N

N

JQ/2HHBM; bi  i2;v7Q i?2 G ;2@1//v aBKr
H2 M ?2v/ Q:;2M@ B 2tTHQbBQMbD
C2 M@C +[m2b >QF

hQ +Bi2 i?Bb p2 " bBQM,

C2 M@C +[m2b >QFX JQ/2HHBM; bi" i2;v7Q i?2G ";2@1//vaBKmH iB(
1H2+i B+ TQr2 X IMBp2 bBiGd /2 hQmHQmb2- kyk9X 1M;HBb?X LLh, ky!|

> G A/, iI2ZH@y9e899yN
?21iTbh,ffi?2b2bX? HXb+B2M+2fi2H@y9e899yN
am#KBii2/ QM RN CmH kyk9

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X


https://theses.hal.science/tel-04654409
https://hal.archives-ouvertes.fr

_$
REPUBLIQUE
FRANCAISE
Libereé

Egalité

Fraternité

™14

$%$ & & %

$% &'

$/0 (142834% () ( . % (
$5) -362.3) 2 %

$5+ 7 (13/488+) 3+ /$+

$, (.3 3%
$5 ) - )$1) .9 ()*+(
(%)



Résumé La crise climatique a laquelle le monde est confronté aujourd’hui exige
des actions immédiates pour réduire les émissions de carbone. En particulier, une trans-
ition énergétique rapide vers des sources plus propres est nécessaire. Parmi de nombreux
candidats, I'nydrogéne se distingue en tant que vecteur d'énergie décarboné. Cependant,
son stockage et son transport en grandes quantités posent des problemes de sécurité.
Aprés une fuite, mélangé a l'air ambiant, cet hydrogéne peut former un mélange haute-
ment in ammable. En cas d'allumage accidentel de ce prémélange, di érents scénarios
et régimes de combustion sont possibles, en fonction de facteurs tels que la géométrie
(dimensions, présence d'obstacles), la composition du mélange, la température, la pres-
sion ou le niveau de turbulence. Ces régimes vont de la dé agration lente a la transition
vers la détonation dans le pire des cas. Pour prédire les dommages d'une explosion, la
Mécanique des Fluides Numeérique présente l'avantage d'étre plus sdre que les expériences
et donne acces a des quantités di ciles ou impossibles a mesurer empiriquement. Cette
these traite de la prédiction des explosions d'hydrogéne-air pauvre en utilisant la Simula-
tion aux Grandes Echelles (SGE ou LES en anglais). Les mélanges pauvres@iii sont
connus pour leur nombre de Lewis subunitaire distinctif, qui caractérise un déséquilibre
entre les processus de di usion moléculaire et thermique avec des conséquences majeures
: (1) les ammes H-air pauvres sont tres sensibles a I'étirement ; (2) elles sont enclines
a développer des cellules sur le front de amme dues a l'instabilité thermo-di usive. Les
deux constituent des mécanismes d'accélération qui impactent la surpression générée lors
de I'explosion. Dans ce travail, nous montrons que l'utilisation du modele de Flamme
Epaissie (TF en anglais) pour simuler les ammes & nombre de Lewis subunitaire : (1)
induit une ampli cation de l'e et d'étirement sur la amme ; (2) combinée a la faible
résolution de maillage en LES, ltre les instabilités de front de amme. Le couplage
de ces mécanismes indésirables peut générer une propagation erronée de la amme qui
remet en question la capacité de prédiction de la LES pour les explosions de mélanges
H,-air pauvres. Des e orts nécessaires ont été e ectués au cours de cette these pour
proposer une stratégie de modélisation capable de prédire de maniere able et précise les
explosions d'hydrogéne-air pauvre. Un nouveau paradigme est envisagé pour corriger sé-
parément I'ampli cation des e ets d'étirement et modéliser les phénomenes de sous-maille
dus a l'instabilité thermo-di usive. Développées sur des con gurations canonigues, ces
deux corrections sont ensuite étendues et validées sur des con gurations d'explosion plus
réalistes.

Mots clés : Combustion ; Hydrogéne ; Explosions ; E ects d'étirement ; Instabilités
de front de amme.




Abstract The climate crisis the world faces today calls for immediate actions
to curb down carbon emissions. In particular, a rapid energy transition towards cleaner
sources is necessary. Among many candidates, hydrogen stands out as a carbon-free en-
ergy vector. However, its storage and transport in big quantities raise safety concerns.
Following a leakage, mixed with the surrounding air, this hydrogen can form a highly
ammable mixture. In case of accidental ignition of this premix, di erent combustion
scenarios and regimes are possible, depending on factors such as geometry (dimensions,
presence of obstacles), mixture composition, temperature, pressure or turbulence level.
These regimes range from slow de agration to the transition to detonation in the worst
case. To predict the damage of an explosion, Computational Fluid Dynamics has the ad-
vantage of being safer than experiments and gives access to quantities hard or impossible
to measure empirically. This thesis deals with the prediction of lean hydrogen-air ex-
plosions using Large-Eddy Simulation (LES). Lean jHair mixtures are known for their
distinctive sub-unity Lewis number, which characterises an unbalance between molecu-
lar and heat diusion processes with major consequences: (1) lean-&r ames are
strongly sensitive to stretch; (2) they are prone to develop ame front cells due to the
thermo-di usive instability. Both constitute accelerating mechanisms which impact the
overpressure generated during the explosion. In this work, we show that the Thickened
Flame (TF) approach to simulate sub-unity Lewis ames: (1) induces an ampli cation
of stretch on the ame; (2) combined with the low grid resolution in LES, Iters out
ame front instabilities. The coupling of these undesired mechanisms can generate an
erroneous ame propagation which questions the predictability of LES for leanair ex-
plosions. Much-needed e orts were put during this thesis to propose a modelling strategy
capable of reliably and accurately predict lean hydrogen-air explosions. A new paradigm
is considered to separately correct the ampli cation of stretch e ects and model subgrid
phenomena due to the thermo-di usive instability. Developed on canonical con gura-
tions, these two corrections are then extended and validated on more realistic explosion
con gurations.

Keywords: Combustion; Hydrogen; Explosions; Stretch e ects; Flame front in-
stabilities.
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gue c¢a été drdle quand, au bout de 3 mois de distanciel, a entendre vos voix, jai enn
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Pour nir, j'aimerais remercier tout particulierement Omar et Olivier qui ont eu la lourde
tache de me supporter pendant la phase de rédaction et jusqu'a la soutenance. Lire et
relire 300 pages de manuscrit, c'est pas marrant, écouter et réécouter 45 minutes (ou
plus) de présentation, c'est pas marrant non plus, mais vous avez été au rendez-vous !
Au bout de quatre ans vous avez ni par apprendre ma personnalité, mon stress per-
manent (pas toujours apparent...), mon manque de con ance en moi qui me faisait vous
demander régulierement votre avis sur mon travail. Merci a toi Olivier, nalement le
seul a avoir pu tout suivre de A a Z, tes avis sont toujours constructifs et m'ont permis
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ment le plus cotoyé. Ton arrivée dans I'équipe a réellement boosté ma recherche et a
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amis. Merci aussi a Jean, le gars du Gers un peu intimidant en apparence (la carrure
de militaire n‘aide pas !) mais trés attachant dés qu'on lui parle, toujours souriant, et
toujours la pour remonter le moral, merci et bon courage pour la derniére ligne droite !
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jour...

Merci a Loic, jeune insaien, cross tteur retraité, autre membre du bureau de la productiv-
ité avec Francis. Ton sourire permanent le matin permet de débuter la journée dans la
bonne humeur !

Merci a Eric, andorran marathonien et grimpeur, trouvant toujours le moyen de se blesser.
Merci pour tes petits messages quotidiens lors de ma rédaction (Clo' commence a étre
jalouse, attention !), ca m'a toujours fait marrer et motivé pour nir le manuscrit !

Merci a Mehdi, cinéphile, passionné d'aéronautique et d'aviation (au méme titre que pour
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habitué aux afterworks au point de prendre la reléve pour l'organisation, merci ! Dom-
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Pic Saint Loup et en n, victime collatérale du modéle S-TF (tu vas t'en sortir).
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Je nirai cette vague de remerciements des gens du CERFACS par un type, déja cité
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Si on a pu se voir aussi loin, j'imagine qu'on peut se voir en France !

Merci maintenant aux amis rencontrés en prépa. Du groupe soudé qui s'était formé, MS
et Zedette, on s'est perdus de vue et j'en suis désolé. La divergence de nos parcours et
la distance entre nos villes n'a sirement pas aidé mais je pense qu'il n'est jamais trop
tard pour reprendre contact. Guillaume et Robin, vous deux aussi avez connu I'épreuve
de la thése, d'ailleurs bon courage Robin pour la soutenance, t'as fait le plus dur ! Carla
et CSDO les inséparables, je suis heureux qu'on ait réussi a se voir chaque année depuis
tant d'années. Avec Clo' on a beaucoup aimé passer du temps avec vous lorsqu'on s'est
retrouvés a Budapest, il faut qu'on remette ¢ca ! Dans tous les cas j'espére pouvoir étre
la & Paris en octobre pour tous vous revoir !

Merci a Clément (encore une fois), Margaux et Mimine. Depuis les premiers afterworks
d'été 2020, le groupe s'est agrandi et on ne s'est plus lachés avec Benou et Laquille.
Je suis vraiment heureux de vous avoir rencontrés et de vous compter parmi mes amis
aujourd’'hui. Que ce soit a Toulouse, a Frontignan, dans les Pyrénées, en guinguette ou a
la plage, ca fait toujours du bien de se retrouver !

Merci a Paul et Lisa, les copains du Muséum. Je ne suis pas retourné aux jardins depuis
gue Clo' a changé de job mais on arrive a se faire des petits restos régulierement. Hate
de découvrir de nouvelles cuisines du monde avec vous !

Merci a Thomas et Julie, les exilés a Paris. Comme souvent il est di cile de se voir avec
la distance, mais je suis toujours content de recevoir les appels de Thomas pour avoir de
vos nouvelles. Méme si ce n'est que quelques fois dans I'année j'ai l'impression que c'est
comme avant quand on se retrouve a Paris ou dans le sud, ca fait plaisir !

Merci a Nathanaél, mon cher binbme d'école. Encore bravo pour ta thése, je t'ai enn
rattrapé ! J'espére que tu te plais bien a Bordes, on aura peut-étre en n une occasion de
randonner (ou grimper ?) ensemble maintenant que tu es descendu dans le sud.

Pour nir je tiens a remercier sincerement toute ma famille pour le soutien que vou
m'apportez depuis toujours.
Lydie, merci de m'avoir accueilli chaleureusement dans la belle-famille des notre premiére
rencontre. Mon appétit d'ogre t'avait bien surpris a I'époque et méme si je me suis un peu
calmé, j'adore toujours les petits plats que tu nous prépares avec attention a Clo' et moi.
Dans la vie quotidienne tu es une personne droite dans ses bottes, franche et sincére. Que
ce soit pendant la prépa’' ou au cours de mes années de thése, tes mots pour me rassurer
et me motiver ont toujours eu un e et immédiat, merci beaucoup.



Xii

Francois, l'esprit plus calme, toi aussi tu sais rendre Clotilde heureuse. Merci d'étre la
pour nous deux. Merci de nous avoir accueillis pendant le premier con nement, c'est
nalement chez toi que mon aventure au CERFACS a commencé.

Michelle, tu es certainement la meilleure mamie dont Clotilde puisse réver. Avec Lydie et
Clotilde vous formez un trio de choc ! Toi aussi tu m'as accueilli les bras ouverts dées notre
premiére rencontre. Je prends toujours plaisir a venir te faire un petit coucou quand on
passe a Castres.

Merci a Ben et Mathieu, les papous ! Merci de nous accueillir a tout moment a Peyregoux,
merci pour tous les bons souvenirs partagés. Les soirées du deuxieme con nement chez
vous, mélant chartreuse, jeux de société et bonne cuisine, me manquent vraiment. Ben,
mon beau-frere, d'abord merci d'étre la pour Clotilde. Le nez dans le guidon je n'arrive
pas toujours a la rassurer quand elle se fait du souci. Grace a ton oreille attentive, tu
trouves souvent les bons mots pour la réconforter et la faire rire. Et tu es aussi la dans
les bons moments ! On est heureux chaque fois de t'accueillir chez nous pour passer une
bonne soirée avec toi. De mon c6té, ca m'a touché que tu t'intéresses a ce que je fais et
a cette épreuve gu'est la these.

Mathieu, je t'ai connu lorsque vous étiez encore a Rabastens avec Ben. Ton boulot te
passionnait déja et aujourd'hui encore. Et en dehors du travail je sais que tu tiens énormé-
ment a Ben et Clo', c'est rassurant de se dire qu'ils peuvent compter sur toi.

A toute ma belle famille, merci de m'avoir accueilli, merci de m'avoir soutenu pendant
tout ce temps, votre présence le jour de la soutenance m'a grandement touché.

Paule et Marco, je ne vous ai jamais appelés "papi" ou "mamie" mais vous représentez
bien plus a mes yeux que ce que ces simples mots veulent dire. Vous avez été présents pour
Jean-Marc, Jean-Rémy et moi depuis notre plus jeune age, a tous les moments importants,
chaque anniversaire, chaque dipldme. Je vous retrouve dans nombre de souvenirs heureux
de mon enfance, que ce soit chez nous, dans votre jardin a Castres ou encore et surtout
a Narbonne, quand on venait déjeuner a la plage et qu'on allait ramasser les coquillages
ensemble. Je suis tellement triste que ces souvenirs s'éloignent. La vie nous a séparés
et vous me manquez tous les jours. Paule, tes gros bisous sur la joue, tes calins et ton
rire me manquent. Marco, ta bonne humeur et tes blagues me manquent. J'adorais venir
chez vous vous écoutez nous parler de votre enfance a Lourdes, de votre jeunesse a Paris,
de comment vous avez rencontré papa, de votre croisiere en Russie, de la fois ou Marco
s'est retrouvé en ltalie en confondant Genoa et Genova et de plein d'autres choses encore.
Vous nous avez quittés mais j'aime penser que vous vous étes retrouvés, que Paule soupire
encore pendant que Marco sort une blague pas drole.

Merci a mon grand frére Jean-Marc, c'est bien toi qui nous a donné a Jean-Rémy et
moi le goOt des maths d'abord, puis des sciences en général. Tu as sans doute beaucoup
in uenceé le parcours que j'ai suivi, entre les cours que tu me donnais pendant les vacances
d'été quand javais 5-6 ans, jusqu'a me parler de Fermat pour les études supérieures.
Le premier de la fratrie, tu as instauré la réputation des "freres Hok" auprés de nos
enseignants a |'école, au college et au lycée. Je suis trés content pour toi que tu aies
atteint ton "endgame” comme tu dis, dans ta vie professionnelle avec un job de prof' dans



Xiii

lequel tu as l'air parfaitement épanoui, tout comme dans ta vie personnelle avec Eva et
maintenant la petite Rune ! Merci donc aussi a toi Eva, Jean-Marc ne se dé nit pas sans
toi. Et puis disons la vérité, il ne ferait pas grand chose sans toi !

Merci a mon petit frere Jean-Rémy. Maman a souvent un regard trés protecteur sur
toi parce que tu es le petit dernier. Mais je pense que tu es largement plus indépendant
gu'elle ne le pense. Toi aussi tu as en n ni tes études avec brio pour travailler dans un
domaine qui te plait. Apres que papa nous ait quittés, j'ai pu compter sur toi pour m'aider
et aider maman a la maison et aujourd'hui tu restes celui qui rentre le plus souvent la
voir. Merci pour tout ce soutien.

Maman, comment te dire tout I'amour que jai pour toi. Je sais que ta vie a été
di cile : supporter quatre garcons a la maison ! Plus sérieusement, je sais que tu as
joué un grand réle dans notre famille, en restant parfois dans lI'ombre, tu as aidé papa a
I'époque & Berlin, tu l'as suivi depuis le début de son commerce a la maison et sur les
marchés, tu nous as élevés Jean-Marc, Jean-Rémy et moi en méme temps. Pour tout ca
merci. Aujourd’hui les rdles se sont inversés : avec papa tu as veillé sur nous pendant
plus de vingt ans, a nous maintenant de veiller sur toi. Je comprends a quel point ¢a
doit étre di cile pour toi depuis la mort de papa. On est partis tous les trois vivre a
Toulouse et tu es restée seule a la maison. Je sais qu'on ne te donnera jamais assez de
nouvelles, qu'on ne rentrera jamais assez a la maison, qu'on ne t'appellera jamais assez
souvent, mais on t'aime maman. Je suis toujours heureux de t'entendre au téléphone et
de te parler en chinois car je n'en ai plus trop l'occasion et je suis aussi trés content de
t'accuelllir a I'appartement a Toulouse !

Papa, tu ne liras jamais ces mots mais j'aime imaginer que tu es quelque part avec nous,
a veiller sur nous, a regarder ce qu'on est devenus. Je ne sais pas comment commencer ce
paragraphe tellement il y a de choses pour lesquelles je veux te dire merci. Tout le monde
le dit et tu l'as toujours su : je te ressemble beaucoup. Bien plus que sur le physique,
tu as forgé la personne que je suis devenu aujourd’hui. Tu m'as appris la générosité,
le partage et le sens de la famille. Il n'y a qu'a voir tout ce que tu as fait pour notre
famille. Tu nous faisais passer avant tout. Tu as travaillé toute ta vie, en abimant ta
santé pour nous préserver, pour qu'on puisse faire des études et ne pas avoir a suivre le
méme chemin que toi. Avant nous déja, en aidant tes fréres a Berlin et a Castelsarrasin,
tu as tout le temps fait passer la famille avant toi. Tu le gardais pour toi mais on sait
toutes les épreuves que tu as traversées dans ta vie. Survivant de génocide, tu es reparti
de rien en arrivant par hasard a Castres. La famille, les amis et tes clients peuvent le
con rmer : toujours souriant, tu n'as jamais laissé transparaitre toutes les horreurs que
tu as vues et vécues. Tu as donné une chance a la vie pour construire notre belle famille.
Pour Jean-Marc, Jean-Rémy et moi tu restes un modele de persévérance. Plus tard, tu as
accueilli Clotilde comme ta propre lle. Notre voyage en Chine et a Hong Kong en 2016
a été un magni que cadeau. Encore une fois, tu m'as montré l'importance des moments
passés en famille, tu nous a donnés des souvenirs pour la vie. Pour tous ces moments de
bonheur, pour toutes tes valeurs, merci. Papa, je donnerais tout pour pouvoir te revoir,
te dire merci en personne et te serrer dans mes bras. J'aimerais te dire que tout va bien



Xiv

pour nous, que Jean-Marc a soutenu sa these, qu'il a trouvé le travail de prof' dont il
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1.1 Energy crisis and energy transition

The global energy sector is today in a critical stage in many respects. The swelling
worldwide demography is accompanied with rising living standards in developing and
emerging countries putting considerable pressure on the energy market [1, 2]. Demand is
gigantic but stakes are even higher. Energy is so ubiquitous in everyone's life that it has
become a geopolitical weapon [3]. The energy crisis of 2022 that has led to skyrocketing
electricity bills in Europe echoes that of the 1970s with oil [1]. All this raises the question
of energy independence. While international cooperation is needed to build a secure,
reliable, e cient and interconnected energy grid, each country might aim at self-su ciency

to become less vulnerable to the ups-and-downs of the energy trade.

Alongside strategical interests, the energy sector also plays a central role in the ght
against climate change. So far, its practices have exerted a profound and often detrimental
impact on the environment. Dominated by fossil fuels, such as coal, oil, and natural gas,
the sector is a major contributor to anthropogenic greenhouse gas (GHG) emissions,

1
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exacerbating climate change and environmental degradation [1]. In 2022, energy-related
CO, emissions reached an all-time high of 41.3 Gt [4] (see Figure 1.1). Combustion
and industrial processes (such as cement, iron, chemicals, etc.) accounted for 89% of
that share. The extraction, production, and consumption of these conventional energy
sources not only deplete nite resources but also pose severe threats to biodiversity and
air and water quality [5]. In light of these challenges, there is an urgent and compelling
need to transition towards cleaner and more sustainable energy alternatives. Renewable
energy sources like solar, wind, and hydro-power o er viable solutions to mitigate the
environmental fallout of traditional energy practices. Embracing these cleaner options not
only reduces carbon emissions but also promotes the aforementioned energy independence
by allowing an in-house production.

Non-CO;:
Nitrous oxide

Methane

CO;:

M Industrial processes
Flaring

M Waste
Natural gas

m Oil

B Coal

2000 2005 2010 2015 2020 2022

Figure 1.1: Global energy-related greenhouse gas emissions, 2000-2022 [4].

Energy storage is often regarded as the weak point of renewable energies due to the
inherent intermittency of their sources [6]. Unlike traditional fossil fuel power plants that
can provide a consistent and controllable output, renewables are highly dependent on
environmental conditions. Solar power generation is contingent on sunlight, wind power
relies on wind speeds, and hydro-power is in uenced by water availability. The challenge
arises when these resources are not consistently available, leading to uctuations in energy
production. Energy storage becomes crucial to address this intermittency by capturing
excess energy during peak production times and releasing it when demand is high or when
renewable resources are scarce. Overcoming these challenges is essential to realising the
full potential of renewable energy sources and ensuring a reliable and consistent power
supply. However, current energy storage technologies face limitations in terms of e -
ciency, cost, and scalability. Currently, pumped hydro-electric storage (PHES) represents
the most widely used technology with a global capacity of approximately 130 GW [7].
Although it has signi cant potential for development in some areas of the world, it still
faces technical and socio-economic barriers such as landscape topology, land use or biod-
iversity loss to cite a few [8]. Also, some applications, especially in the transport sector,
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require embedded energy storage that hydro-power cannot provide. Batteries, a common
form of mobile and dispatchable storage, often struggle with capacity, degradation over
time, and the environmental and social impact of production and disposal [9 11].

Electrofuels (also called e-fuels) production represents a convenient way of storing
excess output from renewable sources. In this so-called power-to-gas (PtG) paradigm,
energy is kept within the chemical bonds of carbon-free or low-carbon vectors such as
hydrogen, ammonia or methane. It is then recovered by burning these fuels in power
plants when needed. It is all the more relevant considering that thermal generation is
the biggest source of power and heat in the world today [12]. Using electrofuels also
makes sense in the transportation sector and, most particularly, global aviation. Full
electri cation is indeed awkward in this domain where technical constraints impose high-
density energy storage [13 15].

1.2 Hydrogen as an energy vector

Hydrogen gathers all qualities required for a sustainable and resilient energy vector. It
has a strong energy density compared to classical carbonated fuels [16] (see Figure 1.2).
As a carbon-free molecule, it can be used in industries where thermal power is needed
and where emissions are hard to abate (e.g. cement, steel or glass production). Whether
burnt in thermal engines or converted to water in fuel cells, the use of hydrogen in vehicles
has the potential to strongly reduce pollution from the latter and enhance air quality [6].
Research is currently made to retro t existing combustion technologies for hydrogen usage
[17]. Full life cycle assessments (LCA) are still needed, but a hydrogen-based PtG strategy
seems promising to decarbonate the global economy [18].

Although its current production is mainly fossil-fuel-based (through steam methane
reforming), e orts are made to develop low-emission technologies such as water electrolysis
or ammonia decomposition [19]. According to the International Energy Agency [20],
"low-emission hydrogen production can grow massively by 2030 but cost challenges are
hampering deployment”. Its report encourages further political incentives to tend towards
a global hydrogen economy. As a matter of fact, hydrogen can tip the balance in favour
of a clean energy transition.

1.3 Risks associated with the use of hydrogen

Unfortunately, every technology comes with its share of drawbacks. The massive deploy-
ment of hydrogen technologies is necessary, but must be carried out with care for a safe
production, storage, transport and utilisation. H physical properties signi cantly di er
from those of usual hydrocarbons. Despite a high energy density per mass unit, it has
a low energy density per volume unit under atmospheric conditions (see Figure 1.2). It
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Figure 1.2: Volumetric and gravimetric energy density for various metal fuels [41] com-
pared to batteries [42], hydrogen [43], bio-derived fuels [44], and fossil fuels [43 45]
(L KWh =3:6 1P J). Abbreviations used: compressed natural gas (CNG), lique ed
natural gas (LNG), compressed hydrogen gas (GB) and liquid hydrogen (LH,). Gaseous
fuels are indicated by (s), liquid fuels by (r) and solid fuels by (h). Open symbols indicate
potential zero-carbon fuels. Taken from Bergthorsoat al. [16].

must be stored under low temperatures or high pressures to reach su cient density and
increase the storage capacity [21]. Given that liquids are much denser than gases, using
cryogenic temperatures allows to stockpile a lot of hydrogen within smaller tanks. How-
ever, the main challenge is crossing the boiling point of hydrogen which is lower than that
of other fuel gases. To give an idea, lique ed hydrogen is stored at -283against -162C

for lique ed natural gas [22]. The other solution is compressed hydrogen. Considering
its very low density at ambient conditions, hydrogen is usually stored under pressures
of 350 bars or 700 bars [23]. Such substantial values induce of course safety issues and
require appropriate technologies. Hydrogen storage and transport facilities are not the
only place where safety standards must be applied. Investigations of the 2011 accident at
Fukushima nuclear power plant has shown that hydrogen played an important role in the
disaster. Through domino e ect, a series of events has led to tremendous quantities of
hydrogen being produced into the reactor building. It ended in an explosion blowing up
large sections of the construction which released large amounts of ssion products [24].

Safety concerns are also justi ed by hydrogen di usion and combustion properties. It
has a high capacity for leaking because of the small size of thg Holecule. Leakages
are hard to detect given that hydrogen is odourless and invisible [25]. What's even
more concerning is the high ammability of hydrogen. Usual metrics to evaluate a fuel
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ignitability are the minimum ignition energy (MIE), auto-ignition temperature (AIT)

and ammability limits. The rst quanti es the minimal energy that, when supplied in

a single point of space, can ignite and propagate a ame through the mixture. Of course
it depends on the gas composition and the global minimum is taken as the MIE. The
second quantity, also called kindling point, measures the temperature of a fuel-oxidiser(-
diluents) mixture above which it spontaneously ignites without any external source of
energy. Lastly, ammability limits are to be understood in terms of mixture composition.
Combustion reactions need a fuel and an oxidiser to burn. When one of the two comes in
tremendously larger concentrations than the other, combustion cannot be initiated even
in the presence of a big source of energy because not enough molecules meet to react.
Lower and upper ammability limits are commonly expressed as molar fractions of fuel at
25°C and atmospheric pressure [26]. In Table 1.1, comparison with natural gas regarding
the formerly described three metrics shows that hydrogen is more likely to be ignited
under ambient conditions [25].

Hydrogen Natural gas

MIE [mJ] 0.02 0.30
AIT [ °C] 520 580
Flammability limits [v%] 4-75 4-15

Table 1.1: Flammability metrics : Hydrogen vs natural gas

Several sequences of events are conceivable following a fuel leakage. They are summar-
ised in the following ow chart (Figure 1.3). The main distinctions are made between open
and con ned space and whether an ignition occurs immediately or late. The most dam-
aging scenario is an explosion of the gaseous mixture in a con ned space where pressure
can build up. Depending on several conditions such as mixture composition, temperat-
ure, infrastructure geometry or ignition location, an explosion can take two forms. As
long as the combustion wave stays subsonic relative to fresh gases, it is categorised as a
de agration. De agrations can cause severe damages with overpressures usually of the
order of O(0:1 1) bar under atmospheric conditions with classical fuels. However the
e ects are mild compared with a detonation which can be seen as a reacting wave coupled
with a shock wave [27]. During this type of events, overpressures can re&fl 10)
bars, obviously detrimental to the infrastructures [28]. Owing to the high ammability
and burning properties of hydrogen mentioned above, hydrogen explosions are likely to be
more destructive. This correlates with the wide detonability range of Hsituated between
18 % and 59 % in volume [25]. Therefore, even a light leakage of hydrogen represents
a danger. Over the past few years, several incidents linked with hydrogen have caused
numerous casualties and generated considerable economic losses, e.g. [29 33]:

Brahegatan, Sweden (1983): hydrogen cylinder explosion in an open street in Stock-
holm, 16 injured;

Czech Republic (1990): hydrogen release and explosion due to a leak in a high
pressure hydrogen tank, 34 deaths, 10 injured;
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Padua, Italy (2003): hydrogen cylinders involved in a car crash with more than 250
cars on a highway, 13 deaths, +90 injured, hydrogen released and ignited due to the
high temperatures caused by the conventional re;

Santa Clara, United States (2019): explosion in a hydrogen production and storage
facility during a refuelling operation, no casualties, 1000 people impacted during
several weeks by the KHsupply cut;

Gangwon, South Korea (2019): explosion of a hydrogen reservoir in a research center
for water electrolysis, 6 deaths, 2 injured, building completely destroyed,;

Kjorbo, Norway (2019): explosion and re in a H servicing station, no casualties,
nearby highway and roads closed to tra ¢ for several hours, other servicing sta-
tions of the same company in Europe, United States and South Korea closed for

inspection;
Leakage
\ 2 L 4
Open space Confined space
v I v
Continuous Instantaneous

leak

l

Diffusion

=] Jet fire Steam cloud
— Steam cloud
Ignition i
kernel
Explosion A
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Figure 1.3: Possible hazardous events following a fuel leakage. Adapted from Yangl.
[34].

On top of the immediate human and monetary cost, explosion incidents have long-
lasting consequences such as environmental pollution and profound social impacts [35].
In the case of hydrogen, it could change the public opinion about it and deter future
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developments. The past experience of the Hindenburg accident has marked people's
minds and re-emerges today [36]. Explosions must therefore be studied exhaustively to
understand their dynamics and design prevention and mitigation devices before hydrogen
is deployed widely.

1.4 The need for numerical simulations

In order to avoid future tragedies and failures, to create standards and adopt safety meas-
ures, thorough understanding of combustion phenomena must be achieved. To this end,
early explosion studies heavily relied on experiments [28]. While an empirical approach
gives realistic information that can be later analysed, it is rapidly limited due to extens-
ive costs and dangerousness (owing to the extreme thermal conditions and mechanical
stresses in icted to the material). Sensibility analyses consisting in varying one or several
parameters to gauge their impacts on the ame are onerous and painstaking. Besides,
experimental diagnostics in large-scale systems are often limited to very little data such
as pressure probes and simple video recordings [37 39]. Because of implementation di -
culties and of the extremely short time scales involved in explosions, experiment sometimes
su ers from a lack of detailed diagnostics about the ow itself. A ne veri cation of ini-

tial conditions (mixture composition, homogeneity, quiescent ow or turbulence regime,
etc.) and boundary conditions (impact of surroundings in a free-atmosphere explosion,
thermal conditions for a con ned explosion, etc.) is also usually complicated, especially
at industrially relevant scales. These issues complicate the understanding of experimental
observations and may lead to a general lack of repeatability which calls for alternative
and complementary analysis tools.

The arrival of the numerical world has found loads of applications in sciences and
inexorably changed scienti c research. As far as combustion is concerned, Computational
Fluid Dynamics (CFD) has signi cantly increased the knowledge about (reacting) ows.
Safety CFD (SCFD) is a particular eld for explosion modelling that has developed in
recent years and appeals to more and more [40]. Apart from their ease of set-up, sim-
ulations allow access to quantities that are hard or quasi-impossible to measure experi-
mentally such as exhaustive spatial distributions and reaction rates. Over the past few
decades, the increasing computational power has gradually improved numerical precision.
Technical advances in the High-Performance Computing (HPC) eld has allowed the use
of parallelised codes on supercomputers and computer clusters.
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1.5 Towards the LES of explosions: the LEFEX pro-
ject

As explained in the previous section, numerical simulations are nowadays heavily used in
explosion studies. They provide a complementary analysis tool to experimental measure-
ments. Initially, the limitations imparted by computational costs restricted the simula-
tions to the (Unsteady-)Reynolds-Averaged Navier-Stokes ((U)RANS) approach. In this
approach, all turbulent scales are modelled and only the mean elds are solved for. This
method has proved its capability of reproducing experimental observations in a large range
of explosion con gurations [41 44]. However, owing to the averaging operation, most of
the physics is contained in the models used for turbulent scales. The accuracy of RANS is
thoroughly conditioned by the quality of these models, in particular some constants used
therein. In practice, such constants can be tuned to match experimental data, thereby
tting the simulation to a particular realisation of an explosion. This questions the pre-
dictability of the RANS approach for a priori evaluations of an explosion scenario without
experimental measures.

Following the increase in computational resources, the use of Large-Eddy Simulation
is now possible. This method consists in spatially Itering Navier-Stokes equations so
as to resolve the biggest scales of turbulence only. Although subgrid-scale (SGS) models
are required, LES equations capture much more of physical phenomena than RANS ap-
proaches. LES is all the more suited to explosions simulations as these are highly unsteady
and often involve a wide range of scales. Geometries can be of the order of a few or dozens
of meters while ame thickness is close to a few hundred microns and turbulent scales can
be a lot smaller. In recent years, the LES concept has made way in the SCFD research
community thanks to stronger prediction abilities. It has been successfully applied to
a wide range of explosion scenarios, for con gurations of various types and scales, dif-
ferent mixture compositions and diverse conditions of temperature and pressure [45 56].
Nevertheless, the LES approach still faces many challenges to improve its accuracy and
robustness while ensuring reasonable computational costs. ThEFEX (Large-Eddy
simulation For EXplosions) project, involving CERFACS and several industrial partners
(TotalEnergies, Air Liquide and GRTGaz), has been speci cally designed to address these
issues. Several PhDs subjects were part of the LEFEX project, among which: the devel-
opment of Adaptive Mesh Re nement (AMR) to substantially reduce the computational
cost of an explosion LES (theses of Soumyo Sengupta and Benjamin Vanbersel); the use of
Deep Learning to assist turbulent combustion models (thesis of Victor Xing); and the ap-
plication of LES methods to ultra large-scale (industrial) explosion con gurations (thesis
of Francis Adrian Meziat Ramirez). The present work has also been conducted within
this framework to provide a thorough understanding of the modelling issues associated to
lean H,-air explosions.
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1.6 Objectives of the thesis

This thesis focuses on the simulation of lean hydrogen-air explosions. Such mixtures
are representative of leakage events where small contents of hydrogen are mixed with
the surrounding air and ignited. These explosions represent a challenging test case for
standard modelling strategies. Indeed, lean hydrogen-air mixtures are subject to several
phenomena not commonly observed in other conditions. In particular, they are known
for their sub-unity Lewis number which traduces an unbalance between thermal and
molecular di usion processes. This property has multiple consequences on the ame
propagation. First, lean H-air ames are strongly accelerated by stretch (local quantity
measuring the ame surface area increase). On top of that, the sub-unity Lewis number
is also at the origin of the thermo-di usive instability which appears in the form of small-
scale cells wrinkling the ame front, thereby enhancing combustion. The presence of
these two physical phenomena calls to reconsider classical LES methods for learaiH
explosions. Indeed, one may wonder if current methods are able to correctly capture these
mechanisms, key to ame acceleration (hence conditioning the severity of the explosion).

The objective of this PhD thesis is to construct an LES framework capable of taking
into account the speci cities of very lean hydrogen combustion. Most of the manuscript
will concentrate on the laminar regime associated to the early stages of ame propagation
during an explosion. The detailed experiments carried out at ICARE (spherical bombs)
will serve as valuable reference data. Obviously, focusing only on the laminar phase
of an explosion is not su cient to tackle realistic scenarios where turbulence is a major
contributor to ame acceleration. A proper solution for the turbulent regime is beyond the
scope of this thesis. Instead, the strategy adopted in this work will consist in connecting
the approach developed for the laminar regime with the classical turbulent combustion
models. Even though this approach may seem naive, it constitutes a rst step towards
the complete analysis, understanding and modelling of very leandir explosions. The
pros and cons of this approach will be highlighted in a con guration representative of real
explosion scenarios: the ENACCEF2 vessel from ICARE laboratory [57] (Figure 1.4). It
has been designed to investigate the ame acceleration in lean hydrogen-air mixtures in
a con ned and obstructed environment. Despite its reduced size, it is reasonable to say
that the ENACCEF?2 test rig reproduces key elements of real geometries (notably the
level of con nement and obstruction) potentially encountered in H storage or transport
facilities. Finally, the main objectives of the present work are:

1. to evaluate the performance of standard methods when applied to the LES of lean
hydrogen-air explosions and identify potential de ciencies;

2. to develop the adequate correction models;

3. to apply these models and assess their added value in ENACCEF2, representative
of a real lean H-air explosion.
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Figure 1.4: Photograph of the ENACCEF2 experimental test rig at ICARE laboratory.
Taken from [57]

1.7 Thesis outline

To address these objectives, the progression of the manuscript is as follows:

Chapter 2 lays the basic notions for the understanding of lean hydrogen-air ames;

Chapter 3 explains the common physical mechanisms responsible for ame acceler-
ation in explosion events;

in Chapter 4, the Navier-Stokes equations for reactive ows are reminded as well as
the numerical framework for the Large-Eddy Simulation of explosions;

the technical developments of the manuscript start with Chapter 5. It evaluates
state-of-the-art methods in the context of lean Bair ames in a 2D tube set-up.
This con guration is representative of the early stages of a con ned explosion like
ENACCEF2. In particular, it is shown that the classical Thickened Flame model is
unable to correctly predict the explosion. This de ciency results from the coupling
of two shortcomings: (1) the stretch response of the ame is incorrectly accounted
for; (2) thermo-di usive instabilities are not resolved on common LES meshes;
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Chapter 6 tackles the rst issue by proposing a correction strategy to properly
capture stretch e ects;

Chapter 7 presents the second block of the correction with a subgrid model aimed for
all thermo-di usive instabilities not resolved in LES. It is developed on the canonical
2D spherical ame set-up and assessed on 3D spherical ames, both representative
of the initial instants following ignition;

the previous model is extended in Chapter 8 for con ned explosions and comes back
to the 2D tube con guration of Chapter 5;

Finally, the model is applied and discussed in Chapter 9 on the full 3D ENACCEF2
explosion test case (con ned and obstructed).
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The aim of this chapter is to introduce the necessary quantities and relations used
throughout the thesis. Section 2.1 de nes fundamental laminar ame characteristics.
The asymptotic theory on the ame response to stretch is presented in Section 2.2 and
the linear stability theory of ame fronts is presented in Section 2.3. Finally, Section 2.4

15
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shows a decomposition of the turbulent ame speed which is relevant for the present
study.

2.1 Laminar ame characteristics

Laminar ame characteristics are central in combustion theory and modelling. This sec-
tion introduces several ame speed and ame thickness de nitions used in the rest of the
thesis.

2.1.1 Flame speed de nitions

The notion of ame speed represents a keystone in the combustion eld. It plays an
important role in most turbulent combustion models and is a basic quantity often used to

evaluate the reactivity of a mixture [58]. For explosions, it quanti es the combustion wave

propagation and determines the potential for damage. Although essential, the notion of
ame speed is ambiguous because of the variety of de nitions.

2.1.1.1 Laminar ame speed

The most basic and fundamental speed is theminar ame speed SP. It is de ned as
the speed at which a perfectly planar ame propagates into fresh gases at rest [59]. The
ame is then regarded as an interface separating fresh and burnt gases.

To give an idea of where the ames of this thesis sit, Figure 2.1 shows the evolution of
SP with equivalence ratio  for hydrogen-air ames under atmospheric conditions. Planar
lean H,-air ames (< 1) propagate at speeds ranging from a couple cm/s for ultra-lean
ames to around 2 m/s near-stoichiometry, showing a sharp evolution compared to the
rich side. The maximum laminar ame speed is not reached near stoichiometry like for
classical carbonated fuels, but at a richer equivalence ratio (around 1.5 1:7). This
is due to the high di usivity of hydrogen [58] (see Section 2.2.3 for further details).

2.1.1.2 Kinematic de nitions

In spite of its simple de nition, the notion of laminar ame speed is not directly applicable
to real ames. These are indeed multidimensional, often unsteady and wrinkled. The
de nition of a ame speed needs further considerations. Intuitively, one can de ne a
speed using a kinematic approach as one would do with a solid in motion. But the
guestion then is which motion to track and also in which frame?

Let's consider a region in the vicinity of a ame. Like in the fully planar case, one can
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Figure 2.1: Laminar ame speed as a function of equivalence ratio for,fdir premixed
ames under atmospheric conditions. Computed with the detailed mechanism of San
Diego [60] (see Sections 4.2.2 and 5.2).

consider the ame front to be an interface between fresh and burnt gases. The motion of

this interface can thus be tracked over time to de ne a propagation speed. In the case

of premixed ames, the fresh gases are composed of a mixture of reactants (fuel, oxidiser
and other compounds like inert gases, other chemicals from the air, etc.) whereas the hot
gases are the products of the combustion (right-hand side terms of the global combustion

reaction, remaining excess species and other non-reactive compounds).

The rstissue arising from this approach is that this interface has a nite thickness (see
Section 2.1.2) because of continuity constraints in the physical quantities (like temperat-
ure, velocity, etc.). To be more precise, a ame interface can be de ned as a continuous
set of isolevel surfaces separating fresh and burnt gases. Straightforward choices for the
guantity to base the isolevel on are iso-temperature or iso-density contours. A normalised
progress variablec can therefore be de ned to measure the combustion process varying
from O in the reactants to 1 in the products. Typical temperature-based and fuel-based
de nitions for c are given by [61]:

Tu
2.1
¢ T (2.1)
YF YF'u
C o— 2.2
YF;b YF;u ( )

whereT is the temperature andYg the fuel mass fraction. Subscripu (resp. b) refers to
the unburnt (resp. burnt) side. The ame surface can still be de ned as the loci where

c takes a particular valuec = ¢ . Nonetheless, as stated by Law [58], uncertainties still
come up with this de nition. Depending on which quantity is chosen for that isocontour
and which value ofc is chosen, one will not measure the same speeds with the same
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precision.

The second problem comes from the wrinkling of the ame itself. Seldom are real
ames fully planar (see Figure 2.2). Even when there is no turbulence wrinkling the
ame, this latter often tends to be curved, making it di cult to de ne a global ame
speed. Flame speed must then be understood locally. The unit normal vector to the

ame front is de ned as:
rc

i 2.3

jir cj (2:3)
The ame propagation is measured along this normal direction (pointing towards fresh
gases) at each location along the ame front.

The last input required to de ne kinematic ame velocities is the reference frame.
Because a ame front evolves in a ow, two frames are usually discussed. On the one
hand, if an observer watches the ame propagation nearby in a xed frame (laboratory
frame), what they will measure is theabsolute ame spe