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Nomenclature
(unit used, if applicable)

Abbreviations

e  ATDC After Top Dead Center

e BMEP Brake Mean Effective Pressure (bar)

e  BP Bandpass Filter

e  BTDC Before Top Dead Center

e CAD Crank Angle Degree (°)

e CAXX Crank Angle Degree when XX% of the fuel is burned (CAD)
e CD Combustion Duration (CAD)

e CHP Combined Heat and Power

o (ClI Compression Ignition

e CR Compression Ratio

e EAS Electrochemical Ammonia Synthesis

e  EGR Exhaust Gas Recirculation

e ER Equivalence Ratio

e ESS Energy Share of Syngas (%)

e GHG Green-House Gas(es)

e GT Gas Turbine

e GWP Global Warming Potential

e HHV Higher Heating Value (MJ/m3)

e  HRR Heat Release Rate (J/CAD)

e HRSG Heat Recovery Steam Generator

e ID Ignition Delay

e IDT Ignition Delay Time (ms)

IGCC Integrated Gasification Combined Cycle
IMEP Indicated Mean Effective Pressure (bar)
IMEP.o Coefficient of IMEP variation (%)

IP Injection Pressure (bar)

IQ Injection Quantity (mg)

IT Injection Timing (CAD)

LFS Laminar Flame Speed (cm/s)

LP Low Pass filter

LHV Lower Heating Value (MJ/m3)

MPRR Maximum Pressure Rise Rate (bar/CAD)
MSW Municipal Solid Waste

e NG Natural Gas

e NL Natural Luminosity

e PG Producer Gas

e PLIF Planar Laser-Induced Fluorescence

e  PM Particulate Matter

e RCCl Reactivity-Control Compression Ignition
e RCEM Rapid Compression—Expansion Machine



RPM Rotation Per Minute - Engine Speed (rpm)
SCR Selective Catalytic Reduction

S| Spark-Ignition

SOl Start of Injection (CAD)

TDC Top Dead Center

THC Total Hydrocarbons

Roman

%ww Weight-to-Weight ratio

S92 Unburned Unstretched Laminar flame speed (m/s)
V  Volumetric flowrate (m3/s)

m Mass Flowrate (g/s)

b Cylinder Bore (mm)

V¢, Displaced volume (cm?)

o

Pressure (bar)
T Temperature (K)
V  Volume (m3)

Greek

¢ Equivalence Ratio
n Efficiency (%)
Vv Piston Linear Speed (m/s)
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RESUME SUBSTANTIEL DE LA THESE EN FRANCAIS

Chapitre 1 : Introduction

Du 19®™me gqu 21 sjécle, des inventions comme les turbines a gaz et les moteurs & combustion
interne ont permis de répondre aux besoins croissants de I'humanité en matiéere d’électricité, de
transport et de commerce. Cependant, cette dépendance a la combustion de combustibles
fossiles, tels que le charbon et le pétrole, a conduit a une augmentation massive des émissions
de dioxyde de carbone (CO,), principal contributeur au réchauffement climatique. Les
conséquences potentielles de |'élévation des températures terrestres sont présentées.

En fait, différents gaz a effet de serre (GES) émis par les activités humaines, en plus du CO,, tels
que le méthane (CH,), le protoxyde d'azote (N,O) et les gaz fluorés (HFCs, PFCs, SFs, et NFs) ont
des potentiels de réchauffement global différents mais non négligeables. Leur impact est
souvent évalué sur une période de 100 ans, en utilisant le CO, comme référence.

Le premier chapitre met en évidence I'engagement mondial a limiter le réchauffement
climatique a 1,5 °C au-dessus des niveaux préindustriels. Pour atteindre cet objectif, il est
nécessaire de réduire de moitié les émissions de GES d'ici 2030 et de viser une neutralité carbone
d'ici le milieu du siecle. Les engagements de I'Union européenne (UE) pour réduire les émissions
de GES de 20 % en 2020 ont été atteints, mais de nouveaux objectifs plus ambitieux pour 2030
nécessitent une intensification de |'utilisation des énergies renouvelables.

La bioénergie et le syngas :

Les sources d'énergie renouvelables, en particulier la biomasse, font partie des solutions
potentielles pour réduire les émissions de CO,. La combustion de la biomasse, qui inclut le
syngas, est présentée comme "neutre en carbone" car le CO, émis est compensé par le carbone
capturé par les plantes pendant leur croissance. Le syngas, ou gaz de syntheése, est un
combustible gazeux produit par la gazéification de la biomasse, contenant des mélanges
variables d’hydrogéne (H,), de monoxyde de carbone (CO) et de méthane (CH,), et des diluants
(N2 et CO,). L'introduction détaille I'histoire de l'utilisation du syngas, notamment pendant la
Seconde Guerre mondiale, ou les pénuries d'essence ont entrainé la conversion des véhicules au
gaz dérivé de la gazéification du bois.

Importance des technologies de gazéification :

La gazéification est une méthode efficace pour transformer divers types de déchets de biomasse
en combustible gazeux. Le processus comprend plusieurs étapes, notamment la pyrolyse et
I'oxydation partielle, pour produire du syngas. Le chapitre présente les différents types de
gazéifieur, comme ceux a lits fixes et a lits fluidisés. Les gazéifieurs a lit fluidisé sont
particulierement adaptés aux grandes installations industrielles, tandis que les gazéifieurs a lit
fixe conviennent mieux aux petites applications.

Défis liés a I'utilisation du syngas :

Bien que le syngas soit considéré comme une source d’énergie prometteuse, son utilisation dans
les moteurs a combustion interne présente des défis, en particulier liés a la variabilité de la
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composition du syngas qui peut influencer les performances de combustion et les émissions de
polluants. Le syngas produit par la gazéification de déchets municipaux solides est également
exploré comme une forme de biocarburant de deuxieme génération, permettant de convertir
des matériaux nuisibles en énergie utile.

Utilisation du syngas pour la production d’électricité :

Le syngas peut étre utilisé dans diverses technologies de production d'électricité, telles que les
turbines a gaz ou les moteurs a combustion interne, souvent dans des centrales de cogénération
(CHP : « Combined Heat and Power ») qui générent a la fois de I'électricité et de la chaleur. Les
centrales CHP sont courantes dans des pays comme le Danemark et la Suéde, ou le chauffage
urbain est largement répandu. Dans le tableau ci-dessous sont résumés les avantages et les
inconvénients majeures selon le type de gazéifieur.

Type de Avantages Limitations

gaséificateur
Lits fixes = Le plus simple et le process le plus = Non uniforme en
robuste température
= Economique a petite échelle = Beaucoup de résidus de
= Tolérant a I'origine de la biomasse goudrons
= Faible efficacité a faible
température
=  Température uniforme = Non rentable a petite échelle
= Peu de goudrons et de résidus =  Forte fraction de suies dans le
= Faible temps de résidence syngas

= Tres bonne capacité du process

Ecoulement = Tres faible teneur en résidu = Non adapté pour toutes types
entrainé = Economique a grande échelle de biomasse
= Bonne qualité du syngas = Non-tolérant aux
particules/graines
= Probleme avec le

refroidissement des gaz

La conclusion de ce chapitre amene le travail de thése proprement dit, décrit selon le plan
suivant. Dans le but d’analyser la combustion dans des moteurs de type dual-fuel syngas/diesel,
la détermination des caractéristiques de la combustion laminaire pour trois compositions de
syngas représentatives des principales technologies ‘Fluidbed’ (lit fluidisé), Downdraft ou
Updraft (pour les lits fixes) et spécifiées dans le tableau ci-dessous est réalisée avant I'étude
proprement dite sur banc moteur monocylindre opaque de divers paramétres liés en particulier
a la composition sur les performances et les émissions; en dernier lieu, I'étude des
caractéristiques du développement de la combustion dans un moteur a acces optiques est
réalisée a partir de la chimiluminescence.
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CO CO; CHs N:; Richesse Vitesse
Laminaire

%Vol %Vol %Vol %Vol mol/mol Maximale
(steechiométrique (& 298 K 1 bar)

mass/mass) cm/s

Fluidbed 9 1.21 (1.25)
(Fluidized Bed)

11 24 9 3 53 1.12(1.24) 44  30.7

17 21 13 1 48 1.00(1.13) 4.8 367

Chapitre 2 : Etat de I'art des moteurs dual-fuel syngas/diesel : performances et recherches sur
les émissions

L'utilisation du syngas dans les moteurs a combustion interne présente certains avantages,
comme son potentiel a réduire les émissions de CO, lorsqu'il est produit a partir de biomasse ou
de déchets. Cependant, il présente également des défis, notamment des émissions plus élevées
de CO et d'hydrocarbures imbrdlés dans certaines conditions de fonctionnement.

Le syngas, en raison de sa température d'auto-inflammation élevée (>500°C), ne peut pas
facilement étre utilisé seul dans un moteur a allumage par compression (Cl). Pour surmonter
cette difficulté, I'une des solutions est d’injecter une petite quantité de carburant tres réactif (tel
que le diesel) prées du point mort haut (TDC) du cycle pour initier la combustion. Ce concept est
appelé « MCCI » (Mixing Controlled Compression Ignition). Cette technique permet de combiner
I'efficacité thermique élevée d'un moteur diesel avec une réduction des émissions de NOx et de
particules, lorsque les bons parameétres sont sélectionnés (notamment le ratio entre I'énergie
amenée par le carburant dit pilote et I'énergie totale, ainsi que le phasage de son injection).

Propriétés physico-chimiques des carburants :

Quelques propriétés physico-chimiques sont présentées (Tableau 5 - Chapitre 2) selon les
compositions de syngas, avec d'autres carburants, tels que I'hydrogéne, le méthane, le diesel et
le biogaz. Plusieurs compositions de syngas sont analysées, qui sont des mélanges variés
d'hydrogene (H,), de monoxyde de carbone (CO), de méthane (CH,), de dioxyde de carbone (CO,)
et d'azote (N,). Ces compositions influencent directement les performances et les émissions des
moteurs dual-fuel. On peut déja ainsi constater qu’une teneur plus élevée en H, permet
d’augmenter la réactivité du syngas avec des vitesses et des températures de flammes plus
élevés. Le contenu énergétique des syngas, PCl (Pouvoir Calorifique Inférieur), est quant a lui
bien plus faible que celui des hydrocarbures conventionnels, indiquant ainsi que I'utilisation de
syngas entrainera une consommation plus élevée qu’avec les hydrocarbures afin de produire la
méme quantité d'énergie.

Plusieurs stratégies permettent d’optimiser ce type de moteur dual-fuel syngas/diesel :

- Paramétres d'injection du diesel : la pression, le phasage et la durée de l'injection du carburant
pilote. Il s'avére que ces parametres sont cruciaux afin de gérer la qualité de la combustion,
notamment l'allumage et le phasage dans le cycle qui impacteront le rendement mais aussi la
quantité de travail récupéré sur le piston selon la quantité de carburant type diesel utilisé.
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- Composition du syngas : cela affecte la vitesse de la combustion et donc la durée de combustion
dans le cycle moteur et la formation d'émissions polluantes, selon la teneur en carbone et le
taux de diluant (CO; et N,).

- Rapport de compression (CR) et le régime du moteur qui impacteront directement le
rendement indiqué du moteur

Analyse des études expérimentales de la littérature :

Le chapitre 2 répertorie plusieurs études expérimentales réalisées sur des moteurs dual-fuel
avec du Syngas (Tableau 6 — Chapitre 2). Par exemple, des précédentes recherches ont montré
que l'ajout d'hydrogene dans le syngas augmente la température de flamme, ce qui améliore la
puissance du moteur mais peut entrainer I'augmentation des émissions de NOy [1,2]. D'autres
études examinent I'effet de la dilution du syngas avec du N, ou du CO, pour réduire les émissions
de NOx. En général, pour les articles cités, 'augmentation du taux de compression du moteur
réduit les émissions, augmente le rendement du moteur et permet d’augmenter le taux de
remplacement du Diesel par le syngas, comme Sharma et Kaushal [3] I'ont démontré.
L'augmentation du taux de compression peut en revanche favoriser 'apparition de combustion
anormales [4], mais cela demeure peu probable du fait de la forte dilution présentes dans les
syngas [3].

A la lumiére de cette revue, I'objectif de la thése est de contribuer a une meilleure identification
de I'impact des différents paramétres qui vont affecter la combustion dans les moteurs dual fuel
alimentés avec du syngas tels que la composition du syngas, le ratio d'énergie de la pilote Diesel
/ syngas, et I'importance des parametres d'injection du carburant pilote sur les performances et
les émissions des moteurs dual-fuel. Pour cela, Il est nécessaire de réaliser une caractérisation
sur banc moteur aussi bien optique qu’opaque afin de caractériser la combustion et les émissions
avec pour objectif de minimiser la quantité de Diesel introduite mais aussi de caractériser des
propriétés fondamentales de la combustion comme la vitesse de flamme laminaire qui impactera
le déroulement de la combustion dans le cycle moteur.

Chapitre 3 : Caractéristiques expérimentales de la flamme prémélangée laminaire syngas/air

Ce chapitre commence par un rappel des concepts clés de la théorie de la flamme prémélangée
laminaire en particulier sur la vitesse fondamentale, qui décrit la vitesse a laquelle les gaz frais
sont consommeés lors de la combustion, et qui dépend fortement des conditions initiales
(température, pression) du mélange. A partir de I'étude bibliographique, on en conclut que de
nombreuses études sur les vitesses de flammes se concentrent sur des mélanges H,/CO avec
éventuellement I'ajout d’'une espéece supplémentaire comme le CO, ou le CH; mais trés peu
d’étude s’intéressent a des compositions « complétes » de syngas a I'exception des travaux de
Monteiro et al. [5,6] et Oliveira et al. [7]. Le travail réalisé a pour objectif entre autres d’étendre
la base de données proposée par Monteiro et al., a partir de trois compositions de syngas
représentatives, étudiées selon les conditions de richesse et de pression et température initiales.
Une comparaison avec des mécanismes cinétiques les plus prédictifs est réalisée pour identifier
les plus a méme de prédire les propriétés de combustion dans les conditions de fonctionnement
du moteur.
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Dispositif expérimental

Le dispositif utilisé pour les expériences est une enceinte sphérique a accés optiques d'un
volume de 4.2 L, entourée d'éléments chauffants pour contréler la température. Le mélange
syngas/air est créé a 'aide de débitmétres, et un systéme optique de type Schlieren couplé a une
caméra a haute vitesse est installé pour capturer le front de flamme et suivre sa propagation. La
vitesse de combustion laminaire est mesurée pour 3 types de compositions de syngas qui seront
utilisées tout au long de ce travail, représentant les compositions type selon une gazéification de
type ‘Fluidbed, Downdraft ou Updraft (cf tableau 4 du chapitre 1) et ce, pour différentes
richesses et conditions de pression et de température.

Résultats expérimentaux

Les résultats montrent que la composition du syngas influence directement la vitesse de
combustion laminaire de la fagon suivante : les mélanges contenant plus d'hydrogéne (comme
le Downdraft) ont des vitesses de combustion plus élevées, tandis que les mélanges plus dilués
avec du CO, et de I'azote (comme le cas du Fluidbed) ralentissent la combustion. Les flammes
sont également plus instables avec des compositions riches en hydrogene, ce qui entraine une
augmentation des instabilités thermo-diffusives. La longueur de Markstein, qui caractérise la
réponse de la flamme a I'étirement, est également mesurée. Les résultats montrent que les
mélanges pauvres en syngas ont une longueur de Markstein négative, ce qui indique que ces
flammes sont instables. Les résultats sont en accord avec la littérature et sont étendus par
rapport a celle-ci avec 'utilisation d’'un modeéle d’extrapolation de la vitesse de flamme, dit « non
linéaire », plus adapté a ces mélanges que le modeles dit linéaire qui avait été utilisé jusqu’a lors.

Le chapitre discute également des effets de la pression et de la température sur la propagation
de la flamme, montrant que I'augmentation de la température initiale accélére la combustion,
comme l'on peut voir sur la figure ci-dessous (gauche) tandis que I'augmentation de la pression
tend a ralentir la vitesse de flamme (droite).
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Simulations numériques et corrélations empiriques

Pour évaluer la validité des modeles cinétiques, les résultats expérimentaux sont comparés a des
simulations utilisant plusieurs mécanismes chimiques (San Diego, CRECK, Madison, Aramco 3.0).
Dans I'ensemble, tous les mécanismes prédisent les évolutions quelle que soit la composition du
syngas, mais certains prédisent mieux le Downdraft, comme le mécanisme de Madison et le San
Diego ou au contraire le Fluidbed et I’'Updraft, comme le Creck et Aramco 3.0.

Des corrélations empiriques sont également proposées pour prédire la vitesse de combustion
laminaire en fonction de la richesse, de la température et de la pression initiales, corrélations
utiles pour des simulations de moteurs a combustion interne a faible coGt (0D/1D). La figure ci-
dessous montre les résultats de la corrélations obtenue (trait plein) et comparée a celle de
Monteiro et Rouboa (trait pointillé) [6]. Lamélioration obtenue de la prédictibilité de cette
corrélation est ainsi notable. La derniére section de la partie résultats de ce Chapitre présente
I'effet de l'ajout décane, représentatif du Diesel, sur la vitesse de flamme laminaire. La
comparaison avec les données expérimentales a montré que le mécanisme de Madison prédit
raisonnablement la vitesse de combustion laminaire des mélanges de syngas lorsque de petites
guantités de décane (jusqu'a 5 % en masse) sont ajoutées.
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En conclusion, cette partie de I'étude a montré/confirmé I'impact de la composition du syngas a
un impact significatif sur la vitesse de combustion laminaire et la stabilité de la flamme, et a
enrichi la faible base de données existante dans la littérature sur le sujet. La composition
Fluidbed, en raison de sa forte dilution, présente des vitesses de combustion plus faibles, ce qui
pourrait limiter ses performances dans des applications moteur.
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Chapitre 4 : Analyse multiparamétrique des performances et émissions des moteurs dual-fuel
syngas/diesel avec trois compositions de syngas

Le chapitre commence par rappeler I'intérét de |'utilisation du syngas dans un moteur a allumage
par compression (ClI) en mode dual-fuel pour un systeme énergétique polyvalent (‘de type
‘groupe électrogéne’), notamment pour des applications stationnaires hors réseau. Cependant,
la variabilité de la composition du syngas, due a la source de biomasse et au procédé de
gazéification, pose des défis pour l'optimisation des performances du moteur. Ce chapitre se
consacre ainsi a I'étude de I'influence des trois compositions de syngas (Fluidbed, Updraft, et
Downdraft) précédemment définies sur les performances du moteur et les émissions, avec une
attention particuliére sur la richesse du mélange (syngas/air) et de la quantité de carburant pilote
apportée.

Dispositif expérimental et méthode de post-traitement

Le moteur utilisé pour les expériences est un moteur PSA DW10 4-temps, modifié pour
fonctionner sur un seul cylindre (0.5 | de cylindrée). Le régime moteur est fixé a 1200 tr/min. Le
syngas et |'air sont prémélangés dans un plénum avant d'étre introduit dans le cylindre. La
richesse du mélange syngas/air est contr6lé a I'aide de débitmetres. L'injection du carburant
pilote (ici le décane, substitut du diesel) est réalisée par un injecteur de type Common-Rail Bosch
CRI 2.2, la pression d’injection a été fixée a 200 bar, afin de pouvoir varier le plus facilement la
quantité par la durée d’injection. La pression cylindre enregistrée permet de déterminer les
parametres d’analyse moteur tels que le taux de dégagement de chaleur (HRR), le rendement
thermique, les durées spécifiques de la combustion. Une baie d’analyse a permis de mesure les
émissions de NOy, CO, HC imbr{lés.

Résultats
Effet de la richesse

L'étude montre que l'augmentation de la richesse syngas/air entraine une transition de la
combustion en deux phases distinctes (une de prémélange et une de diffusion) a une
combustion en une seule phase, ou la charge de syngas est directement enflammée par le
carburant pilote. Le chapitre explore comment des richesses élevées augmentent la pression
maximale dans le cylindre et augmentent le délai du début d’inflammation. La figure suivante
présente |'effet de la richesse du premélange, pour les trois compositions, sur le dégagement de
chaleur. Les compositions Downdraft et Updraft présente des dégagements de chaleurs, et donc
des performances similaires, avec un léger avantage pour le Downdraft du fait de sa teneur en
H; plus élevée et donc de sa réactivité. La composition Fluidbed présente des dégagements de
chaleur bien moins élevés a cause de sa plus grande dilution. Par ailleurs, la stabilisation du point
de fonctionnement de la composition Fluidbed est rendu plus difficile du fait de sa plus grande
dilution. Un point de fonctionnement avec une richesse de prémélange de 0,7 se présente pour
les 3 compositions puisqu’il permet d’obtenir les meilleurs rendements indiqués et de
combustion pour les 3 syngas (pour une quantité de décane fixé a 0.61 mg). En ce qui concerne
les émissions, les compositions Updraft et Downdraft présentent des résultats similaires avec un
léger avantage a nouveau pour le Downdraft qui présente des émissions les plus faibles en
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hydrocarbures imbrdlés (HC), monoxyde de carbone (CO) et oxyde d’azote (NOy). Le Fluidbed
présente les émissions les plus élevées en HC et CO mais les plus faibles en NOy du fait de sa
dilution plus importante.

60 /e

HRR (J/CAD)

Crank Angle °

Fluidbed SOl (CAD)

Updraft SOl (CAD) Downdraft SOI (CAD)

= u—= dpremixed =1.0 S0I=-20
= = = dpremixed = 0.7 S0I=-17
- u-u dpremixed = 0.5 SOI=-17
=—s—= dpremixed = 0.3 SOI=-14

e-e—e Ppremixed = 1.0 50I=-20
> o0 ‘t‘premixed =0.7 50I=-17
e-e- e dpremixed = 0.5 50I=-17

—e—e ‘bpremixed =0.350I=-14

+ =« dpremixed = 0.7 S01=-23
4-4-4 dpremixed = 0.5 501=-17
s Ppremixed = 0.3 SOI=-14

Effet de la quantité de carburant pilote

L'impact de la quantité de carburant pilote est également analysé. Une augmentation de la
quantité de carburant injecté réduit le délai d'inflammation et avance la phase de combustion,
en raison de la réactivité plus élevée du décane par rapport au syngas. Cependant, une injection
excessive de carburant pilote peut entrainer des émissions accrues de suie et de CO, tandis que
les émissions de NOyx augmentent en raison de températures de combustion plus élevées,
comme le montre le graphe ci-dessous. Malgré la variation de la quantité de décane, la
stabilisation du point de fonctionnement la composition fluidbed est toujours plus difficile. Il
apparalt qu’un compromis est nécessaire sur la quantité de décane injectée afin de maximiser le
rendement et garantir la stabilité tout en évitant une augmentation des émissions. La figure
suivante présente les effets de I'augmentation de la quantité de décane sur les durées de
combustions et les émissions.
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Effet de la concentration en CH,4 et CO;

Afin d’évaluer individuellement les effets du CH4 et du CO,, les compositions ont été simplifiées
sur une base H,/CO/N, avec les mémes teneurs en H,/CO que les compositions complétes de
départ. Le N; est ensuite partiellement remplacé soit par le CH, soit le CO,, selon le composant
gue l'on souhaite évaluer. Globalement, I'ajout de CO, dans le syngas ralentit la combustion et
réduit les émissions de NOy, tandis que I'ajout de CHs améliore I'efficacité de la combustion mais
augmente les émissions d'hydrocarbures non brilés (THC) et les NOx dans le cas des
compositions Fluidbed et Downdraft (voir la figure suivante). Par ailleurs le niveau de dilution
déja trés important du Fluidbed ne permet de remplacer plus de 10% du N3 par du CO,. On peut
néanmoins constater, que I'ajout de CH; a un effet trés positif sur la composition H,/CO/N,
similaire au Fluidbed. Ainsi la teneur en CH, plus élevée de la composition originale Fluidbed par
rapport aux 2 autres permet de compenser partiellement ses plus faibles performances.
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Relations entre propriétés fondamentales et performances du moteur

Les relations entre les propriétés fondamentales des mélanges de syngas (vitesse de flamme
laminaire, température de flamme adiabatique) et les performances du moteur ont été évaluées
dans la figure ci-dessous afin d’identifier les paramétres les plus impactants S2. Par exemple,
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une vitesse de flamme laminaire inférieure @ 30 cm/s est associée a une instabilité de
fonctionnement accrue du moteur avec le coefficient de variation de la Pression Moyenne
Indiqué (IMEP,) qui excede 5%, tandis que des températures de flamme plus élevées, obtenus

avec les compositions Updraft et Downdraft, qui sont moins diluées, augmentent les émissions
de NOy, comme le montre la figure suivante.
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En résumé, il a ainsi été possible d’obtenir un rendement thermique indiqué du moteur
supérieur a 38 %, avec richesse prémelangé de 0,7 et pression moyenne indiquée (IMEP) de 6
bar, pour toutes les compositions de syngas, avec moins de 10 % de

'énergie totale fournie par
le carburant pilote. L'influence du contenu en H, et CO, dans le syngas est particulierement

notable sur la durée et le phasage de combustion, ainsi que sur les émissions. Le syngas riche en
CO,, bien qu'utile pour réduire les NOy, peut diminuer |'efficacité de la combustion, nécessitant
plus de carburant pilote pour maintenir la stabilité du moteur.

Chapitre 5 : Visualisation de la combustion dans un moteur dual-fuel syngas/diesel & accés
optique

Dans ce chapitre, la combustion d’'un mélange dual-fuel (syngas/diesel) est analysée a l'aide de
la visualisation rapide naturelle de la combustion : la chimiluminescence, dans un moteur a acces
optiques. La chimiluminescence permet de visualiser les radicaux chimiques actifs durant le
processus de combustion, comme les radicaux OH*, CH*, et l'espece CH,O, qui sont
représentatifs de différentes étapes de la combustion. Ce type d’analyse permet de mieux
comprendre les mécanismes d’auto-inflammation, la propagation de la combustion, et
I'influence des différentes compositions du syngas sur la combustion.

Le moteur utilisé pour ces expériences est similaire a celui du chapitre précédent, mais il est
équipé d’acces optiques pour permettre une observation directe de la combustion. Un systeme
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d’imagerie a haute vitesse avec des caméras monochromes a haute cadence, munies d’un
intensificateur sont utilisées pour capter les émissions des radicaux chimiques a différentes
longueurs d’'onde. Les longueurs d’onde d’intérét sont : le 308 nm, pour OH*, 330 et 430 nm
pour CH,O* et CH*, respectivement. Les trois compositions de syngas (Downdraft, Updraft, et
Fluidbed) ont été de nouveau testées. Les expériences ont pour but de comparer les émissions
de chimiluminescence, qualitativement a différentes étapes de la combustion et de corréler ces
signaux avec le taux de dégagement de chaleur (HRR) obtenu a partir de la pression cylindre.

Résultats
Combustion du seul carburant pilote

Les premieres expériences se concentrent sur l'injection seule du carburant pilote (décane), sans
syngas. Les images montrent que I'allumage se produit autour des six jets d'injection, mais la
combustion reste limitée a de petites flammes localisées, sans développement global de la
flamme. Ces résultats sont utilisés comme référence pour comparer les expériences avec syngas.

Comparaison des compositions de syngas

L'expérience avec les trois compositions de syngas révéele que les mélanges Downdraft et Updraft
présentent des développements de combustion similaires, avec des délais d’inflammation plus
longs que ceux du décane seul. En revanche, la composition Fluidbed montre une intensité
beaucoup plus faible des émissions de chimiluminescence en raison de sa teneur plus élevée en
CO,, ce qui dilue le mélange et ralentit la combustion.

Les résultats montrent également que la concentration en H, dans le syngas influence fortement
I'intensité de la chimiluminescence du radical OH*, un indicateur clé de l'intensité de la
combustion. Les compositions riches en H, produisent des flammes plus rapides et plus chaudes,
alors que les mélanges dilués en CO, ou N, montrent des flammes plus lentes et moins intenses.
La figure suivante présente un exemple d’images moyennées du radical OH* pour le Downdraft
(haut), plus riche en H,, et le Fluidbed (bas), plus dilué. Il est intéressant de remarquer que sur
la premiere image de flamme visible, la forme est trés proche pour les 2 compositions avec des
sites d’allumage qui sont en moyenne similaires : le long des plumes du spray de l'injection
pilote. Le graphique présente quant a lui I'intensité moyenne des trois compositions ainsi que
pour le cas ou la méme injection pilote de décane est effectuée dans I'air, mettant ainsi en
évidence l'intensité lumineuse plus faible pour les mélanges avec syngas que pour le décane seul
dans l'air (avec la méme quantité). Les syngas Updraft et Downdraft présentent des signaux OH*
similaires tandis que le Fluidbed est bien moins intense La différence de délai d’allumage est
également notable avec le Fluidbed qui est bien plus tardif que les 2 autres compositions, elles-
mémes s‘allumant plus tard dans le cycle que le décane seul dans l'air.
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Effet du CO; et du CH,

L'effet du CO, comme diluant est également étudié. L'ajout de CO, dans le syngas retarde
I'allumage et réduit l'intensité globale de la combustion, ce qui est visible sur les images de
chimiluminescence, vu que les sites d’allumage deviennent plus espacés dans le temps. Par
ailleurs, avec lI'augmentation du CO,, les premiers sites d’allumage semblent en moyenne se
concentrer sur la zone entre les 2 soupapes d’échappement, probablement du fait de la
température plus élevée dans cette zone. L'augmentation de la concentration en CO, conduit a
une combustion moins énergique et un délai d’allumage plus long. Leffet du méthane est
également analysé. L'ajout de CH4 accélere I'allumage et augmente l'intensité de la combustion,
en raison de sa réactivité plus élevée mais ne semble pas modifier les localisations des sites
d’allumage en moyenne qui se trouvent toujours le long des plumes du spray. Le graphique ci-
dessous présente les intensités des images OH*: en haut les compositions ol le CO, remplace
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I'azote et en bas les intensités des images OH* : en haut les compositions ou CO, remplacent
I'azote et en bas le CH4 le CH4 remplace l'azote.
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Conclusion Générale :

Ce mémoire se termine par une conclusion générale sur ces travaux ainsi que des perspectives
de recherche. Les principales lignes sont résumées ci-dessous :

e Les moteurs a bi-carburant tels que le gaz synthétique et le diesel, peuvent utiliser
différentes compositions de syngas, contenant de |’hydrogéne (H,), du monoxyde de
carbone (CO), du dioxyde de carbone (CO,), du méthane (CH,) et de I'azote (N,) avec une

grande flexibilité.

e La performance du moteur est affectée par la composition du syngas, en particulier par la
teneur en H, et de composés diluants, notamment le CO,.

e Les moteurs dual-fuel syngas/diesel affichent de meilleures performances avec des taux de
compression plus élevés, bien que des problémes cliquetis puissent survenir avec certaines

compositions.

e Les expériences ont montré que, sans modification importante du moteur, des rendements
indiqués supérieurs a 38 % peuvent étre atteints avec une contribution énergétique du
Diesel limitée (moins de 10 %), ce qui représente une perspective intéressante pour la

décarbonation des groupe électrogéne.
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e La quantité de carburant pilote, le decane (remplacant le Diesel dans les expériences),
injectée joue un role crucial dans la gestion des émissions et des performances du moteur.
Une trop grande quantité de carburant pilote peut entrainer des émissions de suie et de NOy
plus élevées tandis qu’une trop faible quantité peut conduire a une instabilité de
fonctionnement.

o Leffet du CO, et du CHy4 sur les performances et les émissions du moteur a également été
étudié. Le CO, réduit les émissions de NOx mais diminue l'efficacité de combustion, tandis
que le CH, améliore l'efficacité mais peut augmenter les émissions d’hydrocarbures
imbrQlés.

e Des études de chimiluminescence ont été menées pour observer la combustion dans un
moteur a accés optique. Les images ont révélé que les radicaux OH*, CH* et CH,O*
fournissent des informations cruciales sur l'initiation et le développement de la combustion
et sur les délais d’allumage. Les signaux de chimiluminescence du CH,O* et du CH* sont plus
en accord le dégagement de chaleur apparent, que ceux du radical OH*, mais ceux du CH*
sont davantage affectés par les émissions des suies.

e Les compositions riches en CO, ont montré des signaux plus faibles de chimiluminescence,
indiquant une combustion moins intense.

En perspective, plusieurs investigations pourraient étre menées pour compléter |'étude de
I'effet de la composition sur la combustion du syngas. Concernant la vitesse de propagation
laminaire et la longueur de Markstein de la flamme, une validation théorique de la longueur de
Markstein obtenue pourrait étre entreprise afin de valider I'extrapolation de la vitesse de
flamme et la gamme de rayon utilisée pour la réalisation des mesures dans certaines conditions.
Le calcul de plusieurs paramétres fondamentaux tels que les énergies d’activation, les nombres
de Zel'dovich ou les nombres de Lewis reste cependant complexe en raison des multiples
composants présents dans le syngas. Pour mieux comprendre I'effet de la composition sur la
combustion et limiter le nombre de compositions testées, une approche basée sur des plans
d’expériences pourrait étre intéressante pour prédire la vitesse de flamme laminaire ainsi que
les performances du moteur. Les compositions testées dans le présent travail sont dans certains
cas tres diluées mais ne contiennent pas de vapeur d’eau. Or selon les procédés, le syngas peut
contenir de la vapeur d’eau et étudier et quantifier son impact pourrait étre intéressante. De
plus, lorsqu’il s’agit de mélanges trés dilués, notamment contenant du CO, et de la vapeur d’eau,
un effet de rayonnement important peut apparaitre avec une possible réabsorption de la
chaleur par les gaz frais conduisant ainsi a un préchauffage de ces derniers et donc modifiant la
propagation de la flamme. Lorsque la vitesse de flamme laminaire devient trés faible dans
certaines conditions, cet effet radiatif doit étre pris en compte, car il impacte la mesure de la
vitesse de propagation et donc la valeur non étirée obtenue a partir du modéle d'extrapolation.

Enfin, pour élargir le champ d'étude des carburants neutres en carbone voire « zéro-carbone »
sur les moteurs a bi-carburant, nous pouvons envisager la co-combustion de ces carburants,
comme avec de I'ammoniac par exemple. En effet, l'utilisation du syngas, a I'époque appelé
gazogene, avec de I'ammoniac dans les moteurs a combustion interne a été présentée pour la
premiere fois en 1945 par Emeric Kroch [8]. De plus, comme indiqué dans l'introduction du
manuscrit, I'ammoniac peut étre présent dans la composition du syngas en tant qu’impureté,
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selon s'il résulte de la gazéification de matieres premiéres riches en azote telles que le fumier
ou les boues d'épuration. Cet ammoniac est généralement retiré du syngas en raison de sa
corrosivité mais avec un colt supplémentaire. Depuis ces 10 derniéres années, I'ammoniac
comme carburant a suscité un intérét important, montrant un vrai potentiel pour les moteurs a
allumage commandé ou les moteurs a allumage par compression via une injection pilote. Un
mélange syngas/ammoniac pourrait étre un atout pour un moteur, bien que les propriétés de
combustion de ce type de mélange soient peu caractérisées, ce qui peut certainement poser un
défi. Pour mieux illustrer cela, la figure ci-dessous présente le taux de dégagement de chaleur
(HRR), obtenu dans le méme moteur, pour un mélange de la composition de syngas Downdraft
en fonction de la quantité d'ammoniac (NHs) I'injection pilote de carburant le décane restant
fixée a 2,1 mg), ce qui entraine une variation de la part d’énergie apportée par le décane selon
le pouvoir calorifigue du mélange ammoniac/syngas. Comme on peut le constater sur la figure
ci-dessous, la réactivité du mélange diminue a mesure que la teneur en ammoniac augmente,
de part, le délai a I'inflammation et la durée de combustion plus longue. Un tel résultat est
attendu, vu la plus faible réactivité de I'ammoniac. Cependant, si on le considére comme une
impureté (c'est-a-dire en dessous de 5%, de la composition du syngas), la présence
d'ammoniac n'influence pas le HRR résultant et donc les performances du moteur. Les émissions
d'un tel mélange restent a caractériser. Puisque le syngas peut étre défini comme un carburant
a faible émission de NOx (comme illustré au chapitre 4), I'ajout d'ammoniac pourrait fortement
modifier cela, en raison du chemin réactionnel appelé « fuel-NOx » résultant de la combustion
du NHs elle-méme. Enfin, on peut aussi noter que I'ajout de syngas dans un moteur dual fuel
(ammoniac/diesel) peut étre un atout permettant une meilleure optimisation de la combustion.
La meilleure des solutions restera la disponibilité locale de telle ou telle ressource énergétique.
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1. Introduction

The control and use of the combustion of hydrocarbon materials is deeply intertwined with the
development of mankind. The use of combustion for cooking food, metallurgical and chemical
processes, and many centuries later for power production and propulsion of vehicles by means
of the steam engine, were the key inventions that allowed an enormous production of wealth.
In more recent centuries, the development of gas turbines and internal combustion engines
unleashed new technologies to fulfill mankind’s needs for electricity, trade of goods and
mobility.

On the flip side, the world’s economy based on the combustion of coal and petroleum products
has released an enormous amount of carbon dioxide into the atmosphere - the main cause of
global warming. The projected consequences of the increase of earth’s temperatures can be as
immense as the benefits derived from the use of combustion by humanity, but on the negative
side.

In Figure 1, the global warming evolution from 1950 to 2021 and the different Green-House
Gases (GHG) contribution in this evolution are presented. The global commitment to prevent the
catastrophic consequences of global warming requires limiting warming to 1.5 degrees Celsius
from pre-industrial levels [9,10]. The baseline of world temperatures, defined as ‘pre-industrial
levels’, dates back from the years 1850 to 1900, since there are no accurate measurements
before this period. Achieving this goal, according to the IEA “A Roadmap for the global energy
sector” report [9], means cutting Green-House Gases (GHG) emissions in half by 2030 and
reaching net-zero carbon dioxide (CO;) emissions by mid-century. If the world fails to regain
control of the temperatures, it may face a 10% total economic value loss by the 2050’s [11].
Therefore, the challenge to the policy makers is to regulate human activities that emit GHG's,
without stifling economic activities. For that reason, the European Commission [12] has set a
goal to reduce GHG emissions by 20% by 2020, together with having 20% of the European Union
(EU) energy sourced from renewables and a 20% improvement in energy efficiency [13]. The
GHG emitted by human activity includes carbon dioxide (CO,), methane (CH4), nitrous oxide
(N20), and fluorinated gases, hydrofluorocarbons (HFC'’s), perfluorocarbons (PFC’s), Sulphur
hexafluoride (SFs) and nitrogen trifluoride (NFs). They have different Global Warming Potentials
(GWP) that must be evaluated on a time basis, usually 100 years, and CO, is used as a reference
[14].
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Global warming contributions by gas and source, World, 1950 lo 2021
The global mean surface temperature change as a result of the cumulative emissions of three gases - carbon dioxide,
methane, and nitrous oxide.
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Data source: Jones et al. (2023). National contributions to climate change due to histarical emissions of carbon dioxide, methane and nitrous
oxide.

Note: This does not include cooling impacts from sulphur dioxide and aerosols, so the net warming can be lower,
OurWorldinData.org/co2-and-greenhouse-gas-emissions | CC BY

Figure 1: Global warming contributions by gas and source, World, 1950 to 2021(adapted from [15] with data from
Jones et al. [16]).

The EU commitments for the year 2020 were achieved [17]. The GHG emissions reached 78.9%
of what it was in 1990 in 2018 and the share of renewable energy sources reached 22% in 2020
[17]. But, with the new commitments set for the year 2030, i.e. 40% GHG emissions reduction,
32% renewable energy, and 32.5% energy efficiency improvement, the implementation of
renewable energy sources must be intensified. Renewable sources of energy are the ones that
can be replenished (or renewed), as hydro, solar, wind, geothermal, ocean, and biomass sources.
The availability of most of them is region-dependent, except the potential use of biomass as an
energy source, the biomass root will be different. Even if the combustion of biomass emits CO»
and other GHG, since carbon is captured in the growth of the plants, the energy extracted can
be considered ‘carbon-neutral’.

In Figure 2, we can see the global energy matrix along the years. There, it is clear that the role of
modern biofuels, growing from 700 TWh in 2010 to 1200 TWh in 2022, is still far from well-
established fossil fuels (coal and oil) which represent more than half the total consumption. The
group defined by ‘Traditional biomass’ refers to consumption of fuelwood, forestry products,
agricultural wastes, understood as raw materials without further refinement.
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Global primary energy consumption by source
Primary energy is calculated based on the ‘substitution method' which takes account of the inefficiencies in fossil fuel

production by converting non-fossil energy into the energy inputs required if they had the same conversion losses as
fossil fuels.
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Figure 2: World energy consumption by source (from [17] with data of Vaclav Smil [18])

Another topic of major concern for mankind is the production of waste. Human waste is the
byproduct of wealth and consumption habits allowed by income, without further mitigation.
Nevertheless, the treatment and recycling of waste is mostly in its infancy. Garbage dump sites
of all materials, managed or completely unmanaged, can be seen even in developed economies.
The negative impacts of poor waste management practices include GHG emissions, water and
ground pollution, among others.

Bioenergy can take many forms: liquid biofuels, including ethanol (produced by fermentation of
sugar cane, corn, or other cellulosic feedstocks [19]) and biodiesel (extracted from oily grains,
animal fat, and others [20] through transesterification), and gaseous fuels, such as biogas [21]
and Synthesis Gas, also known as syngas [22]. As solids we have the example of biochar,
produced from crop residues, that can be cofired with traditional fuels in electricity generation
power stations [23].

In Figure 3 we can see different forecasts following three scenarios for 2030 and 2050, taking as
reference the year 2022. The figure can be misleading because the ‘solids’ were transformed into
gas through gasification or other methods. This solids account for the majority of what was
supplied in 2022 and include Municipal Solid Waste (MSW) and forestry residues.
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Stated Policies Scenario (STEPS), Announced Pledges Scenario (APS) and Net Zero Emissions by 2050 (NZE)
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Figure 3: Global bioenergy supply by type and scenario, 2022-2050 (adapted from the IEA World Energy Outlook [24]).

There is an important distinction among biofuels. The first generation uses feedstocks that could
otherwise be used for food production for human and animal consumption. For example,
ethanol produced from corn that competes with human and animal nutrition and may
incentivize deforestation [25]. Another classification that can be made is the sourcing of biofuels.
The primary sources are directly harvested/collected of agriculture crops, the secondary sources
are the residues of the food industry, and the tertiary sources are the post-consumer residues,
that normally end up in landfills [26]. The final source includes the gases from anaerobic
digestion of Municipal Solid Waste (MSW) and animal manure (biogas). Table 1 presents an
overview of several biofuels with the compositions, means of production, and combustion
properties.



Table 1: Biofuels: composition, production and fundamental combustion properties.

Composition

Production
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Usability: properties of combustion, emissions...

H,/CO at various ratios, a smaller
portion of CHs, and N, and CO;
diluents. NHs can be present when
the feedstock is Nitrogen-rich [27].
— Gas.

Syngas

CH; (50-70%vol.) and CO, (30-
50%vol.) — Gas.

Biogas

CHsOH — liquid at ambient
conditions.
CHsOH - liquid at ambient
conditions.

Mono-alkyl esters of long chain
fatty acids derived from animal
fats or vegetable oils — liquid at
ambient conditions.

Biodiesel

From feedstocks with carbon-hydrogen
bonds, mostly by gasification, but other
methods exist such as steam reforming,
partial oxidation, and auto-thermal
reforming.

Anaerobic digestion of wet animal manure
and/or sewage sludge.

Fermentation of sugar cane or beet molasses
or grains feedstocks (e.g. Corn).

From synthesis of syngas which comes of
natural gas, coal, coke-oven gas, biomass, and
others [35].

Alkyl esters- produced from
transesterification reaction between the oil
or fat and an alcohol (methanol or ethanol
producing Methyl- and ethyl- esters,
respectively).

Usable as a fuel in gas turbines and ICE’s (single- and dual-fuel engines [28]).
Since the composition is highly variable, the same can be said about the
combustion properties [29]. The LHV of syngas from gasification, when air is
used as the gasifying agent, ranges from 4 to 6 MJ/m3 [29] and overall slow
combustion and low LHV, depending on the H,/CO ratio and the amount of
N,+CO, dilution [30].

Usable as a fuel in gas turbines and ICE’s (single- and dual-fuel engines [31]).
The combustion properties and the flammability limit strongly depends on
the dilution ratio [32]. After the biogas is dried and the H,S contaminant is
removed, it can be used in a CHP unit or upgraded to biomethane [33].

Easy conversion of gasoline-fueled SI engines and fully miscible with
gasoline, higher octane rating than standard gasoline [34], lower LHV
compared to gasoline.

Miscible with gasoline and diesel. Greater octane number than gasoline.
Possible to run on a PFl or DI SI engine, and in a Cl engine, blended with
diesel/biodiesel or dual-fueling with diesel (fumigating methanol on the
intake plenum and injecting diesel near the TDC) [35,36].

Miscible with petroleum diesel. The emissions of biodiesel fueled Cl engines
shows a decrease of HC, CO, and PM, but a slight increase of NO,emissions
[37].

- LHV Lower Heating Value, Sl Spark-Ignition, C| Compression Ignition, ICE Internal Combustion Engine, EGR Exhaust Gas Recirculation, PFl Port-Fuel Injection, DI Direct
Injection, HC Hydrocarbons, CO Carbon Monoxide, PM Particulate Matter, NOx Nitrogen Oxides, TDC Top-Dead Center.
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1.1. Synthesis gas (Syngas)

Syngas utilization in Internal Combustion Engines (ICE) dates to the second World War, when gasoline
shortages stimulated the conversion of vehicles to a fuel derived from wood gasification [8,38]. Syngas
is a gaseous fuel derived from materials with carbon-hydrogen bonds and it can be produced by
gasification or by other alternatives, such as steam reforming, partial oxidation, and auto-thermal
reforming [28]. The first of the five steps of the gasification process, is drying of the feedstock followed
by pyrolysis where the solid hydrocarbons, also known as tars, are exposed to temperatures of around
240 °C. After that, there is a partial oxidation, or combustion, that provides the thermal energy to gasify
the rest of the feedstock, or with an external source of heat. Cracking then turns heavier hydrocarbons
into simpler molecules and finally, reduction, where the H,O and CO, from combustion, are partially
transformed back into H, and CO [39]. This gasification process needs a gasifying agent, such as air or
oxygen, and produces, on the fuel side, a mixture of Hydrogen (Hz), Carbon monoxide (CO) and a
smaller portion of methane (CH,). It also contains diluents, such as Carbon dioxide (CO3), and Nitrogen
(N2) and some contaminants, such as tars, Particulate Matter (PM), ammonia (NHs), Hydrogen Sulfide
(H2S), halides, and other trace elements present to complete the composition [40]. Among them, the
ammonia volumetric concentration is strongly dependent on the nitrogen content of the feedstock and
can reach 6 %00l cONtent, when sewage sludge is used as feedstock [27] and, despite its toxicity, it can
be burned without emitting CO,. This effect on producer gas composition was studied by Brequigny et
al. [41] applied in a Spark-Ignition (SI) engine.

Air is the more widespread and cost-effective gasifying agent, and when it is used the syngas produced
is named as producer gas [42]. The syngas compositions tested in this thesis belong to that category,
and compositions derived from steam or CO; as gasifying agent are then not considered. To understand
what influences the final composition of syngas, the following sections will present a brief overview of
feedstock types and gasifier technology.

1.1.1. Feedstock types

Any carbon-based material can be gasified, but gasifying plants run predominantly on non-renewable
feedstocks [43,44]. Solid (like wood chips, saw dust, etc.), liquid (petroleum, etc.), and gaseous
(methane, etc.) feedstocks can be gasified, but solid feedstocks are more easily fed into a gasifier. The
gasification of biomass gained a renewed interest with the push into renewable energy sources [45].
This is relevant when the solar radiant power input, that rovers around 107 Watts (W), is considered
to be partially stored by plants by photosynthesis (0.02%) resulting in the availability of 10*! Joules (J)
of energy per year [46]. To give some perspective to this numbers, total electricity consumed in the
world in 2019 was about 10*°J [47].

Gasification is also an efficient process for transforming feedstocks into a gaseous fuel, feedstocks that
otherwise would be sent to a landfill and, consequently, emitting methane (CH4), which has a Global
Warming Potential (GWP) 28 times greater than CO,[48]. ‘Biomass wastes’ is a very general term that
could take the form of wood derivatives (chips, branches, saw dust...), agriculture waste (manure, crop
residue...), and domestic or industrial sewage. Up to today, as a function of the country, crop residues
could be wasted or burned, polluting the atmosphere (e.g., wheat and rice residues [49]). The challenge
is that biomass wastes come in different sizes and/or shapes, affecting the gasification feeding process,
with also different moisture contents. Therefore, before the gasification process, the biomass feedstock
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must be dried to reach a moisture content around 15%.,w and ground or filtered into a uniform size
[49]. Additionally, the availability of these wastes is sparsely distributed geographically and seasonal
[49,50].

One feedstock that is attracting increasing attention is municipal/industrial solid waste [51,52]. When
syngas is produced from Municipal Solid Waste (MSW) it can be considered a second-generation biofuel
[53]. Gasifying MSW can reduce the overall land area occupied to process 30 Mt of MSW (1 Mt/year
during 30 years) by 30-fold [52,54]. When syngas is produced from carbonaceous materials derived
from waste, the resulting fuel has the additional benefit of the conversion of deleterious materials into
useful energy products.

In this work, we are interested in the use of syngas in a Waste-to-Energy plant. This conversion can be
accomplished in several thermal machines, such as gas turbine, gas engine or a steam turbine. Each of
these machines exhibits a wide range of energy efficiencies, requiring a specific cleaning of syngas, and
produce different power outputs [52,55].

In conclusion, the gasification of biomass has advantages and drawbacks:

) advantages—> it is inexhaustible, it can be considered carbon-neutral, with possible
implementation all around the world

° drawbacks—> the variable heat and moisture content of the feedstock, the scale of the
operation, which may turn out to be too small to operate efficiently, and the energy lost in the
extraction process [49].

1.1.2. Types of gasifiers

There are several types of gasifiers. The first major distinction is its mode of operation: fixed bed,
fluidized bed, or entrained-bed. There are different modes of operation regarding how and in which
direction the feedstock and air flows inside the gasifier, and the overall temperature curves of the
reactants. For example, for the ‘Updraft’ gasifier, or ‘counter-flow’ gasifier, the flow of feedstock is
opposed by the syngas production, whereas in ‘Downdraft’ gasifiers these flows are co-current. This
allows for the tar generated at the top of the Downdraft gasifiers to be cracked when it goes through
the hot biomass and the grate [56], resulting in a 1% tar yield [57]. Whereas in Updraft gasifier, it is
common to observe higher tar levels in the produced gas, around 10-20% [57], that needs to be cleaned
to a certain level depending on the final application [50]. The second distinction is the exit-gas
temperatures, Updraft gasifiers present lower temperatures than Downdraft ones [58].

In Figure 4, we can see the schemes of the four main air-fed gasifiers. The second major distinction is
how the heat necessary for the gasification process is provided. The heat may derive from the partial-
combustion of the feedstock (direct, autothermal gasification), or from an external source (indirect,
allothermal gasification).



UPDRAFT FIXED BED DOWNDRAFT

feedstock gas feedstock

Drying zone

—1Drying zone

Pyrolysis zone

__ | Pyrolysis zone Hearth zone

Reductionzone AN comfelp 2"
>, L Reduction zone

| Hearth zone PN

grate
| grate —
gas
— — N\
air ash
ash pit
BUBBLING CIRCULATING

FLUIDIZED BED _
gas (FLUIDBED) gas + inert + char gas>

| J
cyclone

feedstock
—_— | gasphase recycle
reaction
feedstock fluidized bed

gas phase
reaction

bubbling

fluidized bed

A A A4
inert + char
rate grate
> >
ash ash
air 1 air air ¥ air
velocity 2-3 m/s velocity 5-10 m/s
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In Figure 5, we can see the results of the different approaches to gasification of biomass. Generally, the

fixed-bed gasifiers are suited to smaller power outputs associated with autothermal gasification,

whereas in larger installations fluidized-bed gasifiers are more usual. Nevertheless, the use of steam as

a gasifying agent is gaining attention due to its end-gas composition rich in Hand higher calorific value.

However, the chemical reactions associated with steam gasification are on average endothermic,

requiring an external source of heat.
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Figure 5: Product characteristics of allothermal and autothermal biomass gasification (adapted from R. Thomson et al. [50]).

In small-scale gasifiers the main goal is to improve the heating value of the producer gas. This is
generally dependent on reducing the nitrogen by using an Air Separation Unit (ASU) or by externally
heating the process. For the latter the process is named as allothermal, requiring an external source of
heat through a heat exchanger inside the gasifier or through the circulation of a material acting as a
heat carrier [60]. With both methods, the increased cost and additional complexity may turn the
system unfeasible, especially for small-scale gasifiers.

Table 2 presents the major advantages and drawbacks of gasifiers presented in Figure 4. In autothermal
gasification, the necessary heat for the endothermic reactions is provided by the partial oxidation of
the feedstock. If air is used as the gasifying agent the gas produced has a heating value between 4 to 7
MJ/ Nm3, which is suitable for power applications [60]. For other applications, like the conversion into
methanol and other liquid biofuels, pure O is preferred. Nonetheless, the operating costs will increase
due to the costs of producing O; in the ASU.
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Table 2: Advantages and drawbacks of gasifier design (adapted from Sikarwar et al. [61])

Gasifier Major advantages Major limitations
design

Fixed e Simplest and robust design e Non-uniformity in temperature
bed/moving o Economical at o High tar and char yields
bed gasifier small scale
o Tolerant to large

range of biomasses

e Uniformity in temperature e Uneconomical for small scale
Fluidized bed distribution o High PM fraction in syngas
gasifier o Lowtarand char
yields

e Shorter residence time
o High capacity for

raw material
processing
Entrained flow e Very low tar yield e Unsuitable for biomass
gasifier o Economical for o Non-tolerant for coarse
large scale particles
o High quality syngas o Issue with raw gas cooling

The third distinction concerns the pressure of the operation of the gasifying system: atmospheric or
pressurized. The overall cost of the pressurized system can reach four times the cost of an atmospheric
gasifier (for a 20 MWe installation [58]). On the other hand, it has the advantage of turning unnecessary
a gas compressor for feeding a gas turbine afterwards, and of having a relatively high tar acceptance
[58]. For biomass gasification, since the biomass is more reactive than coal, there are fewer advantages
for pressurized systems, in terms of a chemical kinetics point of view.

1.1.3. Syngas cleaning methods

After the syngas is produced by gasification, several contaminants must be eliminated. The
contaminants are tars (i.e. condensable hydrocarbons), Particulate Matter (PM), alkali metals, nitrogen
molecules (NHs, HCN), sulfides (H,S, COS), hydrogen chloride (HCI), and other trace elements [57,61].

The cleaning levels required for power generation applications (i.e. ICE and Gas Turbines) are presented
in Table 3. Like for the final composition of the syngas, the feedstock has an influence on the
contaminants [57]. Depending on the final application of the gas and its emissions standards, some
contaminants must be removed [52,57,60]. The cleaning methods are classified by their operating
temperature: hot (above 300°C), cold (under 100 °C) and warm gas (between those two temperatures).
The cold gas techniques often employ water sprays and the low outflow temperatures that allow water
to condense. The contaminants will serve as nucleation sites for water condensation, or be absorbed
by the water droplets [57]. Warm cleaning occurs in temperatures above the boiling point of water, but
cold enough for the condensation of ammonium chloride (NH4Cl). The hot gas cleaning techniques are
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aimed at alkali metals removal. The sulfur contaminants (H,S and COS) must be separated, to not
interfere with the Selective Catalytic Reduction (SCR) system operation [43].

Table 3: Typical syngas cleaning requirements per application [57].

Contaminants IC engine Gas Turbine
Particulate Matter (PM) <50 mg/m?3 <30 mg/m?

Tars <100 mg/m3 ---
Sulfur (H,S, COS) <20 pL/L
Nitrogen (NHs, HCN) <25 mg/Nm3 [62] <50 uL/L
<0.024 pL/L
Halides (primarily HCI) --- <1 uL/L

1.1.4. Choice of different syngas compositions during this study

The syngas compositions can be varied, with the five main components with various shares, not to
mention the contaminants. The choice of the syngas composition tested must be representative as well
as possible, of real gasifiers to identify how each component influences the performance and emissions
of the engine/turbine. Three compositions were defined following the suggestions of Bridgwater [58]
to represent the typical compositions of three types of air-fed gasifiers: Fluidbed (Fluidized Bed),
Updraft and Downdraft (see Table 4).

Table 4: Selected syngas compositions and resulting properties.

H, CO CO, CH; N; Stoichiometric Air LHV Maximum flame
Fuel speed

%Vol %vol %Vol %vol %vol Ratio (at 298 K 1bar)

mol/mol (mass/mass) cm/s

Fluidbed (Fluidized [§] 1.21(1.25)
Bed)

11 24 9 3 53 1.12(1.24) 4.4  30.7

Downdraft 17 21 13 1 48 1.00(1.13) 48 36.7

The compositions also present different H,/CO ratios, 0.46, 0.64 and 0.80 for Updraft, Fluidbed and
Downdraft, respectively. This is one of the important parameters for syngas combustion [63]. The
choice made for air-fed gasifiers, implying high nitrogen concentration on the product, is justified by
the little number of allothermal power plants or with an ASU [64]. This is shown by the high nitrogen
concentration on the product in Table 4.
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1.2. Syngas as a fuel for power generation

Renewable energy sources cannot supply all fluctuating electricity demand for all countries. Therefore,
multiple solutions must be explored. Future energy supplies must emit as little GHG as possible, and
also be renewable, and be dispatchable [65]. The use of syngas as a solution for providing power is
extensive, with variety of sizes, efficiencies, and technology maturity. The following subsections will
provide a brief overview of the uses of syngas, obtained from gasification of biomass and waste, in
power applications.

1.2.1. Gas turbines: Integrated Gasification Combined Cycle (IGCC)

In IGCC, the syngas produced by gasification of coal, biomass, among others, is introduced into a Gas
Turbine (GT), as the unique fuel or co-fired with Natural Gas (NG) or fuel oil [66]. The main challenge
in operating GT, originally designed for NG, is that the heating value of syngas is four to eight times
lower than natural gas.

As shown in Figure 6, the gasifier in the IGCC set-up feeds directly the GT. A careful balance of the N,
content already present in the syngas and the N, added by the Air Separation Unit (ASU), must be
considered to comply with the NOx emissions regulations. The heat from the exhaust gases can be
recovered with a Heat Recovery Steam Generator (HRSG), increasing the overall efficiency of the
system. Also, the steam generated in the HRSG can be injected in the combustor for NOx control of the
GT.
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Figure 6: Diagram of IGCC (adapted from Ganjikunta [67])

With the intend to compare both thermal machines, i.e. ICE and micro-GT, Fatiguso et al. [68] simulated
both machines applied in an CHP of an electrical power of 240 kW, (originally designed for NG), with
the syngas produced by a Downdraft gasifier. They concluded that, considering hot and cold days, the
ICE is more resilient to the impact of ambient temperatures on both thermal and electrical efficiency.
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However, in low electrical loads, between 20 to 50%, the micro-GT is slightly more efficient than the
ICE.

1.2.2. Internal Combustion Engines (ICE)

Syngas fueled Internal Combustion Engines (ICE) exists since the 1920s, when the French inventor
Georges Imbert developed a first wood gas generator for automotive use [28]. Due to fossil fuel
rationing during the WWII, the use of syngas for fueling Internal Combustion Engines (ICE) was a
common practice, at the time usually named the ‘wood-gas’. Nowadays, syngas can be used as a fuel
in Combined Heat and Power (CHP) plants, which are common in Denmark and Sweden [64,69] where
district heating is widespread [70].

Figure 7 presents a schematic design of a CHP plant, which uses an ICE coupled with a generator. There,
the heat is extracted from the hot syngas after the gasifier and the engine exhaust. The efficiency of
the CHP plant can be calculated by considering the net electrical efficiency or the overall efficiency,
which is the electrical power and the added heat in the water divided by the heating value of the fuel.
Therefore, the energy of the hot syngas produced by the gasifier and exhaust gases of the engine are
partially recovered, contributing to the high overall efficiency of the CHP that ranges from 70% to 90%
[64].
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Figure 7: Schematic of a Combined Heat and Power (CHP) plant that uses an Internal Combustion Engine (ICE) (adapted from
Brandin et al. [64])

As for any fuel, a syngas ICE can be Compression Ignition or Spark-Ignition engine. But in fact, the use
of syngas in Compression Ignition (Cl) engines is possible following two combustion modes :
Homogenous-Charge Compression Ignition (HCCI) [71,72] or Dual-Fuel Compression Ignition, where
the ignition is allowed due to the pilot injection of a high-reactivity fuel. Bhaduri et al. [71] investigated
HCCI operation with three syngas compositions feeding a mono-cylinder air-cooled engine with a
Compression Ratio (CR) of 12:1. They investigated the effect of water content and tar presence on
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syngas, and the intake pressure and temperature of the manifold. They achieved almost 98%
combustion efficiency with the hydrogen-rich syngas composition, despite the overall high CO
emissions which were always above 5%.

The limiting factor in syngas HCCl operation is the low load due to the small knock-limited Equivalence
Ratio (ER), and the hard combustion phasing tuning. This is hard combustion phasing tuning is
exacerbated by the syngas composition uncertainty. To better control the engine behavior other routes
need to be explored, such as dual-fuel or spark-ignited engines.

In Spark-lgnition (SI) engines, the injection strategy could be homogenous (in port-fuel) or stratified
with direct injection. However, there are only a few published papers regarding direct-injection of
syngas [73]. Sridhar et al. [74,75] found for that syngas composition there was no sign of abnormal
combustion, ‘knock’, even at the higher CR (17:1).

With the intent of comparing both modes of operation on the same engine, Shashikantha and Parikh
[4] experimented on a diesel engine: first on diesel-only to establish a baseline, then on Syngas-Diesel
dual-fuel. A spark-plug was inserted on the cylinder head, after a reduction of the Compression Ratio
(CR) of the engine, optimized to 11.5:1 (originally at 17:1) with also a change of piston design. From
the spark-ignited experiments, with syngas and natural gas, lower NOy and CO emissions were obtained
than in diesel-only and dual-fuel operation, with the caveat that the injection timing in dual-fuel
operation was not optimized and the CR was changed. The difference between Shashikantha [4] and
Sridhar [74] works, regarding the appearance of abnormal combustion in the case of Shashikantha [4],
may be explained by the different H, content of the syngas composition. When Sridhar et al. [74] varied
the CR, it was clear that the efficiency of the engine dropped when the CR is reduced.

To summarize, the advantages of dual-fuel operation include the minimal engine modifications and
also the flexibility, of increasing the pilot fuel amount if the supply of syngas fluctuates in production
flowrate and/or in its composition. Additionally, the expected knocking-tendency of syngas, due to the
H, presence, is attenuated by the presence of diluents. Therefore, the dual-fuel engine can operate
with a high Compression Ratio, taking advantage of the efficiency benefit.

1.3. Plan of this manuscript

This manuscript is composed of six chapters. Following this introduction, we present an analysis of the
literature review of syngas/diesel dual-fuel engines. The main parameters relevant to these engines,
such as syngas-to-diesel energy share, diesel injection parameters and syngas composition. We
highlight the effects of these parameters on engine performance and exhaust emissions. The third
chapter is dedicated to the study of fundamental laminar combustion of syngas, as a function of three
compositions selected for engine-relevant conditions. For this purpose, we determine and analyze two
combustion properties: laminar flame speeds and Markstein lengths. In Chapter 4, the dual-fuel engine
performance and the related emissions for the selected syngas compositions and the other engine
operating parameters are presented. These are measured in a single cylinder compression engine. In
Chapter 5, we provide a combustion analysis in an optically accessible single-cylinder engine. In this
analysis, we select specific engine conditions by fixing the syngas/air equivalence ratio and pilot fuel
injection parameters, then we analyze the combustion images. The manuscript is then finished by
discussing the main conclusions and some possibilities for future work and new perspectives.
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2. State of the art in syngas/diesel dual-fuel engine: performance and
emissions research

The use of syngas as a fuel in a Compression Ignition engine (Cl) present some challenges, due to their
high auto-ignition temperature (>500°C) [28]. For this reason, a successful operation of this biofuel in
a Cl engine necessitates an injection of a high cetane number (high reactivity) fuel, as for example,
close to Top Dead Center (TDC) of the cycle [76,77]. This concept is known as a Mixing Controlled
Compression Ignition (MCCI) engine [78] where the main low-reactivity fuel combustion is primed by
a small injection of a high-reactivity fuel, known as the pilot fuel. Figure 8 presents the schematic of a
Reactivity-Controlled Compression Ignition (RCCl) engine, a particular case of MCCI, but provides the
general concept of the dual-fuel engine. Those engines can combine the high thermal efficiency of a
diesel engine, related to their higher Compression Ratios (CR), together with lower NOx and PM
emissions, when the right parameters are selected, like the ratio of energy of the pilot fuel and the
phasing of its injection [77]. The low-reactivity fuels used in MCCI engines can be Syngas [79], Natural
Gas (NG) [80], Hydrogen (H>) [81], Methanol [82] or Ammonia (NHs) [83], all of them are low-carbon
or, in the case of ammonia and hydrogen, zero-carbon fuels. They are combined with a high-reactivity
fuel that can be either conventional diesel, dimethyl ether or biodiesel, where the important factor is
the reactivity of the fuel, represented by its cetane number and its aromatic content [76,84]. Table 5
presents the physicochemical properties of several fuels, renewable, reference and fossil, with five
different syngas compositions presented along common fuels. The syngas composition, referred to as
‘Synd’, is the most representative of the three compositions tested in the manuscript, resulting in
similar heating values.
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Figure 8: lllustration of the dual-fuel engine operation (image adapted from [186] )
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Table 5: Physicochemical properties of a typical syngas mixtures compared to other fuels (adapted from the work of Paykani
etal. [28])

Properties Synl Syn2 Syn3 Syn4 Syn5 Biogas Methane

Density (kg/m°) (at NTP)  [BRT BRIRRNY) 068 105 104 111 D 707 82
Molecular weight (kg/kmol] [P 15 15.2 232 344 103 200
(at NTP)
ST LA | 458 7.23 14 207 567 - 14.7 14.7
(kg/ke)
S - -
LD 51 c0 606742 58414 7-216 13458  7.5-14 1476 9
in air) 7.5
o 1.0-
Flammability limit [¢p] 0.2-7.2 - - - - - - 0.7-4.3 6.5
Autoignition temperature
ik 980  873-923 873923 898 898 923 550 589
Minimum ignition energy
1 o
Sanae ﬂaT:TSpeed [m/s] 1 18 8 05 05 025 - 037-043 -
Adiabatic flame
e 2584 2385 2400 ; 2200 2145 - 2580 -
= "
Quenching distance [mm] ) ) ) ) ) _ - 284 )
ST
Lower heating value -
15.7 17.54 24.4 5 7.47 17 434 42.6
[MJ/kgl
VOIUMEEFIC ERETEY COREENT. Py 11.75 1659 525  7.84  18.87 31235 35443
[M1/m3]

Syn1:57/43:H,/CO, Syn2:50/50:H,/CO, Syn3:40/40/20:H,/CO/CHa, Syn4: 22.6/24.3/2.2/9.3/41.2:H,/CO/CHa/CO2/N,, Syn5:
19.6/29.6/5.27/5.41/40.56:
H2/CO/ CH4/CO2/N: and Biogas: 55.6/42.3/2.1: CHs/CO./N; (by volume).;
NTP normal temperature (T=298.15 K) and pressure (p=1 bar);
ST at stoichiometry (¢p=1)

There are several parameters to optimize in a MCCI engine in the case of a syngas/diesel dual-fuel
experiment such as the syngas/diesel energy ratio, the diesel injection parameters (injection pressure,
timing...), the composition of syngas itself, and other general engine parameters (engine speed, load,
Compression Ratio...). Table 6 provides a review of dual-fuel experimental studies performed with a
syngas (H,/CO + diluents), whose composition is similar to a producer gas and primed by the injection
of a high-reactivity fuel (pilot fuel). Azimov et al. [1] explored a dual-fuel combustion method called
PREMIER (Premixed Mixture Ignition in the End-gas Region), where the combustion starts with the
auto-ignition of the pilot fuel, and subsequently the main fuel premixed flame propagation towards
the cylinder wall, that increases the unburnt-gas temperature to the point of its auto-ignition. In this
combustion mode, the Heat-Release Rate (HRR) is divided in two stages and can be observed in several
other studies [85—87]. presents the scheme of Reactive Controlled Compression Ignition (RCCI) engine
operation, one particular case of MCCI engine. The main difference between RCCl and conventional
dual-fuel that in RCCl the high-reactivity fuel injection occurs early in the cycle, this may turn unfeasible
in high-load operation, since the Maximum Pressure Rise Rate (MPRR) and the maximum in-cylinder
pressure can exceed the designed limits of the engine [88].
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Roy et al. [2] tested two producer gas compositions, only by changing H, and N; mole fractions, and
with similar Energy Share of Syngas (ESS) to Azimov et al. [1]. They also obtained two-stage HRRs, when
the certain Injection Timing (IT) and syngas/air equivalence ratio are used, i.e.¢p=0.6 and slightly
advanced IT (See Figure 9). The dual-fuel engine with the high-H, composition produced more NOy
emissions than with the low-H, composition, for all syngas/air equivalence ratios, due to the higher
flame temperature inducing higher thermal NOx.
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Figure 9: Example of a two Heat-Release Rate (HRR), reproduced from the work of Roy et al. [2].

Regarding the effects of Compression Ratios (CR), Sharma and Kaushal [3] tested a low calorific value
(~6.6 MJ/Nm?3) producer gas in a dual-fuel engine with CR’s ranging from 12:1 to 18:1. The higher ESS
are possible with higher CR, inducing a decrease of NOx, HC and CO emissions at high-load, due to a
more complete combustion. The increase of CR also decreases the exhaust temperatures and, by doing
so, increases the engine efficiency. However, it must be noted that in dual-fuel mode the engine
produces four to six times the HC emissions and 1.3 to 1.5 times the CO emissions of the same engine
running on pure diesel on full-load [3]. Some of these results of Sharma and Kaushal [3] are depicted
in Figure 10. Balakrishnan and Mayilsamy [89] also tested an even more N,-diluted producer gas (N,=
58.8%) and, even with a small ESS (5-20%), the CO emissions decreased linearly with the increase of
CR, when the engine is running at full-load.
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Figure 10: Results of Sharma and Kaushal [3] in dual-fuel producer gas/Diesel.
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Another very important factor is the nature of the pilot fuel and the injection parameters (Injection
Timing, Injection Pressure...), affecting the range of achievable operating conditions [76,84]. Carlucci
et al. [90] tested three different ESS and biodiesel as the pilot fuel (cetane number of 52), of the same
syngas composition (20/20/60:H,/CO/N, by volume), and determined that it does not influence the
overall engine efficiency, but the choice of Injection Timing (IT) does. They concluded that the lower
Injection Pressure and the IT slightly advanced in relation to the Top-Dead-Center (TDC) provides a
more complete combustion, i.e. lower HC and CO emissions, higher thermal efficiency and in-cylinder
temperatures, and consequently higher NO4x emissions. Figure 11 presents the fuel conversion
efficiency (ns= engine brake power/ total provided chemical power) of the engine for two Injection
Pressures (IP), 500 and 100 bar, and for the three ESS. In the second part of the study, they analyzed
the effect of splitting the pilot fuel injection into two smaller injections (where the total volume of the
pilot fuel injection is kept constant), on engine performance and emissions. Splitting the pilot injection
is an effective strategy the improve fuel conversion efficiency at low-to-mid engine loads.
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Figure 11: Fuel conversion efficiency (ny) of the dual-fuel, comparing the 3 ESS (35/50/65%:low/medium/high) and pilot fuel
injection only (dashed line-’_bio’), with two injection pressures, 500 and 1000 bar (adapted from the work of Carlucci et al.
[90]).

After this review of dual-fuel experimental studies performed with a syngas, we proceed to determine
the effects of the syngas composition, ESS and the injection parameters of the pilot fuel, on the dual-
fuel engine performance and emissions. To keep this analysis realistic, three syngas air-gasified
compositions were selected [58] and the combustion dynamics between the premixed air-syngas
mixtures and the diesel-surrogate, decane, are presented in the following chapters.
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Composition(s) Tested Equivalence Pilot Fuel Type,  Engine Parameters (CR, Emissions/Performance Comments
Ratios/ Energy Injection Engine Speed...)
Share of Syngas Parameters
Azimov et al. 7 compositions: Hz(%)/CO (%)/CHa ¢ =0.3-0.95 / total  Diesel, IP = 800 CR 16:1, N =1000 rpm, When M H; in composition, IMEP 100% H, also
[1] (%)/N2(%)/CO2 (%) /LHV (MJ/kg): energy input: 2300  bar, 3 mg/cycle, IP =2 bar. T n ™ andCD {, but NOx tested.
13.7/22.3/1.9/16.8/45.3/4.13 J/cycle > 94 % ESS Tg. emissions /.
20.0/22.3/1.9/16.8/39.0/4.99 Whereas when NCO; in

56.8/22.3/1.9/16.8/2.2/13.64
13.7/22.3/1.9/23.0/39.1/3.98
13.7/22.3/1.9/34.0/28.1/3.74
56.8/5.9/29.5/2.2/5.6/38.69
56.8/29.5/5.9/2.2/5.6

composition, IMEP {, n {, but
NOx emissions ..

e Al | 13.7% Ha, 22.3% CO, 1.9% CHa, 16.8% CO2  dgiobai= 0.63 / ESS  Diesel, IP=400- CR 16:1, N = 1000 rpm, The lower NOy emissions for
and 45.3% N2LHV ~ 5.0 MJ/m3 83-96.6% 800 bar, 2-10 Intake pressure = 2 bar. retarded injection timing and
mg/cycle, IT 8 to injection pressures, but with a
13.5 BTDC. small penalty for HC/CO
emissions.
In general IP I = power T
Roy et al. [2 2 compositions: Low-H, syngas—> Diesel, IP = 800
. = Low-H; -> 13.7% Ha, 22.3% CO, 1.9% CH, ¢=o_4o-o?/95g /ESS  bar, 3 mg/cycle, 4 Low-H; syngas > { NOx
16.8% COzand 45.3% N2 LHV ~ 5.0 MJ/m3 ~93.5-96.1% IT depends on ¢.

High-H; syngas - 1> power and
faster combustion

High-H2 -> 20% H2, 22.3% CO, 1.9% CHa,

High-H, syngas—>
16.8% CO2and 39% N2 LHV ~ 5.65 MJ/m? B2 SyNg

$=0.42-0.99
/ ESS = 93.8-96.3%
Sharma and 16.12% H>, 17.58% CO, 5.83% CHa, ESS 0-46.7% Diesel, CN51.2, CR12:1t018:1,N=1500 Diesel consumption { with P of Syngas from
Kaushal [3] 15.88% CO2,40.67% N2, 0.87% H>S and (depending on CR) IP =270 bar. rpm, Load J. CR. Downdraft
3.02% Oz Heating value 6.61 MJ/Nm?* Exhaust T° and NO, emissions |, gasifier fed
in Dual-Fuel mode. with pistachio
NO,, CO, HC {, with CR 1 at shells

higher loads.



Rinaldini et al.
[91]

9.4% Ha, 22.4% CO, 3.4% CHa, 5.4% CO2
and 59.4% N2, LHV ~5. MJ/m3

Guo et al. [92]

3 compositions:
H2(%)/CO(%)/CO2(%)/N2(%)/LHV(MJ/kg)
18.0/21.0/13.0/48.0/4.06
29.0/10.0/13.0/48.0/4.38
34.0/48.0/12.0/6.0/10.29
3 compositions:

Type - Ha(%)/CO(%)/N2(%)
A-15/25/60
B - 20/20/60
C-25/15/60
H2(%)/CO(%)/N2(%)/LHV(MJ/kg)
20/20/60/26.2

Carlucci et al.
[93]

Carlucci et al.
[90]

Balakrishnan
and
Mayilsamy
[89]

12.3% H2,10.1% CO, 1.5% CHa, 58.8%
N2, 14.6% CO;, 2.7% O, 3.56 MJ/m?.

ESS 0-57%
(depending on
load)

ESS 0-60%
(depending on
load)

Gaseous fuel
injection pressure
Pef =
3-5-7 bar

ESS 35/50/65 %

ESS 5-20%,
depending on load
and CR.

Diesel, IP = 1600

bar.

Diesel, CN 45.4.

Biodiesel, CN 52,

IP 500-750-100-

1250 bar, IT 2.5 -

7.5 BTDC

Biodiesel, CN 52,
IP 500 and 1000
bar, 11
mm¥cycle,
Single and split
injection with
IT.

Diesel B23 (23 %
biodiesel, by
volume in diesel
fuel), IP = 200
bar, Load 0-
100%.
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CR 17.5:1, Turbocharged CA90-10 1 and CA10 J with I of  Syngas from

and EGR present but not ESS. Downdraft
used, N = 3000 rpm, Engine brake n * with ESS (~36% gasifier.
Load 50-100-300 Nm. for pure diesel and ~40% with
ESS= 27%)
CR 16.25:1, Int. Pressure NOx {, only with syngas with
{ and EGR not used, N = higher N, content (i.e high
910 rpm, Load . dilution). In general, ESS T = ID
™ n J Soot | .
CR 17.1:1. PP > n 1, NOxT, HCJ{ and
col .
CR 17.1:1, Int. Pressure=  ESS not changed the overall n, but Study of
1.29 bar, N = 1500 rpm, IT does. injection
Load J. By splitting the pilot fuel injection, parameters
N and THC, CO and NOx {,, for  (IP, IT and split
all IT. injection).

CR 14:1, 16:1, 18:1 and
20:1, N = 1400-1600
rpm.

N CR - NOx, smoke, Exhaust
Temperature J, and n .

{ Variable, { Decrease, 1 Increase, = Results/leads in/to, CN Cetane Number, ESS Energy Share of Syngas, IP Injection Pressure, IT Injection Timing, CA10

first part of the combustion process, CA90-10 main part of the combustion process, EGR Exhaust Gas Recirculation, NOx Nitrogen Oxides, CO Carbon
Monoxide, HC Hydrocarbons, ID Ignition Delay, n efficiency, HOME Honge Oil Methyl Ester, BTDC Before Top Dead Center

Table 6 : Literature review on syngas/diesel dual-fuel engine.
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3. Experimental characteristics of laminar syngas/air premixed
flame

3.1. Introduction

We open this chapter presenting the key concepts of the laminar premixed flame theory, to
provide a theoretical background to the experimental set-up employed in the determination of
the laminar flame speed and Markstein length.

Premixed flames consist of a combustible mixture of fuel and oxidizer that when ignited, produce
heat and burnt gases, where several chemical kinetics, thermodynamics and transport
phenomena are involved. The following exothermic chemical equation presents the overall
concept of combustion:

VeF +vo0 — vpP + heat (3-1)

where the letters F, O and P represents the fuel, oxidizer and products of the combustion,
respectively, and v represents the stoichiometric coefficients of each component. This process
involves several elementary and intermediate chemical reactions. The equivalence ratio,
commonly noted with the Greek letter phi, ¢, is defined as follows:

&)

62

Where Xr and X, are the fuel and oxidizer mole fractions, present in the said mixture, and the

¢ =

st subscript relates to the stoichiometric ratio of the reactants. When a mixture has an
equivalence ratio under 1, ¢ < 1, the mixture is considered to be ‘lean’ and thus the oxidizer is
in excess; whereas in a ‘rich” mixture the fuel is in excess equating to ¢ > 1.

A laminar flame can be split into different zones. Figure 12 illustrates the evolution of
temperature, reactant concentration and heat release of a premixed flame. A laminar flame is
composed of a preheating zone governed by mass and heat diffusion, represented by thickness
8p, and a reaction zone, 6,. Numerous definitions have been proposed in literature to evaluate
the flame thickness [94]. The first definition, referred to as the kinetic (or diffusion) thickness
(6y) often corresponding just to the length of reaction zone, is:

Ay

-t (3-2)
Py Cp,usl?

Sk

Where 4, is the thermal conductivity, p,, is the density of the unburnt gases, C,,, is the constant
pressure heat capacity by mass and S? is the laminar flame speed, as defined by Zel'dovich [95].
A second definition, relying on the extraction of the gradient of the temperature profile as a
function of the axial distance through the flame is proposed [94], and defined as:



50

5. = Taa—Tu (3-3)
¢T @
dx/)max

This approximation relies upon the application of a linear gradient as the tangent of the
inflection, which corresponds to (dT/dx)max, from unburnt (T,) to burnt conditions (Taq),
numerically modelled using the CHEMKIN-Pro software.

Preheating Reaction

* ZOLe Z0ng sl Molecular diffusion

w> Heat diffusion

Reactants

BURNT

GASES GASES

Heat Release

I
!
1
I
1
1
1
1
FRESH !
1
1
1
1
1
1
!

Figure 12: Schematic of a premixed flame (reproduced from [96]).

3.1.1. Laminar flame propagation

The consumption speed of the fresh, unburnt gases is described as the laminar burning velocity,
S?, and it can be defined with the reaction rate, @y, of all the chemical reactions participating in
combustion. For a 1D unstretched adiabatic laminar flame we have the following equation:

1 teo
SB = —f d)de (3_4)
pu(Yiep — Yien) J-co

Where Yy, and Yy, are the mass fractions of species ‘k’ on the unburnt and burnt side,
respectively, far from the flame front. S depends on the initial thermodynamic state,
temperature and pressure, of the mixture. In practical terms, to measure S we need to
determine a local flame velocity. Figure 13 presents the schematic of the measurement of the
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estimate flame propagation, where the local velocity of the flame can be defined for each
infinitesimal volume of the flame.

t+dt

Fresh gases

Burnt gases

Flame iso-surface

Figure 13: Schematic of the contours of local propagation and displacement speed of a premixed laminar flame
(adapted from [96]).

Considering an iso-temperature surface of the flame, the local propagation speed of the flame
can be defined by the following equation:

S, =Sq A+ (3-5)

Where S, is the flame speed displacement speed, that is multiplying by the normal component
to the flame surface, and u_g) is the velocity of the fresh gases at this point. In practice, since the
fresh gases in experimental set-up (described in 3.2 Experimental set-up) are considered at rest,
the u_g’ component is zero because the burnt gases are assumed to be quiescent (S_p) = 5). To
define the unburnt flame speed, S,,, assuming measurement on the burned side, we can simply
multiply the normal value of S, by the ratio of the gas densities of the burnt and unburnt gases,
assuming an infinitely thin flame front and using mass conservation:

Sy = Po Sp (3-6)

Pu

Where 22 is the volumetric density ratio, obtained by means of equilibrium calculations, and S,

Pu

and Sj, are the speeds of the unburnt and burnt gases, respectively.

In practical systems, the flames are submitted to stretch that modifies the flame propagation.
The stretch rate was defined by Williams [97] from the surface flame area (A) as:

1dA
K=-"1r (3-7)
Adt
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Where K, the flame stretch whose unit is s*, can be decomposed as K = K, + K where K is
the strain and K, is the component caused by the curvature. To determine the unstretched
unburnt laminar flame speed, various correlations between flame stretch and unstretched flame
speed have been proposed. The first extrapolation as defined by Wu and Law [98], assumed a
linear relationship, based on the assumption of a weakly stretched flame and near equi-diffusion
of mass and heat [99,100]:

S=S,— LyK (5-8)

Where S? is the unstretched burned laminar speed and the L, factor is the Markstein length,
which can be defined as the stretch sensitivity. As such S{,’ can be derived by extrapolation of
equation (3-8) to a corresponding intercept value (K = 0). It should be noted that the Markstein
length is related to the Lewis number, which is defined as the ratio of thermal to mass diffusivity

of the deficient reactant (Le = ?, with Dy, and D,, are the thermal and mass diffusivities,
m

respectively).

The second extrapolation, non-linear, allows for arbitrary Lewis number, and takes into
consideration deviations in adiabatic and planar assumptions, such as flames heavily influenced
by stretch. Kelley and Law proposed the following relationship [101]:

2 2
s s 2LLK
(—3) In (—ﬁ) =-=3 (3-9)
Sp Sp Sp

A quasi-steady nonlinear association between Sy and K is employed, rearranged with the error

used for least squares regression to obtain an extrapolated unstretched flame speed. In their
study, Kelley and Law [101] compared both extrapolation methods and concluded that the non-
linear method provided better accuracy for higher hydrocarbon fuels, due the nonlinearity of its
flame response. The model is then more able to account for Lewis number far from unity.

Figure 14 presents the relationship between Le and stretch, the overall flame stability and the
dependence of the unstretched unburnt laminar flame speed (S7) to the stretched laminar flame
speed (S,,). Once extrapolated to zero stretch, S, = S2 is considered equal to the unstretched
unburnt laminar flame speed (S?). As illustrated in Figure 14, the mass diffusion (or ‘Molecular
diffusion’) from the fresh gases to the reaction zone is enhanced by positive curvature towards
the fresh gases. Mixtures with Le > 1 are generally ruled by the thermal diffusion and the flame
speed is faster in the portions with strengthened thermal diffusion and slowed down in the
portions with enhanced molecular diffusion, which leads to a reduction of the flame curvature
and a stabilization of the flame. Mixtures with Le < 1 behaves in the opposite direction. These
thermal-diffusive instabilities can induce small cellular structures in the flame, increasing flame
surface area, and thus flame speed.
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Molecular diffusion

s Stable Unstable
Heat diffusion
Le>1 Le<]
}\‘ Lb = () Lb < ()
Reactants 7 Products 5, o5 5,8

)// Le>1 Le<1
\\ L>0 L,<0

W 5.8

Figure 14: Relation of the Lewis number (Le) and the Markstein length (L,,, related to the burned L;, by the expansion
ratio) with the flame stability (adapted from [96]).

These parameters affect the flame propagation in Internal Combustion Engines (ICE), since the
SB is directly related to the consumption speed of the fuel and, therefore, the overall efficiency
of the engine. Coupling this parameter with optimized conditions and ignition energy, the higher
this parameter is, the lower the Cycle-to-Cycle Variation of the engine is [102]. Moreover, the
flame stretch sensitivity properties, such as the Le and the Ly, are strongly related to the ignition
and, subsequently, the development of the early flame inside the engine, as demonstrated by
Brequigny et al. [103] and in his PhD thesis [104], as well as Aleiferis et al. [105], with different
fuels on a SI engine. With these fundamental properties discussed and their importance
highlighted, we shall now introduce the experimental set-up employed as well as data acquisition
and processing techniques.

3.2. Experimental Set-up

The set-up used in the determination of laminar flame speeds consists of an optically accessible
spherical vessel, with a lab scale system to reproduce syngas compositions using flowmeters and
a Schlieren optical set-up coupled with a high-speed camera to capture the flame front. The set-
up main characteristics are presented here, and more fully described in previous works [106—
108].

The spherical vessel is a 4.2 L, stainless steel sphere with a 200 mm inner diameter and optical
access is granted by four quartz windows of 70 mm in diameter. For initial temperature control,
heating elements are placed around the combustion chamber and in the intake tube, allowing
for unburnt temperatures up to 473 K. Initial pressure is measured by a piezoelectric pressure
transducer with an associated uncertainty of + 2%, with the set-up enabling unburnt pressures
up to 10 bar.
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In between each run, a vacuum pump depletes the sphere of gases dropping the pressure to
below ~10 mbar. For gas mixtures, six flowmeters (Brooks 5850S (+ 1%)) are connected to the
intake of the sphere and insure that, by the end of the filling process, the specified mixture
composition and initial pressure are obtained. For liquids, a Coriolis flowmeter introduces the
specified amount of liquid fuel. To ensure the vapor state of the fuel (decane, as a surrogate for
Diesel) the inlet tube was heated to around 100°C, and introduced in a mixing valve to be mixed
with the other gases. For all tested cases, the quantities of decane are well under its saturation
pressure. During this filling process a fan spins, guaranteeing homogeneity, stopping 20 s before
the ignition, allowing quiescence to be achieved.

The ignition system is composed of an automotive coil-on-plug (DELPHI-GN10632-12B1)
connected to two 0.5 mm thick tungsten electrodes with a 1.5 mm spark gap. The tungsten
electrodes are mounted at 90° to avoid too many interferences in the field of view. Ignition
charge time is set at 3 ms resulting in ~80 mJ of discharge energy. A simultaneous TTL signal to
the data-acquisition and ignition systems trigger’ the experiments.

The high-speed Schlieren set-up used was as schematized in Figure 15. The light from the LED
(CBT120) passes through a parabolic mirror that produces a parallel beam. The second parabolic
mirror focuses on the cutoff point placed between lenses L1 and L2 (see Figure 15), which
focuses the beam on the camera sensor. The camera used on the experiments is a High-Speed
Phantom V1610, set to record at 7000 frames-per-second with a resolution of 640 x 800 pixels?
and a spatial resolution of 0.11 mm/pixel. This recording speed allows us to capture, at least, 30
frames for the fastest flame in our study.

LED Light Source

i | | D

=CP L1 : Plano-Convex Lens (f =250 mm)

y L2 : Plano-Convex Lens (f = 250 mm)
CP : Cutoff Point

. ‘ PM : Parabolic Mirror (f =800 mm)

High-speed Camera

Figure 15: Schlieren Optical Set-up.
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One aim of this study was to generate a database of syngas laminar flame speeds at different
temperature and pressure, across a wide range of equivalence ratio. The test conditions are
detailed in Table 7, based on three types of syngas composition (see Section 3.3) and
thermodynamic conditions. Three repetitions are made for each condition.

Table 7: Experimental test conditions.

Syngas Composition Downdraft, Fluidized

Updraft Bed
Equivalence Ratio (¢) 0.6-14 0.6-1.2
Pressure (bar) 1,3and5
Temperature (K) 298, 323, 373, 423

The post-processing method, performed in the Matlab environment, was fully described in Di
Lorenzo et al. [109]. First, the images are subtracted from the background, binarized by a specific
chosen threshold, and filtered by a low-pass filter to reduce noise on the contour of the flame
front. For each frame, a contour is defined by “filling” the empty areas with the dilation/erosion
technique. Figure 16 is an example of the results of the contour detection routine.

00 O

Figure 16: Post-processing steps illustrated by the unprocessed image (left), the binarized image (center) and the

resulting flame contour traced over the unprocessed image (right).

The corresponding radius is given by Equation (3-10):

Rf = (3-10)

4
T
Once the flame radius over time profile is obtained, the speed and stretch profiles can be
calculated as follows [106]:

_ de _ 2 de

Sp =75 K= Ry dt (5-11)

Using the stretch and displacement profiles, the stretched flame speed (S7) can be extrapolated
to unstretched laminar flame speed (S,‘,)), using a non-linear quasi-steady extrapolation (Equation
(3-9)) proposed by Kelley and Law [101] and validated by Halter et al. [110] for methane/air and
isooctane/air flames. Gong et al. [111] evaluated the accuracy of four extrapolation methods for
H>/CO mixtures by comparing extrapolation results to DNSmapping. The non-linear quasi-steady
extrapolation used here (Equation (3-9)) was more accurate than the linear extrapolations based
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on stretch and curvature. Differences between both extrapolation models are illustrated in
Figure 17. We can notice that both extrapolation methods provide similar estimations, with a
deviation less than 10%. The radius limits for the extrapolation were chosen in a shot-by-shot
basis following the guidelines proposed by Han et al. [112]. At early flame propagation (small
radii) the flame is heavily influenced by ignition energy, so the minimum radius must be selected
to ensure minimum influence in the extrapolation. To limit pressure effects a maximum radius
of 25 mm was considered, within the 30% of chamber radius as proposed by Burke et al. [113].

26

2.56

Experimental Data
2.52 == Non-linear Extrapolation
= = = Linear Extrapolation

Non-linear extrapolation S,°= 2.42 m/s

R, .,=20.68 mm

24

Linear extrapolation S,°= 2.41 m/s

Speed of the flame front (m/s)

22

0 100 200 300 400 500 600 700
Stretch (s?)

Figure 17: Example of flame speed evolution as a function of stretch - downdraft composition at 1 bar, 373 K and
=12

Furthermore, laminar flames tested in this chapter are susceptible to flame instabilities. Indeed,
very slow flames are prone to buoyancy, whereas hydrogen rich compositions are susceptible to
thermodiffusive instabilities. Figure 18 presents two examples of the two instabilities that should
be avoided in post-processing to ensure measurement accuracy. To do so the flame radii
considered for the extrapolation were adjusted. The case of the Fluidbed composition at 5 bar
and ¢ = 0.6 results were not considered for this reason, whilst in the other case, the radii used
for the extrapolation ranged from 6 to 10 mm.

Table 8 presents the average minimal-maximum radii, between the three shots, used in initial
temperature of 323 K and 1 and 5 bar of initial pressure, for each composition and equivalence
ratio. It is evident that when the initial pressure increases, the flames become susceptible to
these types of instability sooner, and this is why the maximum radii shrinks as the pressure
increases. Therefore, in the worst cases, the range of radii can be around 3 mm long, which is
very short. However, the number of points used for the extrapolation remains always higher than
30 thus ensuring a good correlation between the extrapolation model and the experimental
data.
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a) Downdraft composition at ¢=0.6 and P=5 bar and T=323 K b) Fluidbed composition at ¢=0.6 and P=5 bar and T=323 K

Figure 18: Example of the instabilities, thermal-diffusive (left) and buoyancy (right), we can obtain in this study.

Table 8: Flame radiuses used to extrapolate the SJ.

1 bar 5 bar 1 bar 5 bar 1 bar 5 bar
Rmin Rmax Rmin Rmax Rmin Rmax Rmin Rmax Rmin Rma>< Rmin Rmax
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

6.6 18.0 5.9 9.7 7.3 175 6.1 131 8.7 18.9 = =
88 195 57 8.4 6.3 151 58 114 093 225 5.7 11.3
6.5 18.7 6.6 9.2 103 238 6.8 164 101 222 6.9 15.2
6.8 17.0 6.1 9.6 9.0 250 6.3 165 73 206 6.5 15.2
72 181 59 113 112 225 6.7 149 80 212 53 12.2
74 187 52 104 9.2 223 6.8 193 83 195 5.2 12.4
82 145 59 150 7.7 21.0 6.6 156 9.0 19.2 = =
6.8 151 43 103 6.3 164 7.4 144 = = = =
7.0 153 3.7 7.6 6.8 16.0 6.1 131 = = = =

The unstretched laminar flame speed, S2, is plotted over the global equivalence ratio calculated
following Equation (3-12).
AFR
¢ = AiTu/ = (3_12)
%vol
Syngas%vol

Finally, the unburned laminar flame speed is given by S = z—ng, where py and p, are the burned

and unburned gas densities, respectively calculated by the equilibrium model in Ansys CHEMKIN-
Pro.
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3.2.1. Uncertainty Analysis on the experimental value of S2

Based on the work of Moffat [114], adjusted for the current set-up by Brequigny et al. [115], the
overall uncertainty 353 , can be estimated as:

2

AS9 AS9 AS9
By = ()15 (8)agens * (&) 13
u Su S Su statistical

u “imaging

The three components on Equation (3-13) represent, from left to right, experimental hardware
errors, imaging errors and statistical errors. Given the fact that in this experiment there are six
flowmeters (BROOKS 5850S 2 NL/min for air and N3, 1.2 NL/min for CO and 0.5 NL/min for the
other gases), with an error of 1% of full scale, the uncertainty for the equivalence ratio is
estimated to be around +0.02. The temperature of the gases in the vessel is measured by a K-
type thermocouple and the deviation from the set temperature can be up to 1% for the 298 K
case, where the effect of hot burnt gases heating the vessel is more pronounced. Pressure before
ignition is measured by a piezoelectric pressure transducer with an associated uncertainty of
+2%. Overall hardware related uncertainty can be calculated by Equation (3-13). Considering that
the worst-case scenario for the coefficients a and B are 3.33 and -0.6 the hardware related
uncertainty is 3.50%.

() = ()" o)

The global imaging error was previously determined by Brequigny et al. [115] and Lhuillier et al.

[106] to be 2.5% for the same experimental set-up. Statistical error varies from below 1% to
above 10% when conditions are not ideal (slow flame and low equivalence ratios). Regarding the
uncertainty related to radiation losses, it can be concluded, based on Chen’s [116] work and the
concentration of CO, on the tested syngas compositions, that the effects of radiation can be
neglected in most cases. However, in some cases, the laminar burning velocity reaches values
below 10 cms/s typically for lean Fluidbed mixtures at high pressure where radiation effect could
be at stake, especially considering the composition of the syngas which could lead to
reabsorption and therefore pre-heating of the fresh gases. For the worst case of this work, i.e. a
high pressure lean Fluidbed experiment leading to a S of about 4 cm/s, a CHEMKIN simulation
using the Optically Thin Model (OTM) was conducted to assess the maximum potential error due
to radiation. Knowing that OTM does not account for reabsorption but only the heat losses from
the burnt gases, it gives a maximum relative error of about 12%. The consideration of radiation
effect and especially reabsorption would require further investigation.

3.2.2. Laminar flame speed simulation

The Ansys CHEMKIN-Pro PREMIX code is used to obtain 1-D adiabatic unstretched laminar flame
speeds at the different test conditions, to assess the validity of chemical kinetic mechanisms.
The model consists of a freely propagating premixed laminar flame with adaptive grid and
mixture-average transport properties. The Soret effect (thermal diffusion) was considered due
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to the presence of H; in the compositions. Final GRAD and CURV parameters were set to 0.1. A
preliminary analysis was conducted, by which several kinetic mechanisms were appraised and
the ones that showed the most promising results were San Diego’s [117], CRECK [118], Madison
[119] and Aramco 3.0 [120].In Table 9, a description of the selected mechanisms is presented.

Table 9: Mechanisms description

Mechanism Number of Validation by (Temperature and
Species- Pressure range)
Reactions

Detailed  Syngas Co-Cs 114-1999 Ignition delay (1350-2000 K; 0.76-
3.77 atm), S (300-373 K;1-3 atm)

Short ©=Cx 47-257 Ignition delay (1050-1400 K; 10-30
atm), S (298 K;1 atm)

Reduced Ci0-Cis 178-758 Ignition delay (700-1250 K; 10-30
atm), SQ (353-443 K; 1-10 bar)

Detailed Co-C1o 581-3037 Ignition delay (990-1781 K; 1-40
atm), SQ (295-399 K; 1-5 atm)

Most of the available kinetic mechanisms for syngas are validated for the main components of

syngas but individually and not for the syngas mixture itself. This is the case for the NUI Galway
[121] mechanism that, despite being thoroughly validated with measured flame speeds of H,
and CO mixtures, did not perform well when predicting S for the compositions tested here,
even though methane (CH,) is present in the mechanism. This is because, mixtures containing
CH,4 were not validated specifically on flame speed in the mechanism designing process. This is
highlighted in Figure 19, where both experimental and simulation results for an initial
temperature of 323 K and 1 bar of pressure are presented. Another common limitation of the
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mechanisms is that they are usually validated with laminar flame speeds for a narrow
temperature and pressure range.
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Figure 19: Example of experimental and simulated S{ results for 3 syngas compositions at 1 bar and 323 K.

Additionally, to visualize the behavior of each tested mechanism, the difference between the
experiments and the simulation results was estimated employing Equation (3-15), as validated
by Kawka et al. [122], and discussed in the results section of this chapter.

SQsim—S4 2
Ei = <M> (3-15)
o(Stexp)

Uexp

Where Sgsim is the simulation result, Sf}exp is the average experimental result and ¢ (Sf}exp) its

uncertainty value, all of them evaluated in that specific condition (P, T, ¢).

The availability of S2 data for real-world syngas compositions, at a wide range of thermodynamic
conditions, is necessary to confirm that a mechanism can be used for CFD simulation.
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3.3. Background Literature: the case of syngas
As discussed previously, syngas composition varies with the biomass source and the gasification
process used [63,123], but its main components are CO, Hy, N», CO, and CHa4. The change in the
composition will affect the combustion process itself and the pollutant species produced.

The complete chemical equation of the combustion of syngas reads as follows:

(o, - Hy + xco - CO + xcp, - CHy + x¢o, - CO5 + Xy, - Nz)syngas + AFRg,
+(0.21-0, +0.79-N,)
- (xCO + xcy, + xcoz) -CO, + (2 “XcH, tz) -H,0
+ (xn, + AFRs - 0.79) - N,
Where Xxx, is the mole fraction of each syngas component and AFRg; is the stochiometric Air-

(3-11)

to-Fuel Ratio (in moles) of the syngas composition.

Most of previous studies on laminar flame speed of syngas have been focused on H,/CO mixtures
with diluents [63,124-127]. The ratio between H, and CO mole fractions is one of the major
parameters for determining the overall quality of the fuel. Bouvet et al. [63] measured laminar
flame speeds of mixtures with H,/CO ratios ranging from 0.052 to 1, using shadowgraphy of
spherically propagating flames. Their results showed that, by increasing hydrogen content from
0.052 to 1, the mixture’s maximum flame speed (ngax) increases from around 60 to 180 cm/s.

Other articles included CH4 and CO; addition [30,128,129], highlighted their importance for 53.
Lapalme et al. [128] tested the effect of CHs, CO and CO; addition in spherically propagating
flame stability, with H,/CO ratios ranging from 0.33 and 7.5. Zhou et al. [30] studied the effect of
the dilution of a H,/CO/CH, fuel mixture with CO; and N, separately for varying pressures. Zhou
concluded that elevated pressures induced an early onset of flame instabilities (wrinkles) and
that flame stretch sensitivity increased with N, and CO; dilution. Considering the dilution effects
on the flame speed outcome, they also observed a stronger effect for CO, than with N, due its
chemical dissociation, participating directly in the reaction CO+OH ¢> CO»+H, and its higher
thermal capacity [30,130].

Different from the work mentioned above, the study done by Monteiro et al. [5,6] investigated
three compositions representing the typical production of the following types of gasifiers (see
1.1.2):

e Downdraft: fixed-bed gasifier, where the product flow is recovered on the bottom of the
reactor, following the same direction as the downward-moving biomass introduction.

e Updraft: fixed-bed gasifier, where the product is recovered on the top of the reactor,
flowing in the opposite direction to the downward moving biomass.

e Fluidbed gasifier: where biomass is mixed in an inert solid (sand for example).

Monteiro et al. [5] used the spherically propagating flame method to measure laminar flame
speeds for the three compositions, at normal temperature and pressure conditions and
equivalence ratios ranging from 0.6 to 1.2. They found that, on average, S values for Downdraft
and Updraft mixtures are, respectively, 14 and 8 cm/s higher than those of Fluidbed mixtures.
Figure 20 presents an example of their results for S2, where one can note how the high dilution
of the Fluidbed mixture induces a decrease of S2 and shortens its flammability limit. Monteiro
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and Rouboa [6] expanded on their previous work by including initial pressure variation from 1 to
20 bar but with limited variation on the equivalence ratio (0.8, 1.0 and 1.2).
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Figure 20: Unstretched laminar flame speed (S2 ) versus equivalence ratio () plot of the 3 reference compositions at
293 K and 1 bar ((reproduced from the work of Monteiro et al. [5])

In this chapter, we will enhance the database of laminar speeds for a wide range of temperatures,
pressures and equivalence ratios for each syngas composition, and the effect of the addition of
a high-reactivity fuel will be studied for the first time. This database will help to validate reaction
mechanisms for syngas combustion. The syngas composition selected for this study reflect real
end-gas produced by air-fed gasifiers, and are presented in Table 10, alongside fundamental
combustion properties. It is important to underline that Monteiro et al. [5] and Monteiro and
Rouboa [6] also analyzed these same compositions, thereby facilitating comparison.

From the results, the dependency of the laminar flame speed, on temperature, pressure and
equivalence ratio is evaluated and compared to the Metghalchi and Keck [131] flame speed
correlation, as well as the correlations from Monteiro and Rouboa [6], based on the Metghalchi
and Keck [131] formalism. Furthermore, the selected reaction kinetic mechanisms were
compared and appraised. The stretch behavior of the evaluated syngas compositions is also
analyzed with respect to their Markstein lengths. Additionally, the influence of small amounts of
decane (up to 5% by mass) on the laminar burning velocity of the syngas compositions was
investigated.
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Table 10: Typical syngas properties of syngas compositions from selected gasifiers.

Air Flame Maximum
H, CO CO; CHs N: LHV fuel Pu Thickness Flame  Maximum
(%) (%) (%) (%) (%) (MJ/m3®) ratio Pb Speed Tad (K)
(AFR) (mm) g J (cm/s)
Fluidized
Bed 9 14 20 7 50 42 121 018  0.651 15.4 1780
(Fluidbed)
DEE 11 24 9 3 53 44 112 018 0375 30.7 1900
17 21 13 1 48 48 1 018  0.364 36.7 1870
3.4. Results and discussion

In this section all results obtained during this study are compared to the results available in the
literature and to predictions obtained from simulation with the four kinetics mechanisms.

3.4.1. Laminar flame speed

In Figure 21 the laminar flame speed is plotted as a function of the equivalence ratio for the
three syngas compositions, alongside literature data, at 1 bar and 298K. With respect to the
Downdraft composition (highest H, content), S2 peaks at around ¢ = 1.3, although similar S are
measured between ¢ = 1.1 and 1.4, with flame speeds in that range comparable to the ngax
max of CHz (¢ = 1.1 S~ 37 cm/s). It is observed that this same behavior of S2ma plateauing is
apparent for the other syngas mixtures but shifted to slower flame speeds with decreasing H,
content. Over the tested range, the compositions exhibit no clear S{} max, unlike traditional
Hydrocarbons, as CHs, with a clear peak at ¢ = 1.05 — 1.1. Furthermore, it can be noticed that
the Updraft and Downdraft compositions produce flames that are around two and three times
faster, respectively, than those of the Fluidbed composition for the same conditions. Again, this
is consistent with the higher H; and CO contents in those two compositions. The flame speed of
the Downdraft composition is slightly higher than the Updraft and is very similar to the flame
speed of methane/air mixtures (¢ =0.8 —1.1).

Only two studies focused on the determination of laminar flame velocity for the typical syngas
compositions, as defined by Bridgwater [58]. Monteiro et al. [5] measured SC of three main
syngas compositions using schlieren imaging of a flame, expanding in a rectangular constant
volume chamber. Oliveira et al. [7] tested the Downdraft composition on a Bunsen burner set--
up coupled with OH PLIF imaging. Only Oliveira et al. [7] included simulation results to compare
with their experimental data.
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Figure 21 shows that the results of Monteiro et al. [5] are in a very good agreement for
Downdraft and Updraft lean mixtures but strong divergence can be noted in the rich side, with
a similar plateau region observable (¢ = 1.1 — 1.4). In the case of the Updraft, good agreement
is observed at and below stoichiometry, however, important discrepancies are noticed on the
rich side, with an important decrease in SS measured by Monteiro et al. [5]. However, in the case
of Fluidbed, the limited measurements from Monteiro et al. [5] are higher than from this study.
On the other hand, results from Oliveira et al. [7] for the Downdraft exhibit a similar trend in SO
values but a noticeable shift towards lower SQ. It has to be underlined that the Bunsen burner
technique, used by Oliveira et al. [7], is strongly dependent of the inlet stream velocity and, even
when well calibrated, the results are only accurate to around 6% [132]. Therefore, this first
comparison with the few results available in literature indicates the discrepancy with the present
results but also the lack of data for laminar flame speed in the case of syngas.
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Figure 21: Comparison of SQ results at 1 bar 298 K with results from Monteiro et al. [5] (1 bar 293 K) and Oliveira et
al. [7] (0.954 bar 298 K); methane S results provided by [133] .

In Figure 22, the experimental results are compared to simulated results from the
aforementioned kinetics mechanisms. The influence of equivalence ratio and unburnt
temperature (Tin = 298 — 423 K) on the flame speed are also depicted below. As expected, the
increase of Ti, increases the S2, and is well captured by the appraised reaction mechanisms. It is
noted that an increase in T, does not drastically change the prediction accuracy of the
mechanism.
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Figure 22: Experimental and simulated SO results at 1 bar for four initial temperatures (298, 323, 373 and 423 K).

The equivalence ratios corresponding to the maximum S values are also well predicted, within
the experimental uncertainty intervals. However, it is noticed that no plateauing in S0 is
simulated by the reaction mechanisms for any of the tested blends, although observed in these
measurements and literature data. The S0 values for the Downdraft and Fluidbed compositions
are best predicted by the CRECK mechanism, whereas in the case of the Updraft, the
experimental results seem to be closer to the San Diego’s predictions. A detailed analysis
between the simulated data and experimental measurements are presented later in this
subsection.

Figure 23 presents the evolution of S2 as a function of initial temperature for three equivalence
ratios condition (¢p = 0.8, 1.0 and 1.2). With respect to the Fluidbed composition, all the
appraised simulations fall within the uncertainty levels of the experimental data, from lean to
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rich conditions. However, good agreement is observed for the Downdraft across stoichiometric
and rich conditions, with simulations underpredicting the flame speed under lean conditions
across the evaluated temperature range. With respect to the Downdraft, under lean conditions,
discrepancy is observed at higher temperatures, whilst at richer conditions better agreement is
seen. Moreover, we can see that all mechanisms correctly predict the gradient increase of S for
all compositions.
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Figure 23: Kinetics mechanisms performances with varying the initial temperatures at three equivalence ratios.

The effect of initial pressure is shown in Figure 24, at 323 K for 3 and 5 bar It can be noted that
all mechanisms agree in the effect of the initial pressure, considering the experimental data, at
least within a confidence interval. At higher pressures, the buoyancy effect, which slows flames
for Fluidbed mixtures, and thermo-diffusive instabilities, induced in the case of high hydrogen
content as for Downdraft mixture, are more pronounced thus increasing shot-to-shot variability
and consequently, the statistical uncertainty. Those effects are minimized in the post-processing
phase by reducing the range of radii considered to post-process the data and estimate the flame
speed to avoid the high radii where cellularity instabilities and flame deformations tend to
appear. Therefore, an attempt is made to limit the radius range employed for the extrapolation.
Thus, the minimum radius is selected with care to minimize the influence of the ignition energy,
whilst the maximum radius is chosen to avoid cellularity and buoyancy (to consider the
assumption of a spherical flame). However, by doing so, uncertainty in the extrapolation
increases since less data points are available as described in [132,134], with Table 8 summarizing
the range of radii employed in this study for selected conditions. Indeed, the upper radius limit
used for the extrapolation can drop down to values less than 10 mm at high pressure making the
extrapolation more uncertain, as shown by Wu et al. [114]. This enhanced uncertainty, is clearly
visible particularly at 5 bar, and for the Fluidbed composition at rich conditions.

10 10
300 320 340 360 380 400 420 440 280 300 320 340 360 380 400 420 440 280 300 320 340 360 380 400
Initial Temperatures (K) Initial Temperatures (K) Initial Temperatures (K)
------------ CRECK Mechanism ® Downdraft
San Diego Mechanism Updraft
— — — Madison Mechanism X Fluidbed

420

440



67

32

28

24

Laminar Flame Speed S,° (cm/s)

o5 o6 07 08 09 1 11 1,2 13 14 15
Equivalence Ratio ®

5 bar
28

Laminar Flame Speed S,° (cm/s)

0 4

05 o6 07 08 09 1 11 12 13 14 15
Equivalence Ratio ®
Figure 24: Experimental and simulated S2 results at 323 K initial temperature for 3 and 5 bar.

To highlight the effect of pressure on S2, Figure 25 presents the evolution of S at three different
¢, 0.8, 1.0 and 1.2, for the three compositions. As one can see, 5'3 for lean and stoichiometric
Downdraft/air mixture is underpredicted, but the overall tendency is well captured. Other than
that, all mechanisms predict well the effect of the pressure variation for the tested experimental
conditions. This was to be expected since all the reaction mechanisms employed were validated
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against high pressure data, aside from the notable exception of San Diego, nevertheless also
demonstrating good agreement.

50 50 50

4s ©:0.8 as ®=1.0 s 4 =12
40 0
35
30
25

20

15

10

Laminar Flame Speed 5,° (em/s)

Laminar Flame Speed S,° (cm/s)
Laminar Flame Speed S ® (cm/s)

i . 5

5

05 1 15 2 25 3 35 4 45 5 55 05 1 15 2 25 3 35 4 45 5 55 05 1 15 2 25 3 35 4 45 5 55
Initial Pressure (bar) Initial Pressure (bar) Initial Pressure (bar)

= CRECK Mechanism ®  Downdraft

San Diego Mechanism B Updraft
— — — Madison Mechanism *  Fluidbed
e Aramco 3.0 Mechanism

Figure 25: Comparison of the effect of pressure on the SO for the three compositions at three equivalence ratios at
Tin=323 K (¢=0.8, 1.0 and 1.2)

In order to better visualize the differences between the experimental results and the simulations,
the average, median and maximum difference was calculated using the Kawka method [122]
(detailed in Section 3.2.2). Table 11 confirms that the San Diego and CRECK mechanisms provide
the best agreement with the Downdraft experimental data, exhibiting identical average
differences, and Aramco 3.0 displays the poorest one, with a factor of six on the average
difference with San Diego and CRECK.

Table 11: Difference between mechanism predictions and experimental results for Downdraft.

Mechanism Average Difference = Median Difference = Maximum Difference
CRECK 0.32 0.45 6.92

San Diego 0.32 0.71 4.32

Aramco 3.0 1.52 2.53 13.79

0.76 0.95 9.00

In general, average and median difference for Updraft mixtures are smaller than those obtained
for Downdraft mixtures, as displayed in Table 12. However, the maximum differences are in
general higher for the Updraft than for the Downdraft.

Table 12: Difference between mechanism predictions and experimental results for Updraft.

Mechanism Average Difference = Median Difference = Maximum Difference
CRECK 0.19 0.24 9.09

San Diego 0.12 0.13 5.70

Aramco 3.0 1.08 1.64 13.21

0.89 1.33 14.40

Table 13 confirms that the CRECK mechanism best predicts the burning velocity for Fluidbed
mixtures. The San Diego mechanism, which predicts well S for Updraft and Downdraft, cannot
provide accurate values in the case of Fluidbed mixtures.
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Table 13: Difference between mechanism predictions and experimental results for Fluidbed.

Mechanism Average Difference = Median Difference = Maximum Difference

| CRECK | 0.15 0.18 12.62
1.02 1.33 33.41
0.22 0.48 8.73
| Madison | 0.21 0.56 12.00

Overall, for the three syngas compositions, the CRECK and Aramco 3.0 mechanisms are the most
and least accurate, respectively, of the kinetics mechanisms tested here.

Table 14 presents the complete visualization of the differences between simulated and
experimental values of laminar flame speed as a function of (P, T, ¢), allowing to see in which
parameter the mechanisms fails to provide close enough results for each syngas composition.
There, we can observe that the CRECK mechanism is globally in good agreement for all three
compositions, even though the San Diego mechanism agrees more with the experiment for both
the Downdraft and Updraft on average, but fails to reproduce the experimental data for the
Fluidbed composition. The Aramco mechanism, contrary to the San Diego mechanism, agrees
well for the Fluidbed composition but much less for the Updraft and, especially, Downdraft
compositions. This different approach to visualize the discrepancies is enlightening, since just
looking the average, median and maximum difference cannot paint the correct picture of the
validation of each mechanism. The Madison mechanism also provides acceptable predictions of
flame speed for the three syngas compositions, despite being developed for heavier fuels, and
this can be useful for future experiments, which will use a highly reactive fuel. Globally, all
mechanisms can predict the effect of initial pressure and temperature on the S.
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3.4.2. Laminar Flame Speed Dependence on Initial Pressure and Temperature

Based on the above experimental results the correlation adapted from Metghalchi and Keck [131],
given by Equation (3-16), is considered in the case of the three syngas compositions. This kind of
correlation remains useful in the case of low-cost 0D/1D engineering simulations and analysis tool for
IC engine as well as for CFD models requiring the laminar burning velocity.

s=st., (1) () 510

With S0

Uref’

presented in Table 15.

a and B, based on 2"-degree equation, and determined from the experiments, as

Table 15: Summary of different empirical correlation for S9.

Syngas composition S,‘}re y a B

Downdraft —39.38¢2 + 107.06¢ — 34.02 134¢p% —325¢p +3.76  —1.12¢2 + 2.44$p — 1.66
—50.09¢2 + 121.88¢ — 42.52 3.28¢p2 —7.25¢0 + 587  —1.61¢2 +3.51dp — 2.26

Fluidbed —40.60¢? + 87.14¢p — 32.47 3.87¢% —9.62¢ + 7.71 —4.64¢? +9.31¢p — 5.24

Given the coefficients obtained from the equations above (Table 15), SO was calculated for each
experimental data point. Figure 26 shows a comparison of the correlation presented above and the
one proposed by Monteiro and Rouboa [6], for the same syngas compositions (at ¢ = 1). In general,
good agreement is observed between the present correlation and Monteiro and Rouboa [6], with
differences augmenting with increasing temperature, notably for Updraft and Fluidbed. Much bigger
differences are witnessed with increasing pressure, particularly with increasing Hydrogen content
within the syngas compositions. Table 16 presents the error of the correlation predictions for all data
points. Overall the correlation works best for Downdraft mixtures, and worst for the Fluidbed.
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Figure 26: Comparison of current work correlation (solid line) and Monteiro and Rouboa [6] (dashed line) agreements with
experimental data.

Table 16: Errors for correlation predictions and experimental measurement.

Syngas Composition Average Error (%) Median Error (%) Maximum Error (%)

3.64 2.16 22.42

4.07 2.57 23.75

Fluidbed 6.42 3.06 36.8

Table 17 presents the a and B coefficients calculated from experimental data and from the kinetic
mechanisms. A few key conclusions can be drawn from these results:

for Downdraft mixtures the temperature effect seems overestimated by all mechanisms;

the temperature effect on the Fluidbed mixture decreases sharply with the increase in equivalence
ratio;

the Aramco 3.0 and CRECK mechanisms present similar coefficients for Downdraft and Updraft
mixtures, this is consistent with the fact that both mechanisms are based on the mechanism of
Metcalfe et al. [135] for the reactions involving C1 hydrocarbons and oxygenated fuels;

the effect of pressure is almost two times stronger for the Fluidbed composition, for all three
equivalence ratios, than the other two compositions and this will be of great importance in an
engine use.
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Table 17: Temperature and pressure dependence coefficients for different equivalence ratios fitted on experimental and
mechanism data.

Data $=0.8 $=1.0 $=1.2 $=0.8 ¢=1.0 ¢=1.2
L)L Ielie | Experimental 2.02 1.85 1.79 -0.43 -0.34 -0.35
CRECK 2.13 1.98 1.92 -0.45 -0.38 -0.38
Mechanism
ucsD 2.15 1.98 1.94 -0.42 -0.37 -0.38
Mechanism
Aramco 3.0 2.16 1.99 1.93 -0.45 -0.38 -0.38
Madison 2.18 2 1.94 -0.46 -0.39 -0.38
Experimental 2.17 1.9 1.89 -0.48 -0.36 -0.36
CRECK 2.1 1.87 1.84 -0.45 -0.38 -0.39
Mechanism
ucsD 2.09 1.9 1.88 -0.42 -0.37 -0.41
Mechanism
Aramco 3.0 2.07 1.92 1.89 -0.45 -0.38 -0.4
Madison 2.09 1.92 1.88 -0.46 -0.38 -0.41
Fluidbed Experimental 2.49 1.96 1.74 -0.77 -0.58 -0.76
CRECK 2.25 2.09 2.22 -0.62 -0.53 -0.6
Mechanism
ucsD 2.22 2.08 2.23 -0.56 -0.53 -0.66
Mechanism
Aramco 3.0 2.28 2.11 2.26 -0.63 -0.54 -0.64
Madison 2.27 2.1 2.25 -0.64 -0.55 -0.66

3.4.3. Markstein length

As described earlier and in several studies [103,104], the sole parameter Sf is not sufficient to describe
the process of the flame propagation in the engine. The Markstein length (Ly) is another important
fundamental parameter that can be extracted from the laminar flame study. Its value can help to
characterize the response of the flame to stretch, mainly influenced by the thermal and the mass
diffusivities, and their ratio, named the Lewis number [94], defined in detail in the introduction of this
chapter. Early experimental investigations, underline that preferential diffusion (i.e. Le deviating from
unity), can strongly influence the burning rates of stretched flames — which undergo the combined
effects of strain, curvature, and flame motion. This is of importance to understand the flame dynamics
in thermal applications based on combustion, such as Internal Combustion Engines (ICE) and Gas
Turbines (GT). As demonstrated by Brequigny et al. [103], engine global parameters such as the
combustion phasing in the engine cycle can be correlated to the Lewis number and hence to some
extent to the Markstein length. Indeed, their results showed that increasing the Lewis number (for
Le>1) could lead to a delay of the combustion in the cycle.

In Figure 27, the Markstein length, measured at 1 bar and 298 K, are compared to those of Monteiro
et al. [5] at 293K (empty symbols), as well as pure hydrogen [133]. Considering that Monteiro et al.
provided only limited data, it was only possible to verify qualitative trends. It should be noted that, a
negative Markstein length means that the flame is thermo-diffusively unstable (Le < 1) leading to an
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acceleration of the flame with increasing stretch level thus implying a faster early flame development.
The opposite holds true for positive Markstein lengths (Le > 1). Generally, for all compositions, the
Markstein length increases with equivalence ratio, with negative values for lean mixtures and a
transition to positive near ¢ = 1 — 1.1, unlike hydrogen which shifts at slightly leaner conditions (¢ =
0.8). These analogous trends support the idea that it is the presence of H; that is dictating the global
stretch response. Noteworthily, irrespective of the syngas composition, the stretch response above
stoichiometry is identical to that of H,. However, on the lean side, negative Markstein lengths are
enhanced in comparison to pure H,. Furthermore, there is an important difference between Fluidbed
and the two other mixtures with a more pronounced drop at low equivalence ratios for Fluidbed due
to the high N, and CO; content (See Table 10) as underlined by Zhou et al. [30].
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Figure 27: Present work experimental Markstein length results at 1 bar 298 K (filled symbols) compared to Monteiro et al. [5]
results at 1 bar 293 K (empty symbols). Diamonds - Hydrogen at 1 bar and 298 K from [133].

Anggono et al. [136] also found that high CO, dilution rates can increase significantly stretch sensitivity
of CH4/COy/air flames. This is also confirmed by Lapalme et al. [128] who showed that the addition of
CO, into a Hy/CO mixture with a H,/CO ratio of 1.2 leads to a decrease of the Lewis number from 1.02
at 0% CO2 down to 0.61 for 35% vol. of CO,, with the H,/CO ratio being kept constant. Figure 28
presents the evolution of the Markstein length near the transition between negative to positive for the
Downdraft and Fluidbed compositions, for different ranges of temperature at atmospheric pressure.
We can see that, with the increase of temperature, the Markstein length on the lean side is higher,
then closer to zero for both compositions, i.e. Downdraft and Fluidbed. For stoichiometric mixtures, it
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seems that the temperature increase leads to an increase of Markstein Length, thus having a stabilizing
effect. On the other hand, no major trend is observed for rich mixtures with the temperature increase.
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Figure 28: Markstein length results of the Fluidbed and the Downdraft compositions, for different temperatures and 3
equivalence ratios.

It is important to note the difference in behavior between Fluidbed and the two other mixtures: the
drop in Markstein length at low equivalence ratios is considerably more pronounced. This behavior is
consistent with the findings of Zhou et al. [30], which showed a reduction in Markstein length with
higher CO; dilution and is partly related to the Lewis number as shown by Lapalme et al. [128]. The
Fluidbed composition differentiates itself from the other two compositions by the higher CO, and CH,4
mole fractions (see Table 10). The CH,4 being equi-diffusive (Le = 1) within the H,/CO mixtures, the CO,
has higher impact on the stretch sensitivity of the blend.

Bouvet et al. [63] studied the effect of the H,/CO ratio on the Markstein length and S2. Even if the
mixtures here are more complex, some of their conclusions can be useful for this work. For a 50/50%
H,/CO mixture, they measured a minimum Markstein length of about -3 mm at ¢ = 0.4 at ambient
pressure and a temperature higher than the one observed for the Fluidbed composition at ¢ = 0.7
(see Figure 27). This could possibly be explained by the important CO, content as developed below.
Bouvet et al. [63] also shows that the transition from negative to positive Markstein length lies around
¢ = 0.95 — 1.1 for H,/CO ratio of 0.33 and 1.0. In Figure 29 only the results for Updraft and Downdraft
compositions are plotted to highlight that despite the H,/CO ratio difference, i.e. 0.46 for the Updraft
and 0.81 for the Downdraft, Markstein length are very similar across the range of equivalence ratio.
Also, since the Hy/CO ratio is about 0.64 for the Fluidbed composition, this confirms that the large
difference in Markstein length between these two and the Fluidbed compositions on the lean side
might be related to the total dilution, N> and CO,, which is similar for Updraft and Downdraft, 62% and
61%, respectively, but larger for Fluidbed (70%). Besides, for a constant CO, content of 25% vol.,
Lapalme et al. [128] shows that increasing the H,/CO ratio from 0.5 to 2.0 only decreases the Lewis
number from 0.65 to 0.57. Considering the syngas compositions, and their H,/CO ratios, used in the
present study, this seems to make the H,/CO ratio, a less impacting parameter on the Lewis number in
comparison to the CO; content.
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Figure 29: Zoom of the previous figure; experimental Markstein length results at 1 bar 298 K (filled symbols) compared to

Monteiro et al. [5] results at 1 bar 293 K (empty symbols).

Other important parameters are directly related to the Markstein length relation with the Lewis and
Zel'dovich numbers as in the following model suggested by Chen [137]:

L =[5~ () G-V S @17

Where Ze is the Zel’dovich number, % the burned/unburned density ratio and &, the flame thickness,

u
defined as 6, = 1/(py - ¢, - S2) [138], with ¢, the specific heat at constant pressure. The Zel'dovich
Eq Tp-T, . N . .
#-% , Where E, is the activation energy, R is the universal gas
b b

constant, T}, is the burned gas temperature and T, is the unburned gas temperature.

number is defined as Ze =

As the Fluidbed composition, due to its diluent content, induces a higher activation energy and a lower
Lewis as shown by Lapalme et al [128], a lower Markstein length is to be expected compared to the
Downdraft and Updraft composition. Figure 30, reproduced from Lapalme et al [128], presents the
effect of the addition of CO, (diamond symbol) and CH, (square symbol) on the critical radius of the
appearance of instabilities on the flame front. This figure highlights the effect of the addition of CO,
should promote mixture instability (showed by a slight decrease of the critical radius) through the
diffusional-thermal mechanism, since effective Lewis (Le.) strongly decreases, thus, as already
mentioned, making the extrapolation model more uncertain for the Fluidbed.
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Figure 30: Effect of the addition of CO, and CH4 on the effective Lewis number (Lecs) and the critical radius of the appearance
of flame instabilities (adapted from Lapalme et al [128])

Finally, from Figure 29 , it can be seen that, in terms of stretch response the Downdraft and Updraft
composition does not behave differently, and it is assumed that they will do the same in engine. As
already underlined, the Fluidbed composition shows a slightly different behavior but mostly on the
very lean side were measurement remains uncertain as highlighted by the error bars. As a conclusion,
in this comparison of various syngas compositions, it appears that the laminar burning velocity may be
a much more influencing parameter driving the flame propagation in engine than the stretch sensitivity.
This in view of the fact that the syngas compositions show very different SO but very similar trends in
Markstein length. Nonetheless, further study on the effect of each syngas component on Markstein
length is needed to explain this phenomenon, as well as a detailed study of the various fundamental
combustion properties (Le, Ze, §, and o) and their respective influence on the stretch-behavior
measured.

3.4.4. Laminar speed of syngas/decane mixtures

Once the S2 is determined for the different syngas compositions, on several initial temperatures and
pressures and equivalence ratios, the interaction of syngas and the high-reactivity fuel must be
examined as the syngas will be used as fuel for a dual-fuel engine ignited by a pilot diesel fuel injection.
For this reason, in this subsection we explore the effect of the addition of a small portion of decane, as
a surrogate for Diesel, on the S2. The decane, C;oH,,, fractions are given as the ratio between decane
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and total fuel, i.e. decane + Syngas, in the vessel as given in Equation (3-18). The syngas/decane oxido-
reduction reaction equation is presented in Equation (3-IIl).

Decanemass/vol/energy

Decaneg, = 100. (3-18)

Decanemass/vol/energy + SyNgasSmass/vol/energy
(xHZ ' HZ + Xco* Co + xCH4 ' CH4 + xCoz . COZ + xNZ ' Nz)

15.5
+ <AFRst—syngas +—" wasz) - (0.21 : 02 + 0.79 : Nz) + xCIOsz

0.21
" CioH>2
4 (xCo + xCH4 + xCOZ +10- xClonz) ' COZ
+ (2 xcu, +xy, + 11 x¢, ,,) - H,0

15.5 311
+ <xN2 + (AFRst—syngas + 021 : xC1oH22) . 0.79) N,

syngas

The temperature was maintained above 400 K to avoid condensation of the decane fuel. Regarding
simulation, as the Madison mechanism [119] includes higher hydrocarbons, it was considered for this

study. Table 18 summarized the different mixtures tested by considering 2.5% or 5% of decane in mass
content.

Table 18: Different tested mixtures of the three syngas compositions with two different amounts of decane.

Syngas + Decane Decane Decane  Syngas/air Global
content (mass %) content content Equivalence Equivalence
(vol.%) (energy Ratio Ratio range

0.45 19.0 05-1.2 0.67-1.6
0.46 17.6 05-1.2 0.65- 1.57
0.49 17.8 0.5-1.0 0.65-1.3
0.90 32.4 0.5-1.0 0.83—1.66

Updraft + 5% 0.92 30.5 0.5-1.0 0.8-1.57
Fluidbed + 5% 0.98 30.7 0.5-0.9 0.8-1.44

S2 was also determined for pure decane and compared with literature data, from Munzar et al. [139]
and Ji et al. [140], alongside simulations employing the Madison mechanism as highlighted in Figure
31. These experimental data are globally within the present uncertainty intervals but with less accuracy
for richer mixtures. Maximum flame speeds are all within 5% of each other and are reached at around
1.05-1.1. The simulation results are globally close to experimental data, but the present data is closer
for rich mixtures.
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Figure 31: SO of pure decane of the present work compared with simulation results [119] and literature data
[139,140].

From the measurements presented for syngas/decane mixtures in Figure 32, several key conclusions
can be drawn:

e The addition of decane in syngas/air flames can increase S especially for lean mixtures, even
surpassing the maximum pure syngas values on a wider range of equivalence ratio, in the case of
Fluidbed composition.

e Higher H; content on the Downdraft composition produces faster flames whereas, low H; and CO
combined with high CO, content (in the case of Fluidbed) produces slower flames (almost half of
the speed).

e Madison mechanism [119] predict globally the laminar flame speed values but the agreement is
worse for Updraft and at higher pressures where S,°is underpredicted (see the effect of pressure
also in Figure 24, for pure syngas).
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Figure 32: Evolution of laminar flame speed as a function of syngas/air equivalence ratio for three decane contents at 1 bar
and 423 K. a- Downdraft composition, b- Updraft, c- fluidbed syngas composition, simulation results, using the Madison
mechanism [119], in the dashed line.

As previously said and showed in Figure 32, for a fixed equivalence ratio of the syngas/air, the addition
of decane to a lean syngas/air mixture can increase the S2 whereas no benefits are showed for higher
equivalence ratio. Therefore, the lean syngas/air mixture could be of interest for a dual fuel engine use
as investigated in the following chapter. Therefore, in Figure 33, we can see the effect of pressure on
the S2 with the addition of the two Mass Fractions (MF). It must be noted that we did not test the
effect of pressure for pure syngas at higher pressure at this initial temperature of 423 K, this is the
reason for presenting a single cross measured at 1 bar and 423 K. From this graph we can see that the
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Downdraft and Updraft present the same values of S2 with the decane addition, that correspond to a
global ¢g1opa; of around 0.9 and 1.1 for 2.5 and 5% MF decane addition, respectively. The increase of
SQ for a fixed lean equivalence ratio of the syngas/air mixtures with the decane addition is also clearly
visible for the three compositions and holds true when the pressure increases. The relative increase in
52 due to decane addition seems similar for the three compositions.

70

4+  Pure Syngas (a single data point por each composition)
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Figure 33: Effect of pressure and the decane addition for a fixed equivalence ratio (psyngas/air = 0.7) on the laminar
flame speed (S2) (MF = Mass Fraction).

3.5. Conclusion

In this chapter, the first complete database of laminar flame speed is provided for the three typical
syngas compositions as a function of equivalence ratio, initial temperature (up to 423 K) and initial
pressure (up to 5 bar), with also a comparison with the only two literature available data and the data
obtained from four kinetic mechanisms. The presence of the decane in the mixture due to dual fuel
operating conditions was also studied. The main conclusions that can be drawn from these results are:

e The experimental data obtained show good global agreement with the only two literature results
especially for lean mixtures.

e As expected, due to the presence of high content of dilution by CO, and N; in the Fluidbed
composition, the flame speed is lower than for the Downdraft and Updraft. For example, at 298 K
and 1 bar, Fluidbed, Updraft and Downdraft laminar flame speeds peak at 14, 31 and 37 cm/s,
respectively.

e The effect of pressure on the laminar burning velocity is stronger for the Fluidbed composition.
This indicates that in internal combustion engines this syngas mixture can be less suitable in terms
of performance.

e A classical correlation, based on the work of Metghalchi and Keck [131] and useful for 0OD/1D
simulation, indicated an acceptable agreement for the laminar burning velocity (less than 5% of
discrepancies on average).
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e The comparison with results from simulation based on four kinetics mechanism allows to conclude
that best agreement is obtained with CRECK and San Diego mechanisms rather than with Aramco
and Madison mechanisms.

e Markstein lengths tend to negative values for lean mixtures with a transition to positive around the
stoichiometry, indicating that the flames are more and more unstable due to the curvature in the
lean mixture and this is accentuated with the Fluidbed due to the higher dilution.

e In the case of decane ignition of syngas mixture, the comparison with the experimental data
indicated that the Madison mechanism can predict very well laminar burning velocity of syngas
mixtures when small amounts of decane (up to 5% in mass) are added. This is useful for dual-fuel
engine investigations explored in the next chapters.

In the next chapter, we analyze how these fundamental combustion properties affect the results
obtained in this chapter, in terms of performance and emissions of a syngas/diesel dual-fuel engine.
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4. A multiparameter analysis of syngas/diesel dual-fuel engine
performance and emissions with three syngas compositions

4.1. Introduction

The challenge when fueling an internal combustion engine with syngas is the inherent variability in
composition, due to the biomass origin and the gasification process, as already described in the first
chapter. From the literature study in Chapter 2, it is evident that the use of syngas in a Compression-
Ignition (Cl) engine in dual-fuel mode has the advantage to be a flex-fuel energy system, especially for
off-grid stationary application. In dual-fuel mode, due to the pilot injection of reactive fuel (as Diesel
fuel), the physicochemical interactions of the gaseous syngas combustion interactions with the liquid
pilot fuel spray add complexity, poorly studied and understood. Currently, even if natural gas or
methane dual-fuel operation are well covered by the literature [80,141-144], it is less the case for
syngas fuels. Moreover, to correctly optimize dual-fuel syngas Cl engines, the effects of the fluctuation
of the composition, needs to be better understood. The challenge, addressed in this chapter, when
studying the influence of syngas composition on dual-fuel engine performance is that the engine is not
fed with ‘real’ syngas but a controlled composition of syngas, representative of what is possible to
produce from gasification. In parallel, a special attention will be done to identify the impact of each gas
component on performance and emission parameters. Therefore, the novel approach chosen for this
study is to consider the three compositions already chosen for Chapter 3, as Fluidbed, Updraft and
Downdraft. In Table 19, the compositions are reminded with also the Air/Fuel ratio at the stoichiometry,
the energy provided from these gases and the maximum laminar flame speed, experimentally
determined in Chapter 3.

Table 19: Syngas Compositions.

H> co CO2 CHs N2 Stoichiometric Maximum
Air/ Fuel ratio laminar flame

(%Vol) (%Vol) (%Vol) (%Vol) (%Vol)  (mol/mol) SPEEd at 298K
(mass/mass) and 1bar

(cm/s)

Fluidbed [ 50  1.21(1.25) 42 154
| Updraft  [EEES YR 3 53 1.12(1.24) 44 307

Downdraft [§¥j 21 13 1 48 1.00(1.13) 4.8 36.7

Previous studies as indicated above, are mainly conducted with a unique syngas composition or are
numerical studies [102,145-147] . In most of these studies, the diesel substitution ratio is quite low,
under 60%, except for some studies (see Table 6). Here, the global objective of this study is to identify
what are the fundamental combustion and physical properties of syngas that determine engine
performance and operating limits in dual-fuel mode, by considered lowest content of diesel to ignite
syngas charge. For that, the effects of the pilot fuel quantity and equivalence ratio of premixed
syngas/air on engine performance and emissions are analyzed as a function of syngas composition.
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Moreover, to highlight the contribution of CH;and CO; contents, an additional analysis is carried out
with ternary mixtures of H,/CO/N,.

4.2. Experimental set-up and post-processing

In this section the engine characteristics, experimental method and the post-processing method are
described.

4.2.1. Experimental Set-up

The engine characteristics are described in Table 20 It is based on Research 4 stroke PSA DW10 engine,
converted to single-cylinder operation with three cylinders not fueled. As it was not possible to reach
1500 rpm, to represent the engine speed for genset application, with our set-up due to important
vibrations of the intake/exhaust pipes and bench, the constant engine speed of 1200 rpm was selected.
To set the desired intake charge compositions a series of flowmeters, as specified in Table 21, are used.
The resulting uncertainty for the premixed syngas/air equivalence ratio, ®premixea (Equation 4-1) of
the intake charge is +2%. The mixing of the syngas/air charge is ensured by the intake plenum as
schematized in Figure 34, which also enables to damp pressure oscillations inside the intake port.

Table 20: Engine Characteristics.

Displaced Volume 499 cm?
Bore 85 mm
Stroke 88 mm
Rod length 145 mm
Compression Ratio 17:1
Piston Bowl Type “Mexican hat”
Firing TDC position 0 CAD
Intake Valve Opening 351 CAD ATDC
Intake Valve Closure 157 CAD BTDC
Exhaust Valve Opening 140 CAD ATDC
Exhaust Valve Closure 366 CAD ATDC
Oil and Coolant Temperature 85 °C
Table 21: Flowmeter Controllers.
Gas Type  Flowmeter Controller  Full Scale Uncertainty
" Emerson F025S 1100 NL/min  +0.5%
"\J0 " Brooks5851S 100 NL/min  +0.9%
Brooks 58515 100 NL/min  +0.9%
i SLA5850 50 NL/min  #1,0%
SLA5850 37 NL/min  £1.0%
SLA5850 5 NL/min +1.0%
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The pilot injection of the diesel surrogate is obtained by means of a Bosch CRI 2.2 six-holes common-
rail injector operating at the reduced pressure of 200 bar to guarantee minimal injection quantities
with sufficient injection duration. The injector was characterized by means of an 1AV type-K flow rate
analyzer to provide the injection rate profiles and injection quantities as a function of the injection
duration (see subsection 4.2.3 for further details). Decane (CioH22) was used as the surrogate of diesel
fuel to facilitate kinetics simulations (see the previous subsection Laminar speed of syngas/decane
mixtures).

Therefore, as the premixed equivalence ratio, Gpremixed; is defined as the air/syngas molar ratio at the

stoichiometry divided by the real air/syngas molar ratio, a global equivalence ratio, d)global can be also

calculated as a function of the pilot fuel amount and the stoichiometric mass air/fuel ratio of decane
(i.e. 15.03) as indicated in Equation (4-2).

0.5Vco + 0.5V, + 2.0Vey, (4-1)
¢premixed = 0-21VAir
15.03 (4-2)

bgioval = Ppremixea t 55—
g P ' mair/mpilot

Additionally, the energy share of the pilot fuel (decane) energy of the total supplied energy is defined
as follows:

mmJLHVCmsz

Epitor = 100 - (4-3)

mlTl]LHVCszz + msyngaSLHVsyngas

A MEXA 7100D-EGR HORIBA gas analyzer was used to measure O, (magneto-pneumatic detector), CO
and CO,, (non-dispersive infrared absorption analyzer), NOx (chemiluminescence analyzer) and total
unburnt Hydrocarbons (THC) (flame ion analyzer) concentrations. Additionally, an AVL 415S smoke-
meter, with a detection limit of 0.02 mg/m3 was used to provide soot emission data. The full
experimental set-up is schematized in Figure 34.
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Figure 34: Experimental Set-up scheme

4.2.2. Post-processing method
From the in-cylinder pressure, measured by a Kistler 6043A piezo-electric pressure transducer
(accuracy of + 2.0 %) and averaged over 100 consecutive cycles, the gross Heat Release Rate (HRR) is
estimated with the following equation:

] — Y pav 1 ;4P  dQwau
HRR ( /CAD) - y—lP de t y-1 4 de t de (4-4)
Q u (4-5)
——2=(J/CAD) = w.S.(T — Tyan)
w (J.K~1.m™2) = 3.26p~0-2p08T-0.55,,08 (4-6)

The heat transfer coefficient h is determined using the correlation proposed by Woschni [148]. The
integrated value of dQcombustion IS Used to determine the mass of fuel burnt (MFB). Cylinder wall
temperature, T,,41;, i estimated at 423 K. The calculation is first done with a constant heat capacity
ratio, y, to obtain a first estimate of MFB. Then, v is reassessed from the MFB with the mole fractions
of all six components (N, Oz, CO, H;, CO,, CH4) for the unburnt and for the burnt gases, from the gas
analyzer, using NASA polynomials equation. Equations (4-4)-(4-6) are then recalculated with this
variable y and the definitive MFB value is obtained.

The thermal efficiency is calculated with the following equation:

. _ IMEP - chl " Meotal
hermal = : : ; :
therma LHVCO'mCO + LHVHZ_‘[')’],H2 + LHVCH4.mCH4 + Lchlonz.mclonz

(4-7)

The combustion efficiency is calculated by doing the oxygen balance between intake and exhaust
related to the total equivalence ratio, given by Equation (4-8).
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O-Zlmair—intake — Mo, —exhaust (4-8)

Ncombustion = .
moz—theoretically burning

4.2.3. Determination of the injected decane mass

In Chapters 4 and 5, the same six-holes Bosch CRI 2.2 injector was used, with the characteristics
described in Table 22. The Common-Rail pressure is reduced to 200 bar, from the specified 1600 bar,

aiming to reduce the injected mass with good repeatability.
Table 22: Characteristics of the Bosch CRI 2.2 used in the experiments.

Solenoid-Valve Injector

Injector Type
Number of Orifices (#) 6
Orifice Diameter (um) 0.13
Injector Angle (°) 149
Common-Rail Pressure (bar) 200

The injector is controlled by an EFS IPOD 8532 to phase the beginning of the injection and the closing.
The injection rate was characterized using an IAV type-K flow rate analyzer, to provide the injection rate

profiles and injection quantities as a function of the injection duration.

I fuel (system pressure)
- fuel return (non-pressurized)
I:l nitrogen (systempressure)

external nitrogen

connection -
fixed mounted
constant pressure valve
L e injection <
| more speed -> the follow
bar injection gets before

1. reflection

2. reflection

3. Reflection

——r— Tspeed

Tm easuring range

Figure 35: Schematic of the IAV injection analyzer used along with an example of the fuel of interest pressure trace (reproduced

from the IAV Gmbh. brochure).
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The principle of the IAV injection analyzer is to measure the fluid pressure oscillations when the
injection occurs. In Figure 35, the scheme of the device and an example of fluid pressure oscillations,
that determine the injected mass for a given injection duration, is displayed.

Equation (4-9) presents how the injected mass is determined, where m is mass flow rate of the
injection, Ltis the length of the fluid that is placed in and SS is the sound speed of the fluid at the
specified counter-pressure of the fluid, set by the system pressure. The influence of the
counterpressure on the fluid sound speed must be characterized and the counter-pressure must be
representative of the in-cylinder pressures where the injection will occur.

b= Lt b Le j (H)dt
= =" d Ed = —_—

SS (4-9)

The fluid of interest is decane and for all the range of counter-pressure, to represent the in-cylinder
pressure, from 12 to 50 bars, the injection durations is varied from 170 to 1000 ps. Table 23 presents
the injected mass for different injection durations and counter-pressures, system pressures, that
allowed to interpolate the injected decane mass used in the engines experiments.

Table 23: Injected decane mass (mg) for the selected injector on different injection durations and system pressures.

Injection
duration (ps) >
Counterpressure

4.3, Results and discussion

4.3.1. Effect of premixed equivalence ratio

To study the effect of syngas/air equivalence ratio, the injection duration of decane was kept constant
at 500 ps, which corresponds to 0.61 mg, when the syngas amount only varied. The Start Of Injection
(SOI) was optimized to guarantee maximum IMEP. Premixed equivalence ratio, ¢premixea Was varied
t0 0.3,0.5, 0.7 and 1.0 for all three compositions except for Fluidbed at ¢premixed = 1.0, very unstable
combustion was induced, i.e. IMEPco, >10%. Moreover, increasing ¢ premixed l€ads not only to a syngas
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mass flowrate increase but also an air mass flowrate decreases to keep constant the intake pressure
(i.e. 1 bar).

In Figure 36 the HRR plots show that, for all syngas compositions, the increase of ¢premixed induces a
transition from a two-phase combustion mode to a single-phase one. This is linked to the reduction of
the ignition delay of the syngas/air mixtures with &premixed increase, as the ignition of syngas
simultaneously with decane charge, instead of having the first auto-ignition of the decane charge
followed by a slow flame of syngas/air mixture. When the pilot injection occurs, i.e. 20 CAD BTDC, the
liquid fuel is atomized and has enough time to mix with the nearest surrounding syngas/air premixed
mixture. Therefore, the ignition of the liquid pilot spray will also ignite the surrounding premixed charge
of syngas especially if the syngas is in sufficient quantity as for the stoichiometric syngas/air case.

When ¢premixed i lower, the decane is introduced later, so less time to obtain a mixing with syngas/air,
and less syngas is also available. Therefore, the decane will first ignite before the ignition of the
premixed syngas charge. It should also be noted that the maximum HRR increases with ¢premixed but
the delay does not seem to be affected after Gpremixed = 0.5 for Downdraft and Updraft. Higher H,
concentrations in the syngas composition induce higher peak of HRR. This is consistent with the
findings of Dhole et al. [149] and Roy et al. [2].

HRR (J/CAD)

Crank Angle °

Updraft S0l (CAD) Downdraft SQI (CAD) Fluidbed SOI (CAD)
=== Ppremixed =1.0 SOI=-20 |e- e—s dpremixed = 1.0 501=-20 [« « « dpremixed = 0.7 SOI=-23
= = = Ppremixed = 0.7 SOI=-17 (& & o dpremixed = 0.7 S0I=-17 |4~ «-« dpremixed = 0.5 SOI=-17
u-m- 8 Ppremixed = 0.5 SOI=-17 |o- o- & dpremixed = 0.5 SOI=-17 |a——s Dpremixed = 0.3 SOI=-14
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Figure 36: Evolution of Heat Release Rate for all premixed equivalence ratios and the three compositions (N=1200 RPM, Pjntake
=1 ba'; Tintake= 300K)

For the same equivalence ratio, the overall evolutions of HRR are not so affected by the syngas
composition. But the Gpremixed increase leads to a higher pressure peak and a longer combustion tail
for Downdraft, as highlighted in Figure 37, where the average in-cylinder pressure is presented For
®premixed=0-7, Updraft and Downdraft compositions present similar pressure evolution while the

pressure peak remains a bit lower for Fluidbed, as expected due to its lower energy content.
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Figure 37. Evolution of In-Cylinder Pressure for all premixed equivalence ratio. (N=1200 RPM, Pintake = 1 bar, Tintake= 300K).

Figure 38a displays the corresponding IMEP, with also the part of energy due to the decane pilot
injection, Epjjo¢- First, in agreement with HRR and in-cylinder pressure evolutions, IMEP increases with
®premixed Since more energy is introduced. Then it is worth noticing that, in all cases, the energy share
of the pilot remains below 7% of the total energy amount. Since the injected quantity of decane is
maintained constant, the pilot energy share decreases with ¢premixed-

Figure 38b shows the IMEP as well as the maximum pressure rise rate, i.e. MPRR, as a function of
®Gpremixed- FOr premixed equivalence ratio greater than 0.5, the combustion is quite stable for all
compositions, with IMEP, below 6%, except for Fluidbed (8%). For ¢premixea = 0.3, the combustion
is more likely to be unstable (up to 13% of IMEP.., for Downdraft) even if it remains possible to operate
the engine. The maximum pressure rise rate is a good noise indicator, it increases with dpremixed
because of energy input increase and also the H, content in the syngas composition. The syngas
compositions can be ranked, as Fluidbed, Updraft to Downdraft from lower to higher maximum
pressure gradient. For Downdraft and Updraft at stoichiometric premixed equivalence ratio, it should
be mentioned that the MPRR is at the limit of excessive combustion noise (4 bar/CAD) [150].
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In Figure 39, both the ignition delays from the pilot injection timing, estimated as the difference
between the crank angle when 10% of MFB is reached (CA10) and the timing of the start of injection
(SOI) and the first part of the combustion development, i.e. CA50 - CA10, are plotted as a function of
the equivalence ratio. First, it can be noted that the increase in premixed equivalence ratio increases
the ignition delay. It is probably explained by the fact that the SOI is advanced, as it can be seen in
Table 24, with the increase in premixed equivalence ratio, to guarantee maximum IMEP with minimum
IMEPcov and a relatively constant CA50, to guarantee also a good thermal efficiency. This is especially
applied for the Fluidbed composition, which the increase is more linear and stronger than for the
Downdraft and Updraft ones This is probably explained by the higher CO; content (20%) of Fluidbed
composition that contributes to delay the autoignition. Yet, the duration of the first half of the
combustion strongly decreases from ¢pemixea = 0.5 onwards, due to the increased reactivity of the

premixed charge and the increase of the flame propagation speed.
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Table 24: Start Of Injection (SOI) configuration.

Premixed
Equivalence
Ratio

Downdraft Fluidbed
and Updraft
(CAD BTDC) (CAD BTDC)

premixed )

To better demonstrate the effect of the ¢, emixea ON the combustion phasing, Figure 40 presents the
CA10-50-90, the CAD that the MFB reaches 10, 50 and 90%, respectively, and the SOI’s values for the
three compositions, on equivalence ratios ranging from 0.3 to 1.0. The CA50 and CA90 are reduced for
the Downdraft and Updraft compositions, and since the CA10Q’s values are similar, one can conclude
that first and second phase, represented as CA50-CA10 and CA90-CA50, are shortened.
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Figure 40: The effect of ¢premixea 0N the combustion phasing (1200 RPM, Pintake = 1 bat, Tintake= 300K).

Figure 41 presents the thermal and combustion efficiencies and emissions as a function of premixed
equivalence ratio for the three Syngas compositions. Both combustion and thermal efficiencies are bell-
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shaped reaching peak values around 98% and 39%, respectively, for both the Downdraft and Updraft

compositions.
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Figure 41: Efficiencies and exhaust gases emissions as a function of premixed equivalence ratio for the three Syngas
compositions (1200 RPM, Pintake = 1 bar, Tintake= 300K, Optimum SOI).

For Fluidbed, efficiencies continuously increase but the curves start to bend. Since premixed
stoichiometric equivalence ratio was not achievable, it is not possible to forecast for which equivalence
ratio efficiencies will start to decrease. The lowest combustion efficiency, reached for the ultra-lean
premixed charge, induces, as expected, the highest CO and THC emissions. The minimum CO and THC
emissions are obtained when ¢y, remixeq is between 0.5 - 0.7 and as expected where efficiencies are
the highest ones. Overall, this effect of the premixed equivalence ratio on the CO and THC emissions
confirms the ones observed by Roy et al. [2]. For NO4emissions, also the lowest values are obtained
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at Gpremixea = 0.5, with the highest ones reached at the stoichiometric syngas/air mixture. This
evolution is not expected as the NOx emission peak is reached in lean side in classical SI engine. It is
indeed surprising to observe that minimum NOy coincides with minimum CO, but since syngas is a
highly diluted fuel (about 50% N, 10 to 20% CO,), its combustion temperature is very low leading to
low NOy levels even in lean mixtures where CO emission is also minimum. Similar trends were observed
numerically for NOx emission but not for the ones of CO (Kousheshi et al. [151]). For all operating
conditions, soot emissions were below the detection limit of the measurement device.

4.3.2. Effect of pilot fuel injection quantity

In the previous section, since the optimal premixed equivalence ratio was found to be around
Gpremixea = 0.7, the effect of the pilot injection was evaluated at this particular value, while the
injection duration was varied from 250 ps to 1000 ps, i.e. corresponding to 0.11 to 4.86 mg of decane
injected per cycle (see Table 25). First, to evaluate the contribution of the pilot amount in the
combustion development, the pilot fuel is first injected in air (without syngas) and then in air plus 5%uol
CO; and 20%.. N, concentrations (equivalent charge dilution as the Downdraft case).

Table 25: Experimental conditions to study the effect of pilot fuel injection quantity.

pecane Pilot fuel
Injection injected IMEP

Duration (ps) mass bgtobat energZ SHSrE (bar)
(mg) (%)

Downdraft/Air

Air/Diluents
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In Figure 42, it can be clearly seen that the ignition delay of the reactive fuel, decane from pilot
injection, is similar in air with diluents as with the presence of syngas. However, it can be noted that
for the highest quantity of liquid pilot injection, i.e. 4.86 mg, an earlier heat release can be observed
between -5 and -2 CAD before TDC, smaller than the main HRR peak due to the syngas combustion.
This low-temperature heat release could indicate a two-stage ignition process that does not occur
when the decane injection is done in non-reactive medium (i.e. air or air/diluent). In these cases, the
combustion occurs in two phases: the main combustion phase due to the premixing of decane with air
and a second one, slower due to the diffusion-controlled combustion. The distinction between the
phases is less clear when syngas is premixed with the intake charge but there is still an inflexion point
after the peak in HRR for 0.61 and 2.16 mg quantity injected at around 7 and 9 CAD ATDC respectively.

Pilot fuel injected mass - Charge Composition
90 — @ — 0.11 mg - Decane/Downdraft/Air
— @ - 0.61 mg - Decane/Downdraft/Air
SOI=-17CAD| - . @ - - 2.16 mg - Decane/Downdraft/Air
—@— 4.86 mg - Decane/Downdraft/Air
— [ = 0.61 mg - Decane/Air
SOl =-11 CAD| - -[E- - 2.16 mg - Decane/Air
—FF— 4.86 mg - Decane/Air

- - M- - 2.16 mg - Decane/Air/diluents
SOI=-16 CAD| g 4s6me
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Figure 42: a- Heat release rate from the fuel pilot injection in air and air with diluents compared to Downdraft dual-fuel.
(Ppremixea = 0.7) and b- zoom between -5 and 0 CAD.

In Figure 43, the effect of decane addition on the ignition timing and the combustion phasing (CA50) is
presented for the three syngas compositions. For the Fluidbed composition, stable combustion could
not be achieved at the lowest and highest pilot fuel injection durations therefore only two data points
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are presented. This behavior can be attributed to the high CO, concentrations of Fluidbed combined
with the comparatively low H; and CO contents. For Updraft and Downdraft ones, the ignition delay
seems to stabilize once enough decane is injected (over 10% of the total available energy). But, the
combustion phasing is monotically advanced with the addition of decane, as expected from the HRR
profiles presented in Figure 42 for the Downdraft composition. Basically, increasing the energy share
from the more reactive fuel will reduce the ignition delay of the whole fuel charge as observed on
CA10-SOI, the decane being easier to auto-ignite. This will lead to a shift of the CA50 and globally of
the whole combustion earlier in the cycle. For Downdraft, IMEP., decreases from 2.4 down to 1.1 %
and MPRR increases from 1.2 up to 6.9 bar/CAD as Eiot increase. For Updraft, the trends and values
are very similar to Downdraft. However, for Fluidbed, IMEP.,, decreases from 2.6 down to 2 % and
maximum pressure gradient increases from 2.6 up to 4.8 bar/CAD with Eiot increases. Hence, and as
expected, ranking in terms of combustion stability and noise is the same as the one observed in the
previous section.
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Figure 43: Effect of pilot fuel energy share on ignition delay (empty symbols, dashed lines) and combustion phasing CA50 (filled
symbols, continuous lines) for three Syngas compositions (1200 RPM, Pintake = 1 bar, Tintake= 300K, (j)premixed: 0.7).

In Figure 44a, for Updraft and Downdraft compositions, it could be noted that the combustion and
thermal efficiencies are bell shaped with a maximum value, reached around 10% pilot fuel energy
share. Fluidbed results are not plotted here as only two conditions provide stable combustions. It must
be noted that the Updraft composition induces a lower combustion efficiency than Downdraft but a
better thermal one. This is observed even though CA50 is very similar between the two compositions
for the same pilot fuel amount (Figure 43). Due to the higher H, content, Downdraft syngas has a
greater flame speed (Table 19) thus leading to a better consumption of fresh gases. On the other hand,
this higher H, content could lead to higher combustion temperature and therefore more heat losses
thus a strong reduction of the thermal efficiency as highlighted numerically by Kousheshi et al. [151].
The emissions data show that CO and soot emissions are negatively affected by the increase in decane
quantity, without any bell or inverse bell shape: more diesel-type fuel induces more unburnt
carbonaceous exhaust gases, i.e. a slight reduction seems to occur with decane addition for the Updraft
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composition. The level of soot was so low than no value could be measured, for fuel amount lower
than 12% energy share as previously observed by Papagiannakis et al. [141] in the case of
methane/diesel dual-fuel engine. Yet when reaching 20% for Eiot, SOOt emissions rise significant value
up to 6-9 g/kWh. It is also clear that NO, emissions strongly increase as a function of decane amount,
due to the increase of in-cylinder temperatures. It is interesting to notice that, both CO and NOyare
minimum for the same Ey;;,; and increase with Ey;;,; increase. Not only the syngas due to its strong
diluent content is globally a low NOy fuel, with a combustion temperature lower to usual hydrocarbon
fuels but also since the global equivalence ratio remains lean for all conditions the CO and HC emissions
are also low. Yet, when increasing decane quantity both NOy and CO increase simultaneously due to
the combustion temperature increase leading to higher NOy. Moreover, an increase of decane injection
leads to a decrease of the evaporation rate and of local air/fuel/syngas mixing, inducing higher CO and
HC. The effects of CO,0n NOxemissions will be discussed further on the final part of this work.
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Figure 44: Efficiencies and emissions as a function of decane energy share for the three Syngas compositions. Filled
symbols/continuous lines: a) Combustion efficiency, b) CO, c) NOx emissions. Empty symbols/Dashed lines: Thermal Efficiency,
THC and Soot emissions for a, b and c respectively (1200 RPM, Piptqke = 1 bar, Tintare = 300K, $premixea = 0.7).

Figure 45, NOx and CO emissions are presented as a function of CA50 and &g;0pq1- Regarding the
relationship between emissions and combustion phasing, for this premixed equivalence ratio, CO
emissions reach a plateau for CA50 > 9 CAD ATDC while NOx emissions decrease almost linearly with
CAS50, as the in-cylinder temperature is higher for shorter combustion phasing. The NOy emissions as
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function of the global equivalence ratio follows the decane share and seems to reach a plateau when

the global equivalence ratio tends to 1. Meanwhile, the increase in CO emissions seems not to reach a
plateau as usually in Sl engines: CO increases with the global equivalence ratio increase.
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Figure 45: Specific emissions of NOx (continuous line) and CO (dashed line) as a function of combustion phasing (left) and
global equivalence ratio (right) (1200 RPM Piptqre = 1 bar, Tintake = 300K, @premixea = 0.7).

4.3.3. Effect of CHsand CO> concentration

To give further insight on the roles of CHs and CO; on performance and emissions, complementary
measurements were performed with the composition variations as in Table 26. The variation consists
of maintaining H, and CO volume fractions constant while adjusting the N; volume fraction to
compensate CO; or CH, variations. The variations are designated by the composition (FB, UD, DD for
Fluidbed, Updraft, Downdraft respectively), from which the H,and CO content is kept, followed by an
index that refers to the CO, or CH, content. The variation FB—20co; is greyed out as no stable operation
could be obtained. The Madison kinetics mechanism [119] was selected in combination with the
PREMIX and EQUIL CHEMKIN-Pro Ansys codes to estimate laminar flame speed and adiabatic flame
temperature of the syngas fuel respectively, by considering initial conditions equal to those in the
cylinder at the start of injection, i.e. 864 K and 30 bar, for ¢premixea = 0.7. The effect of the decane
injection was not considered since it is impossible to characterize the local decane/syngas fraction
without an optical engine and with an optimized optical technique. This mechanism was validated for
laminar flame speed in Chapter 3. Premixed equivalence ratio was kept constant at 0.7 and the injection
with a duration of 400 ps, i.e. Epiot = 1.65%, started at -18 CAD BTDC.
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FB — Ocoz-cHa
FB — 10co2
FB — 20co2
FB — 2.5cHa

FB — Scha
FB - Reference

UD — Oco2-cHa
UD - 10co2
UD - 20co2
UD - 2.5cHa
UD — 5cha

UD - Reference

DD — 0co2-cHa
DD - 10co2
DD - 20co2
DD — 2.5¢cHa
DD — 5cha

DD - Reference

In Figure 46, the effect of CO,and CH. content on HRR is highlighted. CO, addition to syngas delays the
onset of combustion and extends the combustion duration. This effect has been well described by
Xiang et al.[152] and Halter et al.[153] for CH4/CO,/Air mixtures where the dilution, thermal and
chemical contributions of CO, to the reduction of laminar flame speed have been quantified. Since the
total dilution amount, i.e. N, + CO, quantity, is kept constant, the effect seen here is both related to the

rise in HRR, followed by the slower-burning CO and CHa.
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Figure 46: Heat Release Rate profiles for varying CO, (top) and CHs (bottom) contents (1200 RPM P;piqre = 1 bar,
Tintake = 300K, @premixea = 0.7 501 = —18 CAD BTDC)

The resulting efficiencies and emissions from the variations tested are presented in Figure 47. Soot
emissions are not presented because they are always under the detection limit. By replacing N, with
CO,, the decrease of combustion efficiency induces CO and THC to increase and a reduction of NOy
emissions. It should also be mentioned the effect of the delay of the combustion phasing, as the start
of injection was maintained constant and not optimized.

Figure 47b indicates that CH, addition increases both thermal and combustion efficiencies resulting in
lower CO emissions. Despite the overall higher combustion efficiencies, THC emissions increase with
CH,4 addition due to the increase of unburned CHgitself. Even if the amount of CHs; added remains low,
the increase of the CH4 constant induces an increase of NOx emissions, mainly due to higher in-cylinder
temperatures, as predicted by the higher adiabatic temperature values Table 26. Due to the higher H;
content, Downdraft composition provides a faster combustion development thus leading to a better
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consumption of fresh gases. On the other hand, this higher H, content could lead to higher combustion

temperature and therefore more heat losses thus depleting the thermal efficiency.
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4.3.4. Relationship between fundamental composition properties and engine
operation

In order to predict the effect of syngas composition, it is important to highlight the relationship
between the fundamental properties of the composition (such as laminar flame speeds, LFS, or
adiabatic flame temperature, T,;) and the resulting engine performance and emissions, as presented
in Figure 48, where some empirical correlations are suggested to identify better the effect of properties
variations, summarized in Table 26 to the combustion duration and stability and NO4, THC and CO
emissions. The first flame development stage duration (CA50-CA10) and the total combustion duration
(CA90-CA10) clearly decrease with the laminar flame speed with a clear transition when the flame
speed goes under a certain level probably due to the engine instabilities linked to the low value of LFS
in the case of Fluidbed. A similar behavior was observed by Lhuillier et al. [154] for NH3/H, mixtures in
a Sl engine. Nevertheless, while the trend is clear for the whole of the 17 compositions tested, two
groups can be identified as a function of H,/CO contents for LFS lower than 40 cm/s. Similar tendency
can be noticed in Figure 48b, when the composition of a syngas/air mixture induces a laminar flame
speed lower than 40 cm/s, as it is for Fluidbed composition, IMEP, rises sharply as function of Laminar
Flame Speed decreases. Yet, for LFS > 40 cm/s, the stability is not affected by any laminar flame speed
change.
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The effect of CH4 content is not studied as a function of LFS but by considering the total hydrocarbon
(THC) emissions. As it can be seen in Figure 49a, the linear evolution of HC indicates that the part of
intermediate CH due to the decane oxidation (or to crevice trapping) is very low in comparison to the
part due to the CHs content, without any effect of the syngas composition. In the case of CO emissions
(Figure 49b), similar linear dependency can be noted for Downdraft and Updraft compositions but the
exhaust CO values are less than 10% of the CO quantity introduced. This is caused by the good oxidation

of the CO during the combustion process. Yet, the high IMEP, for Fluidbed induces higher instabilities,
which also leads to higher CO emissions (15%).
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As the main source of NO, for these fuels is the thermal Zel’dovich mechanism, NOx emission at the
exhaust increases exponentially with the adiabatic flame temperatures as shown in Figure 49c. The
increase of H, contents as in Downdraft induces an exponential evolutions of NOx emissions. Notably,
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for very similar adiabatic flame temperatures, the Downdraft compositions produce more NOy than the
Updraft compositions. Last, as highlighted by Rakopoulos et al. [155], the oxygen content has a
significant effect on performances and emissions. When comparing Updraft and Fluidbed, they exhibit
very similar H, content but different CO content for Updraft. Rakopoulos et al. [155] showed that NO
emissions increase with the degree of oxygenation which could explain the higher NOy levels for
Updraft mixtures compared to Fluidbed.

4.4, Conclusion

In this chapter, the syngas/decane dual fuel engine was successfully operated with the three
compositions of syngas. As a function of the syngas compositions, the injection parameters, i.e.
injection timing and mass, were optimized and the effect on the engine performance and emissions
was quantified. The following remarks following these dual-fuel experiments with syngas can be
concluded:

¢ With a minimum of adaptation and no engine geometry optimization, indicated thermal efficiencies
of over 38% were obtained with all syngas compositions, with less than 10% of the total energy
supplied by the decane, surrogate of the Diesel fuel.

¢ Heat release rate profiles showed a strong influence of H, content in the syngas composition on
combustion duration and phasing.

e The presence of CO; also plays an important role as diluent to reduce NOx emissions in dual-fuel
operating mode. While this can be interesting for complying with emission regulations, too much CO,
on Syngas can lead to poor combustion efficiency. This requires more reactive fuel in the pilot injection
to ensure stable engine operation, resulting in a potential increase of CO, and soot emissions.

e The development of the in-cylinder combustion can be well predicted based only on known
fundamental properties of the syngas composition as the laminar flame speed. The emissions also can
be predicted as a function of the different components in the syngas. This could be useful for live tuning
of the engine’s control strategy to as a function of the composition fluctuations of the gasifier product
gas. Accurate predictions would require a better knowledge of secondary chemical and physical effects
of varying syngas compositions such as chemical pathways and species rate of production.

In the next chapter, some analysis of the combustion development will be provided through some
experiments, performed in another syngas/decane dual-fuel single cylinder engine with optical
accesses. The objective is to provide a better understanding on different combustion steps (as diffusion
phase, premixed or cool flame due to pre-ignition) and flame propagation itself, as it relates to the
different compositions and their respective fundamental combustion properties.
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5. Visualization of the syngas/diesel dual-fuel combustion in an
optically-accessible engine

5.1. State of art of Chemiluminescence studies for syngas
combustion in ICE

Chapter 3 was dedicated to determine some of the relevant fundamental combustion properties of
syngas. In Chapter 4, we proceeded to evaluate the performance and emissions of the syngas/diesel
dual-fuel engine, as related to these fundamental properties. To further enhance the understanding of
these relations, this chapter investigates the combustion process inside the combustion chamber, in
the case of syngas/diesel dual-fuel optical engine. For that purpose, several optical diagnostics can be
applied as a function of the phenomena to be characterized (flow, soot formation, radicals’
chemiluminescence, etc.). For example, to analyze the combustion ignition timing and spatial location,
it is necessary to visualize the flame and the presence of radicals, like the OH and CH, which represent
the different phases and temperatures of the combustion process [156—158]. Each radical can be
detected by using different techniques: the emission of the radical due to natural excitation
(chemiluminescence) or due to the laser excitation (Laser induced fluorescence). Both techniques have
advantages and drawbacks: natural chemiluminescence technique is easier, requiring only intensified
camera but is not quantitative and 3D integrated. On the other hand, planar laser induced fluorescence
is 2D and could be quantitative but requires a dye laser. More recently, Infrared visualization has been
developed by Mancaruso et al. [159]. This method is non-intrusive, and can also provide other
important information for combustion analysis, as the qualitative information about fuel vapor
distribution and ignition location during low and high temperature. Unfortunately, this visualization
requires a specific high-speed IR camera.

The visible and near-visible electromagnetic spectrum emitted by the combustion has two separate
contributing agents: soot incandescence and radical chemiluminescence. The difference between
these two signals is that soot incandescence is a broadband signal, whose maximum peak power is a
function of the temperature of the particle [157]. On the other hand, radical chemiluminescence is a
narrow-band emission, which is a result of the photons emitted during the electronic transitions from
a self-excited to a more stable molecule or species [158], overlaid on top of the broad-band emission
from the CO>* continuum [160].

In the case of syngas/dual fuel combustion, if the quantities of the pilot-fuel are small, the Natural
Luminescence signal shifts from soot incandescence to Chemiluminescence (CL) [161]. Indeed, as
discussed in [162], and unlike hydrocarbon flames, in the case of syngas mixture, the most significant
radical emission due to the presence of H, combustion comes from the hydroxyl, OH*,
chemiluminescence, which is in the UV domain and is distinguishable from chemiluminescence
emissions from the CH*. As indicated by Huang et al. [162], the addition of CO and/or CO, can have a
significant influence on the level of OH* intensity: as indicated in the Figure 50, the OH* emission
intensity is reduced.
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Figure 50: Example of chemiluminescence spectrum in syngas flame as a function of H,, CO and CO; concentration (reproduced
from Huang et al. [162])

In the case of syngas combustion ignited by diesel type fuel pilot injection, low temperature pre-
reactions can occur as a function of the injection strategy, as indicated in [142], mainly identified by
formaldehyde (CH,0), as done in HCCl combustion [163]. Therefore, in the case of dual-fuel
combustion, one way to distinguish the low-temperature (low-T) and the high-temperature (high-T)
ignition is to follow OH* and CH,0* species. However, depending on the mixture, it could be difficult
to distinguish the two phases of the combustion: one from the pilot fuel combustion itself and the
other one from the premixed phase [142].

Several studies have focused on dual-fuel engines running on Natural Gas or methane ignited by Diesel
pilot injection [164,165] and more recently with ammonia [166,167]. Up to today, these studies have
not been performed for syngas; only a few studies have considered syngas, but in the context an optical
Spark ignition engines [168,169]. Therefore, only for fully premixed flames, and mainly by performing
experiments to study flame development without following specific radical or species

In the case of premixed combustion in Sl engine, Solferini de Carvalho et al. [169] studied the effect of
H, variation in a producer gas (H>-CO-CH4-CO>-N, mixture) by varying H, from 14%, which corresponds
to the initial producer gas composition, up to 62%. The studies had been performed in an optically
accessible Sl engine with a CR of 9.68:1, coupled with an intensifier and a high-speed camera to follow
flame development. One main conclusion was that the measured turbulent flame speed increases
linearly with the increase of H. content, and the propagation flame speed with 24% H, matched very
well with that obtained for pure CHs. Moreover, the observed flames remain more circular, i.e. less
wrinkling, as the H; content increased. In fact, as underlined in [170], the ratio between the turbulent
propagation velocity and the laminar flame velocity indicates that the increase in turbulence influences
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the flame propagation acceleration less than the mass diffusivity and the reaction rate, when the
enrichment is with H,. This results are in line with some other optical SI engine studies performed in
the case of reformer gas (H,-CO-CO,) compositions [170,171]. Martinez-Boggio et al. [172] also
confirmed recently these results by analyzing natural luminescence images in the UV-visible spectrum
along the entire cycle to follow the propagation of the flame front: for different composition of H,-CO-
CO,-N,, as it can be seen in the image examples in Figure 51. Hydrogen promotes the flame propagation
and reduces the engine instabilities. Despite that, the syngas having the highest values of turbulent
flame speed/laminar flame speed ratio is not the one with the highest content of hydrogen but with
higher methane and/or diluted gases content. In the case of syngas mixture, the turbulent flame
speed/laminar flame speed ratio is around 20, because of the effect of the turbulence on slow laminar
flame. For pure H2/CO cases, this number is around 10.

5% 10% 20% 30% 50% 60%

8 CAD ASOS 10 CAD ASOS 12 CAD ASOS 14 CAD ASOS 17 CAD ASOS 24 CAD ASOS
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Figure 51: Example of natural luminosity of syngas stoichiometric flame for same flame area (5-10-20-30-50-60%) — M :
methane, S50 : 50%H,-50%CO, S50D : 25%H,-25%C0-15%C0,-35%N, (reprinted from Martinez-Boggio et al. [172]).

In the case of dual-fuel engine, Ahmad et al. [164] analyzed the effect of the equivalence ratio of the
premixed methane/air, for different intake temperatures as a function of the Diesel injection share, on
the ignition delay. With the low pilot share, 16.5% of the total energy, the bright spots related to soot
incandescence, only appears towards the end of the combustion and limited to a few, close to the
injector tip. The corresponding Ignition Delays (ID) only decreased marginally when the pilot fuel share
goes from 16.5 to 27.5%.

Srna et al. [173] characterized the chemiluminescence of lean-premixed natural-gas combustion
ignited by dodecane pilot in a rapid compression—expansion machine and identified the significant
contributions to the natural luminosity due to soot, OH* and CH* with some broadband overlap due
to the chemiluminescence of CO,*, CHO* and CH,0* species. One interesting conclusion was that CH*
chemiluminescence can only be detected at ignition and during the pilot-fuel combustion period.
Therefore, they performed complete studies by implementing also CH,0 PLIF [143]. They also revealed
that as a function of the Diesel content, the analysis based on natural luminosity techniques could be
affected by the soot incandescence itself, even for OH* UV chemiluminescence at 308 nm, some bright
spots could be identified [164,173]. Their objective was to identify the discrepancy between the ID
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estimated from the calculation HRR (based on the Pressure and Volume of the cylinder), and the ID
based on the first appearance of the OH* chemiluminescence signal in dual-fuel engines. One of the
conclusions was that both the increase of the methane/air equivalence ratio and the decrease of O,
content of the charge, decreased the rate of luminosity emitted by the OH* and broadband (mostly
from CHO*, CH,0%*, and COy*), which may pose a problem for detecting the correct ID. Cheng et al.
[174] also conducted OH* and CH,0* chemiluminescence alongside Natural Luminescence imaging in
a dual-fuel methane/Diesel optical engine. They did not observe a large discrepancy between the low-
temperature, associated with CH,0* CL, and the high-temperature IDT’s, associated with OH* CL.
Nevertheless, the CH,O* CL signal did rise faster. They concluded that the small injection duration was
the reason for that behavior, leading to a decrease of the delay time between the two combustion
phases.

In this chapter, the study of dual-fuel syngas/Diesel combustion based on chemiluminescence images
is presented and analyzed for the three compositions from Bridgwater [58]. First OH* CL images and
averaged signals are presented and discussed, followed by CH* and CH,0* CL, through the excited-
state formaldehyde in the low-temperature ignition, consumed during the second stage. The effect of
CO; and CH4 content is also analyzed, with the average OH* chemiluminescence signals, and the
experimental Ignition Delay (ID) values are discussed by considering values obtained by performing 0D
kinetic simulations.

5.2. Experimental set-up

To study the combustion behavior of the dual-fuel syngas/Diesel engine, we have selected to evaluate
the impact of the compositions, mainly of CO, and CHa, while keeping the H,/CO ratio of each of the
three compositions. Meanwhile, we adjust N, fraction to balance-out the addition of the two
components of interest, as previously presented in subsection 4.3.3 of the previous chapter. Based on
the results on metal engine, the premixed equivalence ratio was set to 0.7 as the optimal one, with the
minimal possible quantity of the high-reactivity fuel, decane. This limitation of decane quantity can
eliminate, or at least minimize, the interference of soot-incandescence, identified by bright spots in
[164].

The optical engine is based on one single cylinder PSA DW10 engine, similar to the metal one, but with
a slightly lower CR, as shown in Table 27. Unlike for the previous experiments, the engine speed was
maintained at 750 RPM (1500/2) but the engine only fires once every three cycles, to avoid mechanical
stress on the transparent piston. A scheme of the global set-up is plotted in Figure 52.
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Figure 52: scheme of the optical engine set-up.

Air is compressed and dehumidified before being fed into the Brooks mass flow controller. The
flowmeters set-up is very similar as the previous one (section 4.2.1), with same uncertainty level of

1+2% of the intake charge equivalence ratio, ¢ as presented in Table 28. The only difference

premixed’
from the metal engine set-up is due to the different air controller.

Regarding the decane (CioH2) fuel, the same Bosch CRI 2.2 common-rail injector, previously
characterized on an IAV type-K flow injector, was used on the same 200 bar rail pressure (see 4.2.3
Determination of the injected decane mass for further details). The injection timing (SOI) was kept
constant at -15 CAD before Top Dead Center with a duration of 400 ps. Therefore, the injected mass is
10.32 mg, i.e. less than 2% of the total fuel energy and the @ decaneyair is £0.02.

The intake temperature was maintained at 25°C. Temperatures were recorded at the intake and the
exhaust of the engine, as well as the intake and exhaust pressures. The in-cylinder pressure traces were
recorded by an AVL GH15D sensor and coded every 0.1 CAD. The post-processing method is similar to
the previous one (see 4.2.2 Post-processing method), but from the 100 recorded Cycles, only 33 are
fired cycles and 67 non-fired cycles. The apparent Heat-Release Ratio (HRR) will be plotted, instead of
the combustion HRR, because the calculation of the thermal losses is less straightforward in an optical
engine.



Table 27: Engine characteristics.

Displaced Volume
Bore
Stroke
Optical Window Diameter
Rod length
Compression Ratio

Piston Bowl Type
Firing TDC position
Intake Valve Opening
Intake Valve Closure
Exhaust Valve Opening
Exhaust Valve Closure
Coolant Temperature
Oil Temperature

* slightly lower CR than the standard engine

Table 28: Mass Flow Controllers.

Gas Type  Controller Full Scale
Brooks 5853S 500 NL/min

Brooks 5851S 100 NL/min
Brooks 5851S 100 NL/min
SLA5850 50 NL/min
SLA5850 37 NL/min
SLA5850 5 NL/min

5.2.1. Optical imaging set-up

112

499 cm?
85 mm
88 mm
50 mm
145 mm
15.6:1*

“Mexican hat”
0 CAD
351 CAD ATDC
157 CAD BTDC
140 CAD ATDC
366 CAD ATDC
85 °C
80 °C

Uncertainty
+0.5%
+0.9%
+0.9%
+1,0%
+1.0%
+1.0%

Chemiluminescence images were obtained by using Phantom v1610 monochrome high-speed camera
with a Nikkor 105mm lens, coupled with a high-speed intensifier (LaVision High-Speed IRO). The
camera with IRO and the lens is aligned with the 45° mirror, as indicated in the scheme (Figure 52). The
combustion is observed through the extended piston and the fused-silica optical window of piston,

with bowl shape as the metal one (Figure 53).
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Figure 53: Optical piston (bowl-type).

Different filters can be used as a function of species to observe. For the OH*chemiluminescence, two
filters, Newport FSQ-UG11 BP and 20CGA-305 LP have been combined to maximize the transmittance
at 308 nm and limit the other wavelengths as indicated in Figure 54.
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Figure 54: Filter combination used for OH* chemiluminescence imaging.

The final set-up is presented in Figure 55, with the distances between the iris, lenses and the rest of
the imaging devices, are highlighted.
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Figure 55: Optical imaging set-up for OH* chemiluminescence.

For the OH* chemiluminescence, the intensifier was set to a gain of 61% with a gate of 39.200 ms
combined with a delay of 5 ns. The camera framerate is 16 000 fps with an exposure time of 45 ps, to
record three images every CAD. During a cycle, the recording begins at -10 CAD BTDC, providing 150
images with a resolution of 768x768 pixels?, with a magnification ratio of 11.5 pixels/mm.

Two other species were selected, CH,0* and CH* [174,175] and recorded simultaneously using a
LaVision Image Doubler. Figure 56, presents the transmittance of the filters: a BP filter from Chroma
Technology centered at 431 nm and 28 nm bandwidth for CH* chemiluminescence, and a combination
of three filters (ZUL0325 LP, ZHS0385 SP and ZUS0350 SP, from Asahi Spectra) for formaldehyde (CH,0%)
chemiluminescence. It has to be noted that the OH* filter set-up does not avoid the CH,O* signals but,
since the CH,O* signals are order of magnitude smaller than the OH* signals, we assume that there is
no strong effect on the results. The intensifier gain was set to 69%, with the same previous values for
the gate and the delay. The camera lens was changed to a custom one, where the focal length can be
freely adjusted, and the resolution obtained was 768x576 pixels? (7 pixels/mm), with the same
exposure setting.

1
09

0.8

o
~

o
=

= CH,0* filter combination

CH* filter (Chroma
ET431/28m)

Transmittance (%)
o ©o o o
N w =Y (%)

o
=

0

300 350 400 450 500 550 600
wavelength (nm)
Figure 56: Filters used for the CH* and CH,0* chemiluminescence
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5.2.2. Imaging post-processing

The images have been processed by an in-house developed routine in MATLAB and schematized in
Figure 57. This processing was used for OH*, CH* and CH,0*:

= |t starts with the application of a circular mask corresponding to the piston window to remove
signals that are out of its bound. Indeed, to discriminate the light reflected by the piston and
cylinder walls, a geometrical circular mask with the diameter of the effective piston window is
applied to all the images, leaving only the light that passes directly through the window to be
processed. Hence the pixels outside of the window’s boundary are multiplied by 0 while the
one inside are multiplied by 1.

= The second step consists in removing the background, i.e. the noise, by subtracting the mean
images of three consecutives frames before the combustion starts. Then for each CAD, an
average image is calculated over 40 cycles. Finally, the pixels intensity of this averaged imaged
is computed.

Geometrical mask Averaging the 40 images at Mean Image with pixel
+ Background subtraction each CAD intensity counts

Raw image

Figure 57: Schematic view of chemiluminescence image post-processing.

5.3. Results and discussion

5.3.1. The case of the decane pilot injection by itself

First, the average OH* images were recorded in the case of engine running with decane content only
as presented in Figure 58 without considering an important effect of soot emission. As it can be seen
in Figure 58, from -8.3 CAD BTDC until 10.6 CAD ATDC. The combustion is ignited along the six jets of
the injector, not identically as a function of the injector holes physical/real geometries. The decane
charge is so tiny that only six small flames can be identified without a global flame enrollment as for a
conventional Diesel ignition. The maximum area occupied by natural chemiluminescence is strongly
dependent on where ignition occurs, which is here along the decane spray. The total combustion
requires less than 14 CAD to be finished. From these images, due to the small decane quantity, the OH*
chemiluminescence spatially averaged is compared to the HRR calculated from in-cylinder pressure
(see 4.2.2 Post-processing method), without considering an important effect of soot emission. As it can



116

be seen in Figure 59, a good qualitative agreement between the OH* signal and the apparent HRR data
is observed, in the case of engine running with the pilot injection only. Due to the small HRR, the
estimate of HRR from the pressure signal induces a lot of noise, very low signal-to-noise ratio. The IDT
estimate from OH* chemiluminescence is around 7 CAD, which is in agreement with HRR data. As
expected and well known, the OH* chemiluminescence continues after the HRR. In fact, OH* luminous
intensity starts when the CO starts oxidizing into CO, with a longer time life as indicated in [176].
Indeed, the maximum intensity of OH* chemiluminescence appears very close to maximum oxidation

rate of the CO to CO,, so the time of maximum pressure rise rate.

Pilot injection on air 750 RPM SOI -15° 400u:s OH Average 40 Cycles Chemiluminescence
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Figure 58: OH* chemiluminescence images averaged on 40 cycles and the bar plot of the corresponding average signal for the

pilot decane injection on air (without syngas, N= 750 RPM).
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Figure 59: OH* chemiluminescence images averaged on 40 cycles and the bar plot of the corresponding average signal for the

pilot decane injection on air (without syngas, N= 750 RPM).
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5.3.2. Comparison of the different syngas compositions

The OH* chemiluminescence images are presented in the case of the combustion for the three syngas
compositions in Figure 60. The characteristics of these syngas compositions are reminded in Table 29.
Very similar combustion development and OH* intensity is obtained in the case of Downdraft and
Updraft syngas mixture: the beginning of the ignition remains along the decane spray and even if the
flame propagation occurs more inside the entire bowl, the jet shape continues to be identified. In
comparison to decane combustion only, the OH* emissions started 5 CAD later in the presence of
syngas for Downdraft and Updraft; and 6 CAD later for the Fluidbed. In the case of Fluidbed syngas
composition, the low level of OH* chemiluminescence, which required the change of intensity scale, is
mainly due to two main differences: the quantity of H, in the fuel (H>+CHa) and the dilution effect due
to the CO2+N,.

Table 29: Syngas compositions.

H2 co CO. CH4 N: Total dilution  Ha/(H2+CHa)

(%Vol)  (%Vol)  (%Vol)  (%Vol) | (%Vol) (%) il

11
Downdraft 17

Fluidbed

OH-3.3° °

2 OH12.6°
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a) Downdraft (first figure) and Updraft (second figure) mixtures

OH -3.3° OH -0.7 ° OH2.0° OH4.7° OH7.3°

OH 18.0 ° OH 206 °

800
600
400
200

b) Fluidbed mixture

Figure 60: OH* chemiluminescence images for the original compositions in a dual-fuel engine (a- Downdraft and Updraft and
b- Fluidbed ; ¢yremixea= 0.7, N= 750 RPM).

Figure 61 presents the averaged OH* chemiluminescence signal along the combustion development
for the three syngas compositions and for the decane alone. The IDT is strongly increased with the
syngas content and the overall intensity is decreased. In the case of Fluidbed composition, OH*
chemiluminescence intensity signal is divided by a factor of three mainly due to the dilution effect and
the lower content of H,. On the other hand, it seems that the maximum OH* emission occurs earlier
than for the other two compositions, which is not expected due to the lower laminar flame propagation
for this mixture.
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Figure 61: Average OH* chemiluminescence signal of the compositions.

In Figure 62, instantaneous images of OH* chemiluminescence from the same cycle are plotted to
identify better the ignition sites, for all compositions. As previously for the decane only, the ignition
sites are not at the same time along the six decane jets but started in one site only before being carried
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in the other decane riche zones of the spray. The Fluidbed OH* CL signal is very small and only appears
close to the Top-Dead-Center. It should be noted that Figure 62 only represents a single cycle, and the
cycle-to-cycle variation is considerable, so we cannot reach a conclusion related to the combustion
timing.
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Figure 62: Instantaneous OH* Image along same combustion cycle for the 3 original compositions (¢ premixea= 0.7, N= 750
RPM).
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The spatially averaged OH* intensity is compared to the average apparent HRR in Figure 63 : as
expected, the Fluidbed composition presents much weaker OH* chemiluminescence signals,
because of its higher CO, concentration. Moreover, due to the low OH* signal intensity, relative to
the maximum one, it is not possible to determine precisely the onset of the combustion, as
highlighted in the zoomed image. Besides, it seems that location of the OH* peak does not match
with the CAD of the apparent HRR peak. Similar observations were made by Srna et al. [173] and
Schlatter et al. [177], when they compared the ID detected on the conventional HRR calculations or
on the Schlieren images, with the IDT detected with the OH* chemiluminescence onset, for
NG/Diesel dual-fuel experiments in Rapid Compression-Expansion Machines.
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Figure 63: Comparison of the apparent Heat Release Ratio (HRR) and the OH* chemilumunescence signals for the 3 original
compositions (@ premixed = 0.7, N= 750 RPM).

To see if other chemiluminescent radicals align better with the apparent HRR of a syngas/Diesel dual-
fuel engine, similar analysis is done for CH* and CH,0*. As it can be seen from Figure 64, CH* and
CH,O* average signal intensities represent better the HRR, for the three compositions, in terms of
combustion ignition and maximum of the peaks. This is similar to Cheng et al. [174] conclusion from a
study in NG/Diesel dual-fuel engine, where they found the CH,O* chemiluminescence appears before
the OH* ones and also rises faster. The lack of a clear two-phase ignition separation, on both the HRR’s
and the Cl’s average signals, can be explained by the very small pilot-fuel injection, which decreases
the induction time between these two phases [174]. It has also to be noted the CH* CL appears just
after the CH,O* signal but rises faster. For the Fluidbed composition, one can see the OH* and CH,0*
peaks are slightly before the HRR peak, but the CH* intensity is better phased with the apparent HRR.
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5.3.3. Effect of the CO; and CH4 content on the syngas composition.

The syngas compositions can vary a lot in terms of CH4 content, which is reactive molecule, and CO,
content, which acts as diluent. In the case of dual-fuel combustion, the different content of these fuels
can induce not only a difference in the flame development speed, but also in the ID itself. Indeed, for
example, Rajasegar et al. [178] identified the difference on the n-heptane ignition delay as a function
of the presence of CH,4 or H;, both experimentally and with kinetics simulation. They concluded that
there is a significant inhibition effect of Natural Gas on the autoignition chemistry of n-heptane pilot-
fuel as characterized by increasing ignition delays with also a noticeable shift in the first-stage as a
function of the premixed equivalence ratio also. In fact, it is due to the combination of reduced oxygen
concentration induced by the premixed combustion and to the change of the mixture thermal capacity
and last, because of CH, acting as a radical sink. In the case of CO,, the effect of different amount will
be mainly on the dilution rate as it can be seen in Table 30 . Moreover, the specific heat is increased by
30%, inducing a decrease of the adiabatic theoretical flame temperature (Tad., in Table 30) and in the
laminar flame speed itself. Therefore, as shown in Table 6 of Chapter 2, from literature studies the
effect of dilution due to the presence of CO; is more important than the dilution effect by N,. On the
other hand, the difference in the CH, amount affects the overall reactivity of the syngas. Therefore, the
variation of CO;and CHs amount in the gas composition affects both the adiabatic flame temperature,
due to difference reactivity, and dilution level and, as expected, the laminar flame speed itself.



Table 30: Variations on the original Syngas compositions.
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0 0 77 100.0 77.0 0.0 1868 323
CH4
FB — 10co2 10 0 67 100.0 77.0 13.0 1834 243
FB — 20co2 20 0 57 100.0 77.0 26.0 1802 14.9
9 14
FB — 2.5¢cHs 0 2.5 745 78.3 74.5 0.0 1955 33.0
o 5 72 64.3 72.0 0.0 2016 35.0
A= 20 7 50 56.3 70.0 28.6 2004 26.4
Reference
0 0 65 100.0 65.0 0.0 2092 615
CH4
UD - 10co2 10 0 55 100.0 65.0 15.4 2059 51.1
UD-20 20 0 45 100.0 65.0 30.8 2028  41.9
D —
" 0 25 625 81.5 62.5 0.0 2131 595
2.5cHa
| UD-5cus | 0 5 60 68.8 60.0 00 2160 582
il 9 3 53 78.6 62.0 14.5 2112 51.1
Reference
DD - i
Ocoz 0 0 62 100.0 62.0 0.0 2120  83.0
CH4
DD - 10co2 10 0 52 100.0 62.0 16.1 2088  69.1
DD - 20 20 0 & 100.0 62.0 ) 2057  57.9
DD -
0 25 595 87.2 59.5 0.0 2154 754
2.5cHa
0 5 57 77.3 57.0 0.0 2178 712
DD= 13 1 48 94.4 61.0 21.3 2005 627
Reference

Kinetics Simulation of Ignition Delay

To provide a better understanding of the effect of CO, and CH, amount on syngas combustion, kinetics

simulations of 0D closed homogenous reactor using the Ansys CHEMKIN-Pro software have been
performed with the Madison kinetic mechanism [119], as it is the single one that can simulate syngas
gases and decane together. The kinetics simulation results are not presented for the original

compositions, since the effect of the very different CHs concentration (1, 3 and 7% for Downdraft,
Updraft and Fluidbed, respectively) will bias the result. The initial temperature and pressure in the
simulation were kept the same for all compositions, of 800 K and 30 bar, respectively, to mimic engine
conditions at SOI. The setting values are given in Table 31.
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Table 31: Properties of the 0D homogenous reactor used.

Settings of the 0D closed homogenous reactor

Constrain Volume and Solve Energy Equation
2.0
800
30
5.0
0.0

Equivalence Ratio of the selected premixed 0.7
Syngas/air mixture

Added Species (fully mixed) CioH22 (decane)
Ignition Delay: Species Maximum Fraction OH

Due to the direct injection of decane in the combustion chamber, the local concentration of decane in
the syngas/air mixture can strongly vary as a function of the spray penetration and vaporization.
Therefore, to reproduce this local effect, the initial gas composition for each simulation is set to
represent local experimental conditions, even if the ratio of syngas to air is held constant, the quantities
of decane are added to analyze different hypothetical local mixtures. A range of initial compositions of
decane, represented by ‘decane/air equivalence ratio’, varying from 0.5 to 4 were therefore set.

Since decane autoignition is a two-stage process [179], as a function of the mixtures conditions, these
two-stages can occur with syngas combustion, as it can be seen in Figure 66 for Fluidbed, where the
shorter IDT is the low-temperature one and the longer the high-temperature one. Therefore, in Figure
66, where the ID times are presented in CAD (1 ms equals 4.5 CAD at 750 rpm), 2 IDTS are plotted
(when they exist) and indicated as low or high temperature. In the presence of H,, low temperature
IDTs are predicted even if the minimum ignition delay stays relatively flat over a wide range of pilot-
fuel equivalence ratios. This is like what can be observed in Figure 65: from high concentration of
decane, the first and the second ignition delay are no more affected by the concentration of decane,
which means that there is a competition with the premixed flame chemistry. The difference of ID
between the different syngas composition is evident for Fluidbed certainly due to the dilution increase.
As Rajasegar et al. [180] pointed-out, up to a decane equivalence ratio of 1.4, the main ID increases
more strongly with H, than with CHa. As in Fluidbed, there is less H, but more CH, these effects could
be counterbalanced. The CO content of the different compositions can also be responsible for the
different IDT. Indeed as pointed out by Gersen et al. [181] the addition of CO can increase the ignition
delay time from a factor 2 from pure H, to a 50/50 H,/CO blend as reported in [182,183]. However, this
increase was not observed by Gersen et al. [181], as they measured similar ignition delay times for both
pure hydrogen and 70/30 H,/CO mixtures for pressure between 20 and 70 bar. Unlike Gersen et al.
[181], Mittal et al. [182,183] also showed that increasing CO has an inhibiting effect on the H;
chemistry. Gersen et al. [181] attributed this difference to the different specifications of the various
rapid compression machines used in the literature. Thi et al. [184] showed with shock tube
measurements at 20 bars similar results as Gersen et al. [181] : for a fixed equivalence ratio (0.3 and
1.0) similar ignition delays for undiluted syngas having different H,/CO ratio, namely 2.4 and 0.5. A
syngas with H,/CO ratio of 1 and containing 30% CO, also showed similar ID as the undiluted mixtures.
This is also confirmed by the work of Matthieu et al. [185] where CO, addition “did not show any
appreciable effect on the ignition delay time” for lean mixtures (¢=0.5) at 12.5 and 32 atm. In the study
of Thi et al. [184], only the nitrogen dilution at 58% on the syngas with H,/CO=~0.4 (so close to the 0.5
H,/CO syngas) seems to have a retardant effect on the ID.
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Figure 65: Temperature profiles of two Puecanejair» 0.6 and 1.8, mixed with a premixed charge of Fluidbed/air at
¢premixed =0.7.
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Figure 66: The effect of CO, amount (from 0 to 20%) on the Ignition Delays of Syngas/Decane mixture for the 3 syngas
compositions (Tin= 800K, Pin= 30 bar, $syngas/air = 0.7 using the Madison Mechanism).

From these ID simulations, it can be clearly concluded that the ID was ranked as follow
Downdraft<Updraft<<Fluidbed, and that the CO, addition increases the ID.
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In the case of CH, addition, which corresponds to a decrease of N, content in the fuel composition, the
IDT strongly decreases, as it can be seen in Figure 67. Matthieu et al [185] showed that adding CH, to
50/50 H,/CO undiluted syngas leads to an increase of the ignition delay. In the present study, the
opposite is observed as we are replacing the diluent (N;) by a reactive component (CH,), thus leading
to a decrease of the IDT.

20

——  —— Composition with 5%,,,

y — — — Composition with 2.5%,,

Composition with 0%, 4

= — =
=] o S

Ignition Delay ("CAD @750 RPM)

[+
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Equivalence Ratio decane/air ()

Low Temperature High Temperature

Figure 67: Effect of CH4variation in the reactive species in syngas on the IDT.

The CO, concentration effect

As an example, the effect of CO; is presented in Figure 68 where OH* averaged images are plotted in
the case of Updraft syngas composition only, as similar observation can be made for the two other
compositions. As function of the CO; increase in the total dilution mixture (CO,+N,), the beginning of
the combustion is strongly shifted, and the overall intensity level strongly decreases. In the case of 20%
of CO,, the emission becomes very low and for most of the time not observable without changing the
scaling. This is highlighted by plotting the average OH* chemiluminescence signal, as in Figure 69, the
Downdraft syngas composition which presents the highest OH* intensity is strongly affected by CO,
content: for 10% CO, similar intensity level is reached than for the Updraft case without CO,, but with
a slightly longer ignition delay. Therefore, the difference on IDT for these two syngas is mainly due to
the higher CO; content of the Downdraft composition.
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Figure 68: Effect of the CO, share on OH* chemiluminescence averaged images for Updraft-based compositions, ignited by the
pilot injection (psyngas/air = 0-7, N= 750 RPM).

Figure 68 presents the effect of CO; on the Updraft-based composition: much lower overall intensity is
obtained when the N, portion replaced by CO,. Since the overall effect is the same for Downdraft and
Fluidbed, only the averaged intensity is plotted for all compositions.

Figure 69 presents the effect of CO, on the raw average OH* chemiluminescence signal (a) and a
comparison with the apparent HRR, grouping by the composition on which the variation is based on
(b). First, it must be noted that the recorded images of the Fluidbed composition without CO, or CH,4
were noisy, so further after-treatment was required. Higher intensity is obtained for composition with
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10% CO; but the phasing of OH* signal remains unchanged. One can see that Downdraft-based
compositions presents the higher intensity, the composition with 10% CO; matching the intensity of
the Updraft without CO,, but with a slightly larger delay. We can also see that the lower CO; content of
of Updraft, can explain the very slightly longer IDT of the Downdraft original composition, as visible in
Figure 63.

a)

3200
//,- ‘-—\\ —— Downdraft 0%y, ¢,
2800 - \/\\ Downdraft 10%,
y, y
/ \, Downdraft 20%,,,
2400 —
z / \\\ Updraft 0%g, ¢
§ 2000 7 AN Updraft 10%,,,
£ / ™~ Updraft 20%,,,
- 1600 va  h
?En L g - AN —— Fluidbed 0%,p,.cyy
e . N
E 1200 el \\\ - — — Fluidbed 10%,,,
/ AN )
200 // . \\( — = Fluidbed 20%,,
yd S
V4 - ~
400 i S, i .
S - - - - - el R e e
o == = = T == — e e S
-10 5 0 5 10 15 20 25 30 35 20
cAD (°)
b) Downdraft Updraft Fluidbed
3200 i 40 1400 120 \ 20
N [
2800 36 1200 P 100 " T ii a
EY =y Q 1 |
2400 < f =
z - wS  Flw 9 £ g r\ ' 18
£ 3000 I R = £ = g ! ! 0z
g \ 24 2 800 & I | | =
E 1 e £ T = 60 i ! 10 T
< 1600 'l v 20 P = @ | \ o
g il 0 %o e N VAN 8
£ 1200 -+ (R 16 2 o 5 g | AN g
g IJ © 4 8 = N6 =
Z 1/ ' 12 2 < 400 s ks / \ a
J / <
800 V] < < i } 4
/ 8 20 \
400 ‘ 20 : { ! 2
A I
I 4 Ll \\ 0
0 0 0 0
10 - 105 0 5 10 15 20 25 30 35 40
105 0 5 10 15 20 25 30 35 40 w505 IEALS‘,E)O 2530 35 40 cAD ()
CAD (°)
— OH* CL Average Signal Apparent HRR ——— OH* CL Average Signal Apparent HRR — OH™ CL Average Signal Apparent HRR
- o, _ _ _ _ . 0, . 0,
0%c0 cha 10%(, 20%,

Figure 69: a- Effect of CO; on the average OH* chemiluminescence signal b- Comparison of the OH* average signal with the
apparent Heat-Release Rate (HRR), grouped by the original composition (¢syngas/air = 0.7, N= 750 RPM).

Finally, to conclude on CO; impact on flame development, Figure 70 presents the apparent HRR for the
three compositions when partially replacing N, share with CO,. The presence of CO; instead of N»
strongly delays and reduces (i.e. ‘flattens’) the apparent HRR, especially in the Fluidbed case where, as
example, the IDT is delayed of 4 CAD from 0 to 10% of CO, and up to 8-9 CAD for 20% CO..
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Figure 70: Effect of CO, addition in total amount of dilution (N,+CO;) on Heat Release Rate (HRR) for the 3 original compositions

(¢syngas/air =0.7, N=750 RPM).

The CH, concentration effect

The effect of CH, is studied as well, but with smaller percentages, 2.5 and 5% only. As it can be seen in
Figure 71, where the average OH* images are presented using the Updraft composition, the
combustion OH* visualization is strongly enhanced by the presence of CH,4. This enhancement is similar
in the case of other compositions. In Figure 72, one can see the effect of CHs, on the OH*
chemiluminescence average signal for all composition (a) and a comparison with the apparent HRR,
grouping by the original composition (b). One can see how the CH, gives the Fluidbed composition

more manageable combustion phasing.

In Figure 73, the result of changing the CH4 concentration of the composition can be seen in the shape
of the apparent HRR. When the concentration of CH, is increased, besides the combustion being
slightly advanced, the peak HRR is also increased. This ignition advancement can be quantified in the
same way as before, the CA were the HRR reach 1 J/CAD minus the SOI. With this method, we can see
that the 2.5% replacement of N, by CH4 advances this value by 0.4°, and the 5% replacement by 0.7°

CAD.
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The zoomed portion of the graph above is there to highlight the small first-phase of the two-phase
combustion, that is a result of the small pilot fuel injection as discussed in 4.3.2 Effect of pilot fuel
injection quantity. Nevertheless, with the HRR results from the optical engine, is easier to distinguish
the two combustion phases.

5.4. Conclusions

For an optimal pilot-fuel injection setting, chemiluminescence of OH* radical images were obtained
and presented of a syngas/Diesel dual-fuel engine. Formaldehyde (CH,O*) and CH*
chemiluminescence signals were obtained and compared with those of OH*. Alongside the three
compositions, set by the literature, the effect of varying the CO;, and the CH4 content was demonstrated
and quantified. The main conclusions are as follows:

e For the tested conditions of the syngas/decane on dual-fuel operation, no signs of soot-
incandescence were spotted for OH* and CH,O* chemiluminescence, due the small injected mass
of decane. However, for the CH* chemiluminescence images, whose characteristic wavelength is
larger (431 nm), the soot interference was present, manifesting as a plateau of its average signal.

e The OH* chemiluminescence images of the three syngas compositions ignited by the decane
injection in a dual-fuel engine were presented and the Updraft and Downdraft presented similar
averages, regarding the delays and intensities.

e In contrast, the Fluidbed compositions presented the lowest signal, three times of the other two
compositions, and with a larger delay.

e A comparison of the OH* chemiluminescence average signal with the apparent Heat-Release Rate
(HRR) revealed a discrepancy of the location of each peak value. The CH* and CH,0* signals
average where more aligned with the HRR, despite still not capturing the initiation of the
combustion development.

e The effects of the additions of CO, and CH4 were studied, the results can help explaining the trend
observed in the engine, since the larger content of CH,4 of the Fluidbed composition compensates
its larger CO; content in terms of ID. Conversely, the larger CO and smaller CO; contents of the
Updraft can help explaining the similar ID to the one of Downdraft, since the literature found no
clear effect of the H,/CO ratio on ID.
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6. Final conclusions and suggestions for future work

In this PhD thesis, the use of syngas in a dual-fuel engine was evaluated. In the introduction, the general
context was presented by summarizing the consensus about global warming and the goals to avoid
these consequences. The role of biomass and waste energy sources was pointed-out as one promising
solution and the production and usability for power generation of Synthesis gas, ‘syngas’, were
detailed. Still in the first chapter, the different means of production of syngas were detailed, alongside
the types of feedstock used and the cleaning process needed for each use case. The usability of syngas
in Gas Turbines (GT) and Internal Combustion Engines (ICE) was examined, helping the selection of the
dual-fuel ICE concept for further investigation. Syngas compositions were selected from the literature
review, to represent as well as possible real-world gas produced by air-fed gasifiers.

After the introduction, an overview of the different parameters, driving the syngas/Diesel dual-fuel
engine operation, is provided. In this chapter the effect of syngas composition, the phasing and
quantity of the pilot fuel injection, and the ratio of energy provided by the syngas, on the engine
performance and emissions, was clarified. It highlights the importance of the balance of the Hydrogen
(H2) content and the two major diluents: Nitrogen (N>) and Carbon Dioxide (CO,). The syngas/Diesel
dual-fuel engine gains in efficiency with higher Compression Ratios (CR). Unfortunately, some studies
identified the appearance of abnormal combustion (‘knock’), which can be mitigated depending on the
diluent’s quantity in the syngas. Overall, most of the studies of syngas/Diesel dual-fuel engine do not
achieve high Diesel substitution ratios. Moreover, the syngas compositions did not simulate real
compositions, rather a combination of some of the five main components (H, CO, CO,, CHs, N;). There,
this study aims to expand the field of knowledge in dual-fuel syngas/Diesel, first by measuring selected
properties of three syngas compositions produced by air-fed gasifiers, then, underlining how the
different parameters, related to these compositions and the engine operation, alter the emissions and
performance of the engine. Finally, the combustion process is analyzed with chemiluminescence
images of selected radicals recorded in an optically-accessible Compression-Ignition (Cl) engine, to
discuss the combustion development.

The third chapter begins by reminding the concepts of premixed flame theory. Then, the main
properties, such as the laminar flame speed and the Markstein length for the 3 types of syngas were
measured. The effect of the initial temperature and pressure and the presence of decane (as surrogate
for Diesel), on these properties, is gaged for different equivalence ratios. The comparison with the
results obtained from kinetic simulation with the four available mechanisms was provided. A
correlation, between the laminar flame speed and the initial pressure (1 to 5 bar), temperature (298
to 423 K) and equivalence ratio (0.6 to 1.4), was determined for each composition. The range of
equivalence ratios was enlarged from the literature, from 0.8-1.2 to 0.6-1.4, which is more relevant for
very lean mixture engines. The three compositions present similar Markstein length values on a range
of equivalence ratio of 0.8-1.2, whereas the Markstein length evolution in the case of Fluidbed
composition presents a stronger transition towards negative values than the two other ones on the
lean side (¢ < 0.8). Except for this condition, the results suggest that the composition of syngas are
differentiated more strongly by the laminar flame speed than by the stretch sensitivity of the flame. As
previously concluded from other studies, the Fluidbed composition, i.e. the composition with the
highest dilution fraction, has the slowest laminar flame speed, down to twice lower than the other two
compositions. This is exacerbated at higher pressures, as verified by the larger B value, i.e. the pressure
exponent of the Metghalchi & Keck formulation, which indicates the pressure dependency of the
laminar flame speed, and this will inevitably impact on the engine performance.
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In Chapter 4, the performance and emissions of a syngas/decane dual-fuel engine are presented. The
three compositions and the different operating conditions (premixed syngas-air equivalence ratio,
qguantity of decane share) were evaluated. The first conclusion is that, without significant adaptation
or engine geometry optimization, the indicated thermal efficiencies exceed 38%, and this for all syngas
compositions, and accompanied by decane contributing less than 10% of the total energy input. The
injected pilot-fuel quantity plays an important role, in achieving smooth power delivery and controlling
unburned gas emissions. On the other hand, a large pilot-fuel fraction could lead to higher soot
emissions, reducing the possible environmental benefits.

Additionally, the effect of CO, and methane (CH4) contents were quantified in H,/CO/N> mixtures, from
the original three compositions, where these two components were added individually. By means of
the kinetic simulation with the Madison mechanism, some fundamental combustion properties were
extracted especially the laminar flame speed and the adiabatic flame temperature. These fundamental
properties correlated well with the combustion duration and stability, in the case of the laminar flame
speeds, and for NOx emission, with the adiabatic flame temperature. The relation between the CO,
content and the engine emissions and performance was clearly identified, as expressed by the trade-
off between the NO, emissions and the combustion efficiency —unburnt gas emissions. The CH,4 fraction
also presents a similar trade-off between unburnt hydrocarbon emissions and overall efficiency. Even
though some kinetic mechanisms were validated in Chapter 3, a good suggestion for future work would
be to re-run the laminar flame tests with the proposed additions of CO, and CH; on the original
compositions. These further tests could better quantify the effect of these additions on these two
fundamental properties: the laminar flame speed and the Markstein length.

In Chapter 5, an optical engine set-up was implemented to visualize the behavior of the main
combustion radicals. A comparison between the average hydroxyl (OH*) chemiluminescence intensity
obtained from images and the apparent Heat-Release Rate (HRR) was discussed., for the three syngas
compositions at the same equivalence ratio (¢,remixeq) Of 0.7, as previously determined as the
optimum value on the previous chapter. In the dual-fuel case, due to the large divergence of the
location of the peak OH* average signal with peak apparent HRR, two other chemiluminescent radicals,
namely CH* and formaldehyde (CH,0*), were also followed. The images of these two species were
more aligned with the apparent HRR, despite the HRR onset not being captured by any of these species.

The considerably lower OH* signal of the Fluidbed composition was in accordance with the findings of
the previous chapters, presenting OH* signals three times lower than the other syngas compositions
and larger delays also. As in Chapter 4, the effects of CO, and CH,; were analyzed. First, the
determination of the Ignition Delay Times (IDT) as function of the local decane content from closed
homogeneous reactor simulation show that the higher CH, content of the Fluidbed composition
balances-out the inhibiting effect of higher CO, content. This result became evident by not being able
to test the Fluidbed composition with 20% CO, content on Chapter 4, due to the instability of the
engine, i.e. high Coefficient of Variability of Indicated Mean Effective Pressure (IMEP,,,,).

As perspectives, several investigations could be conducted to complete the study of the effect of the
composition on syngas combustion. Regarding the laminar burning velocity and Markstein length, a
theoretical validation of the obtained Markstein length could be undertaken in order to validate the
flame speed extrapolation and the range of radius used in certain conditions. The calculation of several
fundamental parameters such as activation energies, Zel'dovich numbers, or Lewis numbers remains
however complex due to the multiple components present in the syngas. To better understand the
composition effect on combustion and limit the number of tested compositions, an approach based on
Design of Experiments (DOE) could be of interest for predicting the laminar flame speed as well as
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engine performances. The compositions tested in the present work are in some cases highly diluted.
Moreover, when dealing with highly diluted mixtures, especially containing CO, and steam, important
radiation effect can appear with possible reabsorption from the fresh gases thus leading to a preheating
of the latter and hence modifying the flame propagation. When the laminar flame speed becomes very
small in some conditions, this radiative effect needs to be considered, since it is impacting the
propagation speed measurement and therefore the unstretched value obtained from the extrapolation
model.

Finally, to broaden the field of study on carbon-neutral and carbon-free fuels on dual-fuel engines, we
can envision the co-firing of these fuels, such as ammonia. As indicated in the introduction of the
manuscript, ammonia can be already present in the syngas composition as a contaminant and the use
of syngas, at the time referred as ‘coal-gas’, with ammonia in ICE was first presented in 1945 by Emeric
Kroch [8]. Indeed, syngas can contain ammonia if it results from the gasification of nitrogen-rich
feedstocks such as manure or sewage sludge. This ammonia is usually removed from the syngas due to
its corrosiveness but with a supplementary cost. Nonetheless, ammonia has gained interest as a fuel
in the last decade showing potential for both Spark-lgnition engines or Dual-Fuel Cl engine. A
syngas/ammonia blend should be therefore bearable for an engine. However, the combustion
properties of this kind of mixture are still not sufficiently characterized, this can certainly pose a
challenge. To better illustrate that, the Figure 74 below presents the Heat-Release Rate (HRR), obtained
in the same engine, for a Downdraft mixture as a function of ammonia (NHs) shared quantity. The pilot
fuel injection remains the decane, with a fixed mass quantity (2.1 mg), but this does not translate to a
constant decane energy share. As it can be noted, the reactivity of the mixture decreases as the
ammonia content increases, as evidenced by the increased ignition delay time and the larger
combustion duration. Such result is expected, since the reactivity of the ammonia is very low. Indeed,
adding ammonia to the syngas will lead to a decrease in the laminar flame speed thus explaining the
longer combustion duration when ammonia is added. Moreover, ammonia has a very high auto-ignition
temperature and is delaying the start of combustion. However, if considered as an impurity (i.e below
5%, Of the syngas composition), the presence of ammonia would not influence the resulting HRR and
therefore the engine performances. The emissions of such blend remain yet to be characterized, since
syngas can be defined as a low-NOx fuel (as illustrated in Chapter 4), the addition of ammonia could
strongly change that, due to the fuel-NOx pathway arising from the burning of the NHj itself.
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Effet de la composition du gaz synthétique, ‘Syngas’, sur la
combustion des moteurs bi-carburants

Résumeé :

Le gaz de synthése, également appelé ‘syngas’, est considéré comme un carburant alternatif
prometteur pour lutter a la fois contre le réchauffement climatique et la gestion des déchets, deux défis
majeurs de la société moderne. La composition chimique du gaz de synthese dépend fortement des
caractéristiques de la matiere premiéere et du processus utilisé pour sa production, et son efficacité en
tant que carburant dans les moteurs a combustion. L'objectif principal de cette étude est de déterminer
comment optimiser un moteur a combustion interne bicarburant (ICE) syngas/diesel pour différentes
compositions de gaz de synthése, ratios de substitution diesel et ratios d'équivalence gaz/air. Nous
commengons par donner un apergu des moyens de sa production et des compositions du gaz de
synthése pour sélectionner trois mélanges représentatifs de ses éléments de base. Ensuite, nous
examinons les études sur le syngas/diesel (ou autre carburant a haute réactivité) pour déterminer
comment chaque paramétre affecte les performances et les émissions du moteur. Dans le chapitre
suivant, nous déterminons deux propriétés de combustion, a savoir les vitesses de flamme laminaire et
les longueurs de Markstein, pour plusieurs conditions pertinentes pour le moteur et pour les trois
compositions. Ensuite, nous poursuivons les expériences menées dans un moteur entierement
métallique (non translucide) pour mesurer les performances du moteur et les émissions
d'échappement. Dans cette expérience, nous explorons comment le rapport énergétique syngas-
diesel, le rapport d'équivalence gaz de synthése/air prémélangé et les effets de la composition du gaz
de synthese produisent différents résultats de performance et émissions d'échappement. Enfin, nous
effectuons des expériences dans un moteur optique Dual-Fuel pour déterminer le comportement des
flammes et des radicaux, par analyse des images de combustion du moteur.

Mots clés : syngas, biocarburants, moteurs bi-carburant

Effect of the fuel composition of syngas on the combustion process
in Dual-Fuel engine

Summary :

Synthesis Gas, also known as Syngas, is deemed as a promising alternative fuel to tackle both global
warming and waste management - two major challenges for modern society. The chemical composition
of syngas, however, is highly dependent on the characteristics of the feedstock and the process used
in its production; and so is its efficiency as a fuel in combustion engines. The main goal of this study is
to determine how to optimize a syngas/diesel Dual-Fuel Internal Combustion Engine (ICE) for different
syngas compositions, diesel substitution ratios and syngas/air equivalence ratios. We start providing an
overview of syngas production and compositions to select three representative mixtures of its basic
elements. Afterwards, we review Dual-Fuel syngas/diesel (or a high-reactivity fuel) studies to determine
how each parameter affects the engine performance and emissions. In the following chapter, we
determine two combustion properties, namely, the laminar flame speeds and the Markstein lengths, for
several engine-relevant conditions for the three compositions. Then, we proceed conducting
experiments in a full-metal (non-translucid) engine to measure engine performance and exhaust
emissions. In that experiment we explore how the syngas-diesel energy ratio, the premixed Syngas/air
equivalence ratio and the Syngas composition effects, produce different performance results and
exhaust emissions. Finally, we perform experiments in an optical Dual-Fuel engine to determine flame
and radicals” behaviors, followed by an analysis of engine combustion images.

Keywords : syngas, biofuel, dual-fuel engine
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