesive materials such as 

biomass powders, according to preliminary tests made as part of this work.  

2.2.2.1. Angle-of-Repose from bulk solid heaps 

Angle-of-repose measurements have been extensively used in previous research for calibration of 

DEM models for bulk materials [291–293,376], with special focus on non-cohesive materials.  

Conventional methods for measuring the AoR such as the lifting cylinder test [280] were tested in 

the preliminary stages of this work. Due to the cohesive strength and interlocking effects within biomass 

samples, stable structures were formed regardless of the filling method or the cylinder size. As a result, 

this method was unsuccessful to obtain a heap from which the AoR could be calculated.  

A poured AoR method adapted from [152,153] was used in this work. Repeatable measurements of 

the AoR were attained by pouring 40 g of the powders manually over a stainless steel inclined surface, 

and then measuring the slope of the heap formed over a flat paper surface by the particles flowing out 

of the ramp (Figure 81). The inclination of the surface was fixed to be θ = 40° for the coarse samples 

and θ = 50° for the finer. The inclination was measured using a calibrated angle-meter fixed to the 

inclined surface. Flow rate was controlled manually to avoid accumulation of the particles on the surface 

and set to be around 0.5 g/s. A camera taking images from a side view of the heap was placed always at 

the same position during the experiments. Each measurement was repeated seven times. 

Image analysis using ImageJ [377] allowed heap profile extraction and AoR determination by linear 

regression. Shape and symmetry of the heap were occasionally influenced by flow intermittencies, so 

values of AoR were calculated from the left side of the heap as it was the region less sensitive to abrupt 

perturbations. 

For calculation of the AoR, a direct linear regression procedure using the heap surface line instead 

of an indirect measurement from the heap diameter and height [378] was preferred. Indeed, several 

authors have shown that there could be significant differences in AoR measurements depending on the 

chosen method of calculation, especially for asymmetric heaps [379–381]. Indirect methods can be very 

sensitive to the choice of the extreme points of the heap, while a calculation including the entire profile 

line represents better the pile shape. In all cases, relatively symmetric heaps were obtained and 

determination coefficients (r2) of linear regressions were always over 0.95.  
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Figure 81. AoR setup: (a). Heap formation and main setup dimensions; (b). Examples of biomass powders heaps. 

2.2.2.2. Bulk density 

Loose bulk density, ρb in kg/m3, refers to the ratio of the mass of bulk sample ml over its aerated 

volume Vl ( /b l lm V = ). It represents the most loosely packed density of the material. Around 50 ml of 

oven-dried samples were smoothly poured into a graduated plastic vessel, and the mass of solid was then 

recorded. Each measurement was repeated for six refills using different oven-dried powder of the same 

sample. 

2.2.2.3. Rectangular container test 

Preliminary studies showed that calibrated parameters for biomass powders using only information 

from AoR and bulk density measurements did not represent a realistic cohesive flow behavior when 

particles settled inside a container. Rectangular containers, also called “shear box” or “ledge test”, have 

been used in previous research for DEM calibration tests [280,291,382]. Therefore, a rectangular 

container with adjustable walls was used in this work for complementary calibration (Figure 82). Walls 

were adjusted to adapt to the available volume of sample, so that the final dimensions of the container 

were 25 cm (height) x 6 cm (length) x 5.7 cm (width). The bulk material was poured in the volume and 

the powder surface was carefully kept flat at the end of the pouring. The final height of the stack was 7 

cm. The cabin lid of the container was then lifted, and particles were allowed to flow out of the volume. 

For simulation purposes, the retainment ratio p is defined by: 

0

rm
p

m
=  (63) 

where mr is the mass remaining in the volume after the cabin lid is lifted, and m0 corresponds to the 

mass initially poured inside the container. 

θ

Pouring of material

51 cm

7.4 cm

AoR

h

Sample 1: 500-710µm

Sample 2: 200-315µm

(a) (b)

AoR= 27.7°

AoR= 46.3°
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Figure 82. Rectangular container device. (a) Container. (b) Example of a sample inside a volume reduced by the adjustable walls. 

2.2.2.4. Ring shear tester 

A RST-XS Schulze ring shear tester [143,345] was used to assess the flow properties of the biomass 

powders. The ring shear tester is a widely-used device to measure flow properties of powders, including 

unconfined yield strength, angle of internal friction and wall friction. The standard procedure leads to 

results with low variability [143]. A consolidation stress σpre = 5 kPa, considered as representative of the 

stress range for industrial applications, was tested [141]. Three shear points at 25 %, 50 % and 75 % of 

σpre were used to determine the yield locus of each sample. The yield locus curves were regressed from 

experimental points by a linear regression. 

2.2.3. DEM simulations setup 

This section contains an overview of the DEM contact model used in this work as well as the 

procedure for representing particles characteristics through a multisphere and coarse-graining approach. 

Then the simulation setup for each bulk test is presented. 

2.2.3.1. DEM contact model 

In this study, simulations were run using the public version of LIGGGHTS® 3.8.0 DEM code [268], 

on a E5-2620 v4 2.10 GHz Intel® Xeon® machine with 125.8 GB of RAM, and with parallelization on 

8 cores. A Hertz-Mindlin contact model along with an elastic-plastic spring-dashpot (EPSD2) rolling 

friction model and a simplified Johnson-Kendall-Roberts (SJKR) cohesion model were used. The Hertz-

Mindlin model stands as the most commonly used contact model due to its efficient and accurate force 

calculations. A representation of the contact model, accounting for a spring elastic force, a viscous 

damping and a frictional slider in the tangential direction, is shown in Figure 83 [260]. At any time t, the 

equations governing the translational and rotational motion of particle i of mass mi and radius Ri can be 

written as: 

( )e d cohi
i j ij ij ij i

d
m m

dt
=  + + +

v
F F F g  (64) 

and 

( )t ri
i j ij ij

d
I

dt
=  +

ω
T T  (65) 

a.
b.

(a)
(b)
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where iv and iω are the translational and rotational velocities of particle i, and iI  is the moment of 

inertia of the particle. The forces involved are: the gravitational force im g  and the forces between particles 

(and between particles and walls) which include the an elastic force e

ijF , a viscous damping component 

d

ijF  and cohesive contributions through the coh

ijF  term. The torque acting on particle i due to particle j 

includes two components: t

ijT  which is generated by the tangential force and causes particle i to rotate, 

and r

ijT , the rolling friction torque generated by asymmetric distribution of normal contact force and 

slows down the relative rotation between particles in contact [272]. If particle i undergoes multiple 

interactions, the individual interaction forces and torques sum up for all particles interacting with particle 

i. The equations for calculation of the particle-particle interaction forces within the Hertz-Mindlin 

contact model are listed in Table 31. 

Table 31. Equations for calculations of forces and torques on particle i according to the Hertz-Mindlin model. 

Force or torque contribution Equation 

Normal elastic force, 
,

e

ij nF  3/2

, ,
4

3n ij n eff eff ij nk Y R= −δ δ  

Normal damping force, 
,

d

ij nF  ( )
1/2

, , ,
2 2

2 5/6 ln(e)
2

ln (e)
n ij n eff eff ij n eff ij nY R m 


= −

+
v v  

Tangential elastic force, 
,

e

ij tF  
, , ,8t ij t eff eff ij n ij tk G R = −δ δ  

Tangential damping force, 
,

d

ij tF  ( )
1/2

, , ,
2 2

2 5/6 ln(e)
8

ln (e)
t ij t eff eff ij n eff ij tG R m 


= −

+
v v  

Coulomb friction limit 
,ij tδ  truncated to satisfy , , , ,

e e d coh

ij t s ij n ij n ij nµ + +F F F F  

Torque by tangential forces, t

ijT  ( ), ,

e d

ij ij t ij t +R F F  

Torque by rolling friction, r

ijT  EPSD2 model 

Where 1 1 1m m meff i j= + , 1 1 1R R Reff i j= + , ( ) ( )2 21 1 1Y Y Yeff i i j j = − + − , ( )( ) ( )( )1 2 2 1 2 2 1G Y Yeff i i i j j j   = − + + − + , ( ) ( )R R Rij i j i i j= − +R r r

, e : coefficient of restitution, Y : Young’s modulus, G : shear modulus, ν: Poisson’s ratio. 

Regarding rolling friction modeling, the alternative elastic-plastic spring-dashpot model EPSD2 

[273] adds an additional torque contribution to the particles motion given by: 

,

,

r r k

ij ij r r ijk= = − T T θ  (66) 

where ,r k

ijT is a torque component modeled as a mechanical spring, rk is the rolling stiffness and
,r ijθ  is 

the incremental relative rotation between two particles. The torque contribution is truncated so:  

, ,maxr k r

ij ij r eff nµ R =T T F  (67) 

where rµ  is the rolling friction coefficient, 
effR  the effective radius and ,maxr

ijT being the limiting spring 

torque which is achieved at a full mobilization rolling angle m

r . In the EPSD2 model, the rolling stiffness 

rk is defined as: 

2

r t effk k R=  (68) 

where tk  corresponds to the tangential (i.e. shear) stiffness. Figure 83b shows the mechanism of rolling 

resistance and the physical meaning of the coefficient of rolling friction rµ , which is a scalar value that 

represents the eccentricity of the resulting normal force exerted by a surface on a rolling particle. In the 
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EPSD2 model rµ  does not appear explicitly in the expression for the rolling stiffness (as for CDT or 

EPSD models) but instead is used for restricting the maximum spring torque.  

 
Figure 83.Schematic representation of the contact model used in this study: (a) Hertz-Mindlin contact model. (b) Mechanism of rolling resistance. (c) 

rolling resistance angle [383]. 

The simplified Johnson-Kendall-Roberts model (SJKR) [384], used to simulate cohesion between 

particles, adds an additional normal force 
,

coh

nij
F  tending to maintain the contact between two particles, 

given by: 

,

coh

n
CED A= 

ij
F  (69) 

where CED is the Cohesive Energy Density in J/m3 and A is the particle contact area. 

2.2.3.2. Particle representation 

The biomass powders were modeled as monodispersed populations of clumps of spheres (multi-

sphere method). Spheres comprising a multi-sphere particle are fixed in position relative to each other 

and may overlap to approximate more closely to the actual particle shape [274]. The multi-sphere method 

stands as one of the most general and most efficient method for representing shape within DEM. By 

using a multi-sphere approach it is possible to ensure computational efficiency for contact detection and 

force calculation and it is widely implemented in many DEM codes [385,386]. Multi-sphere 

representations have previously been used for describing flow in silos of agricultural resources such as 

maize and rice grains [277,387]. When using a multisphere approach, finding a trade-off between particles 

representation accuracy and DEM run time is essential. For instance, in their study with maize grains, 

Markauskas et al. [277] found that models with 6 sub-spheres successfully reproduced discharging time 

in silos, but similar results could be obtained with 4 sub-spheres using another set of calibration 

parameters. 

In order to reduce the number of spheres needed to represent one single particle, in this study 

individual spheres were oriented over one single longitudinal axis, so the particles were needle-shaped 

(Figure 84). To approximate the true morphology obtained by PSD measurements, a simplified model 

for particle representation was proposed. In this model, the number of spheres in a clump, nsph, is 

function of the particles mean size (x50), the mean aspect ratio (a50) and an overlapping factor c. 

The overlapping factor can be expressed as 50/c x= , where λ is the overlapping distance between 

adjacent spheres in µm (Figure 84). A value of c = 0 means two spheres touching each other at one single 

point and c = 1 represents a total overlap between two contiguous spheres. As c increases the effective 

roughness of the particle decreases. Previous work [386] suggested that reducing surface roughness by 

increasing the number of spheres per clump did not necessarily lead to a better approximation of particles 

behavior. A value of c of 20 % was chosen as it is considered a good trade-off between the accuracy of 

particles representation and the number of spheres needed. 

Particle i Particle j

Ftangential

Fnormal

µs

Coulomb’s friction

(a) (b) (c)
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The diameter of each sphere is set to be equal to the mean minimum Feret diameter of the 

population, x50. Therefore, the length of the clump (lclump), which corresponds to the mean maximum 

Feret diameter, can be calculated as follows: 

( )50 50 50/clump sphl x a n x  = =  − +  (70) 

So, from the definitions of a50 and c, the number of spheres needed per clump is: 

50

1

1
sph

c
a

n
c

−

=
−

 (71) 

The calculated values were rounded to the closest integer and the length of the clump 

recalculated accordingly. 

Calculation of bulk density from simulations needs the value of the mass of each clump, which 

is computed from the clump volume, given by: 

( )( )3 2
14

6 2 4
3 12

sph

clump sph

sph

n
V n r c c

n


 −
= − − 

 
 

 (72) 

where r is the spheres radius 50 / 2r x= . Table 32 shows the model parameters used for particles 

representation. For the sake of comparison with spherical models for particle representation, the 

equivalent radius of a sphere having the same volume as one individual clump (
eqR ) is also reported. 

Table 32. Parameters of multisphere model for particle representation. 

 Sample 1 Sample 2 

sphn  3 3 

r (µm) 373 176 

clumpl (µm) 1940 915 

clumpV (mm3) 0.6282 0.0658 

eqR (µm) 531 251 

 
Figure 84. Particle representation for biomass samples. (a) Nomenclature of main dimensions in a clump. (b) Samples multispheres models (true 

relative size). (c) Representation of a collision between spheres k and i within two multi-sphere particles ( ijklt : tangential unit vector, ijkln  : normal 

unit vector of contact zone) [296]. 

 

2.2.3.2.1. Scaling particle size up 

Since parameters calibration commonly involves running an extensive amount of simulations, the 

representation of the actual number of particles used during the bulk tests would not be possible within 

a realistic frame time. A scaling factor, SF, can be defined as the ratio between the simulated particle 

radius and the actual value from PSD. As shown in Figure 85a, the computational time required to 

simulate one real-time second of heap formation for sample 1 significantly decreases by increasing the 

scaling factor, as the number of particles (nparticles) decreases. A series of test runs were performed to assess 

(c)

Sample 1

Sample 2

(b)(a)
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the effect of scaling particle size up on the AoR of the heap formed using non-calibrated parameters (µs 

= 0.9, µr = 0.5 and CED = 0 J/m3). Testing values of SF over 7 leads to high uncertainty on the value 

of AoR as the number of particles is not enough to form a proper heap. The linear downward trend 

showed in Figure 85b clearly indicates that scaling effects on the AoR are not negligible. This is in 

contrast with results by Roessler and Katterfeld [280] who found AoR to be scale-independent. 

However, their conclusions referred to the case of quasi-static formation of a heap using lifting cylinder 

setups, which is hardly the flow condition of particles forming the heap in this work. 

 In the aim of reducing computing time, a coarse-graining approach was followed and a trade-off 

between the actual representation accuracy and the calculation effort was made by scaling particles size 

up by a factor of 4. Since the effect of the scaling factor on the bulk responses could vary depending on 

the values of the calibrated parameters, calibration was made using the actual values from experiments 

(instead of, for example a value corrected by the SF using the trend of Figure 85b). This allowed us to 

run a typical heap formation simulation in a computing time of approximately 1 hour  for coarse particles 

and in 8 hours for fine particles, while several weeks would be needed to run a single simulation of fine 

particles at their actual size.  

 
Figure 85. Influence of scaling particles size up for sample 1: (a). Number of particles and simulation time. (b). Angle-of-repose value. 

2.2.3.3. Time-step 

Because of the explicit numerical scheme used for DEM integration, only relatively small time-step 

values (Δt) guarantee stable simulations. A common strategy to fix a value for Δt is based on the Rayleigh 

(ΔTR) and Hertz (ΔTH) critical time-steps, calculated as [388]: 

/

0.1631 0.8766
R

r G
T

 


 =

+
 (73) 

0.2
2

2

max

2.87
eff

H

eff eff

m
T

r Y V

 
 =  

 
 

 (74) 

Where r is the minimum particle radius in the system and Vmax is the maximum relative velocity. The 

other parameters correspond to those defined previously in Section 2.2.3. In this work, both critical time-
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steps were calculated during DEM integration and the simulation time-steps were fixed to be lower than 

10 % of ΔTR and ΔTH. Values for both samples are reported in Table 33. 

2.2.3.4. Angle-of-Repose and bulk density determination from simulations 

The experimental test shown in Figure 81 was numerically replicated using LIGGGHTS®. To reduce 

the simulation time, the simulated conveyor length is reduced to a half of the experimental length. The 

angle-of-repose and bulk density were calculated using the positions of the particles in the heap at the 

end of the simulation when all the particles are in a stable state. To avoid underestimation of those two 

bulk values, the particles non-connected to the heap were not considered in the calculation. 

As for the experiments, the angle of repose in the xz-plane was calculated for the left side of the 

heap. At first, the positions of the particle at the top and the particle at the leftmost of the heap were 

identified to determine the domain of the angle-of-repose slope. The particles in this domain were then 

binned into 20 equally-spaced horizontal layers. For each layer, the x and z coordinates of the top particle 

on the slope were identified. The angle of repose was then determined using linear regression of these 

20 x-y coordinates on the slope. The number of layers = 20 was chosen as it is high enough to produce 

stable values of AoR and high correlation coefficient values for all calculations. 

The bulk density of the heap was calculated from its bulk mass divided by its aerated volume. The 

bulk mass is equal to the mass of one clump multiplied by the number of clumps in the heap. The 

concept of numerical integration in volume calculation was implemented in a C++ algorithm to estimate 

the aerated volume of the heap (analytically as the left-hand side of Eq. (75), and numerically 

“discretized”, as the right-hand side of the Eq. (75): 

max, max

min, min 1 1

( , ) ( , )
yx

nn
x y

i i
x y

h x y dxdy h x y x y    (75) 

where xmin, xmax, ymin, ymax are the minimum and maximum of the x and y coordinates of particles 

inside the heap, respectively, nx and ny are the number of discretization intervals in the x and y directions, 

∆x and ∆y are the distances between two adjacent sample points corresponding to x and y directions and 

h(xi,yi) is the height of the heap at the coordinate xi,yi. The choice of nx and ny is a trade-off between the 

numerical accuracy and the computational time. It should be high enough to mitigate the estimation 

error and at the same time it should be as low as possible for quick calculations and less consuming use 

of computer memory. In the present work, nx and ny were set to 10000. This number of sample points 

guarantees that each calculation takes only few seconds on a normal desktop computer and the results 

of bulk volume converge.  

2.2.3.5. Ring shear tester simulations 

The simulated geometry of a ring shear tester cell (Figure 86) is analogous to the experimental device 

described in Section 2.2.2.4. Previous research [389] has shown that the yield stress was independent of 

the shear cell size in simulations. However, a high particle-to-cell size ratio inside the shear cell could 

lead to erroneous values of the shear measurements [144], so the geometry was also scaled up by a SF = 

4. A servo-control functionality of LIGGGHTS® was applied to the top lid so the vertical component 

of the applied stress was continuously updated and maintained constant during the simulation. As in 

experiments, a preshear stage at σpre = 5 kPa followed by a shear at σ = 2.5 kPa was simulated. Shear 

stress is calculated from the z-component of the torque exerted over the top lid surface as follows [143]: 
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D

m D

M

r A
 =  (76) 

where 
D

M is the torque acting during shear on the top of the lid, ( )( ) ( )3 3 2 22 /
3m out in out in

r r r r r= − − is the 

moment arm and ( )2 2

D out in
A r r= −  is the area of the lid, with and the outer rout  and inner rin radii of the 

top lid, respectively. Other input parameters needed for the ring shear tester simulations are listed in 

Table 33. 

 
Figure 86. Geometry of the simulated ring shear tester. (a). Top lid. (b). Bottom cell. 

2.2.4. Calibration approach 

The flowchart of the calibration approach is presented in Figure 87. Regarding the choice of the 

parameters to be calibrated, a minimization of their number is desired since each additional parameter 

increases the complexity of the calibration. The previous research highlighted the high influence of the 

sliding and rolling friction coefficients on the angle-of-repose obtained in DEM simulations 

[280,293,390]. As the particle to wall interactions are very specific to each industrial or scientific problem, 

in this research only interparticle interaction parameters are calibrated: the sliding friction coefficient µs, 

the rolling friction coefficient µr and the cohesion energy density CED. All the other input values needed 

for the DEM model are shown in Table 33 and were set based on literature values for woody materials 

(a)

(b)
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[275]. Preliminary simulations did not show significant effects of the particle density on the AoR nor the 

void fraction inside the heap, so the value is set to 1000 kg/m3 for the fine samples in order to increase 

the time-step allowing stable simulations. 

 
Figure 87. Flowchart of the calibration procedure. 

2.2.4.1. Selection and range of values of parameters to be calibrated 

The tested values of each calibration parameter are shown in Table 34. If 5 values for each variable 

were to be tested, 53 = 125 simulations would be needed using a full factorial combination of variables. 

This is feasible in a practical time-frame for coarse samples (Sample 1) but for fine powders (Sample 2), 

even if using a coarse-graining approach, the high computation time required imposed a reduction of 

the number of values of the calibrated parameters from 5 to 3 (27 simulations). These values are the 

maximum, minimum and mean values written in bold type in Table 34. The full experimental plan of 

this work is presented in Appendix A. 
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Table 33. DEM simulation parameters for particles and walls. 

Parameter Sample 1 Sample 2 

Poisson’s ratio (particle-particle) 0.3 

Poisson’s ratio (particle-walls) 0.3 

Particles density, kg/m3 350 1000 

Young’s modulus (particle-particle), Pa 5×106 

Young’s modulus (particle-wall), Pa 5×106 

Coefficient of restitution (particle-particle) 0.1 

Coefficient of restitution (particle-walls) 0.1 

Coefficient of sliding friction (particle-steel) 0.4 

Coefficient of sliding friction (particle-paper surface) 0.5 

Coefficient of rolling friction (particle-walls) 0.5 

Cohesion Energy Density (particle-walls), J/m3 0 

Time-step (s) 1×10-5 7×10-6 

Total number of particles (3 particles/clump) 10638 81309 

Factory mass flow, heap AoR test, kg/s 5×10-4 

Ring shear tester simulations  

External radius, top lid, mm 127 

Internal radius, top lid, mm 65 

Depth, bottom cell, mm 52 

Total number of particles (3 particles/clump) 15000 150000 

Rotational speed, top lid, deg/s 18 

 

Table 34. Set of calibration parameters tested. 

Parameter Variable values 

Coefficient of sliding friction (µs) 0.1 0.3 0.5 0.7 0.9 

Coefficient of rolling friction (µr) 0.1 0.3 0.5 0.7 0.9 

Cohesion Energy Density, CED (J/m3) 0 10000 20000 50000 80000 

 

2.2.4.2. Optimization problem setup (genetic algorithm) 

The optimization was carried out using a multiobjective evolutionary algorithm (Non-dominated 

Sorting Genetic Algorithm II, NSGA-II) [391] proven successful for DEM calibration [295,374]. Input 

parameters for the genetic algorithm are listed in Table 35. By using 10 bits for encoding each calibration 

parameter, the number of possible values for each parameter is 210 = 1024. Since 3 parameters are being 

optimized, each “individual” in the population is encoded by a binary string of length 30 bits. This leads 

to the numerical precision listed in Table 6 for each parameter. 

Table 35. Input parameters of NSGA-II. 

Population size 2000 

Chromosome length (bit) 30 

Maximum number of generations 100 

Crossover probability 0.9 

Mutation probability 0.01 
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Two specific objective functions were defined for the minimization of the discrepancy between 

numerical and experimental results. The first objective function O1 is defined as the total relative error 

between the simulation results and the experimental measurements of AoR and bulk density: 

1

ex sim ex sim

ex ex

AoR AoR
O

AoR

 



− −
= +  (77) 

In this optimization function, the weights of the two error components are equally contributing to 

the total simulation error. 

The second objective function O2 is based on the rectangular container output and aims to reduce 

the difference between the simulated and the experimental p factor: 

2

ex sim

ex

p p
O

p

−
=  (78) 

Table 36. Numerical precision of binary encoded factors. 

Parameter Interval Numerical precision 

µs [0.1, 0.9] 7.81×10-4 

µr [0.1, 0.9] 7.81×10-4 

CED [0, 80000] 78.125 

 

2.3. Results and discussion 

2.3.1. Bulk behavior tests 

2.3.1.1. Bulk density 

The experimental results in Table 37 show an effect of particle characteristics on bulk density of the 

samples. Interestingly, regarding the particle size, smaller values of bulk density were systematically found 

for powders with the lowest granulometry. Finer samples had a bulk density 10 % lower than coarse 

samples. When dealing with non-cohesive materials, a better spatial arrangement of particles is obtained 

for finer particles so, generally, a decrease of particle size is accompanied by an increase in bulk density. 

The opposite trend observed for biomass samples would be due to cohesion effects: the presence of fine 

cohesive particles creates bigger void spaces which reduces bulk density. Similar results were observed 

by Mani et al. [119] for wheat and barley straws, corn stover and switchgrass samples. 

2.3.1.2. Angle of Repose tests 

The mean values of the angles of repose are reported in Table 37. The values of the standard 

deviation are also reported and show that error was always below 4 %, meaning a relatively good 

reproducibility. 

There is an obvious effect of the sample characteristics on the AoR of the heaps formed. The finer 

sieving cut (sample 2) formed steeper heaps with values of AoR 67 % greater than the coarse cut (sample 

1). 
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Table 37. Bulk behavior experiments results (standard deviation is reported in parentheses). 

Sample 1 (Coarse sieving cut) 2 (Fine sieve cut) 

ρb (kg/m3) 184.2 (5.7) 165.6 (5.1) 

AoR (°) 27.7 (0.7) 46.3 (1.6) 

 

Following the classification criteria based on the AoR established by Ileji et al. [219] for 

lignocellulosic plant biomass, coarse poplar powders could be classified as free flowing, while fine 

powders are rather poor flowing. 

2.3.1.3. Rectangular container test 

No biomass particles were observed to flow when the lid of the rectangular container was lifted. 

Indeed, very stable stacks of particles were formed for all the samples. This is the result of the combined 

effect of particles shape and size that trigger interlocking and interparticle cohesive forces. As result of 

this, the retainment ratio p (Eq. 3) was found to be 1 for both samples. 

 

 
Figure 88. Examples of heaps obtained and rectangular container test from DEM simulations. 
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2.3.2. DEM simulations 

Figure 88 shows some typical heaps and rectangular containers obtained by DEM modeling for both 

samples, along with the values of the calibration parameters used. Visually, the effect of modifying 

contact model parameters is evident. The situations represented on the left side of the Figure 88 show a 

material with a rather free flowing behavior, while images on the right side of Figure 88 represent rather 

a very cohesive behavior, with greater angles of repose and the formation of a stable stack of particles 

inside a container. 

2.3.2.1. Pareto chart analysis 

Determining if variation of DEM parameters produce discriminative effects in bulk responses is 

important to reduce the number of calibration inputs. For this purpose, a statistical analysis using Pareto 

charts was used in this work. A Pareto chart allows to compare the relative magnitude and the statistical 

significance of effects of tested variables on the measured responses. Details on the elaboration and 

interpretation of the Pareto charts can be found in [392]. 

 
Figure 89. Pareto charts of the standardized effects.  
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For the coarse samples, the CED has the biggest effect on the values of AoR (Figure 89a). In a lower 

degree, sliding friction, rolling friction and the combined effect of sliding friction and CED also 

influenced the AoR. In the case of the bulk density (Figure 89c), all the 3 factors seem to have the same 

level of influence on the response, as well as the combined effects of µs- CED. Regarding the retainment 

ratio, although CED and µs and their interactions had the greater effect, rolling friction also played a role 

in controlling the number of particles remaining in the container after the lid is opened (Figure 89c). 

For the fines sample, CED was the predominant influential factor for both bulk density and p ratio 

responses (Figure 89b,d), while in the case of AoR, µs had a greater effect (Figure 89f). 

These results suggest that the three chosen calibration parameters were important in controlling the 

measured responses and determined the main effects that influence the system. In addition, the relative 

effects were different depending on the analyzed response. Therefore, their calibration is required. 

2.3.2.2. Heap angle of repose and bulk density 

Figure 90 and Figure 91 show 2D contour surface representations of the effects of the calibration 

parameters on the AoR, the bulk density and the retainment ratio p. For clarity reasons, only surfaces for 

CED = 0, 20 and 80 kJ/m3 are presented. Contour surfaces of the p ratio for CED = 80 kJ/m3 are not 

shown as all simulations led to p ≈ 1, regardless of µs and µr values. These representations clearly show 

the coupled effects that sliding and rolling friction coefficients as well as cohesion have on the three 

responses analyzed.  

From the contours of Figure 90 it is noticeable that a single value of the bulk responses can be 

achieved from a wide range of parameters (each contour line spans over a wide range of both sliding and 

rolling friction coefficients and the same colors in the color scale can be found in two or more different 

graphs). This highlights the importance of choosing enough bulk setups and responses for a robust 

DEM calibration.  

In the case of the AoR response, changing cohesion level affects the trends of the surfaces, showing 

that effects of µs and µr are dependent on each other but also on CED magnitude. This is especially 

noticeable for the highest values of CED. For non-cohesive simulations (Figure 90a), rolling friction 

effects are more important when sliding friction is increased, and maximum values of AoR are attained 

for the highest values of µs and µr. This is in agreement with previous results by Wensrich and Katterfeld 

[271] who stated that the only way in which a large angle of repose could be achieved was if both of 

these mechanisms (rolling and sliding) worked together. However, interestingly, when cohesion is 

included, even if AoR tends to increase with increase in µs and µr values, maximum AoR values do not 

necessarily correspond to the highest values of µs and µr; instead, they are located at intermedium values 

of µs and µr. Figure 90c shows that effects of rolling and sliding friction follow a less monotonous trend 

when CED is 80 kJ/m3. A reason for this is that, for values of CED over 50 kJ/m3, particles flowing 

over the conveyor tend to form relatively stable agglomerates that are spread over the heap surface, 

forming heaps with a rougher and more irregular surface (Figure 88b). Therefore, AoR determination 

for very cohesive simulations could lead to values with higher uncertainty as heap profiles are less well-

described by linear regressions. This can be quantified through the calculation of the average coefficient 

of determination (r2) as function of the CED values (Figure 92). Indeed, a downward trend which is 

more marked for the sample 1 (coarse particles) than for sample 2 (fine particles) was observed.  

As for the AoR, effects of calibration parameters on bulk density go hand-in-hand. Bulk density 

decreases when friction and cohesion are increased or when the rolling is more restricted (so a less 

“spherical behavior”). This is the result of a higher void created between particles when normal forces 
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are allowed to dissipate to a bigger extent through bigger µs values. Increasing the rolling resistance and 

cohesion also prevent particulates from finding a more compact spatial arrangement, so void fraction 

could be reduced. Bulk density seems to be sliding dominated for the values on top left of the contour 

figures (µs < 0.3) and rolling dominated for the values at the bottom right corner on those 

representations. This accentuates when cohesion is increased.  

 
Figure 90. Contour surface responses for sample 1. 

For sample 1, experimental values of AoR and bulk density (AoR = 27.7°, ρb = 184.2 kg/m3) can 

only be found for the lower values of cohesion, but a high p ratio needs a high value of CED. Thus, a 

trade-off through optimization has to be found.  

Regarding sample 2, small effects of cohesion on the AoR were found within the range 0 to 20 kJ/m3. 

Unlike sample 1, a more gradual increase of AoR with rolling resistance increase was found for 

Sample 1

CED = 0 kJ/m3 CED = 20 kJ/m3 CED = 80 kJ/m3AoR

Bulk density

Retainment ratio p

(a) (b) (c)

(d) (e) (f)

CED = 0 kJ/m3(g) (h) CED = 20 kJ/m3
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CED = 80 kJ/m3. Regarding bulk density, similar trends were found between both samples. Target 

values (AoR = 46.3°, ρb = 165.6 kg/m3) can be found on Figure 91c and e, but as for sample 1, a p value 

of 1 is only possible for the most cohesive sets of simulations. 

 
Figure 91. Contour surface responses for sample 2. 

In order to reach values of p ratio close to 1, a particle shape representation that strengths particles 

spatial interlocking could reduce the need for high CED values (e.g. through non-axial or hooked 

shapes). Nevertheless, this would typically require a particle model including more spheres per clump, as 

well as a highly polydisperse system, which would reduce simulation performances beyond a practical 

interest. 

Globally, when comparing simulations for samples 1 and 2 with low-mid cohesion, relatively similar 

values of AoR and bulk density were found for the two samples when calibration parameters were the 

same. On the contrary, the experimental results for samples 1 and 2 were significantly different. 

Sample 2

CED = 0 kJ/m3 CED = 20 kJ/m3 CED = 80 kJ/m3
AoR

Bulk density

Retainment ratio p

CED = 0 kJ/m3 CED = 20 kJ/m3
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Figure 92. Average coefficients of determination of heaps profiles. 

2.3.2.3. Main effects of calibrated parameters 

Using MINITAB tool for analysis of factorial designs [393], the main effects plots presented in 

Figure 93 were obtained. These plots are useful for quantitatively assessing the influence of each level of 

µs, µr and CED on the mean responses of AoR, bulk density and p ratio.  

Globally, similar trends were found for both samples, both qualitatively and quantitatively, with a 

greater resolution for sample 1 than that for sample 2 as more parameters values could be tested. In the 

case of the coarse sample 1, a sharp increase (21 %) of AoR was observed as µs increased from 0.1 to 

0.3. In average, higher values of AoR were obtained for µs = 0.5. Sliding friction governs the translational 

motion of the particles by defining the magnitude of normal force that it is dissipated as a tangential 

component. This means that a large sliding friction coefficient can tolerate a large magnitude of the 

elastic deformation in the tangential direction and enhance the stability of the individual contacts 

amongst particles. However, sliding friction defines only a truncation parameter of the tangential force 

and not its absolute value when the truncation criteria is not met. This could explain the important gap 

of AoR observed when µs is increased from 0.1 to 0.3 and the low AoR variation when µs is increased 

above 0.3. For very low values of µs the tangential displacement is highly constrained and corresponds 

to the value defined by the product of µs and the normal force on particles (Coulomb’s friction limit). 

For higher values of µs the probability of normal forces exceeding the truncation criteria is reduced and 

therefore further increase of µs would have a lower effect on the variation of the tangential dissipation 

and therefore on the angle of repose. 

Increasing rolling friction from µr = 0.1 to µr = 0.7 gradually increased the mean AoR by +15 % as 

shown in Figure 93a. A large rolling friction coefficient means a large resistance force to the rotational 

movement of the spheres clump, which provides and effective mechanism to consume the kinetic energy 

and reduce the rotational motion, leading to the formation of heaps with higher potentials and AoR 

[394]. 

The greatest variation of AoR was observed when the CED effect is analyzed: AoR below 35° were 

obtained for non-cohesive simulations while the highest values of CED led to AoR over 46° (+36 %).  

Regarding bulk density, the downward trends of Figure 93c-d summarize the observations made for 

the contour surfaces presented in section 2.3.2.2. The increase of sliding and rolling friction coefficients 

triggered a less compacted settlement of particles inside the heap, thus creating more void spaces and 

reducing bulk density. For values of µs, µr > 0.7 bulk density seems to reach a low plateau. As for CED 

effect, an important decrease of ρb by 36 % and 30 % for sample 1 and sample 2 respectively was 

observed when non-cohesive and highly cohesive simulations (CED = 80 kJ/m3) are compared.  
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Figure 93. Main effects plots. The dotted horizontal line represents the overall mean. 

For both samples, there is a peak of p ratio when varying µs values from 0.1 to 0.9. Interestingly, in 

the case of the coarse sample, increasing sliding friction coefficient to 0.9 lead to much more particles 

flowing out of the container. This is probably because when increasing friction, particles at the border 

of the stack are more likely to be dragged by particles flowing out the silo, which, together with the 

effects of cohesion, will lead to smaller values of the retainment ratio. For CED = 80 kJ/m3, however, 

cohesion is strong enough to hold particles together and conceal the effects of µs or µr. 

For both samples, limiting particles rotation tended to generate more stable stacks as can be seen 

from the slight increase of the p ratio with increase of µr. Finally, increasing values of the CED was 

directly related with the number of particles staying in the container after the lid was opened. Among 

the variables studied, CED increase is therefore the best approach to simulate particle interlocking and 

to numerically reproduce the particles cohesion observed in experiments. 
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2.3.3. Calibration and selection of optimal values 

2.3.3.1. Pareto fronts, 3D representation of optimal values 

The evolution of the two objective functions for sample 1 over 100 generations are shown in 

the.Figure 94 The 2000 individuals constituting the initial population are spread over a relatively wide 

range of the objective function values that gradually narrows with successive iterations. The number of 

individuals stay constant, so the Pareto fronts shrink around the optimal values with the evolution of the 

population. Through the iteration process, the fronts converged to an optimum where no further 

improvement was observed in succeeding generations. For both samples, a convergent front was 

obtained from the 50th generation. 

 
Figure 94. Pareto front evolution over 100 generations of NSGA-II optimization. 

As observed through the Pareto fronts, multiobjective optimizations lead to results in which trade-

offs between the objective functions were encountered. The optimal solutions that allowed to obtain 

values of AoR and bulk density closer to the experimental measurements yielded low p  values and vice 

versa. In order to have a comprehensive view of the sets of calibrated parameters that better adjust the 

bulk experimental properties of each sample, the optimal values for the last generation of NSGA-II 

optimizations are presented in Figure 95. A color and size scale were used to highlight the values of the 

total error, calculated as the sum of the values of the objective functions O1 + O2. For sample 1, sets of 

optimal calibration parameters with a relatively broad range of solutions were obtained, especially for 

CED values which could vary between 10 and 50 kJ/m3. For sample 2, a narrower range of optimal sets 

is shown in Figure 95. The solutions giving the lowest value of O1 + O2 were input in the LIGGGHTS® 

program and the simulation results are presented and compared against the experimental values in Table 

38. 

The calibrations based exclusively on the angle of repose and the bulk density would not lead to a 

material having enough interparticle cohesion to hold particles together inside a container. Therefore, 

including the rectangular container test as a bulk response for calibration was decisive to expose the 

cohesive character of biomass particles. Incorporating the retainment ratio response adds a cohesive 

feature to the material that could more realistically simulate blocking problems on feed systems for 

biomass particles. Additionally, calibration using the p ratio sensibly reduced the diversity of the optimal 

values of µs, µr and CED. Thus, it is clear that separate calibration test from different macroscopic 

responses can yield different results and that calibration based on a large number of parameters and bulk 

responses is preferable. 
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Figure 95. Sets of optimal calibrated parameters for sample 1 and 2. Size and color scale indicate the sum of O1 + O2 values corresponding to each 

set of µS, µr and CED. 

Table 38. Optimized values of µs, µr and CED and comparison of simulated responses (Sim.) against experimental measurements (Exp.). e: 

relative error between experimental and DEM responses. 

Sample µs µr 
CED 

(kJ/m3) 

 

O1 + O2 

AoR (°) ρb (kg/m3) p 

Sim. Exp. 
e 

(%) 
Sim. Exp. 

e 

(%) 
Sim. Exp. 

e 

(%) 

1 0.2298 0.1000 10.01 0.27 30.0 27.7 8.3 192.2 184.2 4.3 0.80 1 20.0 

2 0.1000 0.5004 80.00 0.17 42.3 46.3 8.7 157.1 165.6 5.1 1.00 1 0.0 

 

From Table 38 it can be seen that there was little discrepancy between the simulated and the 

experimental AoR, bulk density and p ratio for both samples. In the case of sample 1, even if the AoR 

and bulk density values were better adjusted than those of sample 2, optimization led to particles without 

enough cohesive strength to form a stable stack in the rectangular container simulations. The optimized 

values of CED reflect a much more cohesive behavior for finer samples, which corresponds to the 

experimental observations.  

2.3.3.2. Ring shear tester simulations 

Values presented in Table 38 were used to simulate a shear sequence in a ring shear tester. Figure 96 

compares the simulation results against the experimental evolution of shear stress. Two shear cycles are 

represented, starting by a preshear step at σpre = 5 kPa and followed by a shear at σsh = 2.5 kPa. This 

preshear-shear sequence is repeated for σsh = 3.75 kPa. Stresses are plotted against rotation angle defined 

as the product of time and shear velocity. Although simulation results are relatively noisy (due to the 

scaled particles and the oscillation of the servo-controlled normal force), it is encouraging that simulation 

results for sample 1 were very close to experimental shear stress profiles in terms of evolution of the 

curve shape and the average yield stresses.  

Yield stresses of preshear and shear for both samples are listed in Table 39. Values of shear stress 

were slightly underestimated in DEM simulations for sample 1. A greater gap between the experimental 

and simulations results was yet observed for sample 2. This can be related to the fact that responses 

shown in Section 2.3.3.1 for sample 2 were less well predicted using the calibrated parameters than those 

of coarse powders. 

 

O1+O2 O1+O2

Sample 1 Sample 2
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Figure 96. Simulated (DEM) and experimental (Exp) evolution of shear (τ) and consolidation stresses (σ) for sample 1. 

Table 39. Simulation (Sim.) and experimental (Exp.) results for ring shear tester tests. 

 Preshear stress at σpresh = 5 kPa Shear stress at σsh = 2.5 kPa 

 Exp. Sim. e (%) Exp. Sim. e (%) 

Sample 1 4.31 3.94 8.6 2.45 2.32 5.3 

Sample 2 4.81 3.49 27.4 2.87 2.51 12.5 

 

The under-estimation of the experimental results from simulations for sample 2 shows that these 

results should be treated with caution. Indeed, as highlighted by Roessler et al. [395], calibration should 

take into account the nature of the actual simulated process. Calibration using angle of repose, bulk 

density and shear box tests might therefore not be sufficient for simulation of materials under a 

consolidated state, as is the case in shear testers. Furthermore, the use of JKR cohesion models has 

recently been shown not to adequately capture the stress behavior of some cohesive powders, particularly 

at relatively high consolidation stresses [396]. This has led to the development of new cohesion contact 

models that consider contact plasticity. Additional work will therefore evaluate the relevance of JKR 

models compared to cohesive elasto-plastic models for biomass particles. 

2.4. Conclusion 

Biomass powder characteristics – such as small particles size, cohesive behavior, low particle density 

and elongated shape – make bulk simulations highly challenging considering the current DEM state of 

development. This work aimed at producing a realistic, calibrated and efficient material model for 

lignocellulosic biomass powders to be eventually used in feeding systems for entrained-flow gasification. 

We successfully developed a DEM material model for biomass powders by using a coarse-grained 

multisphere representation of shape and size distributions of particles along with a Hertz-Mindlin-

EPDS2-SJKR cohesive force model. 
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The application of a calibration procedure that uses a NSGA-II optimization algorithm was 

successful in determining the coefficients of sliding friction, rolling friction and a cohesive energy density 

term for two biomass powder populations: a coarse sieving cut between 500 µm and 710 µm, and a fine 

cut between 200 and 315 µm. The results presented here showed that the calibrated contact-law 

parameters fitted the physical responses accurately, and a validation using a ring shear tester showed 

promising results. The application of a typically used trial-and-error approach for calibration would have 

been highly time-consuming compared to the systematic approach used in this work. 

This work highlighted the importance of adequately selecting bulk experiments for calibration: only 

taking results from angle-of-repose and bulk density measurements would not replicate the cohesive 

behavior of biomass particles to their actual extent. The inclusion of additional bulk responses such as a 

rectangular container test (shear box) reduced the diversity of optimal calibrated parameters and has 

resulted in a material model that represents better blocking problems in feeding systems. 

With the aim of improving the predictive capability of the DEM model for biomass powders, future 

research could include additional bulk setups that discriminate between different cohesive strengths of 

biomass powders, as well as validation under a variety of stress and flow conditions.  

The findings presented here showed a scale-dependency of the simulations for the AoR test. The 

prospect of being able to apply at an industrial scale the calibrated parameters found using the framework 

described here serves as a stimulus for future research on the scalability of the calibration setups. This 

remains an important issue to be addressed in future studies, especially regarding cohesive and elongated 

materials such as biomass particles. Future work should also address the relevance of using flexible 

particle models that might be more suitable for biomass particles. 
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Appendix A. Experimental plan 

The Table 40 contains the experimental plan used in this work. 

Table 40. Experimental plan of this work. 
Sample 1 Sample 2 

Run 

N° 
µs µr 

CED 

(kJ/m3) 

Run 

N° 
µs µr 

CED 

(kJ/m3) 

Run 

N° 
µs µr 

CED 

(kJ/m3) 

Run 

N° 
µs µr 

CED 

(kJ/m3) 

1 0.1 0.1 0 43 0.5 0.7 10 85 0.9 0.3 50 1 0.1 0.1 0 

2 0.3 0.1 0 44 0.7 0.7 10 86 0.1 0.5 50 2 0.5 0.1 0 

3 0.5 0.1 0 45 0.9 0.7 10 87 0.3 0.5 50 3 0.9 0.1 0 

4 0.7 0.1 0 46 0.1 0.9 10 88 0.5 0.5 50 4 0.1 0.5 0 

5 0.9 0.1 0 47 0.3 0.9 10 89 0.7 0.5 50 5 0.5 0.5 0 

6 0.1 0.3 0 48 0.5 0.9 10 90 0.9 0.5 50 6 0.9 0.5 0 

7 0.3 0.3 0 49 0.7 0.9 10 91 0.1 0.7 50 7 0.1 0.9 0 

8 0.5 0.3 0 50 0.9 0.9 10 92 0.3 0.7 50 8 0.5 0.9 0 

9 0.7 0.3 0 51 0.1 0.1 20 93 0.5 0.7 50 9 0.9 0.9 0 

10 0.9 0.3 0 52 0.3 0.1 20 94 0.7 0.7 50 10 0.1 0.1 20 

11 0.1 0.5 0 53 0.5 0.1 20 95 0.9 0.7 50 11 0.5 0.1 20 

12 0.3 0.5 0 54 0.7 0.1 20 96 0.1 0.9 50 12 0.9 0.1 20 

13 0.5 0.5 0 55 0.9 0.1 20 97 0.3 0.9 50 13 0.1 0.5 20 

14 0.7 0.5 0 56 0.1 0.3 20 98 0.5 0.9 50 14 0.5 0.5 20 

15 0.9 0.5 0 57 0.3 0.3 20 99 0.7 0.9 50 15 0.9 0.5 20 

16 0.1 0.7 0 58 0.5 0.3 20 100 0.9 0.9 50 16 0.1 0.9 20 

17 0.3 0.7 0 59 0.7 0.3 20 101 0.1 0.1 80 17 0.5 0.9 20 

18 0.5 0.7 0 60 0.9 0.3 20 102 0.3 0.1 80 18 0.9 0.9 20 

19 0.7 0.7 0 61 0.1 0.5 20 103 0.5 0.1 80 19 0.1 0.1 80 

20 0.9 0.7 0 62 0.3 0.5 20 104 0.7 0.1 80 20 0.5 0.1 80 

21 0.1 0.9 0 63 0.5 0.5 20 105 0.9 0.1 80 21 0.9 0.1 80 

22 0.3 0.9 0 64 0.7 0.5 20 106 0.1 0.3 80 22 0.1 0.5 80 

23 0.5 0.9 0 65 0.9 0.5 20 107 0.3 0.3 80 23 0.5 0.5 80 

24 0.7 0.9 0 66 0.1 0.7 20 108 0.5 0.3 80 24 0.9 0.5 80 

25 0.9 0.9 0 67 0.3 0.7 20 109 0.7 0.3 80 25 0.1 0.9 80 

26 0.1 0.1 10 68 0.5 0.7 20 110 0.9 0.3 80 26 0.5 0.9 80 

27 0.3 0.1 10 69 0.7 0.7 20 111 0.1 0.5 80 27 0.9 0.9 80 

28 0.5 0.1 10 70 0.9 0.7 20 112 0.3 0.5 80     

29 0.7 0.1 10 71 0.1 0.9 20 113 0.5 0.5 80     

30 0.9 0.1 10 72 0.3 0.9 20 114 0.7 0.5 80     

31 0.1 0.3 10 73 0.5 0.9 20 115 0.9 0.5 80     

32 0.3 0.3 10 74 0.7 0.9 20 116 0.1 0.7 80     

33 0.5 0.3 10 75 0.9 0.9 20 117 0.3 0.7 80     

34 0.7 0.3 10 76 0.1 0.1 50 118 0.5 0.7 80     

35 0.9 0.3 10 77 0.3 0.1 50 119 0.7 0.7 80     

36 0.1 0.5 10 78 0.5 0.1 50 120 0.9 0.7 80     

37 0.3 0.5 10 79 0.7 0.1 50 121 0.1 0.9 80     

38 0.5 0.5 10 80 0.9 0.1 50 122 0.3 0.9 80     

39 0.7 0.5 10 81 0.1 0.3 50 123 0.5 0.9 80     

40 0.9 0.5 10 82 0.3 0.3 50 124 0.7 0.9 80     

41 0.1 0.7 10 83 0.5 0.3 50 125 0.9 0.9 80     

42 0.3 0.7 10 84 0.7 0.3 50         

Appendix B. Individual simulation results 

Figure 97 shows the totality of results from simulations. Each run number corresponds to a set of 

µs, µr and CED values listed in Table 40. 
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Figure 97. Simulation results of AoR, bulk density and p ratio for Sample 1 and 2. 
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3. Implementation of  the calibration 

procedure of  DEM parameters for 

torrefied biomass powders 
 

This section provides details on the implementation of the calibration framework described 

previously in the section 2 of this chapter to the full set of biomass samples studied in Chapter IV (two 

sieving cuts of raw and torrefied powders). The implementation of an additional optimization procedure 

for DEM parameters without interpolation is also discussed at the end of this section.  

In addition to their utility as calibration responses, the bulk measurements (angle of repose, bulk 

density and retainment ratio) provide knowledge on the flow behavior of the biomass materials. In 

particular, the Angle-of-Repose and the Compressibility Index (derived from bulk density 

measurements) are generally used as methods for flowability characterization (Chapter I, section B-2.2). 

Therefore, comparative observations on the values of the bulk measurements for the six samples are 

also provided in this section and related to their particle characteristics. 

3.1. Sample preparation and particle size and shape characteristics 

The procedure for producing the powder samples has been detailed in Chapter IV. The same 

nomenclature of the six samples is used in this section. The granulometric characteristics of the samples 

relevant to this section are recalled in Table 41. 

Table 41. Nomenclature of the samples, size and shape characteristics. 

Sample 

ID 
Description 

Torrefaction 

temperature (°C) 

ML 

(%) 

Sieving cut 

(µm) 

x50 

(µm) 
Sx a50 

1 Raw coarse ----- 0 500-710 746 0.36 0.38 

2 Raw fine ----- 0 200-315 352 0.36 0.42 

3 ML = 9.6 % coarse 240 9.6 500-710 667 0.35 0.31 

4 ML = 9.6 % fine 240 9.6 200-315 320 0.33 0.33 

5 
ML = 24.5 % 

coarse 
280 24.5 500-710 526 0.48 0.41 

6 ML = 24.5 % fine 280 24.5 200-315 253 0.39 0.43 

 

3.2. Bulk behavior tests 

3.2.1. Angle-of-repose from bulk solid heaps, bulk density and compressibility 

index 

As stated in the section 2 of this chapter, conventional methods for measuring the angle-of-repose 

were tested in the preliminary stages of this work. One of these methods uses a lifting cylinder or funnel 

to produce a heap from which the angle-of-repose can be measured (Figure 98a). Figure 98b shows 

examples of the cylindrical structures formed with raw and torrefied biomass samples after the cylinder 
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was removed. Stable structures were formed regardless of the filling method or the cylinder size, making 

quantitative measurements impossible. 

 
Figure 98. Lifting cylinder preliminary tests. (a) Schematic of the experiment (adapted from [380]). (b) Examples of the stable stacks of biomass 

formed. 

 
Figure 99. Angle-of-repose experiments. (a) Schematic representation of the main setup and dimensions. (b) Examples of the heaps formed for the 

biomass powders. 

The poured AoR method described in the second section of this chapter was applied to the six 

samples of biomass. A schematic view of the experimental setup for AoR measurements as well as 

examples of the heaps formed for the biomass powders are shown in Figure 99. Each measurement was 

repeated seven times. 

Measurements of the loose bulk density (ρb) were also replicated for the torrefied set of powders. 

Each measurement was repeated for six refills using different dried samplings of the same batch. Taking 

advantage of the similar experimental protocol required, measurements of the tapped bulk density (ρt) 

were also conducted. The tapped bulk density is obtained by tapping the container holding the aerated 

sample until no further volume variation is observed. Comparing the loose and tapped bulk densities 

gives a quick estimation of bulk compressibility and flowability [397]. For this purpose, the 

compressibility index (CI) can be defined as: 

1 100%t

b

CI




 
= −  
 

 (79) 

As seen in the section B-2.2 of Chapter I, the compressibility index test is based on the influence of 

interparticle adhesive forces on bulk density: in loose bulk solids of poor flowability relatively large voids 

Raw coarse ML = 9.6 % coarse

Lifting cylinder

50 mm
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are formed under the influence of adhesive forces, making them more compressible. This is not the case 

of free-flowing powders where the structure will collapse and the arrangement has little opportunity for 

further consolidation. Therefore, higher values of CI mean poorer flowability [141,324]. 

Table 37 lists the average values of the angle-of-repose, bulk and tapped densities as well as the 

compressibility index. A relatively low standard deviation was observed for these bulk measurements 

(mostly below 10 % of the measured value), meaning a good experimental repeatability. 

Table 42. Results of bulk measurements for the biomass powders (the values in parentheses correspond to the standard deviation). 

Sample 
1. Raw 

coarse 
2. Raw fine 

3. ML = 

9.6 % coarse 

4. ML = 

9.6 % fine 

5. ML = 

24.5 % coarse 

6. ML = 

24.5 % fine 

AoR (°) 27.7 (0.7) 46.3 (1.6) 39.1 (3.3) 51.3 (2.9) 35.8 (2.9) 47.1 (2.6) 

ρb (kg/m3) 184.2 (5.7) 165.6 (5.1) 116.2 (9.1) 90.6 (1.0) 120.6 (1.1) 102.3 (1.2) 

ρt (kg/m3) 233.7 (5.7) 240.2 (3.8) 159.8 (4.7) 145.0 (2.6) 173.6 (0.9) 157.5 (3.0) 

CI 21.2 (3.8) 31.1 (1.3) 28.6 (3.9) 37.6 (1.0) 30.6 (0.5) 35.0 (1.5) 

 

The differences of the values of ρb, AoR and CI between the different samples indicate that there is 

a significant effect of the sample characteristics on the measured bulk behavior that is worth discussing. 

Regarding the loose bulk density, previous research has shown that in the case of non-cohesive 

materials, a better spatial arrangement is achieved for finer particles so a decrease of particle size is 

generally accompanied by an increase in bulk density [203,397]. Interestingly, in the case of the biomass 

powders, the opposite trend was observed: lower loose bulk densities were systematically obtained for 

the fine sieving cuts. For raw biomass, the finer samples had a bulk density 10 % lower than the coarse 

samples. This difference was 22 % and 15 % for mildly and intensively torrefied samples, respectively. 

This trend is likely to be caused by cohesion effects: the presence of fine cohesive particles creates more 

voids which reduces bulk density. For coarse powders the interparticle cohesive forces weaken with 

respect to the weight of the particles, so the powder packs in a denser condition. Similar observations 

were made by Mani et al. [119] for wheat straw and corn stover when particle size was below 0.4 mm. 

These observations seem to be in conflict with results presented in section 3 of Chapter III, where 

a direct relationship between the bulk density the and grinding time (i.e. particle size reduction) was 

found. These differences in behavior are likely to be related to the differences in particle shape and span 

of the distributions between the samples used in both parts of this research. Indeed, in the case of the 

samples studied in section 3 of Chapter III, the shape of the particles became considerably rounder when 

particle size decreased. Wide distributions were also obtained with intensive ball milling, which implies 

that there are fine particles available to occupy the voids between larger particles. This better spatial 

arrangement triggers an increase of the bulk density of with size decrease. In the case of the samples 

studied in this chapter, the elongated shape is still very present for the finer particles and distributions 

are relatively narrow because of the sieving stage. There are probably not enough particles to fill the 

voids between the larger particles. These effects, combined to an increased interparticle cohesion due to 

the small particle size, would result in loose lower bulk densities. 

Regarding the treated samples, the mildly torrefied powders have, on average, lower loose bulk 

densities than the raw and the intensively treated samples. The raw samples had the highest loose bulk 

density (+41 % and +36 % when compared to mildly and intensively torrefied samples, respectively). A 

first possible reason for this behavior could be a lower particle density for the torrefied powders. 

However, it has been reported in the literature that there were no significant differences of particle 

densities between raw and torrefied samples due to the combined effects of mass loss and volumetric 
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shrinkage during torrefaction [109]. Therefore, more likely, the reduction of particle bulk density with 

torrefaction could be the result of a looser particle arrangement triggered by the combined effect of 

irregular shapes and an increased particle cohesion. Indeed, several experimental and computational 

studies [255,270,398] have shown that irregular and elongated shapes lead to more points of contact 

between particles. This makes the relative motion more difficult leading to greater volume voids and 

lower bulk density. Again, these trends seem to be contrary to the behavior presented in Chapter III 

were the bulk density was directly related to the intensity of torrefaction. As mentioned above, these 

differences are likely due to the sieving stage and its effects on the shape and polydispersity characteristics 

of the samples. 

As for the loose bulk density, the tapped bulk density was highest for the raw samples followed by 

the highly torrefied and the mildly torrefied powder. In the case of the torrefied samples, reducing 

particle size led to a lower tapped density, whereas there was not significant difference between the 

tapped density of the both sieving cuts for the raw samples. 

Globally, the AoR and CI followed the same qualitative trends (Figure 100). Regarding the AoR, the 

finer sieving cuts formed steeper heaps with values of AoR up to 67 % greater than the coarse cuts (in 

the case of the raw samples). Regarding the torrefaction intensity, by taking the average value of both 

particle sizes, the following general AoR ranking can be established: Mildly torrefied > intensively 

torrefied > untreated samples. According to the classification criteria based on the AoR established by 

Ileleji et al. [219] for lignocellulosic biomass, the sample 1 can be classified as free flowing (AoR < 30°), 

the samples 5 and 3 are fairly flowing (35° < AoR < 40°), the samples 2 and 6 are poor flowing (40° 

< AoR < 50°) and the sample 4 has a very poor flow behavior (AoR > 50°). 

 
Figure 100. Compressibility index and angle-of-repose for the six biomass samples. 

Coherently, the fine sieving cuts had always a higher CI than the coarse powders, meaning a higher 

cohesive behavior. As with the AoR results, the greatest difference between fine and coarse sieving cuts 

was observed for the untreated samples, for which a 47 % higher CI was obtained for the fine powder. 

The differences between sieving cuts are less pronounced for the torrefied samples. The raw coarse 

powders had the lowest compressible behavior and thus the best flowability according to the CI criterion. 

The most compressible powder being the fines of the mildly torrefied sample (sample 4), it is expected 

that it will have a very poor-flowing behavior under non-consolidated conditions. Following the 

classification based on CI established by Carr [399], the sample 1 (raw coarse) has a ‘passable flow’ 

behavior (21 < CI < 25), the samples 2, 3 and 5 (raw fine and torrefied coarse) are ‘poor flowing’ 

(26 < CI < 31), the sample 6 (ML = 24.5 % fine) has a very poor flow behavior (32 < CI < 37) and 
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sample 4 (ML = 9.6 % fine) has extremely poor flow characteristics (CI > 37). These observations are 

in agreement with the results presented in Chapter IV where mildly torrefied samples had poor flow in 

a non-consolidated conditioning. The compressibility index and angle-of-repose measurements seem 

therefore to capture this flow behavior well.  

3.2.2. Rectangular container test 

As for the hollow cylinder tests, stable stacks of particles were formed for all the samples when the 

lid of the rectangular container was lifted. The retainment ratio p is therefore 1.0 for the six samples. 

3.3. DEM simulations 

The elongated shape of the biomass particles was represented in DEM simulations using a 

multisphere approach. For all the samples, monodispersed populations were simulated using the average 

size and shape descriptors presented in Table 41. Table 43 lists the model parameters used for particle 

representation using an overlapping factor (c) of 20 %. The 3D representations for the six samples are 

shown in Figure 101. 

Table 43. Parameters for multisphere model representation of biomass samples. 

Sample 1 2 3 4 5 6 

nsph 3 3 4 4 3 3 

d (µm) 746 352 668 320 526 252 

l (µm) 1940 915 2273 1089 1367 657 

Vclump (mm3) 0.6282 0.0658 0.5997 0.0659 0.2199 0.0244 

Req (µm) 531 251 523 251 374 180 

 

 
Figure 101. DEM particle representation of biomass samples (true relative size) using a multisphere approach. 

A coarse-graining approach to reduce computing time was used for all the samples, so the particle 

size was scaled up by a factor of 4. The particle-wall interaction parameters for the simulations of the 

heap formation setup were reported in section 2 of this chapter and were kept the same for the 

simulations of the torrefied powders. Table 44 shows additional DEM parameters of simulations of the 

torrefied samples. The calibration simulations (heap formation) were partially conducted using the 

1. Raw coarse

3. ML = 9.6 % coarse

5. ML = 24.5 % coarse

2. Raw fine

4. ML = 9.6 % fine

6. ML = 24.5 % fine

d = 746 µm
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‘Reynolds’ cluster of the Maritime and Transport Technology department of TU Delft [400]. This cluster 

consists of 14 compute nodes with 28 cores each (2× Xeon® E5-2680 v4 64 GB machine). 

Table 44. DEM features for simulations of heap formation. 

Parameter Sample 3 Sample 4 Sample 5 Sample 6 

Particle density (kg/m3) 350 1,000 350 1,000 

Timestep (heap) (s) 1×10-5 7×10-6 8×10-6 7×10-6 

Total number of spheres (heap) 14,868 108,268 30,444 219,195 

Number of processors 8 8 8 8 

Computation time (hours) 11.2 9.58 7.11 22.6 

 

3.4. Calibration results using NSGA-II optimization 

By applying the same factorial design (53) described in section 2, the values of µs, µr and CED were 

varied within a range from 0.1 to 0.9 for the friction coefficients and from 0 to 80 kJ/m3 for the Cohesion 

Energy Density. The same qualitative trends as described in section 2, regarding the effects of the friction 

coefficients and CED on the bulk responses were observed for the simulated torrefied particles. An 

example of the values of the bulk density, AoR and the retainment ratio obtained from simulations for 

sample 5 (ML = 24.5 %) is shown in Figure 102. 

 
Figure 102. Simulation results for the sample ML = 24.5 %. (a) Bulk density and AoR. (b) retainment ratio (p). The run number corresponds to 

an individual set of parameter combinations of the 5×5×5 design (reported in section 2 of this chapter). 

Figure 103 illustrates the final (i.e. after 100 generations) Pareto fronts obtained using the NSGA-II 

optimization algorithm. The compromise between the two objective functions is therefore evident. 

While relative low errors could be achieved for the objective function O2 (related to the retainment ratio 

p), the deviations for O1 (related to both the bulk density and the AoR) were generally larger.  
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Figure 103. Pareto fronts after 100 generations of NSGA-II optimization. 

The optimal values for the latest generation of the NSGA-II optimizations are presented in Figure 

104, using a color and size scale for the data points that represents the sum of the objective functions. 

The sets of parameters giving the lowest value of O1+O2 for each sample were entered in the 

LIGGGHTS® input script and the simulation results are compared against the experimental values in 

Table 45.  

While the differences between the simulated and the experimental results for the retainment ratio 

were almost neglectable, and acceptable for the bulk density, the error was quite significant for the AoR 

(except for sample 4). The differences between the ‘expected’ AoR (using the optimized parameters) and 

the one effectively obtained from simulations are the result of the deviation of the AoR from linear 

profiles at high values of CED which affects the accuracy of the interpolation (the optimization 

algorithm uses an interpolation of the responses based on the simulation grid of µs, µr and CED values). 

This is the case, for example, in Figure 102a for the last 25 sets of parameter combinations (100 to 125) 

corresponding to CED = 80 kJ/m3, where the AoR values fluctuate without a clear monotonous trend. 

Since the values of p = 1 are only obtained for high values of CED (Figure 102b), the optimization 

algorithm forces the solutions towards the sets of parameters for which the AoR values are the most 

uncertain. 
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Figure 104. Sets of optimal parameters for torrefied samples. The size and color scale of the data points indicate the value of the sum O1+O2 for 

each set of µs, µr and CED. 

Table 45. Optimized values of µs, µr and CED and comparison of simulated responses (Sim.) against experimental measurements (Exp.). e: 

relative error between the experimental and DEM responses. 

Sample 

ID 
µs µr 

CED 

(J/m3) 

O1+O2 

(%) 

AoR (°) ρb (kg/m3) p 

Sim. Exp. 
e 

(%) 
Sim. Exp. 

e 

(%) 
Sim. Exp. 

e 

(%) 

3 0.3002 0.3002 77576 1.16 45.9 39.1 17.5 114.5 116.2 1.5 1 1 0.0 

4 0.5004 0.7342 80000 14.2 50.5 51.3 1.5 104.3 90.6 15.1 1 1 0.1 

5 0.6935 0.1313 79062 0.031 45.9 35.8 28.4 119.2 120.6 1.1 1 1 0.4 

6 0.5481 0.8844 77967 0.5 38.7 47.2 17.9 104.0 102.3 1.7 1 1 0.5 

 

3.5. Optimization without interpolation using Minitab® 

A Response Optimizer tool in Minitab® is used to identify the combination of input variables that 

fits the set of experimental responses. The particularity of the Minitab® optimizer, compared to the 

NSGA-II procedure, is that in its Factorial Design Response Optimizer, only the values of variables 

belonging to the parameter grid are possible candidates for optimization, so no interpolation is made. 

Figure 105 shows an example of the optimization plot obtained for samples 1 and 2, with the identified 

optimal parameters in red (‘Cur’). 
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Sample 1 Sample 2 

 

 

Figure 105. Examples of optimization results from MINITAB for samples 1 and 2. 

Individual and composite desirability assess how well a combination of variables satisfies the goals 

defined for the responses. The individual desirability (d) evaluates how the settings optimize a single 

response; composite desirability (D) evaluates how the settings optimize a set of responses overall. 

Desirability (both individual and composite) has a range of zero to one. One represents the ideal case in 

which the responses exactly match the targets set; zero indicates that one or more responses are outside 

their acceptable limits. The Response Optimizer calculates individual desirability using a desirability 

function di, defined as: 
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where Yi is the particular response to be optimized, which is function of x, the set of optimal 

individuals; Li and Ui stand for the low and upper limits of possible values for Yi. The exponents s and t 

determine how important it is to hit the target value Yi. For s = t = 1, the desirability function increases 

linearly towards Ti; for s < 1, t < 1, the function is convex, and for s > 1, t > 1, the function is concave. 

In this work, all targets were set to be equally important [401]. The desirability function approach is 

one of the most widely used methods in industry for the optimization of multiple response processes. 

The composite desirability, D, is the weighted geometric mean of the individual desirabilities for the 

responses: 
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with k denoting the number of responses. Minitab® determines a global optimal set of variables by 

maximizing the composite desirability [402]. The calibrated DEM parameters obtained using this 

procedure, along with the corresponding values of the bulk responses from simulations are listed in 

Table 46.  

Table 46. Calibrated DEM parameters using Minitab® optimizer. 

Sample 

ID 
µs µr 

CED 

(kJ/m3) 

Composite 

desirability 

AoR (°) ρb (kg/m3) p 

Sim. Exp. 
e 

(%) 
Sim. Exp. 

e 

(%) 
Sim. Exp. 

e 

(%) 

1 0.1 0.9 20 0.75 32.1 27.7 15.9 184.7 184.2 0.3 0.83 1 17 

2 0.1 0.9 80 0.86 43.6 46.3 5.8 151.2 165.6 8.7 0.96 1 4 

3 0.9 0.7 50 0.88 44.2 39.1 13.0 120.8 116.2 3.9 0.97 1 3 

4 0.5 0.9 80 0.94 49.4 51.3 3.7 101.9 90.6 12.5 1.0 1 0 

5 0.9 0.3 50 0.93 40.3 35.8 12.6 123.2 120.6 2.1 1.0 1 0 

6 0.5 0.9 80 0.93 44.0 47.2 6.8 105.7 102.3 3.3 0.99 1 1 

 

As no interpolation is made during optimization, values presented in Table 46 correspond to actual 

tested values of the parameter factorial design, so no verification was needed. The error for the AoR was 

reduced compared to the NSGA-II optimization results. Additionally, it is interesting to note that 

significantly lower CED values were obtained for the coarse samples (samples 1, 3, 5), which is consistent 

with their lower macroscopic cohesive nature compared to the fine sieving cuts (samples 2, 4, 6). An 

optimization using only values within the parameter grid seems therefore more reliable than an algorithm 

using interpolation. As discussed in the section 2 of this chapter, however, the accuracy of the results 

can be improved by increasing the resolution of the parameter grid. 
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Abstract 

The evaluation of the flow properties of biomass powders is essential for the design of efficient 

storage, handling, and transportation systems within a thermochemical valorization context. Although 

Discrete Element Method (DEM) is a useful tool for simulation of the bulk behavior of granular 

materials, it has been rarely used for studying biomass feedstocks. This study is focused on the numerical 

investigation of the flow of raw and torrefied biomass particles in a loose and dynamic conditioning 

using a rotating drum setup. The relevance of DEM parameters calibrated using bulk experiments (angle-

of-repose, bulk density, retainment ratio) was tested by comparison with experimental data obtained 

using a rotating drum system. The calibrated DEM material model considers the elongated, 

submillimetric and cohesive nature of the biomass powder. Several relevant flowability descriptors, such 

as the Upper Angle of Stability, the size of the avalanches, the fraction of revolution to trigger events 

and the irregularity of the free surface, are evaluated using both experimental data and DEM simulations. 

DEM results reproduced well the experimental trends and distinguished between the different cohesive 

extent of the samples. Realistic results could thus be obtained with upscaled simplified representations 

of particle shape that are efficient in terms of computing time. The simulation outcome shows that DEM 

is a relevant technique to assess flowability of biomass powders in a non-consolidated dynamic flow. 

This paves the way for the study of the effects of particle characteristics on bulk flow, which are briefly 

discussed. 

Keywords: Woody biomass powder; DEM parameter calibration; Flowability; Avalanching; 

Multisphere approach; Coarse-graining; Particle shape; Rotating drum 

4.1. Introduction 

Interest in lignocellulosic biomass has sharply increased recently due to its potential as a renewable 

energy source to produce chemicals and gaseous or liquid biofuels. In biomass gasification processes for 

2nd generation biofuel production, the granular flowability of the biomass feedstock influences the 

continuous, stable and controllable operation of the gasifier, which affects the design of reactors and 
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composition of the product gas [126,129,220]. Flow fluctuations, bridging and blockage of biomass 

particles in feeding systems of gasifiers are common industrial problems that hinder the cost-effective 

industrialization of biomass valorization facilities. 

Before being fed into the gasifier, the biomass can be pre-treated, namely by torrefaction. 

Torrefaction is a mild pyrolysis at temperatures ranging between 200 °C and 300 °C in an inert 

environment. Details on the effects of torrefaction on biomass properties and its interest as pretreatment 

step for biomass valorization can be found in [33,403]. In addition to improving the energy density and 

grindability of the material, torrefaction also influences the size and shape of the particles obtained after 

grinding [113,404] which has an impact on flow properties.  

Flow issues can be correctly addressed through knowledge of the flow behavior of bulk solids. 

Despite the relatively frequent occurrence of flow problems, little is known about the flow properties of 

biomass materials, which may differ significantly from those of conventional granular materials used in 

industry [216]. Research on the flow properties of milled biomass has primarily focused on 

measurements using shear testers [102,202,208,212,217,222] in which powders are in a consolidated and 

quasi-static state.  

Rotating drums are widely used devices for characterizing flowability of powders in a loose and 

dynamic state. They stand as a very practical geometry to study the flow of granular materials through, 

for instance, the evaluation of their avalanching behavior. The test does not require an extensive sample 

preconditioning, is performed quickly and can be repeated many times without operator intervention. In 

addition, rotating drums can detect changes in powder flowability brought by powder additives with 

greater precision and reproducibility than other commonly used loose-state tests such as angle-of-repose 

tests and bulk density measurements [185]. Although an overwhelming majority of work using rotating 

drums has focused on cohesionless materials [160,177,190,346], recent research 

[180,184,190,193,195,347] has highlighted the pertinence of the study of avalanches to assess flowability 

of cohesive materials such as moist pharmaceutical [194] and cocoa [183] powders. The avalanche 

characterization of biomass powder -which has a recognized cohesive character- could provide a new 

insight on the dynamic free-surface flow behavior of this material. For instance, values of the Upper 

Angle of Stability obtained from rotating drum experiments have been correlated to the discharge rates 

at the outlet of screw feeders for biomass [217]. 

With the rapid development of high-performance computing technology, the discrete element 

method (DEM) [405] is becoming a powerful simulation tool to understand granular dynamics, 

particularly in rotating drum flows [349]. Experimental evaluation of the isolated effects of shape, size 

or surface interactions on the flow behavior of bulk solids can be difficult to achieve since these 

properties are often correlated. Access to the individual particle dynamics of fine materials is also a major 

difficulty in experimental work. The ability to run a large number of simulations with full control of the 

physical properties of the system under study makes DEM simulations a cost-effective way to help 

overcome experimental limitations. It also gives an insight on the particle-scale phenomena taking place 

during flow. 

Two approaches are commonly used in literature to study the flow of granular materials in rotating 

drums using DEM. First, a large number of investigations focuses on the microdynamics of particles 

flow within the drum, namely through the assessment of coordination numbers, collision frequencies of 

individual particles and velocity profiles [348,406–409]. A second approach includes the evaluation of 

global bulk characteristics such as dynamic angles of repose or the study of mixing and segregation of 

polydisperse populations [163,191,414,269,348,349,408,410–413]. The latter approach was used in this 
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work, since flowability was assessed using bulk flow descriptors based on the motion of the mass center 

of the powder bed.  

Due to limited computing power, implementation of DEM has limitations for simulating full-scale 

industrial applications, where large quantities of particles are involved [367]. Non-spherical particle 

shapes as well as cohesive behavior are also expensive features to model in DEM, mainly due to the need 

for more complex contact detection algorithms and force models. In consequence, so far, most 

numerical studies on granular flow in rotating drums are restricted to either spherical, non-cohesive or 

coarse (dp > 1 cm) materials. However, challenging aspects of modeling biomass particles are precisely 

the inclusion of a realistic shape model, along with a cohesive behavior for low-particle-density and 

submillimetric particles.  

The effects of particle shape on the flow behavior of non-cohesive granular materials inside rotating 

drum setups, using both DEM and experimental approaches, have been the subject of recent research 

[155,269,416,348,385,410–415]. For instance, Norouzi et al. [410] numerically studied the flow behavior 

of both spherical and non-spherical cohesionless polystyrene particles. They found that, at the same 

operating conditions (namely, rotational speed and filling ratio), the dynamic angle of repose -defined as 

the angle between the flat surface of particles and the horizontal axis- was greater for non-spherical than 

for spherical particles. Similar conclusions were drawn by Santos et al. [348] for rice grains compared to 

spherical glass beads. Mead et al. [412] comprehensively studied the influence of the aspect ratio, 

angularity, particle size distribution and inter-particle contact friction on the angle of repose obtained 

using a rotating cylinder in an avalanching regime. Wachs et al. [416] and Höhner et al. [269] have 

conducted DEM simulations of spheres and three different polyhedral particles in a rotating drum. They 

have found that the dynamic angle of repose increased with decreasing particle sphericity. Additionally, 

angular particles led to a less flat free surface of the particle bed and an intermittent flow behavior. 

Unlike non-cohesive free-flowing materials, cohesive flow in rotating drums has been investigated 

far less. Granular cohesive systems may exhibit very different flow patterns and physical behavior (e. g. 

avalanching) than systems where cohesion is not significant [180,417]. Prior studies on DEM simulation 

of cohesive bulk materials in rotating drums include the study of velocity profiles [418], avalanching and 

surface angles [180,191,418], segregation and axial dispersion [417,419]. Brewster et al. [418] have 

reported that the magnitude of interparticle cohesion has a significant effect on the shape of the powder 

free surface. At low rotation rates and high enough interparticle cohesion, the powder free surface is 

convex. Decreasing the cohesion or increasing the rotation rate causes the free surface to flatten. Using 

DEM simulations Faqih et al. [188] have shown that the cohesion of the material is directly proportional 

to the standard deviation of the center of mass of a powder inside a rotating drum.  

To obtain results that accurately reproduce experimental behavior, DEM parameters must be 

carefully chosen, measured or adjusted through calibration. Prior studies have used results from rotating 

drum experiments, predominantly the dynamic angle of repose, for DEM calibration of non-cohesive 

materials [150,348,376]. However, reaching a steady state may need several rotations of the drum, which 

requires long computation times, especially for a large number of submillimetric particles. Since 

calibration procedures generally involve running several batches of simulations with combined DEM 

parameters, the entire process would result in impractical timeframes. A first attempt for accelerating 

DEM calibration using rotating drum results was made by Hu et al. [349], by using the critical upper and 

lower angles of the first avalanche. This approach has yielded satisfactory results for spherical and non-

cohesive materials. However, in the case of elongated and cohesive powders, the highly chaotic and 

history-dependent nature of the avalanches requires an assessment of dynamics over a long period of 

time. 
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As previously commented, in addition to the calibration of DEM parameters, the large number of 

particles of typical industrial processes is another factor that limits the use of DEM in industry [279]. 

Scaling up particle size is one technique that allows simulations to be run in a reasonable period. Coetzee 

[414] studied the effect of using upscaled particles on the dynamic angle of repose of corn grains in a 

rotating drum and identified a single set of calibrated parameters for all particles with scaling factors 

ranging from 1.0 to 4.0. Several particle scaling approaches have been proposed in literature, including 

exact scaling [367,368], coarse graining [370,371] and cutting-off approach [255]. A coarse-graining 

approach reduces computational effort by replacing individual (real) particles by representative upscaled 

‘meso’-particles [280,370,420]. This approach has shown promising results for simulation of 

submillimetric biomass particles [360]. 

This paper presents a numerical study on the macroscopic flow behavior of raw and torrefied 

biomass powders in a rotating drum setup using DEM. Comparison with experimental data makes it 

possible to assess the relevance of DEM parameters calibration from bulk experiments, applied to a 

rotating drum system. The results are intended to be useful in understanding the effect of particle size, 

shape and interparticle forces on the flowability of biomass powders in a non-consolidated and dynamic 

regime. 

First, the material characteristics and the experimental setup are presented in the materials and 

method section. Thereafter, the DEM simulation methodology is detailed. Several relevant flowability 

descriptors such as the Upper Angle of Stability, the avalanche size, the fraction of revolution to trigger 

events and the irregularity of the free surface are evaluated from experimental data and DEM 

simulations. A comparison is made and comments on the effects of particle characteristics on flow 

behavior are finally provided.  

4.2. Granular materials and experimental setup 

4.2.1. Granular material preparation 

Poplar (Populus euro-americana ‘Koster’) was used in this study as representative of a fast-growing 

lignocellulosic crop. A poplar tree was cut into boards that were then dried. Samples of 60×80×15 mm3 

were cut from a selected board. 

The coupled effect of torrefaction and sieving on particle characteristics was considered in this work. 

Torrefaction was made in a batch furnace especially developed to assure homogeneous inter-particle 

treatment [335]. A controlled inert atmosphere, swept by a nitrogen flow, guaranteed an oxygen level 

below 1.5 %. Two treatments were performed at 240 °C and 280 °C for 1 hour according to the 

following protocol: (i) heating from room temperature to 100 °C at a rate of 10 °C·min−1 (ii) plateau at 

100 °C for 12 hours to remove bound residual water (iii) heating at a rate of 10 °C·min−1 to the treatment 

temperature (iv) plateau at the treatment temperature for 1 hour and (v) cooling ensured by thermal 

losses and increased nitrogen flow into the reactor. 

The oven-dried mass of the samples before (m0) and after (mt) torrefaction was measured to calculate 

the mass loss (ML) due to heat treatment: 

0

0

 (%) 100t
m m

ML
m

−
=   (82) 

The mass loss is known to be a good indicator of the torrefaction intensity and has been successfully 

correlated to several properties of the treated biomass such as dimensional changes [93], energy 
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properties [100], and flowability [102,329]. Mass losses of 9.6 ± 0.8 % and 24.5 ± 3 % were obtained for 

the samples torrefied at 240 °C and 280 °C, respectively. 

The biomass samples (raw and treated) were ground using a Retsch SM300 knife mill with a 1-mm 

trapezoidal hole bottom sieve at the outlet. Although an outlet sieve was used during grinding, the 

powders obtained were still quite polydisperse and had many fine particles. The timestep for DEM 

simulations of strongly polydispersed systems should be reduced according to the smallest particle 

present, which, in the case of biomass samples, would lead to impractical simulation times [421]. 

Therefore, the powders obtained after grinding were sieved to reduce polydispersity in particle size and 

shape. A Retsch AS 200 vibratory sieve shaker at an amplitude of 60 % (1.8 mm) for 20 minutes was used 

along with sieves of opening 500 µm and 710 µm. Particle size and shape distributions were obtained 

using a Sympatec-QICPIC morphological particle size analyzer [312]. The main descriptors of the 

distributions are listed in Table 47.  

For comparative purposes, 1-mm diameter glass beads were used as representative of materials with 

spherical and non-cohesive particles. The SEM images presented in Figure 106 depict the elongated 

shape of biomass particles compared to glass beads. It is noteworthy that, despite the sieving stage, the 

average particle size (minimum Feret diameter) decreased with the intensity of torrefaction. The aspect 

ratio values reveal that intensively torrefied samples were also less elongated than the raw and the mildly 

torrefied ones, which is likely to influence their flow properties as discussed in Chapter IV. 

Table 47. Sample size and shape characteristics. 

Sample 
Torrefaction 

temperature 

ML 

(%) 

Sieving 

cut 

(µm) 

d50
* 

(µm) 

d90 

(µm) 

d10 

(µm) 
Sd a50 

Glass beads ---- ---- ---- 1212 1373 1051 0.13 0.99 

Raw biomass Untreated 0 500-710 746 1092 519 0.36 0.38 

Mildly 

torrefied 

biomass 

240 °C 9.6 500-710 667 929 448 0.35 0.31 

Intensively 

torrefied 

biomass 

280 °C 24.5 500-710 526 862 303 0.48 0.41 

*(d50, d90, d10: 50th, 90th and 10th centiles of the cumulative volume PSD, respectively, Sd: distributions span=(d90-d10)/(d90+d10), a50: 50th centile 

of the aspect ratio distributions (a=minimum Feret diameter/maximum Feret diameter) 

 
Figure 106. Typical SEM images of the granular materials used in this work. 

4.2.2. Rotating drum and avalanching tests 

An in-house-designed device was used to evaluate the dynamic flow behavior of the granular 

materials (Figure 69b). The core piece is a stainless-steel cylinder (10 cm inner diameter, 2 cm width) 

(b) Raw biomass
(c) Torrefied biomass

ML = 9.4%
(d) Torrefied biomass 

ML = 24.5%

2 mm 2 mm 2 mm

(a) Glass beads

1 mm
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clamped inside a large roller bearing as show in the Figure 69a. Two transparent conductive ITO 

(Indium-Tin oxide)-coated glass discs are used to enhance drainage of static electricity. The drive 

mechanism, built between a gear motor and the cylinder housing, consists of two pulleys connected by 

a toothed belt. This design ensures a regular and smooth rotation, without vibrations and provides the 

uniform lighting required to grab high quality images. 

A volume of 63 cm3 of oven-dried materials was charged into the drum, corresponding to a filling 

ratio of 40 %. All the tests were performed at ambient relative humidity between 46 % and 55 % and at 

a rotational speed of 0.5 rpm. Image acquisition was made using a Photron FASTCAM high-speed 

camera at a framerate of 50 fps, exposure time of 1/30 000 s during 1 065 s with a resolution of 896×720. 

Details on the setup, definition of the best criteria for assessing flowability and preliminary tests on 

non-cohesive and cohesive materials can be found in [358]. To automatically process the large set of 

images of each test (typically ca. 18.000 images per test), a post-processing procedure was implemented 

using the Image Processing ToolboxTM of MATLAB platform. Powder motion inside the drum was 

followed using the ‘centroid angle’ (α) defined as the angle between the horizontal and the line from 

center of the drum to the center of mass of the powder bed (Figure 69c). This indicator has been found 

relevant for the experimental evaluation of the flowability of cohesive materials using a rotating drum 

[358].  

Three flow parameters were extracted from the temporal evolution of α. The first one is the Upper 

Angle of Stability (UAS), which is defined as the maximum value of α before an event (or ‘avalanche’). 

UAS is an indicator of the inter-particle frictional forces that particles must overcome to slide across 

over each other or to detach from the main bed to create an avalanche. Higher UAS values and wider 

UAS distributions generally correspond to a decreased flowability. The second one is the size of 

avalanches, that corresponds to the α variation during an event. Large avalanches in cohesive materials 

are generally an indicator of poor flowability, as particles tend to form large clumps that break off and 

collapse over the powder surface. Finally, the third parameter is the fraction of revolution needed to 

trigger events (f), defined as /60 100 %f T=  , where T is the time (s) between events and ω is the 

rotational speed (rpm). A greater value of f normally indicates a greater powder cohesion since the events 

are less frequent. On the contrary, powders having small values of f-distributions should flow freely and 

require lower energy to trigger flow [347] . The determination coefficient (r2) was also calculated as an 

indicator of the smoothness of the free-surface profile of the powders. This coefficient evaluates the 

goodness of fit of a linear regression to the surface profile. Cohesive materials tend to form agglomerates 

when tumbling, so their surfaces are expected to be rough and irregular, resulting in values of r2 much 

less than the unit. 

 
Figure 107. Rotating drum system. a. Experimental setup: 1: rotating cylinder, 2: high-speed camera, 3: motor, 4: lighting panel, 5. drive system, 

b. detail on the cylinder c. Centroid angle (α) definition. 
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4.3. DEM modeling 

This section starts with an overview of the DEM contact model used in this work and the procedure 

for representing particle size and shape using a coarse-grained multisphere approach. Then, the 

methodology for calibrating the DEM parameters is briefly explained and finally the geometry of the 

simulated rotating drum is presented.  

4.3.1. Contact model 

Simulations were conducted using the public version of LIGGGHTS 3.8.0 DEM code [268], 

parallelized on a E5-2620 v4 2.10 GHz Intel® Xeon® machine with 125.8 GB of RAM. A classic non-

linear spring-dashpot model of Hertz-Mindlin was used as the basic contact model for all samples. For 

biomass samples, an elastic-plastic spring-dashpot (EPSD2) rolling friction model and a simplified 

Johnson-Kendall-Roberts (SJKR) cohesion model were also included. 

The Hertz-Mindlin model stands as the most commonly used contact model due to its efficient and 

accurate force calculations. At any time t, the equations governing the translational and rotational motion 

of particle i of mass mi and radius Ri can be written as: 

( )e d cohi
i j ij ij ij i

d
m m

dt
=  + + +

v
F F F g  (83) 

and 

( )t ri
i j ij ij

d
I

dt
=  +

ω
T T  (84) 

where iv and iω are the translational and rotational velocities of particle i. mi and iI  are the mass and the 

moment of inertia of the particle. The indices i and j can also represent particle-wall interactions. The 

forces involved are: the gravitational force im g  and the forces between particles which include an elastic 

force e

ijF , a viscous damping component d

ijF  and cohesive contributions (for biomass samples) through 

the coh

ijF  term. The torque acting on particle i due to particle j includes two components: t

ijT  which is 

generated by the tangential force and causes particle i to rotate, and r

ijT , the rolling friction torque 

generated by asymmetric distribution of the normal contact force and slows down the relative rotation 

between particles in contact [272,422]. If particle i undergoes multiple interactions, the individual 

interaction forces and torques sum up for all particles interacting with particle i. The equations for 

calculation of each force contribution are reported in Table 48. A complete description of the elasto-

plastic spring-dashpot rolling friction model EPSD2 is given in [273].  

Cohesive force models in DEM include the Johnson, Kendall and Roberts (JKR) model [264], the 

recently developed Parallel Bond Contact Model [423] and Adhesive Elasto-Plastic Contact Models 

[396]. The simplified formulation of the widely-used Johnson-Kendall-Roberts model (sJKR) [384] was 

used in this work, for several reasons: (i) because of its availability in LIGGGHTS, (ii) the need for a 

single calibration parameter and (iii) the successful description of low-stress cohesive material flows that 

has been observed in previous research [360,417]. This model adds an additional normal force ,

coh

ij nF  

tending to maintain the contact between two particles, given by: 

,

coh

n
CED A= 

ij
F  (85) 
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where CED is the Cohesive Energy Density in J/m3 and A is the contact area between particles, 

calculated as:  

( )( )( )( )
24

ij i j ij i j ij i j ij i j

ij

d R R d R R d R R d R R
A

d

 − − + − − + + +
=  (86) 

where dij is the distance between the center of the particles and Ri, Rj are the radii of the spheres i and j 

in contact. For a particle (i)-wall (j) contact, the contact area becomes: 

( )2 2

i ijA R d= −  (87) 

 

Table 48. Equations for calculations of forces and torques on particle i according to the Hertz-Mindlin model. 

Force or torque contribution Equation 

Normal elastic force, 
,

e

ij nF  3/2

, ,
4

3n ij n eff eff ij nk Y R= −δ δ  

Normal damping force, 
,

d

ij nF  ( )
1/2

, , ,
2 2

2 5/6 ln(e)
2

ln (e)
n ij n eff eff ij n eff ij nY R m 


= −

+
v v  

Tangential elastic force, 
,

e

ij tF  
, , ,8t ij t eff eff ij n ij tk G R = −δ δ  

Tangential damping force, 
,

d

ij tF  ( )
1/2

, , ,
2 2

2 5/6 ln( )
8

ln ( )
t ij t eff eff ij n eff ij t

e
G R m

e
 


= −

+
v v  

Coulomb friction limit ,ij tδ  truncated to satisfy 
, , , ,

e e d coh

ij t s ij n ij n ij nµ + +F F F F  

Torque by tangential forces, t

ijT  ( ), ,

e d

ij ij t ij t +R F F  

Torque by rolling friction, r

ijT  EPSD2 model 

where 1 1 1m m m
eff i j

= + , 1 1 1R R R
eff i j

= + , ( ) ( )2 21 1 1Y Y Y
eff i i j j

 = − + − , ( )( ) ( )( )1 2 2 1 2 2 1G Y Y
eff i i i j j j

   = − + + − + , ( ) ( )R R R
ij i j i i j
= − +R r r , 

e : coefficient of restitution, Y : Young’s modulus, G : shear modulus, ν: Poisson’s ratio. 

4.3.2. Particle shape approximation 

To simulate the elongated shape of the biomass particles, a multi-sphere approach was used [424]. 

Indeed, since spherical shapes facilitate computationally-efficient contact detection, the multi-sphere 

method is one of the most widely used approach for representing particle shape in DEM [385,386]. 

Spheres within a multi-sphere cluster are fixed in position relative to each other and may overlap to 

approximate more closely to the actual particle shape [274]. Multi-sphere representations have previously 

been used for describing flow of submillimetric biomass particles [360], wood chips [276] and agricultural 

resources such as maize and rice grains [277,387]. 

Each sample was simulated as a monodisperse population of multi-sphere clusters. High-quality 

approximations of particle shape using a multisphere approach may require a large number of spheres, 

making simulations very demanding in memory and computation time. To reduce the number of spheres 

required to represent a single particle, the individual spheres were oriented on a single longitudinal axis, 

so that the particles were needle-shaped (Figure 108). To approximate the actual morphology obtained 

by the PSD measurements, a simplified model of particle representation was proposed. In this model, 

the number of spheres in a clump, nsph, is function of the particle mean size (d50), the average aspect ratio 

(a50) (Table 47) and an overlapping factor c.  

The overlapping factor is defined as 50/c d= , where λ is the overlapping distance between adjacent 

spheres in µm (Figure 108a). A value of c = 0 means that two spheres touch at one single point and c = 1 
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represents a total overlap between two contiguous spheres. As c increases, the effective roughness of the 

particle decreases. Previous work [386] has suggested that reducing surface roughness by increasing the 

number of spheres per cluster does not necessarily lead to a better approximation of particle behavior. 

A value of c of 20 % was chosen as it is considered a good trade-off between the accuracy of particle 

representation and the number of spheres required. 

The diameter of each sphere is set to be equal to the median minimum Feret diameter of the 

population, d50. Therefore, the length of the clump (lclump), which corresponds to the average maximum 

Feret diameter, can be calculated as follows: 

( )50 50 50/ -clump sphl d a n d  = =  +  (88) 

So, from the definitions of a50 and c, the number of spheres needed per clump is: 

50

1

1
sph

c
a

n
c

−

=
−

 (89) 

The calculated values were rounded to the closest integer and the length of the clump was 

recalculated accordingly.  

The volume of each clump is given by: 

( )( )
3

250
14

6 2 4
2 3 12

sph

clump sph

sph

nd
V n c c

n


 − 
= − −       

 (90) 

Table 49 shows the multisphere model parameters that define each sample. For the sake of 

comparison with spherical models for particle representation, the equivalent diameter of a sphere having 

the same volume as one individual clump (deq) is also reported. Figure 108b presents the multisphere 

model of each sample used in this investigation.  

 

Table 49. Characteristics of the multisphere model for representation of biomass particles (non-scaled). 

 Raw ML = 9.6 % ML = 24.5 % 

nsph 3 4 3 

lclump (µm) 1940 2273 1367 

Vclump (mm3) 0.6282 0.5997 0.2199 

deq (µm) 1062 1046 748 

 

4.3.3. Particle size upscaling and material model calibration 

Using simplified shape representations of the actual particle shape is a common practice. However 

a realistic material behavior has to be ensured through calibration [275]. 

The material DEM model of biomass powders was calibrated using the procedure described in detail 

in [360,374]. Calibration of the inter-particle coefficients of sliding (μs) and rolling friction (μr) and the 

Cohesion energy density (CED) was performed by comparing experimental bulk measurements against 

results of DEM simulations. The bulk responses used were: angle-of-repose from a heap, bulk density 

and a shear box retainment ratio. According to the dimensions of the particle clumps reported in Table 

33, to simulate the formation of a full heap, several hundreds of thousands of particles would have to be 

included in the simulation domain, which would require several weeks of computation. Consequently, a 
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coarse-graining approach [280,285,371] was followed and a trade-off between the actual representation 

accuracy and the calculation effort was made by scaling particle size up by a factor of 4. This led to a 

computation time for a typical heap formation simulation of ca. 1 hour and ca. 1 week for the simulation 

of three drum rotations. 

 

 
Figure 108. Multisphere particle representation. (a). Nomenclature of main dimensions within a multisphere clump. (b). Models of biomass samples 

and glass bead used in DEM simulations (non-scaled, true relative size). 

Figure 109 shows the experimental setup used for the determination of the angle of repose as well 

as some examples of the experimental and DEM-simulated heaps for the three biomass samples. 

Following the procedure described in [360] led to a population of optimal possible combinations of 

parameters that adjusted well the physical responses obtained from bulk setups. Preliminary simulations 

showed that low values of CED (e.g. 10 kJ/m3) did not yield a qualitative cohesive behavior in the 

rotating drum simulations (revealed in the experiment by an irregular powder surface or the generation 

of particle agglomerates) for the raw biomass sample. Similar observations have been made by Nasato 

et al. [370] where too low cohesive forces in simulations of a shear test led to an identical flow behavior 

of a non-cohesive Hertz contact model. Therefore, the values of µs, µr and CED used for rotating drum 

simulations (Table 33) were selected among the optimal parameter sets with the highest values of CED 

[360]. Values for glass beads reported in Table 33 were taken from [270]. Except for CED, particle-walls 

interaction parameters were set based on literature values for woody materials [275,303]. In line with 

previous research [425,426], particle-steel CED was set at half the value of the interparticle CED.  
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Figure 109. Calibration bulk experiment (Heap formation). (a) Main setup dimensions. (b) Examples of formed heaps for the biomass samples. 

(c) Corresponding DEM simulations. 

4.3.4. Simulated system description 

The upscaled calibrated particle models were first used in simulations of the rotating drum at its 

actual dimensions. However, due to the upscaled particle size, very few grains were included in the 

domain when the real cylinder dimensions were used in simulations. This, combined with the resulting 

very high wall effects, prompted us to scale the cylinder dimensions up by a factor of 4 (i.e. to use an 

‘exact scaling’ approach [282,367,368]). However, as this significantly increased the number of particles 

to be simulated, the application of a periodic boundary conditions (PBC) approach was explored on a 

preliminary basis. Indeed, besides particle size scaling, another approach commonly used to increase 

computational efficiency in symmetric axial geometries such as cylinders, is to apply periodic boundary 

conditions in the axial direction [427]. This approach considers the bed of particles as an infinite array 

of identical translated layers of itself. Particles exiting one end of an axial boundary re-enter at the 

opposite boundary. Therefore, the effects of the endplates are not considered and only a thinner slice 

representing the center of the drum needs to be simulated, which could drastically reduce the computing 

time compared to the full system. 

A cylindrical slice of the drum of 20 mm wide and 400 mm in diameter was used for PBC simulations. 

This width (axial dimension) of the disc corresponded to ¼ of the scaled width. Figure 110 shows a 

comparison between experimental images for a biomass sample and glass beads (Figure 110a and d), 

snapshots of the corresponding simulations using PBC (Figure 110b and e) and images using a closed 

geometry with the same width and endplates (Figure 110c and f).  

The behavior obtained from DEM simulations with PBC did not correspond to the experimental 

observations: in the case of the glass bead samples, a slumping rather than a continuous regime 

developed [160], while for biomass samples, the powder collapsed on itself at very low α angles. 

Simulations using glass endplates reproduced better the experimental behavior displaying correct 

qualitative features: a continuous flow regime with a constant slope developed for glass beads and high-

potential avalanches took place for biomass. This shows that the inclusion of wall friction effects is 

required to simulate a realistic flow. Therefore, the final simulated drum configuration included these 

endplates. 
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Table 50. DEM simulation parameters for particles and walls. 

Parameter 
Glass 

beads 

Raw 

biomass 

Torrefied 

ML = 9.6 % 

Torrefied 

ML = 24.5 % 

Poisson’s ratio (particle-particle) 0.22 0.3 0.3 0.3 

Poisson’s ratio (particle-walls) 0.22 0.3 0.3 0.3 

Particles density, kg/m3 2550 350 350 350 

Young’s modulus (particle-particle), 

Pa 
5×106 5×106 5×106 5×106 

Young’s modulus (particle-walls), 

Pa 
5×106 5×106 5×106 5×106 

Coefficient of restitution (particle-

particle) 
0.87 0.1 0.1 0.1 

Coefficient of restitution (particle-

walls) 
0.87 0.1 0.1 0.1 

Sliding friction coefficient (particle-

particle) 
0.2 0.1 0.3 0.693 

Sliding friction coefficient (particle-

steel) 
0.6 0.4 0.4 0.4 

Sliding friction coefficient (particle-

glass) 
0.2 0.5 0.5 0.5 

Rolling friction coefficient (particle-

particle) 
---- 0.7 0.3 0.131 

Rolling friction coefficient (particle-

walls) 
---- 0.5 0.5 0.5 

Cohesion Energy Density (particle-

particle), J/m3 
---- 50 049 77 576 79 062 

Cohesion Energy Density (particle-

steel), J/m3 
---- 25 024 38 788 39 531 

Time-step (s) 1.5×10-5 1×10-5 1.5×10-5 1×10-5 

Total number of spheres 19 791 39 366 34 288 72 816 

Number of clumps ---- 13 122 8 572 24 272 

Number of processors 8 2 4 8 

 

The main drum dimensions used for simulations are presented in Table 51. It should be noted that 

to reduce computing time, the cylinder width used for PBC simulations was kept in the finally simulated 

system. The number of particles between endplates for the elongated biomass samples (n) is calculated 

based on the equivalent diameter of the clumps n=w/(deq×4) (Table 49). The values of n were in all cases 

above 4. Johnstone [155] reported that four particles between the endplates were a good compromise 

between computational time requirement and the accuracy of the dynamic angle determination. For each 

sample, the number of particles to achieve a 40 % fill volume is also reported in Table 51. The values 

for biomass samples correspond to the number of elongated clumps, so the total number of simulated 

individual spheres correspond to the value reported in Table 51 multiplied by the number of spheres per 

clump.  
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Figure 110. Experimental and DEM-simulated motion inside the rotating drum for torrefied biomass and glass beads samples. (a,d). 

Experimental images. (b,e). DEM simulation snapshots using PBC. (c,f). DEM simulations with endplates. 

As in experiments, the rotational speed of the drum was 0.5 rpm. The randomly-oriented particles 

were inserted into the cylinder volume and allowed to settle for 10 000 timesteps. Previous research by 

Marigo [279] on cohesionless alumina cylindrical pellets has shown that a steady-state could be achieved 

after one rotation while DEM simulations of plastic balls by Liu et al. [428] needed at least two rotations 

to reach steady state. Mishra et al. [417] reported the attainment of a steady-state for agglomeration of 

cohesive particles inside a rotating drum after 1.5 revolutions of the drum. In this work, simulations were 

conducted for a duration equivalent to 3 drum rotations (360 s). 

Table 51. Characteristics of the simulated rotating drum system. 

Drum diameter 
Glass beads 100 mm 

Biomass samples 400 mm 

Drum width (w) 
Glass beads 5 mm 

Biomass samples 20 mm 

Number of particles between endplates (w/deq) 

Glass beads 5 

Raw biomass 4.7 

Torrefied, ML=9.6 % 4.8 

Torrefied, ML=24.5 % 6.7 

Number of elongated clumps in domain 

Glass beads 19 791 

Raw biomass 19 376 

Torrefied, ML=9.6 % 8 572 

Torrefied, ML=24.5 % 24 272 

(a) (b) (c)

Slumping
Continuous flow

(d) (e) (f)

Torrefied biomass, ML = 24.5 %

Glass beads
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4.4. Results and discussion 

In this section, comparisons between the experimental behavior and DEM simulations are made, 

firstly, based on the visual observations of the material motion and then from quantitative flowability 

indicators. The experimental results presented here have been thoroughly discussed in Chapter IV, so 

that the analysis hereafter focuses on the description of the numerical results and their comparison with 

the observed experimental behavior.  

Figure 111 shows a qualitative comparison between representative experimental and simulation 

captions after avalanches. Visually, the similarities between the simulation and the experimental results 

are encouraging. Overall, the differences in behavior between the different samples studied here are well 

captured by the DEM simulations.  

 
Figure 111. Typical experimental and simulated post-avalanche profiles after one rotation. 

Both experimentally and numerically, a continuous regime of flow develops for glass beads with little 

variations of the flat free-surface slope. For biomass samples, qualitatively, the motion of the powder 

bed occurs in the form of intermittent collapses of particle clusters, which is a characteristic behavior of 

cohesive materials [193] (Chapter IV). This led to irregular free-surface profiles after avalanches that are 

well reproduced by simulations. This behavior is more pronounced for the mildly torrefied sample 

(Figure 111c), for which very rugged and irregular profiles are observed. In all cases, simulations led to 

a higher roughness of the free-surface than that observed in experiments. A higher apparent porosity of 

the powder bed compared to experiments is also visible in the simulations, which is likely to be mainly 

a visualization effect, since the width of the simulated drum (i.e. the number of axially superposed 

particles) was reduced compared to the real setup. 

The temporal evolution of the centroid angle α during one drum rotation is shown Figure 112. 

Numerically, for glass beads, it took 8 % of rotation to trigger the first avalanche, while for biomass 

powders around 20 % of a rotation was needed. After the first avalanche, both numerically and 

experimentally, there is no clear evolution towards a steady-state in terms of the centroid angle, so the 

segments showed in Figure 112 can be considered as qualitatively representative of the entire simulated 

period (3 drum rotations). 

(a) Glass beads (b) Raw biomass (c) ML = 9.6 % (d) ML = 24.5 %



CHAPTER V. 4.4. Results and discussion 

229 
 

The qualitative behavior of the four samples in terms of α evolution was well reproduced by 

simulations. Both numerically and experimentally, for glass beads, there are very rapid and very short 

variations of α of up to 2° while, for biomass, there is a succession of large quasiperiodic events consisting 

in decreases of α of up to 20°. Small random events are also common for the simulations of both raw 

and mildly torrefied biomass (Figure 112b and c) while a more regular pattern of large events (nearly 

uniform in size and time spacing) is visible for the intensively torrefied sample (Figure 112c). 

Quantitatively, it is however apparent from Figure 112 that there is an evident minor quantitative gap 

between experimental results and simulations.  

The flowability parameters explained in Section 4.2.2 were evaluated from the experimental and 

simulation results and used to quantitatively differentiate the cohesiveness of the different powders.  

 
Figure 112. Experimental and DEM-modeled evolution of the 'centroid angle'. The x-axis (‘Revolution’) is the fraction of rotation (i.e. the product 

between the rotational speed and the elapsed time in homogeneous units). 

Because of the highly variable profiles shown in Figure 112, the flowability parameters are presented 

in Figures 8 to 11 in terms of occurrence distributions rather than simply as average values. The median 

values of the distributions (50th centile) are reported in Table 52 and used to establish flowability 

120

130

140

150

160

170

180

0.5 0.75 1 1.25 1.5

α
(d

eg
)

Revolution

Exp.

DEM

120

130

140

150

160

170

180

0.5 0.75 1 1.25 1.5

α
(d

eg
)

Revolution

Exp.

DEM

120

130

140

150

160

170

180

0.5 0.75 1 1.25 1.5

α
(d

eg
)

Revolution

Exp.

DEM

(b) Raw biomass 

(c) Torrefied, ML = 9.6 % (d) Torrefied, ML = 24.5 % 

110

112

114

116

118

120

122

124

1 1.1 1.2 1.3 1.4 1.5

α
(d

eg
)

Revolution

Exp.

DEM

(a) Glass beads



CHAPTER V. Towards a DEM model for raw and torrefied milled biomass particles 

230 
 

rankings. Quantitatively, the width of the distributions for a given flowability parameter ‘ε’ is quantified 

by the span Sε, calculated as follows: 

90 10

90 10



 

 

−
=

+
S  (91) 

where ε90 and ε10 are the 90th and 10th centiles of the cumulative ε-distributions, respectively.  

 
Figure 113. Distributions of flowability descriptors. Left-side plots correspond to the experimental results, right-side are the results obtained from 

DEM simulations. (a,b) UAS. (c,d) Avalanche size. (e,f) Fraction of revolution needed to trigger events. 
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Figure 113 shows the cumulative distributions for the Upper Angle of Stability obtained from the 

experimental results (Figure 113a) and the DEM simulations (Figure 113b). Overall, the behavior for 

simulations and experiments in terms of UAS is similar: a very steep unimodal distribution is obtained 

for the glass beads, around a value a few tens of degrees lower than that of biomass powders, which is 

indicator of a free-flowing behavior. In the case of the biomass powders, the distributions spread over a 

wider range of values, as can be expected from the plots in Figure 112. The raw and the intensively 

torrefied samples exhibit very close UAS distributions, while the mildly torrefied samples have greater 

UAS values, indicating a higher cohesive nature.  

In addition to interparticle interactions, the moment at which particles detach from the drum walls 

is likely to be strongly influenced by the wall-particle particle-wall interactions, namely the coefficients 

of friction and the cohesion energy. These parameters were not considered in the calibration framework 

(Section 4.3.3). This might explain the quantitative offset of the DEM distributions compared to the 

experimental results. Nevertheless, results of Table 52 for UAS show that DEM simulations predicted 

within a low margin of error (below 7 %) the experimental values. 

Figure 113c-d compares the experimental and simulated avalanche size (Δα) distributions. While very 

short avalanches were observed for glass beads, which is characteristic of a non-cohesive material, large 

angle variations during events were observed for the biomass powders. These large variations of α are 

produced by the tumbling of clusters of particles, measured experimentally and nicely reproduced 

numerically, which rapidly modify the center of mass of the powder bed. While the qualitative similarity 

between the plots in Figure 113 is encouraging, the average avalanche size (Table 52) was always 

underestimated by the DEM simulations. However, the same experimental and numerical ranking of 

flowability could be established. 

Table 52. Experimental and simulated results for several flowability indicators. Span values (Eq. 10) are indicated in round brackets, flowability 

ranking is reported in square brackets from I being the worst flowing material to IV the material with the best flowability. The relative error is 

referred to as e. 

 
UAS50 (SUAS) (deg) f50 (Sf) (%) 

Avalanche size Δα 

(deg) 
r2

50 (Sr
2) 

Sample Exp. DEM 
e 

(%) 
Exp. DEM 

e 

(%) 
Exp. DEM 

e 

(%) 
Exp. DEM 

e 

(%) 

Glass 

beads 

118.1 

(0.004) 

[IV] 

114.0 

(0.006) 

[IV] 

3.5 

1.41 

(0.42) 

[IV] 

0.93 

(0.63) 

[IV] 

34.0 

0.81 

(0.64) 

[IV] 

0.32 

(0.85) 

[IV] 

60.5 

0.999 

(0.00) 

[IV] 

1.00 

(0.00) 

[IV] 

0.1 

Raw 

biomass 

147.7 

(0.02) 

[II] 

152.4 

(0.024) 

[III] 

3.2 

2.48 

(0.52) 

[III] 

2.06 

(0.71) 

[III] 

16.9 

6.84 

(0.80) 

[III] 

4.79 

(0.92) 

[III] 

30.0 

0.966 

(0.030) 

[II] 

0.98 

(0.02) 

[III] 

1.5 

Torrefied, 

ML = 

9.6 % 

149.6 

(0.02) 

[I] 

159.8 

(0.041) 

[I] 

6.8 

2.77 

(0.51) 

[II] 

2.62 

(0.76) 

[II] 

5.5 

7.98 

(0.88) 

[II] 

5.61 

(0.90) 

[II] 

29.7 

0.956 

(0.040) 

[I] 

0.68 

(0.36) 

[I] 

28.9 

Torrefied 

ML = 

24.5 % 

147.2 

(0.02) 

[III] 

154.1 

(0.03) 

[II] 

4.7 

3.44 

(0.46) 

[I] 

3.00 

(0.74) 

[I] 

12.8 

11.8 

(0.89) 

[I] 

8.88 

(0.93) 

[I] 

24.7 

0.991 

(0.014) 

[III] 

0.96 

(0.11) 

[II] 

3.13 

 

Similar observations can be made from Figure 113e-f regarding the fraction of revolution f needed 

to trigger events. Again, lower fractions were obtained for glass beads, indicating a greater ease of flow. 

For the biomass samples, events required a larger fraction of revolution to occur, i.e. they were triggered 

less frequently, which is an indicator of a reduced flowability. Qualitatively, the shape and locations of 
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the simulated f-distributions were consistent with the experimental results. Lower discrepancies between 

the average simulated and the experimental values of f were obtained for the biomass materials than for 

the glass beads (Table 52), and the same flowability ranking as in the experiments could be established. 

Intensively torrefied samples were less prone to flow in terms of event frequency, followed by the mildly 

torrefied sample, the raw sample and finally the non-cohesive glass beads. A comprehensive critical 

analysis on the use of the f parameter as indicator of flowability has been made in previous research 

(Chapter IV). The identification of the type of events is also important to conclude on flowability when 

using this indicator. For the intensively torrefied samples, even if the events are more spaced over time, 

the representations in Figure 112d show that there are fewer ‘small’ events for these materials than for 

the mildly torrefied or the raw samples. These small events were associated to small clumps breakings 

over the powder bed, which are typical of a cohesive flow. Experimentally, the flow of the intensively 

torrefied samples was dominated by ‘large’ shear-flow events rather than ‘small’ clumps breaks. This 

behavior was also verified by visual observation of the simulation output. This highlights the importance 

of considering the type of motion taking place during avalanches, and not only isolated numerical 

indicators of the event frequency or size. 

 
Figure 114. Irregularity of the free-surface profile as measured by the coefficient of determination (r2). (a) Experimental evolution for raw biomass 

and glass beads. (b) Simulated evolution for raw biomass and glass beads. (c) Experimental r2-distributions. (d) r2-distributions from simulation 

results. 
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The evaluation of the coefficient of determination (r2) completes the analysis of flowability by 

examining the irregularity of the free-surface profile of the powder. Figure 114a-b correspond to the 

evolution of r2 obtained from experiments and simulations for the glass beads and the raw biomass 

sample. While for the glass beads the values of r2 are nearly constant at ca. 1, for the biomass powder 

great deviations from a linear profile develop, especially during avalanches. The very distinct behavior 

between the non-cohesive and the cohesive materials was well reproduced by simulations as can be seen 

in Figure 114: a high irregularity was observed for the biomass sample compared to the glass beads. 

The cumulative distributions in Figure 114c-d were derived from the evolution of r2 over time. The 

comparison of experimental and simulated distributions reveals rather significant differences. Most 

striking are the significantly low values of r2 obtained for the mildly torrefied samples from simulations. 

This is the combined result of the high CED value for this sample and its higher elongation that led to 

very rough and irregular profiles. However, except for mildly torrefied samples, the average values of r2 

were similar in simulations and in experiments (Table 52) and were used to establish a flowability ranking, 

with the mildly torrefied sample exhibiting the most cohesive behavior and the glass beads being non-

cohesive. 

For all criteria, differences in the behavior showed between simulations and experiments are also 

likely to be the effect of the reduced number of events considered to draw the distributions from 

simulations. Indeed, in the experiments, distributions are calculated on the basis of about 3 times the 

number of events recorded for simulations (e.g. 145 events for raw biomass). While longer simulations 

would likely reduce experimental-DEM gaps, the good agreement shown in Figure 113 in terms of UAS, 

Δα and f indicates that the number of events analyzed in simulations is globally representative of the 

powder behavior.  

One avenue left unexplored in this work is the relative cohesive strength of interaction of particles 

with the drum walls, which may have a strong influence on the powder motion (in particular the moment 

when particles detach from the walls). Further investigation and experimentation might evaluate 

calibration of particle-wall interaction parameters and their effects on the bulk flow.  

The results presented here suggest that calibrated DEM parameters obtained from relatively easy-

to-implement bulk setups (angle-of-repose, bulk density and a retainment ratio) could be used to 

reproduce a realistic dynamic non-consolidated flow of biomass particles. One might consider directly 

applying a calibration framework such as the one presented in [360] using rotating drum simulations and 

experiments to better adjust powder dynamic behavior. However, as highlighted by Hu et al. [349] and 

as noted in this work, the long computation time that would be required for calibration using indicators 

from a rotating drum makes this strategy impractical at present. Instead, the results obtained from 

avalanche assessment in rotating drums could be dedicated to narrow the population of optimal sets of 

parameters obtained from bulk experiments, with fewer/shorter simulations required. This leads to a 

more realistic and robust DEM material model and to a better representation of flow behavior under a 

wide range of flow conditions.  

4.5. Potential of DEM simulations for exploration of shape and 

cohesion effects on flow 

The previous results proved that DEM simulations are capable of representing a realistic bulk flow 

of biomass particles under dynamic free-surface conditions. One of the greatest strengths of the 

simulation approach is that it allows the effect of the powder characteristics such as particle size, shape 
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or interparticle cohesion on bulk flow to be studied independently. An overview of this potential is given 

hereinafter. 

Figure 115 shows simulation snapshots that illustrate the effect of changes in particle properties 

(shape and cohesion) on the powder profile. Figure 115a corresponds to non-cohesive spherical particles 

with an equivalent diameter equal to that of the raw biomass scaled clumps (deq = 2.12 mm), all the other 

DEM parameters being the same than those used for raw biomass simulations. Figure 115b shows the 

effect of adding a cohesive contribution of CED = 50.049 kJ/m3 (i.e. CED for raw biomass particles 

reported in Table 33.). In Figure 115c the elongated shape of the raw biomass clumps is used but 

interparticle cohesive forces are neglected and Figure 115d corresponds to the simulated raw biomass 

sample with the parameters of Table 33. 

 
Figure 115. Snapshots of DEM simulations showing the effect of particle shape and interparticle cohesion on flow. 

To facilitate the visualization of the dynamic flow behavior, snapshots of the flow with particles 

colored according to their instantaneous speed are presented in Figure 116 for two successive moments 

at ti and tj. The ease of access to detailed information at the particle-scale highlighted by the 

representations in Figure 116 shows another interesting feature of DEM simulations. Figure 117 presents 

the evolution of the centroid angle during one rotation for the four cases presented in Figure 115 and 

Figure 116. 

The lowest values of α were obtained for the non-cohesive spherical particles and, as for the glass 

beads, a continuous regime of flow developed with a flat and constant slope and a permanent layer of 

spheres rolling down the free-surface (Figure 116a). Adding a cohesive contribution not only increased 

the centroid angle (Figure 115b), but also resulted in a slumping regime in which periodic events took 

place: the solid bed was lifted (Figure 116b, top) and leveled off (Figure 116b, bottom) by successive 

small discrete avalanches at the surface.  

Elongated shape promotes particle interlocking while limiting their free movement, which results in 

greater centroid angles than for spherical particles (Figure 115c). Equivalent results for the dynamic angle 

of repose are reported in previous research by Höhner and Wachs et al. [269,416]. Interestingly, without 

cohesive interactions, a continuous regime of flow develops as in the case of the spherical particles. 

Elongated particles simply shift the mean angle towards a higher value and the thickness of the shear 

front of particles continuously flowing over the powder bed decreases (Figure 116c). Figure 117 shows 

that the increase in the centroid angle triggered by the addition of cohesion (case b) or by an elongated 

shape (case c) is, in average, comparable (ca. +20° compared to the simulation of spherical particles). 

The difference between these two cases is the presence of short oscillations when a cohesive contribution 

is taken into account. Therefore, if only an average value of α had been considered for flowability 

characterization (as is often the case in literature), similar conclusions about flow would have been 

(c) Elongated shape
(d) Elongated shape + cohesion

(Raw biomass)
(a) Spherical shape (b) Spherical shape + cohesion
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wrongly drawn for both cases. This underlines the importance of considering several flow indicators in 

addition to average angles. 

 
Figure 116. Effect of particle characteristics on the flow behavior at two consecutive moments ti and tj. 

As seen in Figure 115d, only the coupled effects of the elongated particle shape and the interparticle 

cohesion were able to reproduce a realistic behavior for the raw biomass samples, with discrete 

avalanches (Figure 116d top) and the formation of clusters of particles collapsing over the free-surface. 

This triggered the large α variations depicted in Figure 117 that closely mimic the experimental behavior.  

 
Figure 117. Effect of particle characteristics on the temporal evolution of α during one drum revolution. 
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In this study, only monodispersed populations of particles were used in the simulations. However, 

experimentally, although a sieving stage reduced the polydispersity of the biomass powders, there was 

still a variety of particle sizes, especially for the intensively torrefied samples, which is likely to influence 

flow behavior. A natural progression of this work is to analyze the effect of polydispersity on flow 

behavior through simulations. Although this will be the subject of future research, a first effort in this 

direction is shown here by simulating a polydispersed population with characteristics approximated from 

the PSD of the raw biomass sample. Thus, three particle sizes at d8.2 (500 µm), d50 (746 µm) and d75 (890 

µm) were combined with volume proportions of 25 %, 50 % and 25 %, respectively, maintaining the 

same average aspect ratio as the monodispersed system. As shown in Figure 118, the inclusion of two 

additional particle sizes did not significantly change the bulk behavior in terms of the centroid angle 

evolution. Similar UAS and f distributions were thus obtained compared to those of the monodispersed 

raw biomass. However, the computing time was greatly increased due to the presence of finer particles 

which led to a higher number of particles to be simulated to reach the same fill ratio (19 376 for the 

polydispersed system compared to 13 122 for the monodisperse raw biomass). This suggests that a 

polydisperse system could be adequately represented by a simplified monodisperse population, thus 

saving time in terms of calculation. Further work with a higher degree of polydispersity might be required 

to reinforce these findings.  

 
Figure 118. Comparison of DEM results between monodisperse raw biomass and a polydisperse sample. (a) Evolution of the α angle over time (for 

clarity, the y-axis of the data sets is not the same; e.g. the raw biomass results should be read on the left y-axis). (b) UAS cumulative distributions. 

(c). f cumulative distributions. 

4.6. Conclusions 

Rotating drum tests are pertinent for studying bulk flow of granular materials in a non-consolidated 

and dynamic conditioning. In this study, we evaluated the ability of DEM simulations for assessing flow 

behavior of raw and torrefied milled biomass in a rotating drum.  

The challenging characteristics of biomass particles with respect to simulations (submillimetric size, 

elongated shape, cohesive nature) were integrated in a DEM model using a coarse-grained multisphere 

approach for shape representation, along with a cohesive SJKR contact model. Bulk measurements of 

the angle-of-repose, the bulk density and a retainment ratio were used for calibration of the interparticle 

coefficients of sliding friction, rolling friction and the Cohesion Energy Density. 

Qualitative comparison with the experimental behavior in a rotating drum system made it possible 

to reduce the number of optimal sets of calibrated DEM parameters. To reproduce the experimental 

cohesive behavior, it was therefore necessary to select a set of optimum interparticle parameters among 

those with the highest cohesive energy density values. The selected parameters led to a realistic 
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representation of the avalanche motion for the biomass materials that could be achieved through the 

combined effects of an elongated particle shape and interparticle cohesion. The calibrated DEM 

parameters obtained from relatively easy-to-implement bulk setups can therefore be used to reliably 

reproduce a dynamic non-consolidated flow of biomass particles, the latter being much more expensive 

to use as calibration setup. 

Overall, the granular flow dynamics was correctly captured by the DEM simulations. Similar 

distributions of several flowability indicators (Upper Angle of Stability, fraction of revolution to trigger 

events and size of avalanches) were obtained from DEM simulations and experimental results. Although 

significant differences were found regarding the irregularity of the free-surface profile, similar numerical 

and experimental rankings of flowability could be established. This confirms the suitability of the DEM 

simulations for assessing flow of cohesive biomass particles in a free-surface dynamic system.  

While physical sound results were obtained using parameters calibrated using simple-to-implement 

bulk setups, the robustness of these parameters remains to be further clarified through, for example, the 

investigation of other flow conditions (including under consolidation). Future studies could also explore 

the effects of the particle-wall interaction parameters, polydispersity as well as more elaborate particle 

shape representations that are more favorable to particle interlocking. 
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General conclusion 
 

This work addressed an explicit need to better control the flowability of powdered biomass in a context 

Biomass-to-Liquid conversion. In particular, the objective of this research was to provide knowledge to 

understand the effects of the pretreatment stages (namely torrefaction and grinding) of a BtL processing 

chain on the flow properties of lignocellulosic biomass powders. 

To fulfil this aim, we first explored the effects of torrefaction on the flow properties of biomass powders 

under consolidation using a ring shear tester. Samples of two wood essences, poplar (hardwood) and spruce 

(softwood), were thus torrefied and comminuted (knife-ground or ball-milled). Since the bulk flow behavior 

is highly influenced by particle-scale properties, we measured the impact of the heat treatment on the 

distributions of particle size and shape in order to understand the evolution of the flowability. The loss of 

resilience of the fibrous structure of raw wood by torrefaction was verified by the gradual shifting of the 

particle size and shape distributions towards wider distributions of finer and rounder particles when the 

samples were more intensively torrefied. 

 At the same time, a significant improvement in flowability with the intensity of torrefaction has also 

been clearly demonstrated: milled biomass gradually shifted from a cohesive nature for the raw samples to 

a nearly free-flowing behavior for the most intensively torrefied powders. This positive trend was not 

straightforward to anticipate, according to the general trends exhibited by granular materials. Indeed, the 

intensively torrefied samples were composed of a high proportion of fine particles, which should generally 

lead to a lower fluidity due to the enhancement of the interparticle cohesive forces compared to the weight 

of the particles. However, our results suggested that the decrease in particle interlocking (triggered by more 

rounded particle shapes) has a dominant effect that results in a better bulk flow. It is therefore the evolution 

of the shape of the particles rather than their size that is a decisive parameter to increase flowability. The 

improvement in flowability and the changes in size and shape factor were therefore explained by the same 

effect: the loss of resilience of the fibrous structure of the raw wood by heat treatment.  

The mass loss is a synthetic indicator of the intensity of the heat treatment in torrefaction, since it 

includes temperature level and residence time. This indicator has been successfully correlated in previous 

research to physicochemical properties of the torrefied biomass. Our results highlighted the possibility to 

correlate this mass loss to a flowability factor through a linear relationship for the two-species studied here. 

We therefore propose to consider the mass loss as an indicator of the consolidated flowability as well. In 

this way a unique indicator, linked to the torrefaction conditions, could be used for process design. 

The flow properties determined for raw and torrefied milled biomass represent valuable information 

that can be used directly, through the Jenike procedure, for the design of industrial storage facilities such as 

hoppers and bins. Since torrefaction followed by grinding generates biomass powders composed of round 

and uniform particles, with the added benefit of reducing energy consumption for grinding, our results 

indicate that torrefaction should also be regarded as a valuable pretreatment process to improve the flow 

behavior of consolidated powdered biomass. Additional work is however required to determine whether 

the energy cost of torrefaction offset the reduction of the energy cost of grinding. 

In a second stage of our experimental work, we focused on the flow behavior of biomass powders when 

they are in a free-surface condition, i.e. under no-consolidation beyond the load exerted by the own weight 

of the material. This is the material conditioning that is usually found in feeding systems such as feeding 

screws or pipelines. One of the most relevant experimental setups to study the flow of granular materials 

under these conditions is a rotating drum. We therefore designed and built an in-house experimental device 

coupled with an efficient image-processing procedure that allowed us to reliably evaluate the dynamic 
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behavior of biomass powders with minimal operator intervention through avalanche analysis. Due to the 

absence in the literature of standard flowability descriptors for cohesive materials from rotating drum 

experiments, we first investigated the relevance of a bulk motion indicator, the ‘centroid angle’ to describe 

powder flow. It is based on the changes of the mass center of the powder during rotation. This centroid 

angle was proven effective to capture the bulk powder dynamics and allowed us to evaluate several 

flowability descriptors such as the Upper Angle of Stability, the fraction of revolution required to trigger 

events and the size of avalanches. A more reliable assessment of flowability of cohesive materials in a non-

consolidated state was therefore possible compared to the use of the average slopes of the powder profile, 

which is a commonly used indicator, but unreliable for the irregular surfaces developed for cohesive 

powders. 

In addition to the flowability descriptors mentioned above, the irregularity of the free-surface profile in 

the rotating drum - characterized by the determination coefficient r2 of the linear regression following the 

total least squares method - made it possible to distinguish between the cohesive extent of glass beads and 

biomass samples. The assessment of flowability at a relatively slow rotational speed led to distributions of 

descriptors from which reliable conclusions about unconfined flow could be drawn. The proposed 

flowability descriptors appeared to be complementary to each other and should be considered 

simultaneously to obtain a more accurate conclusion about flow properties. 

 The general framework established for the flowability assessment using a rotating drum allowed us to 

investigate the flow behavior of raw and torrefied poplar powders and compare it to measurements in a 

consolidated state using a ring shear tester. The study of two sieving cuts (‘fine’ and ‘coarse’) of raw and 

torrefied biomass samples showed that fine powders always had a greater cohesiveness than the coarse 

sieving cuts. For a given torrefaction intensity, the fine and coarse sieving cuts had similar shape 

characteristics, so, in accordance with the outcome of the previous studies carried out as part of this work, 

a net negative effect of particle size reduction was verified. It supports the notion that cohesion of biomass 

samples constituted of particles with similar shape would be increased by reduction in particle size. 

Moreover, for a given sieving cut, these results therefore highlight the importance of particle shape effects 

on bulk behavior. 

We established two main categories of motion of biomass powders in a non-consolidated conditioning. 

The most cohesive powders had a greater tendency to form clumps of particles that flowed poorly, while 

shear sliding events were characteristic of good flow behavior. Our results suggest that, for instance, in a 

feeding screw system, the fine sieving cut of mildly torrefied powder would be more likely to have an 

intermittent mass flow and to trigger blocking problems, than the coarse sieving cut of raw powder. Several 

empiric correlations allowed us to elucidate these trends based on particle characteristics. The flowability 

descriptors obtained from shear testing and rotating drum experiments were therefore related to the average 

particle size and shape and width of the distributions. In a non-consolidated free-surface conditioning, fine, 

rough and needle-shaped particles, as well as powders with narrow PSD would be more cohesive. The 

quantitative relationships established indicate that the flowability factor, as measured by the ring shear tester, 

is directly related to the mean particle size (minimum Feret) and the aspect ratio, an inversely related to the 

PSD span. Unlike in a non-consolidated state, the increase in powder polydispersity seems therefore to 

hinder flow behavior in the presence of consolidation. 

In a second phase of this work, in an attempt to benefit from the power of the Discrete Element Method 

for simulation of granular materials, we developed and implemented a DEM model of biomass particles 

using LIGGGHTS®, an open source particle simulation software. The prospect of realistically reproducing 

the behavior of biomass materials through a simplified particle representation and contact force models 

required the adjustment of the DEM parameters. At the time of this research, no calibration framework had 

yet been documented for materials that are simultaneously submillimetric, elongated and cohesive. 

Therefore, as a first stage of the DEM implementation, we developed and applied an automatic calibration 
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framework to obtain optimal sets of interaction parameters (sliding friction coefficient, rolling friction 

coefficient and Cohesion Energy Density) that reproduced well bulk experimental responses such as the 

angle-of-repose from a heap, the bulk density and a retainment ratio. This calibration procedure has been 

carried out for two sieving cuts of raw and torrefied biomass powders. A coarse-grained multisphere 

approach for particle shape and size representation has allowed us to capture the elongated nature of the 

biomass particles in a simplified but computationally efficient way. The use of a coarse-grained 

representation (particle scale up by a factor of 4) was indeed necessary to limit the number of simulated 

particles and thus reduce the computing time. The simulation of a preshear and a shear sequences in a ring 

shear tester for a coarse sieving cut of raw biomass resulted in tangential preshear and shear stresses similar 

to those of experiments. This shows that the calibrated parameters could in principle also be used under 

consolidated conditions. 

The potential of DEM for the simulation of biomass powder flow was further investigated by 

representing the rotating drum system used for the non-consolidated flowability study. In doing so, we were 

able to simultaneously test the calibration parameters established previously using bulk measurements for 

two sieving cuts of raw, mildly torrefied and intensively torrefied samples. The DEM simulations of the 

avalanching behavior reproduced well the experimental results in terms of several flowability descirptors 

(Upper Angle of Stability, fraction of revolution required to trigger avalanches and size of the avalanches). 

This shows that DEM could be used as a reliable tool to analyze and predict unconsolidated flow of biomass 

powders. 

Overall, torrefaction improves biomass flow properties under consolidation. The milled torrefied 

biomass is therefore less likely to trigger blocking problems in storage units. On the contrary, since only 

sieved samples were tested under non-consolidated conditions, conclusions about the net effect of 

torrefaction on non-consolidated flow are not easy to draw from the results presented here. For sieved 

samples, however, the beneficial effect of torrefaction is attenuated and less clear than under consolidated 

conditions. Although torrefaction appears to be an efficient treatment to improve shape characteristics and 

therefore flow behavior, we are aware that, in a gasification process, other constraints than optimizing 

powder flow (e.g. the energy consumption and the energy density of the product) can drive the general 

choice of the torrefaction conditions. However, this work highlighted that the choice of the pretreatment 

parameters was crucial to define the physical properties of the powder and that these effects should be 

considered in the general design and optimization of the BtL pretreatment processes. 

Altogether, this research has provided a framework for characterizing flowability of powdered biomass 

using experimental and simulation tools. The reported results add to a growing body of literature on 

characterization of biomass and assessment of handling behavior for BtL applications. The general line of 

thought was as follows: within a predictive ambition, we initially sought to anticipate the biomass flowability 

from the torrefaction conditions, and therefore to be able to use these conditions as a lever to optimize 

biomass flow. However, this required intermediate stages of understanding. First, it includes the assessment 

of the effects of torrefaction and grinding on the particle properties (namely particle size and shape 

distributions). Then, the correlations between these particle-scale characteristics and several indicators of 

flowability under different conditioning states, that allow the prediction of flow behavior once the material 

has been reliably characterized. Finally, the establishment of simplified DEM models also based in synthetic 

descriptors of the physical characteristics can be used as a valuable tool to understand further particle-

equipment interactions or the effect of particle characteristics (driven by torrefaction and grinding 

conditions) on bulk flow. 

The research questions announced in the General Introduction section were addressed through the 

entirety of this research. If we succinctly reconsidered them: 
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How torrefaction and grinding conditions affect the particle properties of biomass? We know now the general trends 

correlating the torrefaction intensity and particle shape and size distributions obtained after grinding for the 

lignocellulosic species studied. There is still work to be done on the effect of these pretreatment processes 

on surface characteristics and electrostatic interactions (see Perspectives section). 

What is the effect of these particle characteristics on the flow behavior under different conditions? The work is at a 

satisfactory state of advancement, whether in a consolidated or non-consolidated state. The interest of flow 

characterization under different conditions has been highlighted in this work and the differences in the 

effects of particle characteristics on flowability indicators depending on conditioning have been emphasized. 

Can Discrete Element Simulations reproduce the flow behavior of raw and torrefied biomass materials within a predictive 

aim? Although the Discrete Element method is still under development and several challenges remain, DEM 

simulations enabled us to work out a particle model that realistically reproduces the bulk behavior of sieved 

raw and torrefied biomass. This opens the way to the study flow behavior and particle-equipment 

interactions via a numerical tool, complementary to experimental approaches. 
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Perspectives and suggestions for future 

work 
 

 

A variety of perspectives and opportunities for further research emerge from this work. They can be 

classified under three different axes, as follows: 

• First, the pursuit of experimental investigations would provide further understanding on the 

relationships between particle properties and flowability in confined and unconfined conditioning. 

Several perspectives therefore arise: 

 

- The general improvement in flow behavior under consolidation with the extent of torrefaction 

could be considered as a combined effect of several factors: the changes in particle size and width 

of the distributions, the improvement of shape characteristics and the changes in surface 

interactions. In this work, we primarily focused on the size and shape characteristics that are likely 

to predominantly influence flow behavior. Although this approach seemed to describe the observed 

behavior well adequately, the evaluation of the surface interactions (electrostatic forces, roughness) 

and their effects on biomass flow is an important issue that should be considered for future 

research. 

 

- Further insight into the behavior of the bulk biomass can be gained by understanding the 

mechanisms of interaction that exist between particles. More research is therefore required to 

clearly understand the origin of the cohesive nature of biomass particles. For instance, the shape of 

the particles and their relative position can create a kind of ‘apparent cohesion’ within the granular 

medium without physical or chemical attraction between the particles. This type of cohesion is 

referred to as ‘apparent’ because there is no real cohesive action between the grains, but there is 

resistance to relative grain movement, which is similar to cohesion. The geometry of the surfaces 

in contact can create blockages due to microscopic reliefs and therefore resistance to movement in 

one direction. This resistance to displacement due to particle shape or surface irregularities 

contributes to overall cohesion by limiting the movement of particles in contact with each other. 

Therefore, it is important to assess the relative contribution to the cohesive extent of these 

mechanical interlocking effects (which are mainly caused by elongated and irregular shapes) and the 

inter-particulate forces of cohesion. 

 

- Due to the heterogeneity of characteristics between particles, the practical quantitative analysis of 

particle features often needed simplification to average values. For characterization of size and 

shape, the variety of available descriptors complicates the task of finding relevant parameters for 

description and prediction of flow behavior. While an effort was made in this work to convey our 

results in terms of distributions, the use of average descriptors of size and shape was unavoidable. 

Further stages of this work should evaluate the pertinence of these average descriptors to 

characterize flow behavior and the opportunity to develop and integrate polydispersity descriptors 

(for both size and shape). In addition, more research is required to confirm the predictive potential 

of the correlations between flowability descriptors and particle characteristics presented in Chapter 

IV. 
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- With regard to the assessment of non-consolidated flowability using a rotating drum, future studies 

may investigate the extent of segregation phenomena during the test and its effects on the 

flowability descriptors obtained. This could be achieved, for instance, by examining the evolution 

of avalanches during a long period of time and repeating this experiment several times after mixing 

the powder. 

 

- Although the characterization of two well-differentiated populations in terms of particle size 

(obtained by sieving) allowed us to draw conclusions on the effects of particle characteristics on 

unconsolidated flow, a natural progression of this work should include the test of unsieved 

powders. 

 

• Second, this research can be pursued through numerical approaches such as DEM taking into 

account the following points: 

 

- The use of a multisphere approach in this work was a first attempt to take into account the needle-

like shape biomass particles. However, we are aware of the possibilities in terms of accuracy of 

particle shape representation that other methods can offer. The use of approaches other than 

multispheres is therefore encouraged for future work. For instance, the last version of 

LIGGGHTS® (3.8.0) has implemented a major new feature for particle shape representation: 

superquadric shape particles [429]. The equation of a the points on the surface of basic superquadric 

particle is given by: 

1

s tr
y zx

a b c
+ + =  (92) 

where a, b, c, r, s and t are parameters that allow a wide variety of shapes to be simulated [430]. 

In particular, the use of superquadrics is likely to closely mimic the flat plate-like shape of biomass 

particles. The multisphere approach used in this work still required the inclusion of rolling friction 

to mimic a reduced rotation of the spherical particles. By using flat particles through superquadrics 

models, the need for rolling friction models (and their calibration) could be reduced. Flexible fiber 

models for DEM that are starting to emerge [365] are also of great interest for simulation of biomass 

particles that can bend and relax under consolidation. However, these models are not yet integrated 

into DEM software nor are yet time-efficient for simulation of large quantities of particles. 

 

- For DEM simulations, particle density was assumed to be independent of the torrefaction intensity. 

The underlying hypothesis was that the mass loss was balanced by the dimensional shrinkage of the 

material during treatment. This hypothesis deserves further validation, so measurements of particle 

density relevant to DEM simulations should be undertaken in future research, especially since the 

numerical bulk density values used for calibration are highly sensitive to particle density.  

 

- As part of the DEM calibration framework presented, different values of the weighting coefficients 

of the objective functions (that were set to be the same in the case of the first objective function) 

could be tested. This would, for instance, result in a better adjustment of the bulk responses that 

were more repeatable or that better highlight a given feature of the biomass (e.g. the cohesive 

nature). 

 

- Further work is required to establish calibration tests, in addition to the angle-of-repose used in this 

work, that could discriminate between different cohesive strengths of biomass materials. In 

addition, more research on the scalability of the calibration setups and the reliability of a coarse-
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grained particle representation would assess the applicability of the calibration framework on an 

industrial scale. 

 

• Finally, a third axis of further work concerns the integration of the methodologies and results 

presented in this work to the design and evaluation of biomass pretreatment technologies within 

BtL applications. We have shown how the outcomes of this work could be used either for 

equipment design (e.g. silos and conveyor screws), or to adjust the couple of torrefaction intensity/ 

grinding intensity as a pair, in terms of energy balance and to satisfy gasification requirements. 

However, several avenues for future work can be explored: 

 

- Validation of the mass loss as flowability indicator would require experiments showing that mass 

losses obtained by different torrefaction conditions (temperature and residence time) would give 

the same flow properties, as has been the case for energy properties and dimensional changes 

[91,93]. This naturally requires establishing whether samples treated at the same mass loss obtained 

under different conditions will yield similar particle size and shape distributions after grinding. 

 

- Although the trade-offs between the energy inputs of torrefaction and direct grinding energy 

consumption were briefly discussed in Chapter I, mainly on the basis of the literature, there is room 

to advance the knowledge on these compromises. In particular, a process-scale assessment of the 

energy savings generated by the improved handling characteristics of biomass by torrefaction would 

be important to confirm the overall positive value of torrefaction as pretreatment step. 

 

- In order to enhance the applicability of the flow properties provided by this research for equipment 

design, complementary measurements (by shear testing) of wall friction as well as time 

consolidation effects are recommended. 

 

- The evaluation of the adequate extrapolation of the results of rotating drums to the study of the 

performance of feeding systems such as screw feeders is to be undertaken. This would confirm the 

interest of the characterization setup, beyond the sole comparative analysis of powders. 

 

- Throughout this work, we have verified that the study of granular materials in general and of 

powder flowability in particular is highly multivariate. Flow behavior can depend on the particle 

characteristics, the degree of consolidation and other external conditions (humidity, interaction with 

other materials, etc.). It is desirable to isolate the individual effects of each parameter on flowability, 

but this is hardly achievable through experiments. Although initial progress in this direction has 

been made in this research, further studies on this topic are recommended, in particular by 

combining experimental and simulation approaches. 
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Appendix I 
Influence of  particle thickness on the heat treatment 

homogeneity of  poplar wood 
(Originally published (in French) in « Recent Récent Progrès en Génie des Procédés » 2017 ISBN: 978-2-910239-85-5) 

 

Abstract 

The BtL processing route for valorization of biomass into 2G biofuels begins with pretreatment 

operations. Torrefaction is a mild pyrolysis treatment that reduces the fibrous, resilient and hygroscopic 

nature of biomass. This thermal treatment makes downstream grinding operations less energy-

consuming and facilitates storage. Ensuring homogeneity of torrefaction within the particles is essential 

to guarantee the production of a material with homogeneous characteristics in terms of energy density, 

chemical composition and mechanical properties. In this work, the cross effects of the thickness of 

poplar particles and the heat treatment intensity on the torrefaction homogeneity are studied. For this 

purpose, we examine the temperature profiles at the core of the samples, as well as mass loss 

measurements and localized elemental analyses. An increase in the temperature overshoot was observed 

with treatment thickness and torrefaction temperature. Effects of particle thickness on mass loss were 

also shown. The homogeneity of the heat treatment within the particles is the result of a balance between 

the convective heat flow from the external source (the torrefaction reactor), and the heat flow released 

into the particles by the exothermic degradation reactions. 

Keywords: BtL, torrefaction, elemental analysis, mass loss, temperature overshoot, poplar 

1. Introduction 

In a BtL production chain, torrefaction is considered to be one of the most advantageous required 

pretreatments. This process, which is a thermal treatment of biomass at atmospheric pressure, in the 

absence of oxygen and at temperatures between 200 °C and 300 °C, produces a solid with intermediate 

characteristics between native biomass and charcoal. Torrefied biomass has lower hygroscopicity and 

mechanical resilience than raw biomass, as well as higher energy content and resistance to biological 

degradation [431]. Thermally treated biomass is also more uniform than untreated biomass: torrefied 

lignocellulosic biomass of different origin has similar physical and chemical properties [90]. All these 

effects of torrefaction on lignocellulosic biomass lead to a significant reduction in energy consumption 

of downstream grinding processes, as well as the facilitation of storage [34,333]. 

Ensuring the homogeneity of the heat treatment within the biomass particles is necessary to 

guarantee that the product properties are as expected. This makes possible to reliably model the process 

for better control and optimization. 

Two successive phenomena can be at the origin of the heterogeneity of torrefied biomass at the 

particle scale. First, the thermal resistance to heat transfer from the surface to the core while the 

atmosphere is warmer than the particle. Second, the thermal resistance through the material for 

evacuation from the core to the surface of the energy produced when exothermic biomass degradation 
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reactions are thermo-activated. The combination of these two phenomena generates temperature 

profiles over the thickness of the material and therefore a heterogeneous heat treatment. 

Indeed, differential thermal analysis (DTA) studies have demonstrated the presence of exothermic 

degradation reactions during lignocellulosic biomass torrefaction [432,433]. During torrefaction, the 

oxygen present in hemicelluloses is partially consumed, thus giving rise to exothermic behavior [432]. 

The purpose of this work is to characterize the effects of biomass particle thickness and heat 

treatment intensity (duration, temperature) on torrefaction intraparticle homogeneity. As a result, an 

optimal particle size that ensures good homogeneity of the treatment in the sample could be established. 

2. Materials and methods 

2.1. Woody biomass  

Samples of poplar (Populus euro-americana ‘Koster’) were cut from a 25-year-old tree from a plantation 

in the Suippe Valley, Auménancourt-le-Petit, Grand Est, France. The tree was sawn before drying. 

2.2. Sample preparation 

The dimensions of the samples are 80×60 mm² in the tangential and longitudinal directions, 

respectively, and 10, 12, 15, 17 and 20 mm in the radial direction (thickness). These samples were cut in 

the longitudinal direction of the same board to limit the effects due to biological variability within the 

tree. This precaution makes it possible to interpret the differences observed as resulting from differences 

in operating conditions. 

2.3. Torrefaction conditions and mass loss (ML) measurements 

The samples were heat treated using an in-house developed batch for biomass torrefaction. The 

torrefaction furnace is a Memmert UFP400 oven with a volume of 53 L. Heating elements are regularly 

distributed at the base, ceiling and side walls of the internal chamber. The oven is equipped with a PID 

temperature control system. The convection of the oven atmosphere is forced by a vertical centrifugal 

fan located on the bottom wall. The hermetically closed chamber is swept by a continuous flow of 

nitrogen (5 L.min-1) ensures an oxygen concentration lower than 1.5 % [306]. The O2 concentration is 

measured on the sweeping gas at the oven outlet. An acquisition software has been developed to i) take 

control of the oven's PID to reproduce the desired temperature profile and ii) save on file the 

temperatures of the various samples and the actual conditions of the furnace. 

Three treatment intensities were tested corresponding to three temperatures at 240 °C, 260 °C and 

280 °C for 1 hour. The protocol followed is as follows: a. Heating from ambient temperature (about 

20 °C) at a rate of 10 °C.min-1 to 100 °C; b. Plateau at 100 °C (drying stage) for 24 hours; c. Heating at 

10 °C.min-1 to the treatment temperature; d. Plateau at the torrefaction temperature for 1 hour; e. 

Cooling by heat loss and nitrogen flow sweeping in the furnace. 

For each treatment, ten samples (two of each thickness) were torrefied. The samples were 

instrumented with type K thermocouples (0.5 mm in diameter) to measure their core temperature, as 

shown in Figure 119. 
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Figure 119. (a) Sample conditioning (the core thermocouple is schematized). (b). Samples inside the torrefaction furnace. 

Due to its synthetic nature of temperature and treatment duration [431], the overall anhydrous mass 

loss (ML) is used to characterize the intensity of the torrefaction. ML does not include water released 

during the drying phase: 

0

0

 (%) 100t
m m

ML
m

−
=   (93) 

where m0 and mt are the initial and final anhydrous oven-dried masses (after torrefaction), respectively. 

2.4. Elemental analysis CHNS/O 

Samples of 2 mm thickness were taken from the surface and core of the treated woodchips and 

ground in a Retsch MM400 ball mill to obtain a powder suitable for elemental analysis. 

A CHNS/O Flash 2000 elemental analyser (ThermoFischer Scientific®) was used to determine the 

composition of the heat-treated samples. The analysis of C, H, N and S was performed by dynamic 

“flash” combustion of the sample at 930 °C using a V2O5 catalyst. The oxygen analysis uses pyrolysis of 

the sample at 1000 °C. The gaseous products of the reactions were then separated by GC 

chromatography and quantified using a katharometer. 

3. Results and discussion 

3.1. Temperature profiles 

Results in Figure 120 show the evolution of sample core temperature at a torrefaction temperature 

of 280 °C. Qualitatively, similar profiles were found for the other the temperatures studied. A 

temperature overshoot is observed for all the thicknesses investigated. This confirms the presence of 

exothermic reactions caused by degradation of hemicelluloses at the temperatures applied. Consistently, 

the temperature peak increases with the sample thickness due to the increased resistance to heat transfer 

towards the surrounding gas. This increases the core temperature and activates further the exothermic 

reactions. For a thickness of 20 mm at 280 °C, this results in a core temperature 20 °C higher than that 

of the oven gas (Figure 120 and Figure 121). 

In the first moments of temperature rise, heat is transferred from the gas to the sample surface and 

from the surface to the core. When the core reaches a temperature high enough to activate the 

exothermic degradation reactions, the direction of the heat flow is reversed towards the surface of the 

sample.  

80 mm

e

60 mm

(a) (b)
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The thermal diffusivity, expressed in m2.s-1, is dimensionally equivalent to the ratio of the square of 

a characteristic length and a characteristic diffusion time: 

2

C

l

C




 
= 


 (94) 

The characteristic time therefore represents the time required to transfer a quantity of heat over a 

distance l in a thermally diffusive material [434]. The increase in sample thickness is a barrier to heat 

dissipation, leading to the formation of a larger exothermal peak. As shown in Figure 121, for a given 

thickness, this exothermicity increases with the torrefaction temperature. The two phenomena (heat 

conduction and exothermic reactions) are therefore coupled and the torrefaction homogeneity over the 

thickness depends on their relative importance. 

 
Figure 120. Effect of sample thickness on core temperature at a torrefaction temperature of 280 °C for one-hour treatment (a) Temperature profile 

evolution (dotted line corresponds to the oxygen content) (b). Zoom on the temperature overshoots at the beginning of the thermal treatment. 

 

 
Figure 121. Comparison of temperature overshoot for three treatment intensities. (a) Temperature evolution for 15 mm thick samples (solid lines are 

the furnace temperatures; dotted lines are the core temperatures). (b) Peak amplitude for all the thicknesses tested. 
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3.2. Mass loss 

The overall mass loss is used as indicator of the torrefaction intensity. Figure 122 shows the influence 

of the thickness of the treated samples on their mass loss. A similar trend is observed for the three 

temperatures studied: the mass loss decreases in the range of 10 to 12 mm and then increases for the 

thickest samples. Overall, the increase in exothermic peak amplitude associated with the increase in 

sample thickness is accompanied by a higher treatment intensity. From 12 mm thickness onwards, the 

increase in transfer time due to the increase in the characteristic length of heat transfer from the oven to 

the center of the sample is balanced and exceeded by the heat source produced by the exothermic 

reactions. However, for the thinnest samples, heat conduction from the atmosphere to the sample 

predominates over exothermic reactions at short times, which extends the treatment duration for thin 

particles and leads to a higher torrefaction intensity.  

An overall comparison of the three graphs confirms a direct effect of temperature on treatment 

intensity, with mass loss increasing from an average of 12 % at 240 °C to an average of 26 % at 280 °C. 

 

 
Figure 122. Effect of particle thickness and torrefaction temperature on the overall mass loss (ML). 

3.3. Composition CHNS/O 

Preliminary results of the elemental analyses show an increase in carbon content as well as a decrease 

in hydrogen and oxygen contents as the torrefaction intensity increases (Figure 123). These results are 

entirely consistent with previous research [82]. However, the effect of thickness on the surface and core 

elemental composition is not clear for the thickness values studied. Further research on greater 

thicknesses will need to be undertaken to capture such an influence. 
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Figure 123. Elementary ratios of carbon and oxygen composition on the sample surface and core as a function of the torrefaction intensity for 

different thicknesses. 

4. Conclusion and perspectives 

Due to the influence of the thickness of poplar chips on heat transfer within the samples, the effect 

of exothermic reactions increases as particle thickness increases for values between 10 mm and 20 mm. 

The homogeneity and overall intensity of torrefaction therefore depends strongly on the characteristic 

dimension for heat transfer as well as the on the torrefaction temperature for a given residence time.  

In future investigations, the study of differences in core and surface temperatures as a function of 

thickness, as well as in chemical compositions should provide more understanding on the intraparticle 

treatment heterogeneity. An optimal particle sample size that guarantees treatment homogeneity could 

then be established. 
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Appendix II 
 

Measurements of  energy consumption required for 
grinding 

 

In an attempt for illustrating the interest of torrefaction in reducing grinding energy consumption, 

measurements of the grinding energy of poplar chips were conducted in both the SM300 cutting and the 

PM100 ball mill.  

Effects of torrefaction on grindability as measured by the grinding energy consumption have been 

relatively well documented in literature (Chapter I), so our analysis will be limited to the comparison of 

energy consumptions for raw and torrefied samples in a rather qualitative manner. Further quantitative 

analysis of these trends is considered beyond the scope of this work.  

Power consumption measurements were conducted using a wattmeter (Chauvin Arnoux C.A 8332B 

[435]) connected to the mills with by a single-phase electrical connection. The power data were processed 

using the Power Analyzer Transfer Software [436]. The acquisition frequency was 1 second.  

Regarding the cutting mill, poplar samples at three levels of torrefaction intensity were ground: 

ML = 0 % (raw material), ML = 9.6 % (1-hour treatment at 240 °C) and ML = 24.5 % (1-hour treatment 

at 280 °C). Wood chips (60×80×15 mm3) were individually fed into the grinder once the rotor reached 

its steady rotational speed (set at 1500 rpm). A 1 mm trapezoidal holes outlet sieve was used. 

Figure 124 compares the power consumption profile recorded when the chips were individually fed 

into the grinder. Five chips were ground in the case of the raw and the mildly torrefied material, while 

four intensively torrefied chips were ground. The first peak corresponds to the start-up of the grinder to 

reach the set constant rotational speed. An idle power consumption of ca. 0.5 kW was measured. Each 

of the subsequent peaks corresponds to the grinding of one chip. 

 
Figure 124. Power consumption profile for raw and torrefied wood chips in a SM300 grinder. 
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In the case of the raw samples, when a chip was fed into the grinder there was a great peak power 

draw. Power consumption peaks reached values over 2 kW. Because of its high mechanical resilience, 

the material took relatively long to meet the output sieve size, therefore remaining in the grinding 

chamber. As a result, the power consumption peak spread over a duration of over 20 seconds, which is 

quite high compared to the torrefied samples. 

In the case of the mildly torrefied samples, not only is the peak power draw significantly lower than 

that of the raw samples, but the power consumption rapidly stabilizes at the idle consumption value. 

The power peaks were at ca. 1.3 kW and it took around 8 seconds to drop back to the idle value. For 

the intensively torrefied samples, the peak power consumption is the lowest (on average 0.87 kW) and 

the grinding draw lasted about 6 seconds. 

Additionally, according with the experimental observations, it was noteworthy that torrefied samples 

passed easily trough the bottom sieve, which made it possible to quickly feed the series of chips. 

Intensively torrefied samples were thus faster to grind. On the contrary, raw samples were more likely 

to block the rotor if they were continuously fed with no rest time. 

From these results, it is therefore clear that torrefaction intensity has a positive influence on the 

grinding energy consumption and grinding time. Indeed, due to the thermochemical degradation of the 

wood structure during torrefaction, the heat treatment is well known to increase the material brittleness 

and in consequence, the biomass grindability. 

The order of magnitude of the recording period is similar to the one of the grinding duration for all 

samples. At present, it is therefore difficult to obtain a precise description of the power peak and to 

evaluate its amplitude. In future work, the accuracy of the results could be improved by increasing the 

data recording frequency. 

Regarding the planetary ball mill, the outflow of the SM300 mill was ground using 15 stainless steel 

balls (20 mm diameter) for 1 minute. In addition to a raw sample, four torrefied samples at different 

torrefaction intensities were tested (ML = 12.2, 24.1, 32.0 and 49.0 %). A volume of biomass 

corresponding to 1/3 of the jar volume was filled. 

 
Figure 125. Power consumption in a planetary ball mill for an empty grinding jar (‘no-load test’) and filled with raw and torrefied biomass. 
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Power measurements represented in Figure 125 show that, apart from the effect of the load 

(compared to the empty jar), no significative differences were found regarding the effects of torrefaction 

intensity on the grinding energy consumption of ball milling.  Indeed, the whole powder remains in the 

jar all along the grinding process. For this type of grinder, the power consumption has to be considered 

over the time required to obtain a given PSD. In order to highlight the duration effect, the input PSD 

has to be the same for all torrefaction intensities. This could be the subject of further study.
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Appendix III 
 

Automated calculation of  avalanche 
angles in a rotating drum system 

 

In this section, we present the MATLAB source code of the image processing algorithm described 

in Chapter IV for the analysis of the powder motion in a rotating drum. The input data are the stack of 

images captured during an experiment and a ‘blanc’ image of the empty cylinder. The threshold values 

are set manually and can be changed according to the evaluated histograms. Results (image number, 

average angle from linear regression, centroid angle, powder surface, r2, etc.) are stored in ‘evol_angles’ 

matrix. 

%Automated calculation of avalanche angles in a rotating drum system 

%Copyright (©) 2018 John Pachón-Morales <john.pachon@centralesupelec.fr> 

<julien.colin@centralesupelec.fr> 

clc;    % Clear the command window. 

close all;  % Close all figures (except those of imtool.) 

clear;  % Erase all existing variables. 

workspace;  % Make sure the workspace panel is showing. 

format long g; 

format compact; 

fontSize = 20; 

%======================================================================== 

%======================================================================== 

filefolder=fullfile(pwd); 

dirOutput=dir(fullfile(filefolder,'Image_stack_name*.jpg')); 

imageNames={dirOutput.name}'; 

[imageNames,index] = sort_nat(imageNames); %Schwarz 2011 

numImages=numel(imageNames); 

  

evol_angles=zeros(numImages,6); 

evol_angles(:,1)=1:1:numImages; 

img_non_prises=zeros(numImages,1); 

w=1; 

%======================================================================== 

%======================================================================== 

% Blanc image processing 

blancrgb=imread('BLANC.jpg'); 

[rowsb, columnsb, numberOfColorChannelsb] = size(blancrgb); 

if numberOfColorChannelsb>1 

    BlancGray=rgb2gray(blancrgb); 

  else 

    BlancGray=blancrgb; %It's already gray. 

end 

Xdblanc=im2double(BlancGray); 

thresholdValueb=0.7; 

% Binary image 

BWb=Xdblanc>thresholdValueb; 

BWb=imfill(BWb,'holes'); 

statsblanc=regionprops('table',BWb,'Centroid'); 

CentreBlanc=statsblanc.Centroid; 

%Edge extraction using Canny method 

contblanc=edge(BWb,'Canny'); 

contblanc_sans_bord=contblanc; 
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contblanc(:,1) = true; contblanc(:,end) = true;contblanc(1,:) = 

true;contblanc(end,:) = true; 

%======================================================================== 

%======================================================================== 

% Experiment images (rotating drum + powder) 

for za=1:numImages 

Xrgb=imread(imageNames{za}); 

[rows, columns, numberOfColorChannels] = size(Xrgb); 

if numberOfColorChannels>1 

    % It's not really gray scale like we expected - it's color. 

    % Use weighted sum of ALL channels to create a gray scale image. 

    Xgray=rgb2gray(Xrgb); 

else 

    Xgray=Xrgb; %It's already gray. 

end 

Xd=im2double(Xgray); 

thresholdValue=0.6; 

% Image binaire 

BW=Xd>thresholdValue; 

BW=imfill(BW,'holes'); 

% Edge extraction (Canny method) 

cont1=edge(BW,'Canny'); 

%======================================================================== 

%======================================================================== 

%Edge sustraction 

cont_avalanche=cont1-contblanc; 

cont_avalanche=cont_avalanche>0; 

cont2=cont_avalanche; 

% % Translate edge to erase misalignment borders 

number_trans=7; 

for q=1:number_trans 

%Left  

contblanctr=imtranslate(contblanc,[-q, 0]); 

cont2b=cont2-contblanctr; 

cont2b=cont2b>0; 

%Down 

contblanctr2=imtranslate(contblanc,[0, -q]); 

cont2c=cont2b-contblanctr2; 

cont2c=cont2c>0; 

%Right 

contblanctr3=imtranslate(contblanc,[q, 0]); 

cont2d=cont2c-contblanctr3; 

cont2d=cont2d>0; 

%Up 

contblanctr4=imtranslate(contblanc,[0, q]); 

cont2e=cont2d-contblanctr4; 

cont_plus_tambour=cont2e.*cont2e; 

cont2e=cont2e>0; 

cont2=cont2e; 

end 

%Bridge = complete possible empty pixels 

cont2=bwmorph(cont2, 'bridge'); 

cont2=bwareaopen(cont2,40); %remove remaining clumps of max. 40 pixels  

cont2e=cont2; 

%======================================================================== 

%======================================================================== 

%Powder free surface coordinates 

[i,j]=find(cont2e==1); %i=row, j=columns, so i-->(-y), j-->(x) 

[i_avalanche,j_avalanche]=find(cont_avalanche==1); 

i_cartesian=length(cont2e(:,1))-i; 

length_image=length(cont_avalanche(:,1)); 

i_avalanche=length_image-i_avalanche; 

A=[j,i_cartesian]; 

A_avalanche=[j_avalanche,i_avalanche]; 

P=zeros(size(A)); 
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n=1; 

minx=min(A(:,1)); 

maxx=max(A(:,1)); 

N=length(A(:,1)); 

for valx=minx:maxx 

    for i=1:N 

        if A(i,1)==valx 

            if P(n,2)<A(i,2) 

                P(n,2)=A(i,2); 

                P(n,1)=valx; 

            else 

                P(n,2)=P(n,2);                  

            end 

        else 

            i=i+1; 

        end      

    end 

    n=n+1; 

end 

 [d,e]=find(P(:,1)); 

P=P((1:length(d)),:); 

condition=P(:,1)==0; 

P(condition,:)=[]; 

%======================================================================== 

%======================================================================== 

%Drawing cylinder circle 

r=sqrt((CentreBlanc(1,1)-P(1,1))^2+(length(cont2e(:,1))-CentreBlanc(1,2)-

P(1,2))^2); 

r_avalanche=sqrt((CentreBlanc(1,1)-

A_avalanche(1,1))^2+(length(cont_avalanche(:,1))-CentreBlanc(1,2)-

A_avalanche(1,2))^2); 

xb=CentreBlanc(1,1); 

yb=CentreBlanc(1,2); 

mat_rayons=cercle_blanc(xb,yb,contblanc_sans_bord); 

rcercle_blanc=mode(round(mat_rayons(:,3))); 

[xunit,yunit] = circle(xb,yb,rcercle_blanc); 

XData=xunit; 

YData=yunit; 

 %ymax calculation 

 [i,j]=find(cont2e==1); 

 y_max=min(i); 

y_max=length(cont2e(:,1))-y_max; 

 evol_angles(za,6)=y_max; 

   

for counter=1:length(XData) 

    cont2(round(YData(counter)),round(XData(counter)))=1; 

end 

%Closing the contour before filling 

[i,j]=find(cont2e==1); 

Mat_cercle_blanc=[round(XData)',round(YData)']; 

y1=find(Mat_cercle_blanc(:,2)==i(1)); 

xc0=min(unique(Mat_cercle_blanc(y1,1))); 

 for counter=xc0:j(1) 

 cont2(i(1),counter)=1; 

end 

 cont2_before_skel=cont2; 

cont2_skel=bwmorph(cont2,'skel',Inf); 

 arr=cont2_skel; 

rMax=30; 

 %Edge connection if holes 

 arr = connectDots(arr,rMax); %Keith Coffman,2016 Algorithm 

cont2=arr; 

%======================================================================== 

%======================================================================== 

%Filling powder 
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powder_filled=imfill(cont2,[700 600]);%Select coordinates of powder   

%Erasing circle 

for counter2=1:length(XData) 

    powder_filled(round(YData(counter2)),round(XData(counter2)))=0; 

end 

powder_filled=bwareaopen(powder_filled,50); %Remove small points remaining 

powder_filled=imfill(powder_filled, 'holes'); 

stats=regionprops('table',powder_filled,'Centroid'); 

CentrePoudre=stats.Centroid; 

%======================================================================== 

%======================================================================== 

%Computing area of powder on image 

powder_area=bwarea(powder_filled); 

area_blanc=bwarea(BWb); 

if (powder_area<0.7*area_blanc) && (powder_area>0.1*area_blanc) 

    xp=CentrePoudre(1,1); 

    yp=CentrePoudre(1,2); 

%Computing centroid angle 

     beta=atand(-(yp-yb)/(xp-xb)); %-y cause y-counting is made upside-down to 

cartesian coordinates 

    if yp>yb && xp>xb %quadrant I 

        beta=beta; 

    elseif yp>yb && xp<xb %quadrant II 

        beta=beta+180; 

    elseif yp<yb && xp<xb %quadrant III 

        beta=beta+180; 

    elseif yp<yb && xp>xb %quadrant IV 

        beta=beta+360; 

    end  

    surf_angle=360-beta; 

    evol_angles(za,3)=surf_angle; 

    evol_angles(za,5)=powder_area; 

%======================================================================== 

%======================================================================== 

%Linear regression angle 

partition=10; 

s=round(length(P)/partition); 

mat_angle=zeros(length(P),2); 

for k=1:length(P)-s 

Px=P((k:s+k-1),1); 

Py=P((k:s+k-1),2); 

p=polyfit(Px,Py,1); 

angle=radtodeg(atan(p(1))); 

mat_angle(k,1)=P(k,1); 

mat_angle(k,2)=angle; 

end 

lin_tous=polyfit(P(:,1),P(:,2),1); 

ycalc_tous=polyval(lin_tous,P(:,1)); 

angle_tous=radtodeg(atan(lin_tous(1))); 

% Computing r2 

yresid=ycalc_tous-P(:,2); 

SSresid=sum(yresid.^2); 

SStotal=length(P(:,2))*var(P(:,2)); 

rsq=1-SSresid/SStotal; 

evol_angles(za,4)=rsq; 

%======================================================================== 

%======================================================================== 

[d,e]=find(mat_angle(:,1)); 

mat_angle=mat_angle((1:length(d)),:); 

angle_moyen=mean(mat_angle(:,2)); 

evol_angles(za,2)=angle_moyen; 

za 

else 

za 

    img_non_prises(w,1)=za; 
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    w=w+1; 

end 

end 

condition2=evol_angles(:,2)==0; 

evol_angles(condition2,:)=[]; 

condition3=img_non_prises(:,1)==0; 

img_non_prises(condition3,:)=[]; 

removed_percentage=length(img_non_prises)/numImages*100 

%======================================================================== 

%======================================================================== 

%Ploting and saving results 

mkdir Results 

figure; 

plot(evol_angles(:,1),evol_angles(:,2),'Color',[0 0 0] ) 

title('Evolution mean angle', 'FontSize', fontSize, 'Interpreter', 'None'); 

xlabel('Image', 'FontSize', fontSize); 

ylabel('Angle(degrees)', 'FontSize', fontSize); 

saveas(gcf,[pwd '/Results/angle_moyen.fig']); 

figure; 

plot(evol_angles(:,1),evol_angles(:,3),'Color',[0 0 1] ) 

title('Centroid angle', 'FontSize', fontSize, 'Interpreter', 'None'); 

xlabel('Image', 'FontSize', fontSize); 

ylabel('Angle(degrees)', 'FontSize', fontSize); 

saveas(gcf,[pwd '/Results/angle_centroids.fig']); 

figure; 

plot(evol_angles(:,1),evol_angles(:,4),'Color',[0 1 0] ) 

title('r2 (Goodness of fit)', 'FontSize', fontSize, 'Interpreter', 'None'); 

xlabel('Image', 'FontSize', fontSize); 

ylabel('r2', 'FontSize', fontSize); 

saveas(gcf,[pwd '/Results/r2.fig']); 

figure; 

plot(evol_angles(:,1),evol_angles(:,5),'Color',[1 0 0] ) 

title('Powder surface', 'FontSize', fontSize, 'Interpreter', 'None'); 

xlabel('Image', 'FontSize', fontSize); 

ylabel('Surface', 'FontSize', fontSize); 

saveas(gcf,[pwd '/Results/powder_surface.fig']); 

figure; 

plot(evol_angles(:,1),evol_angles(:,6),'Color',[1 0 0] ) 

title('Y_max', 'FontSize', fontSize, 'Interpreter', 'None'); 

xlabel('Image', 'FontSize', fontSize); 

ylabel('Y_max', 'FontSize', fontSize); 

saveas(gcf,[pwd '/Results/Y_max.fig']); 

close all; 

Embedded functions 

function mat_rayons=cercle_blanc(xb,yb,contblanc_sans_bord) 

[coord_contblanc_i,coord_contblanc_j]=find(contblanc_sans_bord==1); 

mat_rayons=zeros(length(coord_contblanc_j),3); 

for i=1:length(coord_contblanc_j) 

rb=sqrt((xb-coord_contblanc_j(i))^2+(yb-coord_contblanc_i(i))^2); 

mat_rayons(i,1)=coord_contblanc_j(i); 

mat_rayons(i,2)=coord_contblanc_i(i); 

mat_rayons(i,3)=rb; 

end 

 

function [xunit,yunit] = circle(xb,yb,rcercle_blanc) 

th = 0:pi/50000:2*pi; 

xunit = rcercle_blanc * cos(th) + xb; 

yunit = rcercle_blanc * sin(th) + yb; 

 

function arr = connectDots(arr,rMax) 

% Checks each pixel of a logical array to see if it is connected to other pixels. 

% If not connected, it attempts to draw connections to pixels within a region of 
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% length s = 2*r+1 up to a maximum distance rMax (not circular). 

%load edgeVecs % pre-calculated lsit of perimeter coordinates to save processing 

time 

for r = 1:rMax 

    s = 2*r+1; 

    edgeVecs{1,r} = [1:s repmat(s,[1 s-1]) s-1:-1:1 ones([1 s-2])]; 

    edgeVecs{2,r} = [ones([1 s-1]) 1:s repmat(s,[1 s-1]) s-1:-1:2]; 

end 

d = size(arr); 

for x = 1:d(2) 

for y = 1:d(1) 

    if arr(y,x) 

        connected = 0; r=0; 

        while connected < 2 && r <= rMax-1 

            r=r+1; 

            xVec = edgeVecs{1,r}+x-r-1; yVec = edgeVecs{2,r}+y-r-1;  % Indicies 

of pixels r-away from (y,x) 

            xVec(xVec<1)=1;             yVec(yVec<1)=1;              % Avoid 

index violations 

            xVec(xVec>d(2))=d(2);       yVec(yVec>d(1))=d(1); 

            for ndx = 1:numel(xVec) 

                cX = xVec(ndx); cY = yVec(ndx); 

                if arr(cY,cX)          % A kindred pixel has been found 

                   sX = 1; if x-cX<0 sX=-1;end %Step direction for indexing 

                    sY = 1; if y-cY<0 sY=-1;end 

                    if sum(sum(arr(cY:sY:y,cX:sX:x))) == 2  % No intermediate 

pixels 

                        connected = connected+1; 

                        if r>1 

                        [xPts,yPts] = bresenham(cX,cY,x,y); % Draw line to 

connect them 

                        arr(sub2ind(d,yPts,xPts)) = true; 

                        end 

                    end 

                end 

            end 

        end 

    end 

end 

end 

end 

function [x,y]=bresenham(x1,y1,x2,y2) 

% Line to pixel approximation algorithm (Bresenham's line algorithm) 

% Credit: Aaron WetzlerAll (2010) 

dx=abs(x2-x1);dy=abs(y2-y1); 

steep=abs(dy)>abs(dx); 

if steep t=dx;dx=dy;dy=t; end 

if dy==0  

    q=zeros([dx+1,1]); 

else 

    q=[0;diff(mod((floor(dx/2):-dy:-dy*dx+floor(dx/2))',dx))>=0]; 

end 

  

if steep 

    if y1<=y2 y=(y1:y2)'; else y=(y1:-1:y2)'; end 

    if x1<=x2 x=x1+cumsum(q);else x=x1-cumsum(q); end 

else 

    if x1<=x2 x=(x1:x2)'; else x=(x1:-1:x2)'; end 

    if y1<=y2 y=y1+cumsum(q);else y=y1-cumsum(q); end 

end 

end 

 

function [cs,index] = sort_nat(c,mode) 

%sort_nat: Natural order sort of cell array of strings. 

% usage:  [S,INDEX] = sort_nat(C) 
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% 

% where, 

%    C is a cell array (vector) of strings to be sorted. 

%    S is C, sorted in natural order. 

%    INDEX is the sort order such that S = C(INDEX); 

% 

% Natural order sorting sorts strings containing digits in a way such that 

% the numerical value of the digits is taken into account.  It is 

% especially useful for sorting file names containing index numbers with 

% different numbers of digits.  Often, people will use leading zeros to get 

% the right sort order, but with this function you don't have to do that. 

% For example, if C = {'file1.txt','file2.txt','file10.txt'}, a normal sort 

% will give you 

% 

%       {'file1.txt'  'file10.txt'  'file2.txt'} 

% 

% whereas, sort_nat will give you 

% 

%       {'file1.txt'  'file2.txt'  'file10.txt'} 

% 

% See also: sort 

 % Version: 1.4, 22 January 2011 

% Author:  Douglas M. Schwarz 

% Email:   dmschwarz=ieee*org, dmschwarz=urgrad*rochester*edu 

% Real_email = regexprep(Email,{'=','*'},{'@','.'}) 

% Set default value for mode if necessary. 

if nargin < 2 

    mode = 'ascend'; 

end 

 % Make sure mode is either 'ascend' or 'descend'. 

modes = strcmpi(mode,{'ascend','descend'}); 

is_descend = modes(2); 

if ~any(modes) 

    error('sort_nat:sortDirection',... 

        'sorting direction must be ''ascend'' or ''descend''.') 

end 

 % Replace runs of digits with '0'. 

c2 = regexprep(c,'\d+','0'); 

 % Compute char version of c2 and locations of zeros. 

s1 = char(c2); 

z = s1 == '0'; 

 % Extract the runs of digits and their start and end indices. 

[digruns,first,last] = regexp(c,'\d+','match','start','end'); 

 % Create matrix of numerical values of runs of digits and a matrix of the 

% number of digits in each run. 

num_str = length(c); 

max_len = size(s1,2); 

num_val = NaN(num_str,max_len); 

num_dig = NaN(num_str,max_len); 

for i = 1:num_str 

    num_val(i,z(i,:)) = sscanf(sprintf('%s ',digruns{i}{:}),'%f'); 

    num_dig(i,z(i,:)) = last{i} - first{i} + 1; 

end 

 % Find columns that have at least one non-NaN.  Make sure activecols is a 

% 1-by-n vector even if n = 0. 

activecols = reshape(find(~all(isnan(num_val))),1,[]); 

n = length(activecols); 

 % Compute which columns in the composite matrix get the numbers. 

numcols = activecols + (1:2:2*n); 

 % Compute which columns in the composite matrix get the number of digits. 

ndigcols = numcols + 1; 

 % Compute which columns in the composite matrix get chars. 

charcols = true(1,max_len + 2*n); 

charcols(numcols) = false; 

charcols(ndigcols) = false; 
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 % Create and fill composite matrix, comp. 

comp = zeros(num_str,max_len + 2*n); 

comp(:,charcols) = double(s1); 

comp(:,numcols) = num_val(:,activecols); 

comp(:,ndigcols) = num_dig(:,activecols); 

  

% Sort rows of composite matrix and use index to sort c in ascending or 

% descending order, depending on mode. 

[unused,index] = sortrows(comp); 

if is_descend 

    index = index(end:-1:1); 

end 

index = reshape(index,size(c)); 

cs = c(index); 

 

 

Evaluating flowability characteristics from the 
evolution of  the ‘centroid angle’  

 

The following MATLAB code evaluates the flow characteristics analyzed in Chapter IV from the 

temporal evolution of the centroid angle (UAS, f, size of avalanches, duration distributions, etc.). The 

code operation is mainly based on the identification of the peaks of centroid angle. 

 

close all; 

clear all; 

load('evol_angles.mat'); 

evol_angles_1=evol_angles; 

 img_max_1=max(evol_angles(:,1)); 

 load('evol_angles_restarted.mat') 

 evol_angles_2=evol_angles; 

 evol_angles_2(:,1)=evol_angles_2(:,1)+img_max_1; 

 evol_angles=[evol_angles_1 

             evol_angles_2]; 

%             evol_angles_3]; 

evol_angles=evol_angles(220:end,:); 

f=1; 

centroids=[evol_angles(1:f:end,1),evol_angles(1:f:end,3)]; 

figure; 

plot(centroids(:,1),centroids(:,2),'Color',[0 0 1] ) 

title(sprintf('1-Glass beads -- f=%g img',f), 'FontSize', 15, 'Interpreter', 

'None'); 

xlabel('Image', 'FontSize', 15); 

ylabel('Angle(degrés)', 'FontSize', 15); 

saveas(gcf,[pwd '/centroids.fig']); 

  

fps=10; %to be modified according to image acquisition parameters 

  

centroid=evol_angles(1:f:end,:); 

save('centroid.mat','centroid'); 

time=centroid(:,1)/fps; 

  

MPP_All_events=0.2; 

[pks,locs,w,p]=findpeaks(centroids(:,2),'MinPeakProminence',MPP_All_events); 

figure; plot(centroids(:,1)/fps,centroids(:,2),centroids((locs),1)/fps,pks,'or') 

xlabel('Time (s)') 

ylabel('Angle') 

axis tight 

title(sprintf('PEAKS MAX MinPeakProminence=%f',MPP_All_events)) 

figure; histogram(w/fps,'BinWidth',1); title('Width en s'); 
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figure; h=histogram(p,'BinWidth',1); title('Prominence en °'); 

figure; cum=cdfplot(p); 

x=cum.XData(2:end-1).'; 

y=cum.YData(2:end-1).'; 

f=polyfit(y,x,4);plot(y,x,y,polyval(f,y)); 

threshold=ceil(polyval(f,0.01)); 

  

[pks_min,locs_min]=findpeaks(centroids(:,2)*-

1,'MinPeakProminence',MPP_All_events); 

pks_min=-pks_min; 

figure; plot(centroids(:,1)/fps,centroids(:,2),centroids((locs_min),1)/fps,-

pks_min,'or') 

xlabel('Img Number') 

ylabel('Angle') 

axis tight 

plot(centroids(:,1)/fps,centroids(:,2),centroids((locs_min),1)/fps,pks_min,'or') 

xlabel('Time (s)') 

ylabel('Angle') 

axis tight 

title(sprintf('PEAKS MIN MinPeakProminence=%f',MPP_All_events)) 

 

repos=pks_min; 

avalanche=pks; 

  

BinWidth=1; 

  

figure; h1=histogram(repos,'Normalization','probability'); 

h1.BinWidth=BinWidth; 

hold on; 

h2=histogram(avalanche,'Normalization','probability'); 

h2.BinWidth=BinWidth; 

mu1=mean(repos); 

mu2=mean(avalanche); 

sigma1=std(repos); 

sigma2=std(avalanche); 

y1=h1.BinLimits(1):0.1:h1.BinLimits(2); 

f1 = exp(-(y1-mu1).^2./(2*sigma1^2))./(sigma1*sqrt(2*pi))*h1.BinWidth; 

hold on; 

plot(y1,f1,'LineWidth',1.5,'Color',[0 0 1]); 

h1.FaceColor=[0 1 1]; 

  

y2=h2.BinLimits(1):0.1:h2.BinLimits(2); 

f2 = exp(-(y2-mu2).^2./(2*sigma2^2))./(sigma2*sqrt(2*pi))*h2.BinWidth; 

hold on; 

plot(y2,f2,'LineWidth',1.5,'Color',[0 0 0]); 

h2.FaceColor=[1 0 0]; 

% Create xlabel 

xlabel('Angle (°)'); 

% Create ylabel 

ylabel('Frequency'); 

legend('Min','Max','Location','northwest') 

 

MPP_Big_events=threshold; 

[pks_big,locs_big,w_big,p_big]=findpeaks(centroids(:,2),'MinPeakProminence',MPP_B

ig_events); 

figure; 

plot(centroids(:,1)/fps,centroids(:,2),centroids((locs_big),1)/fps,pks_big,'or') 

xlabel('Time (s)') 

ylabel('Angle') 

axis tight 

title(sprintf('PEAKS MAX MinPeakProminence=%f',MPP_Big_events)) 

  

[pks_big_min,locs_big_min]=findpeaks(centroids(:,2)*-

1,'MinPeakProminence',MPP_Big_events); 

pks_big_min=-pks_big_min; 
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hold on; 

plot(centroids(:,1)/fps,centroids(:,2),centroids((locs_big_min),1)/fps,pks_big_mi

n,'or') 

xlabel('Img Number') 

ylabel('Angle') 

axis tight 

plot(centroids(:,1)/fps,centroids(:,2),centroids((locs_big_min),1)/fps,pks_big_mi

n,'or') 

xlabel('Time (s)') 

ylabel('Angle') 

axis tight 

title(sprintf('PEAKS MIN MinPeakProminence=%f',MPP_Big_events)) 

  

%Duration of avalanches 

  

close all; 

if numel(locs_big)==numel(locs_big_min) 

    if locs_big(1)<locs_big_min(1) 

        duration=(centroids(locs_big_min,1)-centroids(locs_big,1))/fps; % 

NORMAL1=start by MAX and finish by MIN 

        disp('MAX-MIN') 

    else 

        duration=(centroids(locs_big_min(2:end),1)-centroids(locs_big(1:end-

1),1))/fps; %NORMAL2-starts by MIN finish by MAX 

        disp('MIN-MAX') 

    end 

elseif numel(locs_big)>numel(locs_big_min) 

duration=(centroids(locs_big_min,1)-centroids(locs_big(1:end-1),1))/fps; %MAX-MAX 

disp('MAX-MAX') 

elseif numel(locs_big)<numel(locs_big_min) 

    duration=(centroids(locs_big_min(2:end),1)-centroids(locs_big,1))/fps; 

%starts AND finish by a MIN 

    disp('MIN-MIN') 

end 

figure;plot(centroids(:,1)/fps,centroids(:,2),centroids((locs_big),1)/fps,pks_big

,'or'); 

 

hold on; 

plot(centroids(:,1)/fps,centroids(:,2),centroids((locs_big_min),1)/fps,pks_big_mi

n,'or'); 

title('peaks big'); 

  

duration=round(duration,2); 

figure; histogram(duration,40); title('Duration in s'); 

tolerance=15000; %to be modified if more or less peaks are to be counted 

vrais=find(duration>mode(duration)-

tolerance*mode(duration)&duration<mode(duration)+tolerance*mode(duration)); 

duration_vrais=duration(vrais); 

 

pks_big_2=pks_big(vrais); 

locs_big_2=locs_big(vrais); 

pks_big_min_2=pks_big_min(vrais); 

locs_big_min_2=locs_big_min(vrais); 

  

period_max=mean(diff(centroids((locs_big_2),1)))/fps 

period_min=mean(diff(centroids((locs_big_min_2),1)))/fps 

  

figure;figure1=plot(centroids(:,1)/fps,centroids(:,2),centroids((locs_big_2),1)/f

ps,pks_big_2,'or'); 

  

hold on; 

plot(centroids(:,1)/fps,centroids(:,2),centroids((locs_big_min_2),1)/fps,pks_big_

min_2,'or'); 

title('peaks big_2'); 
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%//// RATE LOAD 

 if numel(locs_big_2)==numel(locs_big_min_2) 

    if locs_big_2(1)<locs_big_min_2(1) 

      rate_load2=(pks_big_2(2:end)-pks_big_min_2(1:end-

1))./((centroids(locs_big_2(2:end),1)-centroids(locs_big_min_2(1:end-1),1))/fps); 

%MAX-MIN 

    else 

       rate_load2=(pks_big_2-pks_big_min_2)./((centroids(locs_big_2,1)-

centroids(locs_big_min_2,1))/fps); %MIN-MAX 

    end 

elseif numel(locs_big_2)>numel(locs_big_min_2) 

       rate_load2=(pks_big_2(2:end)-

pks_big_min_2(1:end))./((centroids(locs_big_2(2:end),1)-

centroids(locs_big_min_2(1:end),1))/fps); %MAX-MAX 

elseif numel(locs_big_2)<numel(locs_big_min_2) 

      rate_load2=(pks_big_2-pks_big_min_2(1:end-1))./((centroids(locs_big_2,1)-

centroids(locs_big_min_2(1:end-1),1))/fps); %MIN-MIN 

end 

  

 hold on; plot(rate_load2); 

%///RATE AVALANCHE 

  

if numel(locs_big_2)==numel(locs_big_min_2) 

    if locs_big_2(1)<locs_big_min_2(1) 

       rate_avalanche=(pks_big_min_2-pks_big_2)./((centroids((locs_big_min_2),1)-

centroids((locs_big_2),1))/fps); %NORMAL=start by MAX, finish by MIN 

    else 

       rate_avalanche=(pks_big_min_2(2:end)-pks_big_2(1:end-

1))./((centroids((locs_big_min_2(2:end)),1)-centroids((locs_big_2(1:end-

1)),1))/fps); %MIN-MAX 

    end 

elseif numel(locs_big_2)>numel(locs_big_min_2) 

        rate_avalanche=(pks_big_min_2-pks_big_2(1:end-

1))./((centroids((locs_big_min_2),1)-centroids((locs_big_2(1:end-1)),1))/fps); 

%MAX - MAX 

elseif numel(locs_big_2)<numel(locs_big_min_2) 

    rate_avalanche=(pks_big_min_2-pks_big_2(1:end-1))./((locs_big_min_2-

locs_big_2(1:end-1))/fps); %MIN-MIN 

end 

  

 hold on; yyaxis right; plot(rate_avalanche); 

legend('rate-load-big','rate-avalanche'); 

rate_avalanche_rounded=round(rate_avalanche,0); 

 figure; histogram(rate_avalanche_rounded,50); title('Rate avalanche'); 

rate_avalanche_mean=mean(rate_avalanche) 

rate_load_mean2=mean(rate_load2) 

periode_deriv=round((0.5*(period_min+period_max)*fps/1),0); 

der=round((diff(centroids(1:periode_deriv:end,2))./(diff(centroids(1:periode_deri

v:end,1)/fps))),2); 

figure;der_h=histogram(der(der>0),20); title('Rate load'); 

mode_frequency_position=find(der_h.Values==max(der_h.Values)); 

  

figure;histogram(der(der<0),50); title('derivative<0'); 

figure;plot((1:1:size(der))/fps*periode_deriv,der); title('derivative'); 

rate_load_mode=0.5*(der_h.BinEdges(mode_frequency_position)+der_h.BinEdges(mode_f

requency_position+1)) 

 

%RESULTS 

  

ABS_Upper_Lower=[max(pks) min(pks_min)] 

MEAN_Upper_Lower=[mean(pks) mean(pks_min)] 

STD_Upper_Lower=[std(pks) std(pks_min)] 

T_max=period_max 

T_min=period_min 
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MEAN_Duration=mean(duration) 

STD_Duration=std(duration) 

MEAN_Load_rate=rate_load_mean2 

MEAN_Avalanche_rate=rate_avalanche_mean 

Approx_rate_load=(mean(pks)-mean(pks_min))/(period_max-mean(duration)) 

Approx_rate_avalanche=-(mean(pks)-mean(pks_min))/(mean(duration)) 

   

%DURATION DISTRIBUTION 

figure;[cummul_duration,stats_duration]=cdfplot(duration); 

[f_duration,x_duration]=ecdf(duration); 

hold on;scatter(x_duration,f_duration,'r'); title('Duration distribution') 

Duration_distribution=[x_duration,f_duration]; 

  

%PERIOD-FREQUENCY DISTRIBUTIONS 

periods=diff(centroids((locs),1))/fps; 

periods_min=diff(centroids((locs_min),1))/fps; 

figure;[cummul_period,stats]=cdfplot(periods); 

[f_period,x_period]=ecdf(periods); 

hold on;scatter(x_period,f_period,'r'); title('T distribution'); 

T_distribution=[x_period,f_period]; 

   

frequency=1./periods; 

figure;[cummul_frequency,stats_frequency]=cdfplot(frequency); 

[f_frequency,x_frequency]=ecdf(frequency); 

hold on;scatter(x_frequency,f_frequency,'b'); title('Frequency distribution') 

Frequency_distribution=[x_frequency,f_frequency]; 

  

%SIZE DISTRIBUTION 

figure; 

 plot(centroids(:,1)/fps,centroids(:,2),centroids((locs),1)/fps,pks,'or') 

 hold on; 

plot(centroids(:,1)/fps,centroids(:,2),centroids((locs_min),1)/fps,pks_min,'or') 

  

 if numel(locs)==numel(locs_min) 

    if locs(1)<locs_min(1) 

        amplitude=pks-pks_min; %NORMAL=starts by MAX and finish by MIN 

    else 

        amplitude=pks(1:end-1)-pks_min(2:end); %starts by MIN finish by MAX 

    end 

elseif numel(locs)>numel(locs_min) 

amplitude=pks(1:end-1)-pks_min; %starts by MAX and finish by MAX 

elseif numel(locs)<numel(locs_min) 

amplitude=-(pks_min(2:end)-pks(1:end)); %start and finish by a min 

end 

  

  

figure;[cummul_size,statssize]=cdfplot(amplitude); 

[f_amp,x_amp]=ecdf(amplitude); 

hold on; scatter(x_amp,f_amp,'r'); title('d\theta (size) distribution'); 

Size_distribution=[x_amp,f_amp]; 

  

%UPPER AND LOWER ANGLES DISTRIBUTIONS 

figure;[cummul_pks,stats_peaks]=cdfplot(pks); 

[f_pks,x_pks]=ecdf(pks); 

hold on;scatter(x_pks,f_pks,'g'); 

Upper_angle_distribution=[x_pks,f_pks]; 

[cummul_pks_min,stats_pks_min]=cdfplot(pks_min); 

[f_pks_min,x_pks_min]=ecdf(pks_min); 

hold on;scatter(x_pks_min,f_pks_min,'b'); title(' Upper and lower angle 

distribution') 

Lower_angle_distribution=[x_pks_min,f_pks_min]; 

  

%DISTRIBUTION r2 

figure;[cummul_r2,stats_r2]=cdfplot(centroid(:,4)); 

[f_r2,x_r2]=ecdf(centroid(:,4)); 
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hold on;scatter(x_r2,f_r2,'b'); 

r2_distribution=[x_r2,f_r2]; 
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Appendix IV 
 

Examples of  LIGGGHTS® input scripts 
 

1. Heap formation 

#in.multisphere input file 

#AoR of heap formed from flow on an inclined surface 

#MULTISPHERE representation x4 

#Parameters variation, 3 variables, 6 values 

atom_style sphere 

atom_modify map array sort 0 0 

boundary  f f f 

newton  off 

communicate single vel yes 

processors  2 2 2 

units  si 

region  reg block -2.0 2.0 -2.0 2.0 -0.168 0.45 units box 

create_box 3 reg 

neighbor  0.003 bin 

neigh_modify delay 0 

variable a universe 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 

23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 

50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 

77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 100 101 102 

103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118 119 120 121 122 

123 124 125 

variable sf universe 0.1 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 

0.9 0.1 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 

0.9 0.1 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 

0.9 0.1 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 

0.9 0.1 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 

0.9 0.1 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 

0.9 0.1 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 0.9  

variable rf universe 0.1 0.1 0.1 0.1 0.1 0.3 0.3 0.3 0.3 0.3 0.5 0.5 0.5 0.5 

0.5 0.7 0.7 0.7 0.7 0.7 0.9 0.9 0.9 0.9 0.9 0.1 0.1 0.1 0.1 0.1 0.3 0.3 0.3 0.3 

0.3 0.5 0.5 0.5 0.5 0.5 0.7 0.7 0.7 0.7 0.7 0.9 0.9 0.9 0.9 0.9 0.1 0.1 0.1 0.1 

0.1 0.3 0.3 0.3 0.3 0.3 0.5 0.5 0.5 0.5 0.5 0.7 0.7 0.7 0.7 0.7 0.9 0.9 0.9 0.9 

0.9 0.1 0.1 0.1 0.1 0.1 0.3 0.3 0.3 0.3 0.3 0.5 0.5 0.5 0.5 0.5 0.7 0.7 0.7 0.7 

0.7 0.9 0.9 0.9 0.9 0.9 0.1 0.1 0.1 0.1 0.1 0.3 0.3 0.3 0.3 0.3 0.5 0.5 0.5 0.5 

0.5 0.7 0.7 0.7 0.7 0.7 0.9 0.9 0.9 0.9 0.9 

variable CED universe 0.0. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 10000 10000 10000 10000 10000 10000 

10000 10000 10000 10000 10000 10000 10000 10000 10000 10000 10000 10000 10000 

10000 10000 10000 10000 10000 10000 20000 20000 20000 20000 20000 20000 20000 

20000 20000 20000 20000 20000 20000 20000 20000 20000 20000 20000 20000 20000 

20000 20000 20000 20000 20000 50000 50000 50000 50000 50000 50000 50000 50000 

50000 50000 50000 50000 50000 50000 50000 50000 50000 50000 50000 50000 50000 

50000 50000 50000 50000 80000 80000 80000 80000 80000 80000 80000 80000 80000 

80000 80000 80000 80000 80000 80000 80000 80000 80000 80000 80000 80000 80000 

80000 80000 80000  

log log.$a 

print "A=$a" 

#Material properties  

fix   m1 all property/global youngsModulus peratomtype 5.e6 5e6 5e6 

fix   m2 all property/global poissonsRatio peratomtype 0.3 0.3 0.3 

fix   m3 all property/global coefficientRestitution peratomtypepair 3 0.1 

0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
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fix   m4 all property/global coefficientFriction peratomtypepair 3 ${sf} 

0.4 0.5 0.4 0.5 0.5 0.5 0.5 0.5 

fix   m5 all property/global coefficientRollingFriction peratomtypepair 3 

${rf} 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

fix        m6 all property/global cohesionEnergyDensity peratomtypepair 3 ${CED} 

0 0 0 0 0 0 0 0 

print "SF=${sf}" 

print "RF=${rf}" 

print "CED=${CED}" 

#pair style 

pair_style gran model hertz tangential history cohesion sjkr rolling_friction 

epsd2  

pair_coeff * * 

timestep 0.00001  

fix  integrate all nve/sphere 

fix  gravity all gravity 9.81 vector 0.0 0.0 -1.0 

#box walls 

fix boxwalls_z1 all wall/gran model hertz tangential history primitive type 3 

zplane -0.168 

#import mesh from cad: 

fix  cad1 all mesh/surface file feeder40.stl type 2 scale 0.001 

fix foot_wall all wall/gran model hertz tangential history mesh n_meshes 1 

meshes cad1 

#region of insertion 

region  factory block -0.195  -0.17  -0.036 0.036  0.165 0.223 units 

box 

#particle distributions 

fix  pts1 all particletemplate/multisphere 15485863 atom_type 1 density 

constant 300 nspheres 3 ntry 1000000 spheres file data/1_untreated.multisphere & 

scale 0.000004 type 1 

fix  pdd1 all particledistribution/discrete 15485867 1 pts1 1.0 0 

fix  ins all insert/rate/region seed 86028121 distributiontemplate pdd1 

verbose yes mass 0.05 vel constant 0. 0. -1. & 

massrate 0.05 insert_every 50000 overlapcheck yes all_in yes region factory 

fix  integr all multisphere 

fix  ts all check/timestep/gran 1000 0.1 0.1 

thermo_style custom step atoms ke f_ts[1] f_ts[2] vol 

thermo  1000 

thermo_modify lost ignore norm no 

#make a dump of particles and the stl file  

shell mkdir post_$a 

dump dump all custom 5000 post_$a/dump*.multi_$a_sph300 id type type x y 

z ix iy iz vx vy vz fx fy fz omegax omegay omegaz radius 

dump vtk all custom/vtk 5000 post_$a/dump*.multi_$a_sph.vtk id type type 

x y z ix iy iz vx vy vz fx fy fz omegax omegay omegaz radius 

dump       dmpstl1 all mesh/stl 5000 post_$a/geo300_$a_*.stl cad1 

#run with particle insertion 

run  1000 upto 

#unfix ins 

run  450000 upto 

next a sf rf CED #iterate over variables 

clear #delete old simulations results 

jump in.multisphere #jump to top 

2. Rectangular container simulations 

# Rectangular container input file 

#MULTISPHERE-SAMPLE 1 

#µs,µr,CED variables, 5 values/variable 

atom_style sphere 

atom_modify map array sort 0 0 

boundary  f p f 

newton  off 

communicate single vel yes 
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units  si 

region  reg block -0.08 0.1 -0.016 0.016 -0.2 0.2 units box 

create_box 3 reg 

neighbor  0.003 bin 

neigh_modify delay 0 

 

variable a universe 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 

47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 

74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 100 

101 102 103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118 119 120 

121 122 123 124 125 

variable sf universe 0.5 0.7 0.9 0.1 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 0.9 0.1 

0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 0.9 0.1 

0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 0.9 0.1 

0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 0.9 0.1 

0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 0.9 0.1 

0.3 0.5 0.7 0.9  

variable rf universe 0.1 0.1 0.1 0.3 0.3 0.3 0.3 0.3 0.5 0.5 0.5 0.5 0.5 0.7 

0.7 0.7 0.7 0.7 0.9 0.9 0.9 0.9 0.9 0.1 0.1 0.1 0.1 0.1 0.3 0.3 0.3 0.3 0.3 0.5 

0.5 0.5 0.5 0.5 0.7 0.7 0.7 0.7 0.7 0.9 0.9 0.9 0.9 0.9 0.1 0.1 0.1 0.1 0.1 0.3 

0.3 0.3 0.3 0.3 0.5 0.5 0.5 0.5 0.5 0.7 0.7 0.7 0.7 0.7 0.9 0.9 0.9 0.9 0.9 0.1 

0.1 0.1 0.1 0.1 0.3 0.3 0.3 0.3 0.3 0.5 0.5 0.5 0.5 0.5 0.7 0.7 0.7 0.7 0.7 0.9 

0.9 0.9 0.9 0.9 

variable CED universe 10000 10000 10000 10000 10000 10000 10000 10000 10000 

10000 10000 10000 10000 10000 10000 10000 10000 10000 10000 10000 10000 10000 

10000 20000 20000 20000 20000 20000 20000 20000 20000 20000 20000 20000 20000 

20000 20000 20000 20000 20000 20000 20000 20000 20000 20000 20000 20000 20000 

50000 50000 50000 50000 50000 50000 50000 50000 50000 50000 50000 50000 50000 

50000 50000 50000 50000 50000 50000 50000 50000 50000 50000 50000 50000 80000 

80000 80000 80000 80000 80000 80000 80000 80000 80000 80000 80000 80000 80000 

80000 80000 80000 80000 80000 80000 80000 80000 80000 80000 80000  

log log.$a 

print "A=$a" 

#Material properties  

fix  m1 all property/global youngsModulus peratomtype 5.e6 5e6 5e6 

fix  m2 all property/global poissonsRatio peratomtype 0.3 0.3 0.3 

fix  m3 all property/global coefficientRestitution peratomtypepair 3 0.1 0.1 

0.1 0.1 0.1 0.1 0.1 0.1 0.1 

fix  m4 all property/global coefficientFriction peratomtypepair 3 ${sf} 0.4 0.5 

0.4 0.5 0.5 0.5 0.5 0.5 

fix  m5 all property/global coefficientRollingFriction peratomtypepair 3 ${rf} 

0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

fix m6 all property/global cohesionEnergyDensity peratomtypepair 3 ${CED} 0 0 

0 0 0 0 0 0 

print "SF=${sf}" 

print "RF=${rf}" 

print "CED=${CED}" 

#pair style 

pair_style gran model hertz tangential history cohesion sjkr rolling_friction 

epsd2  

pair_coeff * * 

timestep 0.00001 

fix  integrate all nve/sphere 

fix  gravity all gravity 9.81 vector 0.0 0.0 -1.0 

#box walls 

fix boxwalls_x1 all wall/gran model hertz tangential history primitive type 1 

xplane -0.08 

fix boxwalls_x2 all wall/gran model hertz tangential history primitive type 1 

xplane +0.08 

#import mesh from cad: 

fix  cad2 all mesh/surface file base.stl type 2 scale 0.01 

fix  cad1 all mesh/surface file edge.stl type 2 scale 0.01 

fix  foot_wall all wall/gran model hertz tangential history mesh n_meshes 

2 meshes cad1 cad2 

#region of insertion 
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factory block -0.0075  0.0075  -0.0012 0.0012  -0.02 0.01 units box 

region  factory block -0.08  0.08  -0.016 0.016  -0.2 0.18 units box 

#particle distributions 

fix  pts1 all particletemplate/multisphere 15485863 atom_type 1 density 

constant 350 nspheres 3 ntry 1000000 spheres file data/1_untreated.multisphere & 

   scale 0.000004 type 1 

fix pdd1 all particledistribution/discrete 15485867 1 pts1 1.0 

fix ins all insert/pack seed 86028121 distributiontemplate pdd1 vel constant 

0. 0. 0. orientation random vel constant 0. 0. -1. & 

insert_every 100 overlapcheck yes all_in yes particles_in_region 5000 region 

factory  

fix  integr all multisphere 

#make a dump of particles and the stl file  

shell mkdir post_$a 

dump dmp all custom 4000 post_$a/dump*.recContdump_$a_msph id type 

type x y z ix iy iz vx vy vz fx fy fz omegax omegay omegaz radius 

dump dmpvtk all custom/vtk 4000 post_$a/dump*.recCont_$a_msph.vtk id type 

type x y z ix iy iz vx vy vz fx fy fz omegax omegay omegaz radius 

dump  dumpstl all mesh/stl 4000 post_$a/dump_$a_*.stl 

#run with particle insertion 

run  10000 upto 

unfix ins 

#run to let particle settle 

run  50000 

unfix    boxwalls_x2  

run  200000 upto 

next a sf rf CED #iterate over variables 

clear #delete old simulations results 

jump in.rectangle #jump to top 

 

3. Ring shear tester simulations 

# Shear Cell 

#Sample 1 - 2.5kPa 

### Initialization 

units   si 

atom_style  sphere 

atom_modify map array sort 0 0 

boundary  f f f 

newton   off 

communicate  single vel yes 

processors 2 2 2 

# Declare domain 

region  reg block  -0.128 0.128 -0.128 0.128 -0.005 0.06 units box 

create_box 2 reg 

### Setup 

neighbor      0.002 bin 

neigh_modify  delay 0 

variable sf equal 0.2298 

variable rf equal 0.1 

variable CED equal 10010 

# Material and interaction properties 

fix  m1 all property/global youngsModulus peratomtype 5.0e6 5.0e6 

fix  m2 all property/global poissonsRatio peratomtype 0.3  0.3 

fix  m3 all property/global coefficientRestitution peratomtypepair 2 0.1 0.1 

0.1 0.1 

fix  m4 all property/global coefficientFriction peratomtypepair 2 ${sf} 0.9 

0.9 0.5 

fix  m5 all property/global coefficientRollingFriction peratomtypepair 2 ${rf} 

0.5 0.5 0.2 #0.01 0.01 0.01 0.1 

fix  m6 all property/global cohesionEnergyDensity peratomtypepair 2 ${CED} 

${CED} ${CED} 0 

print "SF=${sf}" 
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print "RF=${rf}" 

print "CED=${CED}" 

# Physics 

pair_style  gran model hertz tangential history cohesion sjkr  

rolling_friction epsd2  

pair_coeff  * * 

# Particle setup insertions to be handled below 

fix  pts1 all particletemplate/multisphere 15485863 atom_type 1 density 

constant 350 nspheres 3 ntry 1000000 spheres file 1_untreated.multisphere & scale 

0.000004 type 1 

fix  pdd1 all particledistribution/discrete 32452843 1 pts1 1. 

# Geometry 

fix  cad2 all mesh/surface/stress file bottom.stl type 2 scale 0.001 

stress on 

fix      ins_mesh all mesh/surface/planar file factory.stl type 1 scale 0.001 

fix      geometry all wall/gran model hertz tangential history cohesion sjkr   

rolling_friction epsd2 mesh n_meshes 1 meshes cad2 

### Detailed settings 

# Integration 

fix      integrator all nve/sphere 

# Gravity 

fix      grav all gravity 9.81 vector 0.0 0.0 -1.0 

# Timestep 

timestep        0.000007 

# Thermodynamic output 

thermo_style  custom step atoms ke cpu 

thermo       10000 

thermo_modify   lost ignore norm no 

### Execution and further settings 

fix    ins all insert/stream seed 32452867 distributiontemplate pdd1 

nparticles 10000 & vel constant 0. 0. -2. particlerate 33750 & overlapcheck yes 

insertion_face ins_mesh extrude_length 0.015   

fix  integr all multisphere   

run   100000    

fix        cad3 all mesh/surface/stress/servo file lid.stl type 2 scale 0.001 

& stress on com 0 0 0.055 axis 0. 0. 1. ctrlPV force target_val -192.92 vel_max 

5.0  

unfix  geometry 

fix geometry all wall/gran model hertz tangential history cohesion sjkr  

rolling_friction epsd2  mesh n_meshes 2 meshes cad2 cad3 

# Update the thermodynamic output 

thermo_style custom step atoms ke cpu f_cad3[1] f_cad3[2] f_cad3[3] f_cad3[4] 

f_cad3[5] f_cad3[6] f_cad3[7] f_cad3[8] f_cad3[9]   

thermo    5000   

# Settle the plate on top of the particles 

run       150000 

# Set the dumps 

dump dmp all custom 5000 post/dump*.ring id type type x y z ix iy iz 

vx vy vz fx fy fz omegax omegay omegaz radius 

dump vtk all custom/vtk 5000 post/dump*.ring.vtk id type type x y z ix iy 

iz vx vy vz fx fy fz omegax omegay omegaz radius 

dump dmpstl1 all mesh/stl 5000 post/cell*.stl cad2 

dump dmpstl2 all mesh/stl 5000 post/lid*.stl cad3 

# Describe shearing action 

fix       movecad all move/mesh mesh cad2 rotate origin 0. 0. -0.002 axis 0. 

0. 1. period -20.0 

# Shear 

run 750000 

fix_modify        cad3 target_val -96.46 #2500 kPa 

#fix_modify        cad3 target_val -144.69 #(3750 kPa) 

run 1000000 
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4. Rotating drum simulations 

#Rotating drum input file 

#w=0.5 rpm 

#Calibrated particles - HIGH COHESION 

#Sample 1- Tambour scaled up + verres (noPBC) 

#Mat.  1=wood, 2=steel, 3=glass 

 

atom_style sphere 

atom_modify map array sort 0 0 

boundary f f f 

newton off 

 

communicate single vel yes 

 

units  si 

processors  1 1 2 

region reg block -0.025 0.01 -0.25 0.25 -0.25 0.25 units box 

create_box 3 reg 

 

neighbor  0.002 bin 

neigh_modify delay 0 

 

 

#Material properties required for new pair styles 

 

fix   m1 all property/global youngsModulus peratomtype 5.e6 5.e6 5.e6 

fix   m2 all property/global poissonsRatio peratomtype 0.3 0.3 0.3 

fix   m3 all property/global coefficientRestitution peratomtypepair 3 0.1 

0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1  

fix   m4 all property/global coefficientFriction peratomtypepair 3 0.1 0.4 

0.5 0.4 0.5 0.5 0.5 0.5 0.5  

fix   m5 all property/global coefficientRollingFriction peratomtypepair 3 

0.7 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

fix   m6 all property/global cohesionEnergyDensity peratomtypepair 3 50049 

25024 0 25024 0 0 0 0 0 

 

#New pair style 

pair_style gran model hertz tangential history cohesion sjkr rolling_friction 

epsd2  

pair_coeff * * 

 

timestep 0.00001 

fix  1 all nve/sphere 

fix  2 all gravity 9.81 vector 0.0 0.0 -1.0 

 

#the cylinder 

fix  cad all mesh/surface file meshes/tambourPBC.stl heal 

auto_remove_duplicates type 2 scale 4.0 move -0.02 0 0  

 

#fix  cad all mesh/surface file meshes/tambourPBC.stl  heal 

auto_remove_duplicates type 2 move -0.0125 0 0 

fix  verre1 all mesh/surface file meshes/verre.stl type 3 scale 4.0 move 

-0.024 0 0 

fix   verre2 all mesh/surface file meshes/verre.stl type 3 scale 4.0 move 

0 0 0 

fix granwalls all wall/gran model hertz tangential history cohesion sjkr 

rolling_friction epsd2 mesh n_meshes 3 meshes cad verre1 verre2 

 

#distributions for insertion 

fix  pts1 all particletemplate/multisphere 15485863 atom_type 1 density 

constant 350 nspheres 3 ntry 1000000 spheres file data/1_untreated.multisphere & 

   scale 0.000004 type 1 

fix  pdd1 all particledistribution/discrete 32452843 1 pts1 1  
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#region and insertion 

group  nve_group region reg 

 

region bc cylinder x 0.0 0.0 0.2 -0.02 0 units box 

 

#particle insertion 

fix  ins all insert/pack seed 32452867 distributiontemplate pdd1 &

 maxattempt 100000 vel constant 0 0 -1 insert_every once overlapcheck 

yes all_in yes orientation random verbose yes volumefraction_region 0.21 

region bc 

 

fix  integr all multisphere 

 

#output settings, include total thermal energy 

compute  1 all erotate/sphere 

fix  ts all check/timestep/gran 1000 0.1 0.1 

thermo_style custom step atoms ke c_1 f_ts[1] f_ts[2] vol 

thermo  1000 

thermo_modify lost ignore norm no 

 

#insert the first particles so that dump is not empty 

run  1 

dump  vtk all custom/vtk 10000 post/dump*.1_SCALE_VERRES_HIGHCoh.vtk id 

type type x y z ix iy iz vx vy vz fx fy fz omegax omegay omegaz radius  

#dump  dump all custom 10000 post/dump*.1_SCALE_VERRES id type type x y z 

ix iy iz vx vy vz fx fy fz omegax omegay omegaz radius 

dump   dumpstl all mesh/stl 10000 post/dump*.1_SCALE_VERRES_HIGH_Coh.stl 

restart 10000 restart/1_SCALE_VERRES_HIGH_Coh.restart 

 

#run to let particle settle 

run  10000 

 

#rotation of the drum and the glass wall 

fix  movecad1 all move/mesh mesh cad rotate origin 0. 0. 0. axis 1. 0. 0. 

period 120 

fix  movecad2 all move/mesh mesh verre1 rotate origin 0. 0. 0. axis 1. 0. 

0. period 120 

fix  movecad3 all move/mesh mesh verre2 rotate origin 0. 0. 0. axis 1. 0. 

0. period 120 

 

#rotation 

run  24000000 
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Titre : Torréfaction et broyage de biomasse lignocellulosique pour sa valorisation thermochimique : 
influence des conditions de prétraitement sur les propriétés d'écoulement des poudres 

Mots clés : Biomasse lignocellulosique, BtL, torréfaction, DEM, test de cisaillement, coulabilité de 
poudres, distribution de taille et forme de particules 

Résumé : Une technologie prometteuse pour répondre à 

la demande croissante en énergie renouvelable est la 
gazéification de biomasse lignocellulosique pour la production 
de biocarburants de deuxième génération. Ce procédé 
nécessite une alimentation en biomasse sous forme de poudre. 
Les problèmes de convoyage et de manipulation liés à la faible 
coulabilité de la biomasse broyée sont un verrou pour 
l’industrialisation des procédés BtL. La torréfaction comme 
procédé de prétraitement, en plus d'augmenter la densité 
énergétique de la biomasse, peut influencer également les 
propriétés des particules obtenues après broyage, et en 
conséquence, l’écoulement des poudres. L'évaluation de 
l'écoulement des poudres de biomasse sous différentes 
conditions de consolidation est essentielle pour concevoir des 
technologies de manipulation et de convoyage efficaces.  
L'objectif de ce travail est d'évaluer l'effet des conditions de 
torréfaction et de broyage sur l’écoulement de poudres de 
biomasse. Une première partie consiste en une étude 
expérimentale dans laquelle la coulabilité d'échantillons 
torréfiés sous différentes intensités a été évaluée à l'aide d'un 
appareil de cisaillement annulaire. La coulabilité est corrélée à 
l'intensité de la torréfaction (mesurée par la perte de masse 
globale) pour deux essences différentes. La forme des 
particules semble être le paramètre qui influence de manière 
prédominante la coulabilité des poudres à l'état consolidé. 

La caractérisation de la coulabilité à l’état non consolidé a été 
effectuée à l'aide d'un tambour rotatif par l’analyse des 
avalanches des poudres. Des corrélations entre les 
caractéristiques des particules et la coulabilité sont ainsi 
établies. La modélisation de l'écoulement de la biomasse à 
l'aide de la Méthode des Éléments Discrets (DEM) constitue 
une deuxième partie de ces travaux de recherche. La taille 
submillimétrique des particules de biomasse, ainsi que leur 
faible densité, leur forme allongée et leur comportement 
cohésif sont des défis pour l’implémentation d’un modèle de 
réaliste d’écoulement particulaire en DEM. Un modèle DEM 
des particules de biomasse est mis en œuvre à l'aide d'une 
représentation simplifiée (assemblement de sphères) à gros 
grains de la forme des particules, ainsi que d'un modèle de 
force cohésif. Une procédure systématique de calibration des 
paramètres DEM permet d'obtenir un ensemble de 
paramètres ajustés. L'évolution expérimentale des contraintes 
de cisaillement d’une poudre dans un état consolidé peut alors 
être reproduite de façon réaliste. De même, le comportement 
d’avalanche des poudres dans un tambour tournant est 
également bien reproduit par les simulations, de façon 
qualitative et quantitative. Ces résultats mettent en évidence le 
potentiel des simulations DEM pour étudier l'effet des 
caractéristiques des particules, qui sont influencées par la 
torréfaction et les conditions de broyage, sur le comportement 
d'écoulement de la biomasse en poudre. 

 

 

Title: Torrefaction and grinding of lignocellulosic biomass for its thermochemical valorization: influence of 
pretreatment conditions on powder flow properties 

Keywords: Lignocellulosic biomass, BtL, torrefaction, DEM, shear testing, rotating drum, powder flowability, 
particle size and shape distribution 

Abstract: Gasification of lignocellulosic biomass for 
production of second-generation biofuels is a promising 
technology to meet renewable energy needs. However, 
feeding and handling problems related to the poor flowability 
of milled biomass considerably hinder the industrial 
implementation of Biomass-to-Liquid processes. 
Torrefaction as pretreatment step, in addition to improving 
energy density of biomass, also affects the properties of the 
milled particles (namely size and shape) that significantly 
influence flow behavior. The evaluation of biomass flow 
characteristics under different flow conditions is essential to 
design efficient and trouble-free handling solutions. 
The aim of this work is to assess the effect of the torrefaction 
and grinding conditions on the biomass flow behavior. A first 
part consists of an experimental study in which the flow 
properties of samples torrefied under different intensities 
were obtained using a ring shear tester. Flowability is 
correlated to the intensity of torrefaction, as measured by the 
global mass loss, for two different wood species. Particle 
shape seems to be the predominant parameter influencing 
flowability of powders in a consolidated state. 

Characterization of non-consolidated flowability through 
avalanching analysis using an in-house rotating drum was also 
conducted. Correlations between particle characteristics and 
flow behavior are thus established. 
The modeling of biomass flow using the Discrete Element 
Method (DEM) constitutes a second major part of this 
research. Challenging aspects of biomass particle modeling 
are their submillimetric size, low density, elongated shape and 
cohesive behavior. A material DEM model is implemented 
using a simplified (multisphere) upscaled representation of 
particle shape, along with a cohesive contact model. A 
systematic calibration procedure results in an optimal set of  
DEM parameters. The experimental shear stress evolution 
and yield locus can then be realistically reproduced. The 
avalanching behavior of the powders is also well captured by 
simulations, both qualitatively and quantitatively. These 
results highlight the potential of DEM simulations to 
investigate the effect of particle characteristics, which are 
driven by torrefaction and grinding conditions, on the flow 
behavior of powdered biomass. 

 

 


