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Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry

As compared to other fuels (Table 1.1-1) (ex: hydrocarbons), the flammability range is 5-10 times larger, the minimum ignition energy is 5-10 times smaller and the maximum burning velocity is also about 5-10 times larger. In other words, hydrogen-involved accidents might lead to larger consequences. Because of all of this, many people think safety is the essential issue if hydrogen applications have to be deployed on the market.

Admittedly, H2 disperses faster in the open air which is an advantage in terms of safety but because of its very low minimum ignition energy, the ignition likelihood is much larger than for other common hydrocarbons and explosions promise to be more severe. Design

Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 11 engineers have to face this reality and the logical consequence is that the safety demonstration has to be very strong and clearly understandable.

To do so, e pe ie e sho s that the fi st step is to pe fo a isk a al sis . Se ue es of events leading to a hazardous situation (a leakage) are identified, then the risk is al ulated i te s of likelihood a d o se ue es e plosio s p essures, fire thermal fluxes) and, at the end, the scenarios are ranked on a risk matrix (likelihood versus o se ue es i hi h the a epta le a d u a epta le a eas ha e ee p edefi ed.

On this basis, unacceptable scenarios are further worked out either by redesigning part of the p o ess o addi g safet a ie s hi h eed to e e gi ee ed i te s of e ui ed reliability and efficiency (level of reduction of the consequences).

For particularly hazardous devices, engineers should be able to integrate safety considerations at the design stage since significant modifications (if not most of the design) may be incurred by the risk level.

Hydrogen energy applications fall into that category and it is the objective of this study is to produce an engineering toolbox to help desig e gi ee s to al ulate a d i ple e t safety.
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TYPICAL HYDROGEN ENERGY APPLICATIONS

Until the end of the last century, hydrogen was mostly used in the process industry, he ist , etallu g , ele t o i s, ae ospa e… Along the last 20 years, another field of appli atio s as ope o side i g the use of h d oge as a e e g e to like ele t i it Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 14

ORGANIZATION OF THIS WORK

Again, the objective of this work is to develop a toolbox enabling the engineers to implement safety at the design stage. To this purpose, the tool should incorporate:

-a scenario building interface highlighting the causal links between the successive or concomitant events leading to the dangerous situation;

-models to estimate the likelihood of the scenarios and their consequences;

-a metrics to decide what scenarios deserves system modifications or safety barriers;

-a method to integrate safety barriers and assess their performances.

This PhD work was organised according to these requirements.

The second chapter of this memory is dedicated to the choice of the risk assessment method and to the definition of the metrics. This is done on the basis of a state-of-the-art of various existing methods and in particular those which were applied to hydrogen energy applications. The difficulty to choose the probability of the dangerous events is reviewed highlighting the criticality of the existing databases and the necessity for new approaches.

The third, fourth and fifth chapters are devoted to the physics of leakages, formation of explosive atmospheres and subsequent explosion development respectively. Available e gi ee odels i pa ti ula were extracted from a literature review and their performances were compared to existing experimental data. A number of severe limitations were identified and additional original experimental work was performed to fill the gaps.

The last hapte is the p ese tatio of the p oposed e gi ee safet tool a d a e a ple is presented on typical sequences of accidents concerning the G ee e g Bo ™.

Because, the chapters address very different items, it was decided to insert the literature review in the first section of each chapter. The developments done during this PhD work are described in the second section of each chapter.
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RISK ASSESSMENT METHODS AND METRICS

LITERATURE REVIEW

Into the following paragraph, the various risk analysis methods used so far are reviewed and assessed in view of their applicability to hydrogen energy devices.

The pu pose of a isk a al sis is fi st to dis o e the a ide t s e a ios, se o d, to al ulate ea h s e a io i te s of likelihood a d se e it of the o se ue es , thi d, to a k the a o di g to thei a epta ilit a d fi all , fo the iti al s e a ios, to define some mitigation strategies.

Traditionally, experts recognize three major difficulties in performing risk analysis: the exhaustivity of the list of scenarios, the representativity of the databases used to quantify the likelihood a d the a epta ilit ite ia isks et i s .

METHODS

I Eu ope, a disti tio is ade et ee ajo a ide ts a d othe s . The defi itio of a ajo a ide t is SEVESO Di e ti e, Eu opea Pa lia e t, an occurrence such as a major emission, fire, or explosion resulting from uncontrolled developments in the course of the operatio of a y establish e t… a d leadi g to serious da ger to hu a health or the environment, immediate or delayed, inside or outside the establishment, and involving one or more dangerous substances . I pli itl , the easo fo this disti tio o es f o the a people o side the a epta ilit of ajo a ide ts as o pa ed to othe a ide ts .

In the former, the consequences affecting the neighbouring population have a great impact, and if not properly accounted for, may induce the disappearance of the local industry as what happened in Toulouse after the AZF accident, or may even have a strong impact on whole an industrial sector as observed after the Fukushima accident.

In France, the SEVESO directives were integrated into the national laws (French environmental code, article R.512-2 . To de ide if a gi e pla t falls i to the ajo a ide t egulatio , a lassifi atio of i dust ial i stallatio s is a aila le p o idi g

Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 16 thresholds as function of the nature of the products (intrinsic hazards) and of the nature of the industrial processes. When an installation falls under the scope of this regulation, a demonstration is required showing that the hazards impacting the neighbourhood were identified, properly ranked and can be kept under control. The acceptability criteria were defined by the authorities and take into account of the annual frequency of the dangerous events and the size of the population affected by a given level of aggression (ex : 100 persons at risk of being injured). Note that if a scenario is judged acceptable under the ajo a ide t egulatio , the o se ue es i side the pla t ight still e o side a le and would nevertheless need consideration. But the latter scenarios would fall into the s ope of the o upatio al safet the atego othe s a o di g to SEVESO di e ti es using different acceptability criteria (at least, in France) because addressing a different public.

For processes using hydrogen, the threshold above which the devices enters into the major accidents regulation is 100 kg (>1 000 kg as for the SEVESO thresholds). Some hydrogen energy applications such as the stationary applications would be concerned but many would not (typically the tank of TOYOTA Mirai or HYUNDAI ix35 contains only 5 kg 1 H2).

In either situations however, and because of the nature of hydrogen (highly flammable) so e ki d of isk assess e t is e ui ed. The et i s a epta ilit ite ia a diffe from major accidents and occupational safety and the remedies might be different too.

Very different methodologies [START_REF] Bouissou | Programme EAT-DRA34-Opération j-Intégration de la dimension p o a iliste da s l a al se des is ues, Pa tie : P i ipes et p ati ues[END_REF]2006, Debray;2006) are at hand to find out the scenarios. This diversity comes historically from various industrial sectors which developed their own risk management tools corresponding to their specific culture and needs. For example, the HAZOP method was devised in the chemical process industries while the fault tree technique was developed in aeronautics. Fundamentally, these methods act as means to guide the reflection towards a maximal exhaustivity and accuracy.

Numerous projects were devoted to the comparison of the risk assessment methods and to some kind of standardization of the use of the existing methodologies as summarized below.
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Quantitative Risk Assessment

Quantitative Risk Assessment (QRA 2 ) is a structured approach to assessing the risks presented on a plant. It is intended to o e oth the ajo a ide ts a d o upatio al safet . It is i use i G eat B itai a d i the Netherlands for instance. After a brainstorming phase (for example a workshop) to determine the scenarios, the consequences and probabilities of each scenario are assessed. The consequences (number of injured people; deaths (most often) or cost of damages) and the frequencies (number of occurrence per year) are based on simple calculations and general databases. The risk is a probabilistic relation called the Potential Loss of Life (PLL = number of fatalities per year). The results of the QRA are interpreted by separating the individual risk that is represented as iso-risk contours on a map from the societal risk that is represented in a graph as the frequency per year of killing more tha N people as function of N (also called F-N curve). QRA is a complicated and time consuming exercise. A drawback is that only the most likely (or common) scenario emerges as they have the highest impact on the PLL whereas the latter may not be the most relevant in neither occupational safety nor major risk control. . HyRAM (Hydrogen Risk Assessment Models) (Groth and Hecht, 2015) is a QRA toolkit developed by Sandia National Laboratories (SNL) to assess the risks generated by hydrogen refuelling stations and storage systems (Figure 2.1-1). As such, HyRAM incorporates both a probabilistic estimator and a consequence analysis method. HyRAM aims at calculating at the final stage, the fatality risk metrics through the Fatal Accident Rate or FAR (number of fatalities per 100 M exposed hours), the Average Individual Risk or AIR (number of fatalities per exposed individual) and the Potential Loss of Life or PLL (number of fatalities per year)

and the Accident Scenario metrics through the number of hydrogen release, of jet fire and of deflagrations per system-year.

Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 18 In terms of consequences, HyRAM focusses on thermal effects from jet fires and overpressures effects from deflagrations. About the estimations of the fatalities, probit functions are used.

Deterministic approach

QRA is mostly driven by the probabilistic approach. In purely deterministic approaches, as may be used in France and Germany for certain aspects of societal risks (land use planning for instance), the scenarios are prescribed (ex: leak flow configuration) and often correspond to estimated worst cases (ex: full bore rupture of the pipe leaking under the maximum pressure). Sometimes, the scenarios may result from a qualitative brainstorming exercise Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 19 (HAZOP, What-if ...) or may be imposed by the authorities. Only the consequences on various targets (people, environment or equipment) are estimated. The results of a deterministic approach are easily communicable to the public but could give an erroneous view of the risk by ignoring the likelihood of the calculated scenario. The extent of the consequences serves to rank the scenarios using a rough metrics: no effects, minor effects; localized effects; important consequences outside.

Benchmark Exercise on Major Hazards Analysis and Assessment of the Uncertainties in Risk Analysis

In the project Benchmark Exercise on Major Hazards Analysis (BEMHA: Contini et al, 1991), experts (from control authorities, research organizations, engineering companies or industry) compared, for the first time, their methodologies. Eleven teams of experts analyzed the safety of a standard ammonia storage facility located on a hypothetical site.

The project resulted in a comprehensive overview of currently available methodologies for chemical risk assessment in Europe and highlighted the very strong influence of the assumptions made all along the risk assessment process such as the minimum lethal dose, modelling source flow rates, hole sizes... The project underlined the need to harmonize the language, the content and the format of the risk analysis.

Ten years later, ASSURANCE project (Assessment of the Uncertainties in Risk Analysis of Chemical Establishment: [START_REF] Lauridsen | Assessment of uncertainties in risk analysis of chemical establishmentsthe ASSURANCE project[END_REF]Hourtolou, 2002) considered once again an ammonia storage facility in order to quantify the uncertainties associated with the risk analysis and in particular the incidence of the method of selection of the critical scenarios, of the methods to estimate the consequences and of the probabilities. It was found that the haza d ide tifi atio phase as e iti al. Depe di g o the filte used all p o a ilisti or all deterministic approaches) quite different ranking of the accidental scenarios were obtained (Table 2.1-1), particularly for scenarios leading to intermediate consequences. As fo the s e a ios' f e ue assess e t, the esti ates e e also uite scattered with orders of magnitude gaps! Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 20 Table 2.1-1. Comparison of probabilities calculated in ASSURANCE project (Hourtolou, 2002). (Grey colored cells contain the lower assessments. Black colored cells contain the upper assessments) # 3 5 7

Scenario

Rupture or disconnection between ammonia ship and unloading arm

Rupture of a ship tank Rupture of 20" pipe (distribution line of cryogenic tank)

Approach used

Fault trees 4.8 10 -4 2.8 10 -7 6.0 10 -6 Event trees 4.8 10 -6 6.4 10 -10 1.0 10 -6 Fault trees 8.0 10 -3 5.7 10 -5 5.0 10 -6 Event and Fault trees 5.0 10 -3 ---9.0 10 -7

Purely Generic 5.4 10 -5 2.3 10 -6 4.0 10 -7 Purely Generic 1.3 10 -5 4.9 10 -6 4.0 10 -7 Deterministic 4 ---2 Range of deviation 4.8 10 -6 -8.0 10 -3 6.4 10 -10 -5.7 10 -5 6.0 10 -6 -4.0 10 -7

Based on these conclusions, INERIS proposed to focus the risk analysis onto the ide tifi atio of safet a ie s as a li k et ee the p o a ilisti a d dete i isti approaches inasmuch the French authorities, for instance, would accept a SEVESO plant only if safety barriers were identified and could be maintained when time passes by. According to INERIS e pe ie e, the safet a ie app oa h also offe s a ette t a spa e a d leads to a better perception by the public.

Accidental Risk Assessment Methodology for Industries ARAMIS

This approach was pushed forwards in the E.U. project ARAMIS (Hourtolou and Salvi, 2002;Salvi and Debray, 2006;[START_REF] Salvi | ARAMIS: an integrated risk assessment methodology for SEVESO plants[END_REF]. The project aimed at developing a new assessment method for major risks building on the past experience.

ARAMIS project proposed to standardize the existing methodologies of risk assessment, meeting the requirements of the SEVESO II directive and constituting an alternative answer to the purely deterministic and purely probabilistic methodologies for which shortcomings were highlighted.

Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 21 ARAMIS method is built on the safety barriers 3 concept which relies on the careful identification of all conceivable major accident scenarios and on the inventory of all safety equipment or barriers impeding the development of an accident. The final acceptability lies in the demonstration that the proper dimensioning (reliability, performances) of safety barriers can keep the identified risks under control. Doing this, a significant evolution of the isk pe eptio /safet ultu e th oughout the Eu opea so iet is a knowledged:

• the u ealisti isio of ze o isk hidde ehi d the dete i isti app oa hes is ruled out;

• decision making is now possible since a quantified line is drawn between acceptable and unacceptable accidents;

• safety management is possible since not only the technical performances of the barriers are accounted for but also their reliability which includes human/organizational aspects and thus involves responsibilities.

This move is perceptible in several countries including France where the acceptance of a new industrial project is openly depending of the design and control of the safety barriers. The ARAMIS [START_REF] Delvosalle | ARAMIS project: A comprehensive methodology for the identification of reference accident scenarios in process industries[END_REF] integrates a rigorous and systematic way of identification of accident scenarios bridging two methods. MIMAH (Methodology for Identification of Major Accident Hazards) helps identifying of all accidental scenarios physically conceivable. MIRAS (Methodology for the Identification of Reference Accident Scenarios) helps selecting the reference scenarios to be modelled and to be integrated into the severity map.

MIMAH is based on the construction of bow-tie diagrams (composed of a fault tree and an e e t t ee, uilt a ou d a iti al e e tan example is given Figure 2.1-2); the bow-tie diagram method was chosen because being an efficient means of communication and of al ulatio si e the logi al li ks e essa AND a d suffi ie t OR o ditio s et ee the causes enables both probability calculations and identification of the potential safety 3 Safety barriers are defined in [START_REF] Ayrault | Evaluation des barrières techniques de sécurité -Ω 10[END_REF] as all the equipment/procedure necessary and sufficient in order to manage a safety function. The goal of a safety function is the reduction of the occurrence and potentially of the consequences of an un-wanted event.

Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 22 a ie s. I p a ti e, the hoi e of the iti al e e t a e diffi ult. It is fo all the poi t in the scenario were the succession of the elementary events switch from a causality organization (event n°3 happens IF events n°1 AND 2 have occurred) to a temporal succession (event n°3 happens WHEN events n°2 OCCURED).

To help end-users, the structures of bow-ties were defined and potential critical events and the associated consequences were listed for typical equipment. It appears that critical events are often a loss of containment or, more generally a loss of physical integrity (leakage, spontaneous decomposition...). What happens AFTER the critical event is organized as an event tree. What occurs AHEAD is organized as a fault tree. In MIMAH, the probability aspect of the scenarios is not taken into account but the bow-tie is used to select the (supposed) required safety barriers which viability is then tested analyzing the organization of the company.

Note, the AND and OR architecture enables the calculation of the frequency of the central event using for instance the algebra of Boole provide the frequencies of the event located at the e t e e left a e k o …

Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry Overview of the ARAMIS risk analysis process (Salvi and Debray, 2006) This is done in MIRAS, (the method of selection of Reference Accident Scenarios: RAS) where the probabilities/consequences of each accident are calculated taking into account of the Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 24 safety barriers. The MIRAS methodology takes also into account the safety management system and the frequency / consequences of the accident. A risk matrix (metrics) is proposed which incorporates both dimensions (Figure 2.1-3) : parameter Fi is a ranking of frequencies of the accidents (Table 2. [START_REF]A ti le of The O a ge Cou t Registe Update: Woman injured in Huntington Beach explosion worked as night security Sept. 30[END_REF][2] and Ci of their consequences (Table 2. [START_REF]A ti le of The O a ge Cou t Registe Update: Woman injured in Huntington Beach explosion worked as night security Sept. 30[END_REF][2][3]. The accidents are positioned into the risk matrix and would be ranked in three categories: negligible effects; medium effects and high effects. RAS are the accidents located in the medium and large consequence zones.

Figure 2.1-3. Risk matrix from the ARAMIS risk analysis process (Salvi and Debray, 2006) To implement MIRAS, the calculation of the frequency of the critical event is done first through the analysis of the fault tree (or using directly generic critical event frequencies extracted from the literature and thus integrating usual safety barriers). Second the frequencies of dangerous phenomena are calculated (accounting for the safety barriers).

Note the safety barriers may influence both the frequencies and consequences. Third, a qualitative assessment of the consequences of accidents is done thanks to the feedback from experience and/or expert advice leading to four classes of consequences (Ci). Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 26

Notice of Safety Experts for the hydrogen applications

In 2004, the International Energy Agency (IEA) via the Hydrogen Implementing Agreement HIA Paaske; , Hoagla d; i itiated the e tasks a d de oted to the implementation of safety in hydrogen-based applications targeting a commercial use. From

2004 and for a decade, IEA worked in close cooperation with Europe and joined some E.U.

projects to select an appropriate risk assessment method and to identify knowledge gaps.

HyQRA (third internal project of HySafe: Safety of Hydrogen as an Energy Carrier;2004-2009) and HyApproval (Handbook for Approval of Hydrogen Refueling Stations;2006-2008) were USA-EU shared actions. HyQRA was devoted to the development of a reference QRA methodology applicable to the hydrogen systems, however using simplified calculation methods to reach more acceptable answer timescales. Additional work was also performed

to edu e the u e tai ties s e a io sele tio , leak a d ig itio p o a ilities … .

At the end of this period of work, the main conclusions of IEA HIA Task 19 are:

• Because of the specificities of hydrogen, (specific ignition probability, low radiant heat… the use of off-shore or HydroCarbon Release databases is irrelevant for hydrogen systems;

• But the database HIAD (Hydrogen Incident and Accident Database), established by HySafe, may be a valuable tool to estimate some hydrogen-associated event frequencies.

• Oil and gas industries risk analysis reflects the importance of safety barriers. risk analysis should also reflect the importance of the safety barriers. Centering the risk analysis of Hydrogen systems on safety barriers should be considered as a est p a ti e. Usi g fault a d e e t t ees a highlight the a ie s' i po ta e.

• For hydrogen applications, safety barriers must target at: avoiding releases, detecting gas leak, removing ignition source and/or shutting down and isolating part of the process.

• The implementation of safety in hydrogen applications should include the public risk perception even for those applications that are not directly in contact with the public.

• The human factors and so the safety culture had to be integrated into risk assessment.

Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 27 About the capabilities of various risk assessment methodologies, exercises highlighted the possibility for QRAs to integrated the efficiency of safety barriers. But full QRA proved to be too o pli ated i e e da p a ti e a d so e hat u sta le e ause of the depe de of the final outcome from the inputs 4 and assumptions. A qualitative approach is more tractable and offers in addition the possibility to present the results in a consequence risk matrix where each scenario is represented as a point and can be easily compared to the others. Moreover, the influence of mitigation measures can be efficiently illustrated.

Task 31 pointed out again the need to adjust the traditional approaches and the leak, failure, ignition frequencies data and to tailor the risk assessment methods on the definition of safety measures (prevention and mitigation) for hydrogen applications. The importance of scoring the performances of the prevention and mitigations measures is stressed out.

More recently a JRC report on hydrogen safety [START_REF] Kotchourko | State of the art and research priorities in hydrogen safety[END_REF] identified the stateof-the-art and the knowledge gaps for hydrogen risk assessment, dispersion, combustion, etc. The report highlights that deterministic and engineering methods prevail today over probabilistic methods and consequently are currently used for hydrogen safety. They take over the conclusions of the projects presented before, i.e. the lack of hydrogen specific data and the fact that even though the QRA is a useful tool, its application on a system, in the case of a full probabilistic QRA, could be a very expensive practice. Deterministic or probabilistic studies of parts of the system are preferred. 4 For instance, within the context of the project HyQRA, a benchmark exercise (Hama et al., 2011) was done in order to estimate the differences and similarities in the quantitative risk assessment methodology. In this paper, a summary (Table 5) of the adopted values for ignition probabilities for the consequence modeling sho ed that the p o a ilities a o side a l , fo i sta e the o-ig itio p o a ilit a ies f o p = to p = 0.85, although using the same sources (i.e. the deliverable n°71 of HySafe (Rødsaetre et al., 2007) or the Purple Book (CPR 18E, 1999)).
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PROBABILITIES AND FREQUENCIES (DATABASES FOR OPERATION SAFETY)

As shown before (and acknowledged by many experts), the availability and representativity of databases are the second important limitation of risk assessment methods. Such data ases should o all help hoosi g the likelihood of the e e ts leadi g to the iti al e e ts . Ve ofte , this likelihood is e p essed as a number of occurrences/year alled f e ue . This defi itio o es f o the elia ility theories, the inverse of this frequency being comparable to a Mean Time Between Failures.

In the following sub-sections, some common databases giving the frequency of critical events (potentially leading to the accident) are presented.

Probabilities/frequencies of the Critical Events

2. 1.2.1.1 COVO study -Rijnmond report (1981) At the e d of the 's, afte a fi st offi ial o u i atio o the i dust ial haza ds as strongly criticized by the industry, the dutch authorities of toxic, cryogenic, flammable hazards. These plants, mainly storage facilities, were using acrylonitrile, ammonia, chlorine, LNG, propylene and di ethanol amine. The work covered a two year period.

A consensus was achieved for each parameter appearing in the study, such as the frequencies of loss of confinment. The data are the feedback from the plants (for example;

the study of AKZO company on chlorine storage). Unfortunately, the available information was judged insufficient to produce pertinent frequencies data. To overcome this difficulty, Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 29 some frequencies were defined using the experience from the nuclear installations (Philips and Warwick;1969, Smith and Warwick;1974 and Bush;1975). It was not verified wether this information coming from the nuclear installations was relevant for the chemical i stallatio s…

The COVO study concludes that the reliability of the consequences and frequencies assessment of potential accidents is limited even if the best available data and methods were used (Lenoble et al.;2010). For example, a scattering factor of more than 10 (between 10 and 100) was found during the assessment of the occurrence probabilities of the critical events.

CANVEY Report

The CANVEY study was performed by HSE (GB) in the same period of time. Two reports were produced.

The goal of the Canvey study was to assess the potential risks for the public due to severe accidents which could occur in an existing petrochemical complex located in Canvey Island in the Tha es' estua . The study was launched because the authorities envisioned to withdraw permission for the construction of an additional refinery.

The First Canvey Report (HSE, 1978) combined the identification of hazards, the assessment of the associated risks (QRA with data provided by the industrial plats taking part to the study) with measures to reduce the risks if such an accident happened.

The Second Canvey Report, in 1981, revisited some of the frequencies estimations and hazards models. The report also took into account criticisms of the first report and provided a revisited assessment and safety measures.

Considering the kind of installations, data and frequencies are mainly applicable to LNG.

Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 30 2. 1.2.1.3 Purple Book -CPR-18 E (CPR, 1999) At the e d of the 's, RIVM the Netherlands National Institute for Public Health and the Environment) was asked by the Ministry for Environment to produce a state-of-the-art of the best methods and data to conduct a QRA for hazardous installations.

This work was at the origin of the famous olo ed ooks i ludi g the CPR-18 E , better The F e h i stitute INERIS assessed the Pu ple Book's data a d ga e so e recommendations [START_REF] Ineris | P estatio pou l Ad i ist atio -Avis sur l'utilisation des données quantifiées du Purple Book[END_REF]. The origin of the data is stressed. As said above, the Purple ;[START_REF] Tamanini | The role of turbulence in dust explosions[END_REF]-2001, Lauridsen et al.;, Lauridsen et al.;[START_REF] Cojazzi | ESReDA seminar "Decision analysis: methodology and applications for safety of transportation and process industries[END_REF]Hourtolou, 2002) where TNO used those values to quantify the uncertainties associated with a QRA risk analysis of an ammonia storage facility. Quite different ranking of the scenarios was obtained. The values for each s e a ios' f e ue assessment were also conflicting and the TNO values inside the purple book were the most optimistic values. Clearly, some scenarios could be forgotten and it is implicitly assumed that all the installations covered by the manual BEVI satisfy the minimum safety level incurred by the laws, implying that the construction, maintenance, operation and inspection of equipment are in accordance with the current Dutch standards. In addition, nor any specific design and construction of the equipment neither the presence of optional additional safety measures (not required by the industrial norms) could be accounted for.

Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 33 2.1.2.1.5 SANDIA National Laboratories Database

The US Department of Energy DOE, via the Sandia National Laboratory developed data for the use in Hydrogen risk assessment. Using generic databases (about leak frequencies in this case), Sandia developed hydrogen specific leak frequencies as function of the area size of the leak using a Bayesian statistical analysis to extract hydrogen specific data from the generic databases : off-shore petroleum, chemical processes, compressed gas and nuclear industries. One aspect of this work was to find the origin of the data and track back whether these data came from actual component failure observation or from expert judgment.

Sandia pointed out that although information on the leak size was easy to find, only little information is available about the frequencies of leaks as function of the operating conditions like the pressure. The effort targeted 6 components: compressors, storage bottles, filters, flanges, hoses, couplings, pipes and valves. For each of them, several leak sizes are available:

• Very Small-Leak area is 0.01 % of total flow area Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 35 Sandia National Laboratory also highlighted that potentially important information is lacking for some important components like couplings (welded, screwed … o al es sole oid, manual or pneumatic valves).

A sensitivity study was made to establish the influence of the data sources. An example is presented in Figure 2.1-6 for the pipes leak frequencies. Orders of magnitudes variations are observed. A similar sensitivity study was made excluding data from nuclear industry considering that high pressure liquid water and steam could be considered to be quite different from hydrogen. Leaks on valves are considered in Figure 2.1-7. No significant changes are noticeable. The reason is that the nuclear valve leak frequencies happen to be on the same order of magnitude as for data from other industrial sectors.

Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 36 Sandia National laboratory concluded that the choice of the raw data source used to conduct the Bayesian analysis has a potentially strong impact on the calculated leak rates. Although compressed gas sources seem to be more applicable than other sources (from the hydrocarbon, chemical, nuclear industries), only a little amount of information is available so that data from other industries are absolutely e ui ed….

At best, only orders of magnitudes could be expected from such an approach and without any serious guarantee at least because the parent databases date back from the seventies or eighties and related to technologies and standards which may not be relevant anymore.

Ignition probability

B e pe ie e, the o u e e of the iti al e e t su h as the leakage of a fla a le fluid does not imply that the resulting flammable cloud will ignite. In the oil and gas industry, it is admitted that ignition will happen in one situation over ten (Flauw, 2015). Because the resulting frequency of an explosion could be strongly reduced, the ignition likelihood is inserted in the risk analysis. Without additional knowledge, people tend to assume that because of its very low ignition energy, a H2-air cloud ill spo ta eousl ig ite.

A work on this subject was performed during the HySafe E.U. Network of Excellence (NoE from 2005 to 2010). A task of the project was to produce a hydrogen dedicated accident/incident database (HIAD). An analysis of the ignition probability was performed on this database showing that 1 leakage over 3 resulted into an ignition. [START_REF] Astbury | Spontaneous ignition of hydrogen leaks: A review of postulated mechanisms[END_REF] performed a statistical analysis about the ignition likelihood of hydrogen releases as compared to non-hydrogen releases using the Major Hazard Incident Database Service (MHIDAS). All of the 81 hydrogen releases inventoried ignited ( 4being delayed ignition) whereas only about 20 over 1440 releases ignited in the case of nonhydrogen releases. The difference is interpreted as resulting from the low minimum ignition e e g J fo h d oge as o pa ed to at least ti es o e fo othe fuels a d the larger flammable range of hydrogen (4%vol. to 75%vol in air as compared to typically 1%-8%

for hydrocarbons).

The question of the spo ta eous ig itio as add essed the autho s. The fou d that he h d oge is eleased at high p essu e the spo ta eous ig itio ould esult i ealit from physical mechanisms like the Joule-Tho so e pa sio , o the diffusio ig itio , or a hot su fa e ig itio heated f ag e ts at the ea h , o a ele t ostati dis ha ge due to entrained particles (only very few of them are required as shown by Merilo et al., 2012).

On the basis of such information, it is admitted that once a leakage of hydrogen occurs, the resulting flammable atmosphere would ignite. 9 The electrolysis process creates gaseous hydrogen and oxygen from water and electricity 10 The fuel cell is an electrochemical generator which produces electricity, heat and water, from a fuel (hydrogen) and a oxidant (pure oxygen or ambient air).

Thesis

Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 39

The Greenergy Box TM can offer a power from 50 to 500 kW with a storage capacity from 0.2 to 2 MWh.

A demonstration platform of the concept is the platform MYRTE (Mission hYdrogen -Renewable for the inTegration on the Electrical grid) installed in Corsica (France) near Ajaccio Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 41 A o g the possi le pa kages Mads-MoSAR, QRA… , the ARAMIS ethodolog is appeali g due to its elati el de o st ati e ha a te a d its isk itigatio o ie tatio through the sele tio of safet a ie s . Ho e e , ARAMIS is desig ed fo ajo a ide ts with frequencies and severity criteria tailored at the scale of a territory. For this reason, only some categories of accidents would enter within the scope of the major risk which limits the applicability of the method. Adaptations are required.

Our new method incorporates only MIMAH and MIRAS, under a simplified form (Figure 2. [2][3][4][START_REF]A ti le of Ti es Colo ist, E te sio o d ight ha e spa ked Saa i h e plosio[END_REF]. Again, the first method is used to describe the accidental scenarios and the second one to calculate the risk (and select the critical scenarios which are further analysed).

Within the scope of the present work, the first three steps are:

1.

The selection of the potential hazards from the properties (flammable/explosive, o ida t … of the su sta es a d f o thei o ditio s of use u de p essu e fo example). Three substances are considered: hydrogen; oxygen and nitrogen.

Basically, explosions and fire due to hydrogen releases can be expected. Fires induced by oxygen leaks also. Vessel bursting is to be considered. Plastics may burn in case of short circuit.

2.

For all substances, the establishment of the list of the potentially hazardous equipments (equipments where the hazardous substances are used or pressurized equipments as fo i sta e, pipes, ese oi s, pu ps, fuel ell… The Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 43 electrical cabinet can also be considered as being potentially hazardous because of the amount of plastics present in the electrical cabinet.

3.

The selection of the critical events, also called central events (ER). According to the ARAMIS methodology, the central event is often defined as a loss of containment. In this case, the central event is either a leak (leading to the formation of an explosive atmosphere) due to a leak, or the bursting of pressurized equipment. For the fire hazard, the critical event is the onset of a fire due to an electrical failure. Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 44

The o e t ide tifi atio of the e t al e e ts is a ke poi t fo the est of the isk assess e t Lau e t, . Agai , the e t al e e t is sepa ati g the pa t of the e e t chain were causal links predominate from the rest of the chain where the events happen nearly automatically. From the literature review, it is considered that, once a leak occurs, a fla a le loud is p odu ed a d ig ites p odu i g auto ati all a e plosio a d a fi e.

Then, the frequency of the accident (explosion, fire) is that of the occurrence of the leakage which is then the e t al e e t . I the p ese t o te t, the central events are mainly leaks a d apa it u sti g. The des iptio of the e t al e e t eeds to e suffi ie tl accurate so that the causal chain between preceding events can be defined (and the frequencies assessed) and the consequences calculated. potentially 100 EC would appear without any significant differences since the frequencies would not be different and, at least when the pipe diameter is the same, the consequences would be similar.

Admittedly, there is a part of subjectivity in this choice with can hardly be removed. This selection was made through several brainstorming meetings between the safety and technical teams and the establishment of an HAZOP (HAZard and OPerability analysis). On this asis, e t al e e ts e e defi ed Table 2.2-3).
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for ER1 (the other cases are presented in the last chapter of this memory). It was considered by the team that the typical size of a leak (not a breach) of hydrogen on the process would be related to size of the feeding line (9.5 mm) and that the frequency of the central event would be driven by the number of union connection for which (as shown later) the probability of leakage per unit is on the same order of magnitude than that of a flat flange connection.

Once the central event is identified as described above, the bow-tie is built as the association of the fault tree highlighting the initiating events and of the event tree highlighting the hazardous phenomena.

On the fault tree (left part of the Figure 2.2-6), when the causes of a subsequent event are all necessary to produce the resulting event then the causes are linking to the resulting e e t a AND doo . If ea h o e of the auses is suffi ie t, then the causes are linking to the esulti g e e t a OR doo . O e the st u tu e of the fault t ee is esta lished, the probability of the central event can be calculated using Boole algebra if the frequencies of the initial events are known.

Again, once the central event has occurred, the subsequent event (Event treeright part of the Figure 2.2-6)such as the formation of the flammable atmosphere, explosions and fires a e auto ati , o u ith the sa e frequency but may be sequenced in time.
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When needed, additional safety barriers are placed on the branches which are mostly contributing to the frequency of the central event. Formally, safety barriers are represented as a vertical gate on the lines of the bow-tie diagram. In reality, safety barriers are equipements of additional events. Reprocessing the bow tie to include these would be very time consuming. To avoid this, it is sufficient to admit that the safety barrier works independently from the causes and supports theconsequences of the accident. So the full deployment of the accident could be possible only if the safety barrier is disfunctional. The safety barrier is to some extent attached to the root bow-tie a so t of AND doo . To avoid misunde sta di g ith the t aditio al AND doo the e tical gate formalism was adopted. accident (injuries to people outside the plant). The hydrogen applications targeted to in the present work would not be responsible for major accidents (H2 and O2 contents and intrinsic power are too small -the threshold is 100 kg for hydrogen (French environmental code, article R.512-2)) but since these devices (in containers) are expected to be introduced in plants or in the public domain, they may damage the environment in case of fire or explosion or even produce escalating accidents when the accident is sufficiently severe. As for the ARAMIS methodology, it is not said that the device will be devised in a way that such a ide t ill e e o u the th of ze o isk ut that its f e ue ill e kept so lo that it would be acceptable. The demonstration of the acceptability can then be made and as e tai ed he e e eed desig i g safet a ie s tailo ed o ea h pa ti ula ER.

Consequence classes

Gaseous explosions having occurred in containers in the past are described in Appendix 14.

The reader would easily consider that large outside pressure waves and dangerous fragments may result.

The worst category of accident (labelled C4) would happen when people outside would be killed, and escalating accidents produced. The device is then expected to be completely destroyed. The least (C1) when a fire/explosion... occurs inside without external harmful consequences and without disruption of the service provided by the device. Situation C3 could correspond to an accident during which people standing outside may be significantly injured but not killed. This implies that no projectiles are produced and that flames will not be able to reach people. The device is expected to be out of service. Situation C2 is an accident during which people standing outside may be slightly injured. This implies that no projectiles are produced and that flames will not be able to reach people. The device may be impaired but may be fixed rapidly.

For this scale to be operational; there is a need to associate the above qualitative criteria to physical damage thresholds (overpressure, heat flux, etc.). Data from the literature were used for this and the results are summarized in 

• - = 𝜎 -• - . The impinging flux is ∅ = 𝜎 -• ≈ • 𝜎 -•
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From this information, a final description of the consequences was obtained (Table 2.2-5). 

C1

• No (significant) damage inside the container. A pressure wave and a flame can come out but no projectile. • No (significant) damage and no injury outside • The process is still functional.

• < 50 mbar • < 2 kW/m 2 • < 20 mbar • < 1.5 kW/m 2

C2

• Minor damage inside the container. A pressure wave and a flame can come out but no projectile. • Outside, minor damages and injuries.

• The system may be impaired and needs at least to be checked.

• < 140 mbar

• < 5 kW/m 2 • < 50 mbar • < 3 kW/m 2 C3
• Significant damages inside in the container. A pressure wave and a flame can come out but no projectile. • Outside, significant damages and injuries.

• The system needs significant repairs and maybe definitely out of service.

• < 200 mbar

• < 8 kW/m 2 • < 140 mbar • < 5 kW/m 2

C4

• Catastrophic damages to the device. Potential rupture of the container that could lead to dominos effects.

• Catastrophic damages outside and potential loss of lives.

• The system is totally destroyed

• > 200 mbar • > 8 kW/m 2 • > 140 mbar • > 5 kW/m 2
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Frequency classes

The individual risk of dying, of being injured in the everyday life in the developed countries may be used as a reference:

•

The individual risk of dying in the daily life (illness, accident) ranges from 10 -4 /year to 10 -3 /year 12 ;

• The individual risk of a temporary cessation of daily activity (following an illness or an accident) ranges from 10 -2 /year to 10 -1 /year 13 ;

•

The individual risk of being injured without a temporary cessation of daily activity is at least 10 -0 /year (estimated between 10 -0 to 10/year).

However, people are more sensitive to the dangers they have not chosen to be exposed to (contrary to the data above dealing only hi h hose isks so that a significant reduction of these f e ue ies is e ui ed fo these i posed th eats to e o e a epta le. 5 /year] corresponds to the limit people would accept for themselves for this fatal issue. The same reasoning can be made about the risk of being injured seriously (with a temporary cessation of activity). Again, in the French regulation for hazardous plants, a plant will not be autho ized to u if the f e ue of e posi g at least people to a i e e si le o se ue es th eshold is la ge tha Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 51 consequences. It is then admitted that the frequency range [10 -3 /year-10 -2 /year] corresponds to the limit people would accept for themselves in this eventuality.

This is implicitly acknowledged in the

By comparison with the accepted frequencies in the daily life (bullet points list above), it can e o se ed that the atio of f e ue ies et ee hose a d i posed isks is et ee 10 and 100. This rather large ratio is certainly linked to the specificities of particularly severe accidents where not only a massive effect on the population is observed but also severe side effects on the local economy (consider for instance the explosion in AZF plant in 2001).

For accidents with less severe consequences, a smaller ratio may be chosen. Consequently, a factor of 10 is chosen for the considered hydrogen applications which insures a sufficient margin as compared the public perception of its individual risks.

The question of the domino effects needs to be addressed also. In the French regulation for hazardous plants, the thresholds for the triggering of the domino effects are those for the sig ifi a t lethal th eshold o espo di g also to 5% of the people exposed to this threshold would die. This implies that the relevant frequency threshold should be 5 times s alle tha the o e o espo di g to fi st lethal th eshold % of the people e posed die to keep the same level of consequence per individuum. So, within the scope of major risks, the frequency corresponding to the threshold for the onset of domino effects is 5.10 -7 /year.

Applying the factor of 10 on this; provides a limit for the frequency of the domino effects of 5.10 -6 /year in the context of the hydrogen applications.

Lastly, the frequency for the minor injuries, not requiring a cessation of activity, needs to be chosen. That of the everyday life can be used and divided by 10 giving 10 -1 /year-10 -0 /year.

A summary is proposed in Table 2.2-6.
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Being slightly injured (without cessation of activity) 10 -0 N.A. 10 -1 -10 -0

From this reasoning, the frequency classes for hydrogen applications were established (Table 2.2-7) From 10 -3 to 10 -4 F3

From 10 -2 to 10 -3 F2

From 10 -1 to 10 -2 F1

From 10 0 to 10 -1 F0 More than 10 0
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Matrix of criticality

A cross correlation of the consequence classes and frequency classes can now be done. The orange squares in Figure 2.2-7 correspond to the limit of acceptability for each consequence class. For instance, in C4, domino effects and fatalities are possible which correspond to class F5 at best. In C1, small incidents leading to limited fires and explosions are accepted provided, no one is injured outside which may be accepted with larger frequencies. All the accident scenarios falling in the red zone above and on the right of the orange square are unacceptable whereas those below and on the left are acceptable. For the former, either reconsidering the design or adding safety barriers will be required. For the latter, no special added work at least as far as risk mitigation is concerned. 

Probabilities

Consequences
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CALCULATING FREQUENCIES

The frequencies are estimated using the bow-tie diagrams and applying the Boolean algebra p o ided the p o a ilities of the i itial asi e e ts a e k o . A difficult should be raised on that point. The Boolean algebra applies if the basic events on the very left of the fault tree are statistically independent. This might be difficult to prove. Because of this but also because of the approximate nature of the statistics only orders of magnitudes should be used not only when calculating the frequencies.

Because of the uncertainties/inadequacy about the databases (see before), the choice was ade to de elop upst ea the fault t ees so that o l ge e i asi events remain for which frequencies, rather independent from the technology could be found. A typical example is shown about ER1 (Figure 2.2-8). Some generic frequencies are readily available from the literature such that:
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• Specialized institutes investigated the failure rate of the spring of a safety valve: 10 -3 / year (INERIS, 2016;HSE, 2012),

• Good data are available about the failure (fatigue) of the membrane of a pressure regulator: between 2.5 10 -2 / year and 10 -3 / year (Henriksen et al., 2015).

Then the leakage frequency on couplings (of the kind presented on Table 2.2-2) due to a defi ie t asse l a e esti ated usi g these ge e i f e ue ies a d the i st u tio manual of the supplier Swagelok15 . From this manual, the mounting requires 4 unit (unusual)

operations. About 100 of these couplings are installed on the system and on average each coupling16 will be connected/disconnect once over a time period of 10 years. Using this information, the leakage frequency on the couplings of the category of Table 2. Other examples are given in Appendix 1 in particular concerning the pressure cycling effect which is known to untighten the couplings. It is assumed that the additional torsion/shear due to the extra effort caused by the compression produces a rotation of the screw during the relaxation phase, equal to the shear angle. This is certainly very conservative. A more detailed mechanical analysis would certainly help but it is believed that the physics is well captured. It is found that about 60000 compression cycles may be enough to untighten a coupling. In the particular case of the Greenergy box, on average one compression cycle is performed each day so that about 165 years will be required to untighten a coupling. With about 100 coupling the leak frequency due to the compression cycling untightening would be on the order of 100/165 so O(10 -1 )/y.

Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 56 A athe si ila easo i g is ade a out the o po e ts (Table 2.2-2) which are the electrical valves (14 valves), the spring operated safety valves (5 safety valves) and the membrane pressure regulators (5 pressure regulators). The details are presented in Table 2.2-8. It is assumed that two simple couplings are used to connect each component to the piping (only two single mounting operations) and that the leakage frequency is calculated the same way than for the couplings (as fo flat flange see Appendix 1). The failure frequencies of the specific organs (membrane, spring) are given above. The main cause for leakages is untightening by pressure cycling.

Two important aspects need consideration :

• The leakage frequency obtained using this method (10 -2 /y) is on the same order of magnitude than derived from the databases.

• The p essu e li g e e t appea s i all the f e ue ies ea i g that the asi events are not totally independent. This point is frequently ignored in risk analysis. Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 57 For the whole system, the leakage frequency on components is:

= + + = * - + * - + * - = -/
Note that for this ER, corrosion, fatigue and domino effects do not appear. In fact, corrosion and fatigue will produce a rupture of the pipe or component, leading another type of ER (ER2 for instance). Domino effects are pressure waves, flame radiation of fragment impacts due to other ER. Similarly they would rather result in a collapse of the pipe/component not corresponding to the present ER.

Still about domino effects, the introduction of a domino event in the accidental sequence of an ER is (obviously) meaningful only if the consequences of the ER producing the domino event are smaller than that of the induced ER. Even when this condition is fulfilled the frequency of the domino event is that of the ER inducing it multiplied so e p o a ilit of da age . The latte is the onjunction of the probability that the considered component is exposed to the effect (less than 1 for the projectiles and for a flame jet) and of the probability that the damage threshold is reached (1 or 0). Such damage thresholds are given in Appendix 1: impact velocity larger than 12 m/s, received heat flux larger than 10 kW/m2 and overpressure larger than 400 mbar. Because quite detailed calculations are required to e apa le of i se ti g the i flue e of the do i o effe ts, the latter can be introduced only after a complete estimation of the direct causes of accidents has been performed.

Finally for this particular ER, the final estimation of the frequency is given in Figure 2.2-9 and is on the order of 10 -1 /y. Untightening of couplings seems an issue and certainly some measures could be easily taken.
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IGNITION PROBABILITY

The French accident database ARIA (Analysis, Research and Information on Accidents) can be also be used to investigate this point using the searching algorithm of the database. Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 59 70% of the accidents were due to organizational and human failures, 84% of the events were fires o e plosio s a d the e ai i g % e e ot ig ited h d oge leaks, ea tio runaways and early-detected corrosion phenomena. A closer look to the accidents was performed excluding those which were not directly linked to hydrogen leakges (Appendix 2).

Only 62 accidents remained 17 worldwide over the period 1964-2015. More than half of the leakages resulted in an ignition (Table 2.2-10). Going back to the probability of ignition, whatever the literature sources, a high pressure release of hydrogen would ignite in much more than one case over 10, which means that in terms of order of magnitude, the ignition probability could be set to 1.
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HYDROGEN RELEASES

The relevancy of a risk analysis should depend strongly on the characteristics of the release.

Obviously, the size and energy content of the flammable cloud depend primarily of the flowrate but the severity of the explosion would also depend on the turbulence of this cloud.

The latter rests upon the momentum of the release.

It is thus unavoidable to be capable of correctly estimating not only the flowrate of the release, but also its entrainment capacity and the flow/concentration fields in the vicinity of the release ea field . A o side a le pie e of o k as pe fo ed i the last fift ea s and will be summarized hereafter. Although a good level of knowledge is now available, some difficulties remains which were investigated further in this work (second sub section).

LITERATURE REVIEW

FLOWRATE

The question of the flowrate of a pressurized gas through an orifice has been investigated

for long and seems now well under control [START_REF] Birch | The structure and concentration decay of high pressure jets of natural gas[END_REF]. The typical situation is presented in It can be demonstrated that when the ratio of the tank pressure to the surrounding air pressure (atmospheric pressure) is larger than about

+ - ⁄
( is the ratio of the specific heat capacities), the flow velocity in section 2 is maximum (close to the sound speed) and a shock wave sits in section 2 depressurizing abruptly the flow from the reservoir pressure to an intermediate pressure. This phenomenology can be set in equations assuming an isentropic expansion from zone 1 to section 2 and that the equation of state of the pressurized gas obeys the ideal gas law. By definition, the mass flowrate reads: Where Cd is the discharge coefficient of the orifice accounting for the influence of the geometry of the orifice (Cd<1).

= ( + ) - ⁄ = ( + ) 2 So that = + - ⁄ 3 = √ 4
Where M is the molecular weight of the released gas and R the universal gas constant.

Finally, the mass flow rate can be determined as follows:

̇= A √ ( + ) + - 5 
Where A2 is the physical release area.

Up to about 10-20 MPa hydrogen behaves more or less as an ideal gas but possibly not so for larger pressures and this should be of some importance for the release characteristics. This point was raised by some authors (Schefer et al.;2007, Proust et a., 2011)). The Abel-Noble equation of state was proposed and tested and showed a good fit with experiments (Figure

3.1-2). = - 6 
Where b is the co-volume of the released gas, for hydrogen, as defined by San Marchi et al.

(

) = . ⁄ = . . - ⁄ . 2007 
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= + ⁄ 7 ( - ) = ( - ) [ + ( - - )] - ⁄ 8 = + - - 9 = - 10 = = √ - 11 
The ideal gas law approximation and this real gas law approaches are compared in Figure 3.1-3 for an hypothetical release through a 3 mm diameter orifice (Cd=0.9 as suggested by [START_REF] Daubech | Hydrogen-air vented explosions: new experimental data[END_REF], from an initial pressure of 0 MPa to 100 MPa at ambient temperature (288.15 K). Only little differences appear below 20 MPa (i.e. 200 bars).
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ENTRAINMENT CAPABILITY

This concept results from the free jet theory [START_REF] Chen | Vertical turbulent buoyant jets: A review of experimental data[END_REF].

In a subsonic jet, the entrainment of the outside atmosphere is due to the development of a shear layer around to core outflow.

Si e the shea la e s a e f ee , thei a gle θ is constant, typically 10 to 15°.
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Then, because the jet is free, the mass flowrate and momentum of the released gas are conserved in every section of the jet. Let be the average axial velocity in the jet cross section at , the axial velocity at the leak point, 0 the specific mass of the gas at the release point, x the average specific mass of the mixture in the jet cross section at x (in practice very close to a the specific mass of the outer atmosphere), Yx the average mass fraction of the released gas in the jet cross section 18 , Dj the physical jet cross section at the release point. Applying the conservation laws gives:

= • • √ 12 = • √ 13 Where = = tan ⁄
In a subsonic jet, Dj is ot fa f o the ph si al elease dia ete . Be ause of the e a o t a ta i luded i the dis ha ge oeffi ie t:

= √ • 14 
But the situatio is u h o e o ple he the elease is ot su so i ut u dee pa ded ea i g at a stag atio p essu e ell a o e

+ - ⁄
.

18 the conversion relationships of mass to mole fraction are:

= ( - ) + ≫ = ( - ) +
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To adapt the subsonic well known/proven subsonic free jet theory to the case of underexpanded gaseous eleases, the o ept of otio al ozzle as de eloped as e alled below.

As explained above, the pressure/temperature from the stagnation zone 1 in the reservoir changes along a current line to reach the sonic velocity at the throttle in section 2. A shock wave settles across with a sudden drop of pressure (P1 drops to P1 divided by

+ - ⁄
).

Further downstream (Figure 3. [START_REF]A ti le of The O a ge Cou t Registe Update: Woman injured in Huntington Beach explosion worked as night security Sept. 30[END_REF][2][3][4][START_REF]A ti le of Ti es Colo ist, E te sio o d ight ha e spa ked Saa i h e plosio[END_REF], in the open air, the expansion proceeds through a complicated complex of shocks and rarefaction waves (Dam et al, 1998). The main assu ptio of the otio al ozzle theo is that as long as the pressure in the expansion area is larger than atmospheric, the outer atmosphere is pushed away and cannot penetrate in the pressurized outflowing gas. The dilution can only occur once the pressure in the core flow is back to atmosphe i . F o this poi t o o e a u atel pla e do a ds the f ee jet theo a e applied. At this poi t, the dia ete of the jet is the otio al diameter dps (or pseudo diameter). • Level 1: Conditions inside the reservoir (considered infinite);

• Level 2: Conditions at the orifice ;

• Level 3: Conditions after the notional expansion down to ambient conditions (jet).

Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 66 Figure 3.1-6. Schematic of an under-expanded gas release, extracted from [START_REF] Birch | The structure and concentration decay of high pressure jets of natural gas[END_REF] Birch et al. assumed that the mass flowrate is conserved between level 2 and 3 (no entrainment of outside atmosphere), that the temperature at level 3 is equal to that in the reservoir and that the flow level 3 is sonic. Firstly, the conservation of mass is applied between level 2 and 3 so that:

= 15
Where CD is the discharge coefficient; d the orifice diameter and dps the pseudo-dia ete ; 2 a d 3 the density at the level 2 and 3; u2 and u3 the sonic velocity at the conditions of the level 2 and level 3. The conditions at the level 3 are ambient conditions. Following :

( ) = 16 
Parameters at level 2 can be extracted from the reservoir conditions as shown above. By definition, at level 3:

= = √ 17 
Finally:

( ) = ( ) ( ) ( + ) + / - 18 
Birch et al. lastly assumed that the T3 was not very different from T1 (suggesting that globally the expansion is isenthalpic from 1 to 3):
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= √ ( + ) + ( -) ⁄ ( ) 19 
Later the same author removed the assumption of the sonic flow at level 3. To do this they assumed the conservation of the momentum between level 2 and 3 but ignoring the outward force transfer (to the atmosphere). A consequence is that the flow at level 3 is supersonic. After this pioneering work, other authors (Table 3.1-1) made further adaptations (Appendix 3). It can be shown that the radial velocity and concentration profiles follow a Gaussian like curve:

, = exp (- ) 22 
Where , the radial velocity at a radius the axial velocity at a distance (as defined previously), a constant coefficient.

And:

, = exp (- ) 23 
Where the radial distance from the central axis, the distance on the central axis, is a coefficient, the mass fraction as defined previously.

Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 69

Hinze [START_REF] Hinze | Turbulence[END_REF] et al., 2015).

Again; there is a large variety of coefficients. The influence of this scattering is illustrated in found that the correlations found by [START_REF] Chen | Vertical turbulent buoyant jets: A review of experimental data[END_REF] and by [START_REF] Hinze | Turbulence[END_REF] and the associated coefficients Ku and Kur; for respectively the axial and the radial velocities; are in good agreement with the experiments. But for the concentration profiles, Daubech et al. found that the coefficient Kc proposed by [START_REF] Schefer | Investigation of small-scale unintended releases of hydrogen: momentum-dominated regime[END_REF] provides the best agreement with experiments.

TURBULENCE

The turbulence covers lot of aspects but can be defined as the state of a fluid in which the flow is irregular and its velocity varies randomly due to the presence of transient eddies entrained by the mean flow. The eddies are generated in the velocity gradients of the flow due to the sliding of the flow lines in the sheared zones of the flow (Figure 3.1-8). A large variety of sizes appears.
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In the traditional vision of flow turbulence, the largest eddies extract the kinetic energy from the mean flow and transfer it to smaller sized eddies down to the smallest eddies which t a sfo this e e g i to heat is ous dissipatio . This is the tu ule t as ade according to which all the scales of the eddies are interlinked.

Consequently, a steady turbulent flowfield can be characterized by two macroscopic parameters: the integral length scale of turbulence LT, on the order of the largest eddies size, and the tu ule t i te sit u', on the order of the swirling velocity of those same eddies. LT a d u' a e de i ed f o the elo it easu e e ts i the flo . Fo i sta e, u' is the root mean square (r.m.s.) of the measured instantaneous velocity. LT is the autocorrelation time of the instantaneous velocity multiplied by the local mean velocity. It can be shown [START_REF] Hinze | Turbulence[END_REF]) that all the other characteristics of the turbulence (dissipative/diffusive effects, others eddy scales,..) can be deduced from LT a d u'. Only few authors worked on the turbulence characteristics of jet i.e. the i teg al length scale of turbulence LT and the turbulent velocity or intensity u'. [START_REF] Hinze | Turbulence[END_REF] suggested that the o alized tu ule e i te sit u'/U is about 30% along the axis of the jet and increases with the normalized radial distance r/x. LT, is proportional to the axial distance = .

. [START_REF] Daubech | Un-ignited and ignited high pressure hydrogen releases: Concentration -turbulence mapping and overpressure effects[END_REF] compared their experiments with the suggestions of Hinze and claim a reasonable (see Figure 3.1-9 below). Globally these turbulence aspects are not so well documented.
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IMPROVEMENT OF THE KNOWLEDGE AND MODELS

EXPERIMENTS

As shown above, some key points need further analysis and in particular the choice of a mass flowrate model and the various constants (Ku, Kc … appea i g i the des iptio of the jet. A specific experimental campaign was performed during this PhD work, targeting the process conditions encountered in the hydrogen energy applications under consideration.

The experimental installation (Figure 3. The H2 concentration is deduced from O2 measurements using paramagnetic oxygen analysers (Figure 3.2-3). The great advantage of this technique is that it is nearly insensitive to pollutants and can be made unsensitive to the local velocity and temperature.

(SERVOMEX -type PM1158 -error ± 0.02%O2 v/v 19 ).
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RESULTS

Mass flowrate

The mass of hydrogen leaving the reservoir can be accurately known via the measurement of the internal pressure and temperature , knowing volume of the vessel and using the Abel Nobel equation of state.

= + ⁄ 24 Q = + - Δ 25 
The accuracy of the hydrogen mass flowrate Qm does not only depend on that of the sensors enabling the measurement of mi (it can be calculated that the accuracy would be better than 1% of the calculated mi) bt also on the oscillations of the pressures (acoustics, vibrations). A raw measurement is shown on is used (not far from that suggested by [START_REF] Daubech | Hydrogen-air vented explosions: new experimental data[END_REF].
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Free jet

The Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 79 results in a significant scattering. In particular, it is believed that the data obtained close from the release point are less accurate because the jet width is small (less than half a meter diameter at less than 2 m from the orifice) so that small movements of the mast result in large variations of the measurements. Average trends must then be analyzed. Taking this into account, the data show a good agreement with the Gaussian model in ⁄ ² . The best fit theoretical curves are obtained with Kur= 70 and Kcr=34.6.

Following, the present results confirm that underexpanded jets of pressurized gaseous hydrogen obey the free jet theories. The best fit decay coefficients are : Ku=5, Kc=3.1, Kur= 70 and Kcr=34.6. Those coefficients are comparable to those from previous studies but the scattering remains large. One pote tial easo is the alidit of the otio al dia ete approach (Kone, 2018). The next chapter deals with the build up of an explosive atmosphere following such a high pressure release in case the dispersion does not happen in the open atmosphere but inside a container.
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BUILD UP OF A FLAMMABLE ATMOSPHERE IN A CONTAINER

LITERATURE REVIEW

The situation of the free jet was dealt with in the preceding chapter. Note that in the specific case of the targeted hydrogen applications, the sizes of the pipes are rather small (some mms) so that a large free jet plume is not expected. For instance, a 12 mm full bore rupture under 40 bar of hydrogen will result in a 10 l flammable cloud... However, the situation might be very different in a confined space as described below (Gupta et al.;2009, Cariteau and Tkatschenko;2013, Bernard-Michel and Houssin-Agbomson;[START_REF] Winiger | Explosion : caractérisation et vitesse de propagation de flamme dans un la ge tu ule t[END_REF].

MIXING REGIMES

Hydrogen is much lighter than air and buoyancy forces must be considered. In the following developments, the gases are supposed ideal, isothermal phenomena are considered, the enclosure is free for obstructions. The release is assumed to be upwards, vertical, centered on the bottom floor, coming from a circular orifice.

The specific mass of the released gas is 0, the volumetric flow rate Q0 and the orifice diameter is R0. Following, the cross section is = and the release velocity at the orifice is = / . The Richardson number is one of the key parameter which compares the influence of the momentum of the release to the buoyancy forces :

𝑖 = - . 26 
Where g is the gravity acceleration (g = 9.81 m/s²) and a the ambient air specific mass.

When Ri >> 1, the momentum effect is negligible so that the flow is totally dominated by the buoyancy forces thus produces a buoyant plume and a highly stratified atmosphere throughout the enclosure. When Ri<<1, the momentum is dominant. A jet is formed and at This definition of the Richardson number, based on the size of the leakage, is not well adapted to describe the dynamics of the layer. The dimension of the enclosure would suit better. [START_REF] Cleaver | The build-up of concentration within a single enclosed volume following a release of natural gas[END_REF], who studied the dispersion of natural gas into a closed enclosure, proposed a volumetric Richardson number using the cube root of the volume V of the enclosure as a characteristic length:

𝑖 = - ⁄ ² 27 
When Riv >> 1, a gas stratification is expected and the model proposed by Worster and Huppert, described below, can be used. When Riv << 1, an homogeneous layer is formed which may completely fill the enclosure and Cleaver et al. proposed another approach also described below.

STRATIFIED MIXTURES (RIV>>1) WHEN VENTING EFFECTS ARE NEGLECTED

This corresponds to situations where the enclosure is closed.

The model proposed by [START_REF] Worster | Time-dependent density profiles in a filling box[END_REF] is based on the pioneering work of [START_REF] Baines | Turbulent buoyant convection from a source in a confined region[END_REF] The basic equations used by [START_REF] Worster | Time-dependent density profiles in a filling box[END_REF] are the equation of the conservation of volume, momentum and buoyancy. 

= ′ . = - . 29 
A is the ho izo tal se tio of the e losu e, H the e losu e's height,  is the entrainment rate in the plume and is supposed constant (there for a turbulent entrainment  = 0.08).

The volumetric fraction X of the released gas in the layer is calculated as:

= - - 30 
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The following relation is derived from the normalized density : 

UNIFORM LAYERS (RIV<<1) WHEN VENTING EFFECTS ARE NEGLECTED

This corresponds also to situations where the enclosure is closed Again, [START_REF] Cleaver | The build-up of concentration within a single enclosed volume following a release of natural gas[END_REF] studied the dispersion of natural gas into a closed enclosure from a buoyant release and proposed a model to model the situations where a uniform layer is formed (or uniform filling of the enclosure occurs).
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If d is the thickness of the uniform layer, the following correlation can be used :

= √ 𝑖 31

Where Ci is an experimental constant depending on the release direction equal to 25 for a vertical upwards release, 63 for a vertical downwards release and 40 for an horizontal release.

This correlation is also applicable to situations where all the volume of the enclosure is homogeneous. This regime is reached when d=H. The corresponding critical Richardson number is then :

𝑖 = ( . ) 32 
Clearly if Riv is smaller than Rivc then a uniform dispersion occurs into the enclosure.

Once d is calculated, the volume of the layer Vc=d.A is straightfully obtained, the volumetric fraction of gas X in the layer is easily deduced at every instant via a simple mass balance:

=

So that:
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INFLUENCE OF A VENTING SYSTEM

A further complication is added to the problem when a vent of area A is placed on a lateral wall near the top of the enclosure at distance h from the bottom (Figure 4.1-3a).

Two models here proposed are the original one, from [START_REF] Linden | Emptying filling boxes: the fluid mechanics of natural ventilation[END_REF] and a refined version devised by [START_REF] Molkov | Passive ventilation of a sustained gaseous release in an enclosure with one vent[END_REF].

Because of the difference of specific mass between inside and outside, a larger pressure is produced inside so that the mixture 20 flows out by the vent (outflowrate Qvent). However, According to Linden et al., the volumetric outflow rate is defined as:

since
= ′ √ - ℎ = ′ √ ′ ℎ 33 
Where the discharge coefficient C'D is set to 0.25 (different from the standard value of 0.6 to account for the dual flow through the vent). The evolution of the gas concentration in the enclosure is deduce from the conservation law :

= - = - ′ ′ ℎ ⁄ . ⁄ 34 20 - = -• • ℎ = 𝜌 -𝜌 𝜌 -𝜌 • • - • ℎ = • • - • ℎ
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When the steady state is reached ( ⁄ = ), the concentration into the enclosure is: 

= [ ′ ′ ℎ ⁄ ] ⁄ 35 
ℎ = ℎ + ℎ + 37
Where h1 is the height of vent bottom edge as compared to the bottom of the enclosure, h2

the height of vent top edge and B a variable depending of the densities:

= ( - ⁄ ) ⁄ ( ⁄ ) ⁄
The flow rate of hydrogen in the mixture flowing though the vent is equal to the flow rate of hydrogen release; becomes:

= = ℎ -ℎ ⁄ ℎ √ - 38 
After some calculations, the volume concentration in the steady state is:

= . [ ′ ℎ ⁄ ] ⁄ 39 where = ( ) ⁄ . {[ -( - )] ⁄ + - ⁄ }
Function f(X) make the difference between the passive and natural ventilation as shown on Figure 4.1-5. The difference can amount a factor 2. ). Empirically, the authors stated that when UC>4, the mixture is uniform in the enclosure.

More than one vent may be installed on the enclosure which adds to the complexity. Some models for two vents are presented in Appendix 4.

PERFORMANCES OF THESE MODELING APPROACHES

Detailed experiments where performed during the past decade to understand better the above described physics and to help devising more accurate models and test mitigation techniques (venting of the flammable atmosphere). In this section, the GAMELAN and GARAGE test series are briefly described (more details in Appendix 5) and the data compared to the models.

GAMELAN experiments (Figure 4. [START_REF]A ti le of The O a ge Cou t Registe Update: Woman injured in Huntington Beach explosion worked as night security Sept. 30[END_REF][2][3][4][START_REF]A ti le of Ti es Colo ist, E te sio o d ight ha e spa ked Saa i h e plosio[END_REF][6] were performed in 2010 in the framework of DIMITRHY French national research Project [START_REF] Cariteau | Experimental Study of the Effects of Vent Geometry on the Dispersion of a Buoyant Gas in a Small Enclosure[END_REF]. The enclosure is an empty parallelepiped with a square base of 0.93m by 0.93m and 1.26m high. One vent is located on a side wall, near the top (the upper edge of the vent is located 20 mm below the top of the box). Three vent geometries were used : e t a is a la ge rectangle (90cm large, 18 cm high , e t is a s ua e side a d e t is a s all e ta gle ith the sa e oss se tio tha e t 90cm large, 3.5 cm high). The released gas is helium Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 93

Apart from the discrepancies mentioned above, the proposed models remain of limited applicability. Only centered vertical releases close to the floor are considered, issued from a round orifice. This is not representative of practical situations and there is no guarantee, the modelled situations would be conservative.

Leaks of seals, untightened fitting are very much likely or impeded releases (by obstructions) changing drastically the momentum and orientation of the release. Furthermore, the leak a o u …e e he e.

Because of this, stratified mixtures rather than homogeneous layer may occur more frequently than in the modeled academic situations. And the only proposed model is that of Worster and Huppert, which is available only for closed enclosures.

Furthermore, the flowfield and particularly the turbulence characteristics are ignored in the models although they are very important when flame propagation, explosion and mitigation techniques are considered.
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IMPROVEMENT OF THE KNOWLEDGE AND MODELS

Not only models seem limited or deficient but also knowledge and data are lacking. So a significant effort was devoted to the experimental side in this present work as detailed below.

In the experiments, the injected gas is hydrogen only.

EXPERIMENTAL SETUP

Hardware

The experimental chamber is a vented 4 m 3 box (representing a small container, Figure 4.2-1) able to withstand a H2-air severe explosion (up to 5 bar overpressure). Some faces are transparent. The control and the command are remote. The measurement and command lines are connected in the CCB, but the retrieval of the data and actions on the valves are done from the control room 50 m from the enclosure. The equipment available in the control room is :

-A manual console that allows the opening and closing of the electro-pneumatic valves and the ignition -A laptop to record the data -The transmission of a surveillance camera located at 20 m from the enclosure Both to understand better the dispersion phenomenology but also the explosion development, it is very useful to be able to visualize the injected gas. To do this, the laboratory developed a method to seed to injected gas with nanoparticles of ammonium chloride NH4Cl. Ammonium chloride is a white salt melting at about 340°C. Ammonium chloride particles appear spontaneously during the mixing of hydrochloric acid and ammonia vapors : HCl + NH3 → NH4Cl. In practice, the flow of gas coming from the 50l tank is separated in two streams. In each line, a piece of rockwool wetted by one of the reagents is installed in such a way that the flow is forced through the piece of wool. Downstream the flows coming from each line are merged and the particles are formed. It was demonstrated earlier; that this te h i ue does 't alter the release/dispersion/explosion behavior [START_REF] Daubech | Hydrogen-air vented explosions: new experimental data[END_REF].
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The evolution of the cloud is filmed through the front transparent wall using a high-speedcamera. Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 99

The experimental procedure is detailed in the Table 4.2-1. Table 4.2-1 Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 100

Measurement of the mass flowrate

To control the injected flowrate, the temperature (T) and pressure (P) in the 50l tank are measured. To do this, the reading of a K thermocouple (-250°C -1200°C; the head is located inside the tank) and a piezoresistive pressure sensor are used (KISTLER 4043A200; 0-200 bar). At each time, the mass contained in the tank can be deduced from P and T using the Abel-Noble equation of state:

= + ⁄ 24 Q = + - Δ 25 
The mass flowrate is obtained by derivation. The accuracy of the measurement depends on that on P and T. Apart from the intrinsic imprecision of the transducers (±0.5 °C and ±100 mbar), bias need to be considered. There is little doubt the pressure is homogeneous in the the atmosphere of the tank to restore its initial value (i.e the temperature of the walls of the tank) is larger than 20 s, certainly more than 30 s if it is aditted that the inner flow is nearly zero at the minioum of the T curve. It is thus considered that assuming the discharge is adiabatic is a reasonable assumption.
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Controlling the repartition of hydrogen in the chamber

To characterize the cloud produced in the chamber, 6 gas concentration probes were used and displayed along a vertical axis at various heights slightly off the central axis (off the jet) :

H2-1=1.84m; H2-2=1.5m; H2-3=1.16m, H2-4=0.82m; H2-5=0.47m and H2-6=0.13m. The probes are paramagnetic oxygen cells similar to those used to intsrument the H2 free jets (preceding chapter).The concentration of hydrogen is deduced from the depletion of oxygen. Provided the flow is not varying in time during its passage around the probe, the instantaneous velocity is obtained as:

u = K. √ . - ρ 41 
Whe e K is a o sta t lose to o tai i g the i fo atio a out the d ag .

To measure the flow velocities and turbulence, 5 Pitot sensors were placed in several locations inside the enclosure but outside the jet (Figure 4.2-13). Two of them were located 15 cm from the top and 15 cm from the lateral walls (on the vent side of the chamber). Two others were at mid height, one at 10 cm from the wall opposite the vent location and the other at 5 cm from the jet axis. The 5th one was located 40 cm below the latter.

Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 107 The distance between the probes needs to be smaller that LT so that some preliminary tests are required to choose the best arrangement. In the present situation, LT should be a few cms so that the Pitot sensors described before would have been too large and would have interacted. The Pitot head was replaced by bended tubes pointing in a direction of the flow . The positive port of the transducers was connected to the tubes whereas the negatives ports were interconnected and in contact with a quiet zone of the flow. The sensors would then measure roughly the dynamic pressure of the flow23 . The velocity is deduced as for the standard probe. Note that an accurate measurement of the velocity is not required since only cross correlation coefficient are calculated. The data need only to be proportional to the velocity. Even an offset will be tolerable. The integral scale of turbulence LT (integral length scales) is normally defined as the integral of the cross correlation coefficient as function the distance. In practise, this definition is applicable when enough experimental points are available and if the cross correlation coefficient go to zero as some reasonable distance. Experience shows (figure above) that this a ot e t ue. Pote tial easo s a e o o ele t i al ode i the oise of the signal or acoustics of the chamber or of the sensor. This aspect was not elucidated so far. But to extract the required information from the experimatal data, only the largerst values of the cross correlation coefficients can be used, (typically above 0.4). It is known [START_REF] Hinze | Turbulence[END_REF] that the autocorrelation curve is roughly an exponential : exp(-x/LT). The value of LT can thus be obtained drawing the tangent to this curve. This is done approximately by drawing a straight line through the two upper points. It is believed that the accuracy of this technique is about ±1 cm.
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RESULTS AND INTERPRETATION

To fa ilitate the a al sis, the test esults a e o ga ized a d a al zed o figu atio s .

Four configurations were considered (Table 4.2-3 . The fi st t o a e a ade i situatio s corresponding to the domain of validity of the existing models. The two last are more practical. In this configuration, the vent is closed by a plastic film. It is not completely tight since the pressure inside the enclosure should remain atmospheric like in a normal building. In a normal building, even when all the openings are closed, the pressure does not raise significantly when a gaseous release occurs inside. The excess volume produced by the elease leaks th ough the i t i si po osit of the alls hi h a e t pi all s all ape tu es around the doors, windows. E e fo a tight uildi g this i t i si po osit a e o the order of 0.1% 24 of the total area of the outer walls.

I the p ese t situatio , the esti ated i t i si leakage a ea is a out . The question of the discharge coefficient from the circular orifices is first addressed. The mass flowrate depends to first order on this parameter which is always difficult to choose.

The theoretical mass flowrate was calculated using expressions n°24 and 25 for each test and all along the blowdown process. As what is usually done, the discharge coefficient was supposed constant and was varied to fit at best with the measured mass flowrate. Several

Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 115 curves where obtained using CD=1, CD=0.85 and CD=0.62. . For all the test a constant value of 0.85 provides the best fit also clearly, the flow seems more complex than a stable flow through an orifice. Note the final concentration is proportional to the pressure in the 50-liter tank and hardly depend on the flow rate (Table 4.2-4).

The flow field was analyzed using the Pitot sensors arrangements described before. The present measurements clearly show that the average velocity is small as compared to the fluctuations : 1 m/s or less for the former and several m/s for the latter. The turbulence intensity is significant, ranging from 1 m/s to around 7 m/s (Figure 4.2-23) depending on the release pressure and orifice diameter (Table 4.2-15). The integral scale of turbulence is shown on Table 4.2-6, is rather large (5 to 10 cm) and quiet stable during the blowdown . This u usual situatio o ea elo it , la ge tu ule e suggests that all the kinetic energy of the jet is transformed into numerous and large-scale eddies (only large eddies can store large amounts of kinetic energy). This is coherent with the visual observation. Note also that the turbulence level is rather homogeneous, like the mixing regime. The large turbulence intensity and large turbulence scale means high turbulent diffusivity and explains the rapid mixing.
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⁄ which is equal to 7.9 cm for the 4m 3 enclosure) but also with the integral scale generated by the jet ( = . with Henclosure=2m which again gives 8 cm). So, the influence of the release characteristics is difficult to separate from that of the enclosure. Further information is given for configuration 3.

The present experimental results can be compared to the models Cleaver, considering a perfectly tight chamber, and to the models of Linden and Molkov if some openings are considered (0.004 m 2 ). The Richardson numbers were estimated in Table 4.2-7. Riv is about 10 -4 suggesting a uniform mixture. Further Rivc is about 10 -3 . Since Riv<Rivc, a uniform regime is expected as observed indeed. The final hydrogen concentration estimated by the models is presented in Table 4.2-16 together with the experimental data. Clearly, the Linden and Molkov model are not applicable for such as small vent opening. They might be applicable only in situations where a bilayer flow is produced in the vent cross section which is not the case here (as indeed found when using the expressions proposed by Molkov). Cleaver model is more applicable but provides very conservative estimates. The difference is undoubtedly due to the po ous atu e of the e losu e. Pa t of the h d oge i t odu ed flo s out du i g the test hi h is ot o side ed i Clea e 's odel.
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In each case, a 1 mm round orifice was used, centered on the bottom of the enclosure and fed under an initial tank overpressure of 40 b. This can be compared to test n°34 of configuration 1 where the vent was closed. The turbulence intensity is very similar to those of configuration 1 (Figure 4.2-28). The presence of the vent does not alter it. Note the integral scale of turbulence was not measured.
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Configuration 3

More practical configurations are investigated in configurations 3 and 4.

In configuration 3, the influence of the location of the release point in investigated. Only 1 mm round orifices are considered, pointing upwards on the vertical central axis of the enclosure, but much closer to the top of the enclosure (Table 4.2-10 : at 10 cm and 30 cm).

From test n°62 to 65, the vent orifice was closed by a plastic sheet and for test n°66 and 67 a open vent was used. The integral scale of the turbulence (Table 4. [2][3][4][START_REF]A ti le of Ti es Colo ist, E te sio o d ight ha e spa ked Saa i h e plosio[END_REF][6][7][8][9][10][11] does not seems to depend on the release configuration. The present data can be compared to the existing models. The first striking aspect is that a uniform mixture throughout the enclosure is systematically predicted if the Rivc criterion is chosen 25 . Obviously, this is not the case when the release impinges on a close wall (by extension on a large obstacle). A uniform layer regime appears.

The losed test esults should e o pa ed to the Clea e a d to the Wo ste odels the Linden and Molkov model do not work for very small vents as explained for configuration 1).

The comparison of the maximum hydrogen concentrations (at the top of the enclosure and at the end of the blowdown) are given in 25 Even when the parameter UC defined by Molkov for the vented configurations is considered, a value much larger 10 is calculated (setting the vented volumetric flowrate Qvent equal to the volumetric flowrate of the release source) so that a perfectly uniform mixture should appear.
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Configuration 4

In configuration 4, the influence of the release setup is further investigated. In all situations of configuration 4, the release source was centered on the bottom wall and the vent was closed by a plastic sheet.

The summary of the experimental conditions and of main results are presented in Table 4.2-14. Note the release diameter for the radial source correspond to the diameter of the circular orifice having the same geometrical area than the real release source.

The mass flow rate for the radial type of release is much smaller (by a factor 3 to 4) than that of the round orifice of the same cross section. Consequently, the discharge coefficient is much smaller (about 0.2). The reason might be the length of the radial channel/space from the feeding pipe to the outside (typically 2 -3 mm). In this slot, the flow is strongly laminated. The mass flowrate are similar to those from a 1 mm circular orifice.

Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 134 For the radial releases, the visual observation reveals ( The characteristics of the turbulence are given in Table 4. [2][3][4][START_REF]A ti le of Ti es Colo ist, E te sio o d ight ha e spa ked Saa i h e plosio[END_REF][6][7][8][9][10][11][12][13][14][15]. The turbulence intensity is comparable to that of configuration 1 with the 1 mm orifice so as the mass flowrate. This may suggest the momentum of the source is the driving parameter for the turbulence generation. The turbulence scales seem smaller. Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 141

The mean velocities are rather constant in time. The larger the distance to the port of the discharge cylinder, the smaller the mean velocity which remains globally below 1 m/s26 . The turbulence intensity is comparable to the mean velocity. According to [START_REF] Proust | Dust explosions in pipes: a review[END_REF], this ould suggest a u le t pe of tu ule e, specific to very buoyant plumes. The present experimental data can be compared to existing models. Based on the Richardson numbers, a homogeneous mixture would be predicted for the ring shaped release as readily observed. A layer is oberved for the low momentum release whereas a stratified mixture is observed according to the Richardson numbers. Only the Cleaver model was applied (vent closed . Again, a clear disagreement is found coming from the assu ptio of a tight essel i Clea e 's odel he eas, the e losu e is po ous.

Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 142 

IMPROVEMENT OF THE MODELS

The results presented above prove clearly that the proposed models are too approximate on two sides : the ability to predict the mixing regime and the composition of the atmosphere.

On these two aspects, the characteristics of the plume and of the turbulence are leading aspects.

A summary of the measurements is shown in table 4.2-17.

Plume and turbulence

Various categories of releases were investigated.

The standard jet was mostly used as in configurations 1, 2 and 3. The characteristics are those described in the preceding chapter. The notional diameter is used and intervenes in the defi itio of the fi tifious dia ete e uatio °21). From this the flowfield and the composition throughout the jet can be extracted. In particular, the maximum velocity, Umixtimpact, the mixture volumetric flowrates, Qvmixt-impact, at the impact point (usually at the top of the enclosure located at distance Himpact from the orifice) and the average hydrogen volumetric fraction in the plume at the impact point, XH2-av-impact, can be calculated :

- =
Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 143

, - = ∫ ( , ) ∞ • • • • = - • ∫ exp (- • [ ] ) ∞ • • • • = - • • - = - • , - •
The coefficient Kc, Ku and Kur are those established in the preceding chapter (Qm-H2 is the mass flowrate of hydrogen and mixt is about 1 kg/m 3 if the presnece of hydrogen is accounted for). It is believed that that larger the impact velocty and mixture flowrate at the impact point the greater the probability to produce a uniform mixture throughout the enclosure.

Other categories of injection regimes were investigated : the radial underexpanded flow producing some cylindrical planar jet and a low momentum release in which buoyancy forces seem at work. In the former situation, the self-similar nature of the flow is preserved like in a free circular jet but the (Df/x) law may differ. In a planar cartesian flow, the velocity (and mass fraction) decays as (Df/x) 1/2 . But because the jet is cylindrical, the dependency with the distance should be larger so that the same decay law as for circular free jet could be kept as a very first approximation. For the latter however, the decay of the velocity should be compensated by the entrainment by the upward buoyancy forces. The circular free jet decay laws do not apply (figure 4-2-47). Because of the specificity of this release, it was not attempted to refine.

Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 144 Tamanini [START_REF] Tamanini | The role of turbulence in dust explosions[END_REF] proposed a reasonable integral version of the well-established kepsilon model for turbulence. A steady state version of k-epsilon equation in which the production rate (Pk) equals the dissipation rate (). LT may be assumed constant and proportional to a linear dimension of the volume as this parameter can be seen as a measure of the mean velocity gradients.

So that:

𝑳 = 𝑪 𝑳 ⋅ / 2 ' 2 3 u k  = 𝑷 𝒌 = 𝒒 𝒎 ⋅ ⋅ M P k =  𝑳 = 𝑪 𝝁 / ⋅ 𝒌 / 𝜺
where qm is the injected mass flow rate at velocity U0 in the volume V containing mass M. C and CL are constants of the order of 0.1 (0.09 and 0.05 respectively). To implement this model, the incidence of the density difference on the transfer of momentum form the release to the surrounding atmosphere is introduced in the same way as in free jets. The exit velocity U0 is multiplied by the ratio √ 𝜌 𝜌 (this coefficient appears in the expression of Df). When this model (table Table 4. Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 148

Mixing regimes

Three different mixing regimes were identified :

• A u ifo i i g th oughout the e losu e si ila to a ell-sti ed ea to ;

• A ho oge eous la e filli g the e closure from the top ;

• A d a highl o ho oge eous st atified i tu e g aduall sp eadi g th oughout the enclosure starting from the top.

As noticed before, the Richardson numbers as defined in the literature do not seem to give a reasonable view of the various mixing regimes. It should be recognized that the internal flow is complex and would need a much more refined analysis. This remains an open field of research.

In view of gaining a rapid and possibly conservative estimate, the details are the aerodynamics are disregarded and a global approach si chosen.

A st atified i tu e ould appea i situatio he e the ha a te isti diffusio ti e, tdiff, through the enclosure is smaller that the filling time, tfill, by the mixture.

The filling time can be defined as:

= , - 43 
And the diffusion time can be defined as (Crank; 1975):

= 44 Where = . ′ is the turbulent diffusion coefficient [START_REF] Hinze | Turbulence[END_REF].

When tfill<tdiff, an homogeneous layer or a uniform mixture will be produced. A uniform mixture throughout the encloure will appear if the filling time is smaller thn the characteristic release time, trelease. For the uniform/layered situation, the concentration of hydrogen is given by : Vmixt is the volume of the mixture equal to the volume of the enclosure when the mixture is u ifo a d to the olu e of the la e i the la e ed o figuration:

= - , + , 46 , = ′ • A • √ • • • - Whe e C'D
= min( , • , - )
The maximum hydrogen concentration is first calculated assuming natural leaks only :

= - (- ) 47 
Where VH2 is the total volume of hydrogen release (taken at the enclosure conditions). Then the potential influence of the venting is introduced by setting 𝐻 to zero in the equation above ( enclosure is a linear function of XH2). The final value of XH2 is the minimum of both estimates.

For the stratified situation, the maximum hydrogen concentration is taken as that at the impact point calculated above.

The comparison between the measurements and the prediction is shwon on figure xxx. A reasonable agreement is obtained except again for the low momentum case. A closer look at the data suggest that the agreement is better for massive leakages (3 mm circular orifice)
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Many phenomena may result in an explosion. Within the context of the present work, the focus is on those due to a fast combustion of hydrogen in air.

Following a release of hydrogen, a mixture of hydrogen in air results. The fraction of the cloud contained more than 4% v/v of hydrogen and less than 75 % v/v is flammable. If an efficient ignition source is inserted, the combustion is initiated in the immediate vicinity of the source. Since the combustion temperature is much higher (typically more than 1000°C) than the ignition temperature (typically 500-°C as fa as the auto-ig itio te pe atu e is concerned), the burnt gases act as a new ignition source and the combustion zone propagates away transforming cold reactant into hot burnt gases. This increase of te pe atu e is espo si le fo the e pa sio of gases p odu i g ulti atel the p essu e increase. The modalities of this pressure increase are reviewed later on.

The heating of the reactants up to the ignition temperature ahead of the combustion zone is done by thermal conduction. In the early beginning the flame velocity is dictated by the balance between the amount of energy transferred by thermal conduction and the amount of heat release by the combustion : this is the slo est p opagatio ode alled la i a fla e lea l e og iza le e pe i e talists as a s ooth a d thi o ustio f o t.

Rapidly this front is disturbed by its natural instabilities and seems then covered with u les a d ut also the disturbances of the flow of reactants, especially the tu ule e, gi i g to the fla e a o pli ated appea a e so eti es des i ed as a fla e ush . Because of this and also because a deflagration regime always precedes a detonation regime, the focus is laid on deflagrations in the following.
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DEFLAGRATIONS

As explained later, even turbulent flames industrial explosions are locally laminar fronts. So the structure and stability of laminar flames is of interest.

Laminar flames

The structure of laminar flames is well known (discovered by Mallard and Le Chatelier, 1885) and can be described as a four zones system (Figure 5.1-1):

-The reactant zone containing the cold fuel-air mixture,

-The preheat zone where heat is diffused into the reactant from the combustion zone and the temperature raises ,

-The reaction zone where the reactants are transformed gradually into burnt matter thus producing the heat and expansion,

-The final products zone containing the burnt final products.

Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 153 The expansion ratio E of the combustion products is the first important characteristics. It is a intrinsic parameter depending only on the thermodynamics of the combustion. It is the ratio of the unburnt gas specific mass to the burnt gas specific mass (Daubech, 2008). It can be shown that :

= ≈ = ∆ + 48 
where ρu and ρb are respectively the specific masses of unburnt and burnt gases, Su depends also on the initial temperature Ti according to:

Tu
= ( ) 51 
where m0 is the temperature index (Verbecke, 2009), Su0 is the laminar burning velocity at the temperature T0=298K and Sui is the laminar burning velocity at the temperature Ti

Both the temperature index m0 and the laminar burning velocity Su0 can be correlated to the hydrogen mole fraction ( % ≤ ≤ %) and are respectively equal to:
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F o the la i a u i g elo it a d e pa sio atio, the e pa sio elo it a e calculated :

= .

As shown long ago by Darrieu and Landau (Darrieus, 1946 and[START_REF] Landau | Fluid Mechanics[END_REF], a propagating plane interface separating two media with different densities cannot remain plane. It is Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 156 naturally unstable. As a consequence, laminar flames are intrinsically unstable. The various instabilities are briefly addressed below.

Unstable flames (in a non-turbulent flow)

Darrieus (1946) and [START_REF] Landau | On the theory of slow combustion[END_REF] were the first to demonstrate that laminar flames are intrinsically unstable. This is a purely h d od a i i sta ilit resulting from the gas the al e pa sio of the gases a d f o the fla e o su ptio ate . Due to the the al expansion the flow velocity vectors are deflected through the flame in such a way that the bulges protruding into the unburnt gases are amplified whereas the cavities shrink [START_REF] Law | Combustion Physics: Chapter 10 -Aerodynamics of laminar flames[END_REF]Matalon, 2007). The flame front appears as being covered with bubbles. A theoretical expression of the growth rate of the amplitude δLD of the bulges (Daubech, 2018) is :

= + * - + + -
This growth rate is constant suggesting the corrugation will ever grow. In practice various phenomena limit the growth rate and, in particular, the curvature of the flame front and the diffusional aspects described below.

The diffusive instability results from a competition between the thermal diffusivity (heat conductivity) and the diffusivity of the deficient reactant. To characterize this instability, the Lewis number is commonly used:

= ℎ 52
where Dm is the molecular diffusivity of the deficient reactant and ath is the molecular heat conductivity of the mixture. When Le>1, the heat transfer rate on the bulges is larger than the diffusion of the deficient reactant towards the flame so that a net energy loss is observed slowing down the combustion on the bulges. The reverse is observed in the cavities. Curvature. By this mechanism, the geometrical disturbances of the flame are naturally dampened. On the contrary, when Le<1, the deformation of the flame is favoured a d so e a ele gth a e fa ou ed p odu ed ellula fla es Figure 5.1-5;[START_REF] Ciccarelli | Flame acceleration and transition to detonation in ducts[END_REF].
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Other instabilities, promoted by confinement and obstructions , where identified since the pioneering work of Darrieus and Landau [START_REF] Dorofeev | Flame acceleration and transition to detonation: a framework for estimating potential explosion hazards in hydrogen mixtures[END_REF]. Very strong flame front corrugation can be obtained when a laminar flame front is submitted to an accelerating flow (Rayleigh Taylor instability) or to a sheared flow (Kelvin-Helmholtz instability). The Rayleigh

Taylor instability was studied in details by Bychkov (Bychkov and Libermann, 2000) and it was shown (Daubech, 2004) that the flame folding effect can be expressed as :

= . ⋅ √ -⋅ ⋅ 53 
Where Af is the fla e f o t total a ea the i di es RT sta ds fo the Ra leigh-Taylor distu ed fla e f o t a d la fo the u distu ed la i a fla e f o t , is the adius of curvature of the flame (typically the transversal dimension of the vessel) and is the acceleration of the flow. Shock waves and acoustic waves are naturally produced by flames propagating in confinments.

Those instabilities are known to have a significant influence on the flame propagation [START_REF] Ciccarelli | Flame acceleration and transition to detonation in ducts[END_REF]. They induce flame acceleration and in extreme cases, may even cause transition to detonation [START_REF] Scarincini | Dynamics of Heterogeneous Combustion and Reacting Systems[END_REF][START_REF] Thomas | Experimental Observations of the Onset of Turbulent Combustion Following Shock-Flame Interaction[END_REF].

A stricking example was obtained by Daubech (Daubech, 2008) using a closed tube configuration (30 mm diameter and 2 m long). The mixture was a quiescent H2/O2/N2 mixture ignited by a spark at one end. Pressure oscillations were generated from the start of Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 158 the propagation due to the volumetric expansion of the burned gases at Su.(E-1). The fundamental mode of oscillation is = • where cu is the sound speed in the gas column and L the length of the tube. The acceleration of the flow due to these oscillations is then

= • • • • -.
For a 20% H2/10% O2/70% N2 mixture, it can be calculated that the flame folding effect due to the RT instabilities (Su=0.85 m/s and E=5) is on the order of 15 and that it may start as soon as the first pressure wave comes back from the top of the tube at so typically 10 ms after ignition case. This was indeed systematically observed and, as a result, the flame velocity raised from a few m/s near the ignition point up to 20 m/s, 20 ms later. It was verified that the flame folding ratio was fully consistent with the above estimation.

These kinds of instabilities are so efficient and fast in corrugating the flame that it is so eti es said that the fla e self-tu ulizes .

Turbulent flames

It is generally admitted that two parameters characterize an established turbulent flow: the length scale of the turbulence LT (roughly the characteristic dimension of the largest eddies) -Laminar flame regime (Ret < 1): turbulence is so small that the flam stays laminar.

-Wrinkled flamelet regime (Ret > 1, Ka < 1, Da > 1, u'/Su0 < 1) : burning takes place in a laminar flame (or flamelets) which surface is wrinkled by large eddies. -Well-stirred reactor regime (Ka > 1, Da < 1) : laminar flamelets are systematically quenched and since the combustion time is smaller than the turbulent mixing timethe unburnt mixture and combustion products are smeared out in space p odu i g a so t of olu et i o ustio like i a ell-sti ed ea to .
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In industrial configurations, LT is said to be about 0.1 V 1/3 [START_REF] Hinze | Turbulence[END_REF] Some authors tried to estimate these coefficients on the basis of a semi-theoretical physical odelli g. Fo i sta e, i the passi e odel, the fla e a ea follo s the disto tio s of the flow like a passive interface (Peters;1986 ,Gülder;1990, Gouldin et al;1988). [START_REF] Bray | Studies of turbulent burning velocities[END_REF] considered that the increase of the flame velocity is linked to the increase of the diffusion Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 161 coefficient. Bradley (1992) considered that the effect of the turbulence is to mix unburnt gases to burn gases and that instantaneous combustion occurs (this is the background of the o igi al Edd B eak up odel . Thus, a a iet of diffe e t o elatio ould esult. The most important of them, mostly those employed for H2-air flames, are presented in the following table. Most of them were tuned on the basis of laboratory experiments so with very small LT. Their performances were compared [START_REF] Winiger | Explosion : caractérisation et vitesse de propagation de flamme dans un la ge tu ule t[END_REF] to some large scale data [START_REF] Proust | Habilitation à diriger des recherches : mémoires de travaux ; Formation-Inflammation-Combustion des atmosphères explosives (ATEX) and effets associés[END_REF]) using a hemispherical unconfined explosion of turbulent H2-air mixtures. The details are shown in Appendix 8 but a summary is proposed in Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 162 Table 5.1-2).
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A last interesting point is to compare the potential flame acceleration effects between instabilities as explained above and turbulence of the flow. To investigate this aspect the approach once employed by Karlovitz [START_REF] Karlovitz | Investigation of Turbulent Flames[END_REF]) is adopted.

Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 164 A typical challenging situation is that of a flame propagation freely down a pipe as during the experiments of Daubech (Daubech, 2004). Once the flame is formed a flow is produced ahead of the flame with a characteristic speed of :

≈ • - 65 
Typically, U is on the order of a few m/s when the flame is laminar so that it is easy to show that in industrial scale equipments the Reynolds number of that flow is much larger than 2000. So the flow ahead of the flame may rapidly be fully turbulent. An order of magnitude of u' is Hi ze, .: Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 165

′ ≈ . • 66 
= -• . • [ -] -• ( ) - 67
Using E=7, LT=0.1 m and η=10 -4 m, and the various values of K, a and b from table 5.1-3, it comes that the maximum value 30 of St/Su is on the order of 10. This seems equivalent to instabilities but may require much more time to develop (turbulence diffusion time from the boundary layers).

EXPLOSIONS

In hydrogen systems, depending on the location of the leakage, both unconfined an confined explosions are possible. The former would mostly occur when an under-expanded jet of hydrogen happens in the open atmosphere and ignites.

Open atmosphere deflagration

Open atmosphere deflagration (also called Unconfined Vapor Cloud Explosion-UVCE) corresponds to the ignition of an unconfined cloud formed after a leak. Due to the expansion ratio, the u t gases p odu ed du i g the o ustio a t as a pisto o the su ou di g at osphe e a d ge e ate a p essu e a e .

The physical problem of the pressure wave production by an unconfined explosion has a solution that was validated several times (Guilbet-Duplantier, 1993;Lee, 1988).

Leyer, Deshaies and Cambray [START_REF] Leyer | Explosion Effects of Hydrocarbon/Air Mixtures[END_REF][START_REF] Cambray | Solutio des uatio s d Eule asso i e à l e plosio d u e sph e à itesse o sta te[END_REF][START_REF] Deshaies | Flow field induced by unconfined spherical accelerating flames[END_REF] provided the more significant developments. The flow induced by the deflagration of an r0radius-spherical combustible charge in an open and infinite space can be divided into four distinct areas (Figure 5.1-8):

 The first area is the burnt gases zone , delimited by the spherical flame front of a radius rf. The burnt gases are hot and quiescent so that the p essu e i side the fi e all is app o i atel o sta t.
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𝑥 = ⁄ . ≈ .
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 The third area is located in the unburnt gases in contact with the flame front so that the local pressure is close to that of the flame front. The flow can be described by the incompressible fluid dynamic equations. The extension of this area is rf < r < 2rf.

 The last and fourth area is downstream distance 2rf and the distance travelled by the a ousti a e fi st a e si e the ig itio . I this a ea, the p essu e field o e s the compressive continuous fluid mechanics laws. Beyond, the surrounding air is not disturbed.

Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 167 A a al ti al solutio a e o tai ed usi g the a ousti app o i atio Va de Be g, 1985; [START_REF] Lannoy | Déflagrations sans turbulence en espace libre : expérimentation et modélisation[END_REF][START_REF] Leyer | Explosion Effects of Hydrocarbon/Air Mixtures[END_REF][START_REF] Leyer | Caractéristiques du champ de pression engendré par une flamme accélérée en espace libre (No. EUR 8010 Fr)[END_REF], valid when the explosion overpressure is small as compare to atmospheric. This is the case when the flame speed is smaller than about 120 m/s since the amplitude of the first wave is zero and the pressure field does not present any discontinuity [START_REF] Leyer | Explosion Effects of Hydrocarbon/Air Mixtures[END_REF]. Simple equation are obtained when the flame speed is constant :  in the burnt gases, the pressure is uniform:

 in
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This set of analytical expressions allows calculating, in all space and at a fixed moment, the maximum overpressure generated by the explosion. This is the basis of the well-known

ulti-e e g ethod a Wi ge de , ; Va de Be g, .

The set of graphs of Figure 5.1-9 were obtained numerically to release the assumptions of the acoustic approximation. Nonetheless, the flame speed is assumed to be constant. On the abscissa, the scaled distance is calculated directly from the combustion energy of the cloud 31 :

̅ = ⁄ ⁄ 72
where Ecomb is the combustion energy of the cloud burning at Vf and P0 is the atmospheric pressure.

On the ordinate, the dimensionless maximum static overpressure is defined by: 31 The combustion energy is:

= ∆ .
where Pmax is the maximum overpressure of an explosion at constant volume (thermodynamic value depending only on the fuel), V the olu e of the u u t a d the isentropic compression coefficient (1.4). Since V = 4/3..R0 3 a relationship can be easily obtained linking (Ecomb/P0) 1/3 to the radius of the initial charge R0. The standard parameters of the UVCE are retrieved. Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 169
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The value of the impulse can be defined as:

= ∆ . + Where + ̅̅̅ = + . ⁄ ⁄ 74 
Each curve corresponds to a fixed flame velocity which is associated to an explosion index [START_REF]A ti le of The O a ge Cou t Registe Update: Woman injured in Huntington Beach explosion worked as night security Sept. 30[END_REF](2)(3)(4)[START_REF]A ti le of Ti es Colo ist, E te sio o d ight ha e spa ked Saa i h e plosio[END_REF](6)(7)(8)(9)(10). Each index is linked to the maximum overpressure in the burnt gases thus to a flame velocity (Table 5.1-3). Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 170

These curves were verified a number of times and especially for H2-air explosions (Drenchahn et al, 1985). However, the choice of the proper index is still today the matter of an active debate. It depends on the configuration (obstacles, turbulence ,..) and on the flammable mixture.

Within the scope of the present study, unconfined under-expanded H2 jets and outside burning of H2-air clouds expelled through a vent (from a primary confined explosion) are targeted configurations. Late , P oust a d Lep ette pu lished e e pe i e tal data of e ted e plosio s i large chambers to try and quantify those peaks and identify the dominant ones. Clearly, the vent area/cross section of the chamber (vent ratio) is a leading parameter. When this ratio is large enough, >0.4 (Figure 5.1-11-a), the external explosion effects dominates. When this ratio is small enough, <0.2 (Figure 5.1-11-b), the internal explosion effects dominate and the maximum explosion overpressure is reached when the flame area is maximum. In between these limits (0.2<vent ratio<0.4), the external explosion triggers flame instabilities and produces a strong push to the overpressure 32 . In most applications, the vent ratio is above 0.2 so that the dynamics of the external explosion is likely to be influential.

Confined deflagrations

32 This is o siste t ith the o lusio s of Ha iso a d E e i.e. la ge e ts, he e the i te all ge e ated p essu es a e lo , the e te al e plosio a e the do i ati g i flue e o the i te al p essu e . • For a large vent (Figure 5.1-13-top , the u le is disti tl a o te st u tu e o te i g a d the su ou di g u le ith e little i i g ith the outside atmosphere as testified by the very sharp edge. The diameter of the bubble is twice that of the vent and its swirling velocity is half that of the flow at the vent. This ressembles strongly the dynamics of laminar vortices [START_REF] Proust | The dynamics of vented gas explosions[END_REF].

• For a small vent (Figure 5.1-13-bottom), a vortex bubble is also formed but rapidly degenerates to some form of transient jet. In this case, a significant amount of the outside atmosphere is sucked into the jet.

• The external overpressure maximum is reached as soon as the flame reaches the vortex ring in the center of the bubble. When the flame reaches the external edge of the bubble, the external overpressure returns to zero. After the combustion of the cloud, the diameter is 1.5 and 2 times larger than the diameter of the bubble before the combustion (Figure 5.1-13).
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b. of data increased over time, various versions of this model were proposed (1999,2001,20008). The correlations and fitted parameters are given in the following tables. Where Ei is the o ustio p odu ts e pa sio oeffi ie t; u, the specific heat ratio;

0=3.14159, F the vent area (m 2 ); V, the volume of enclosure (m 3 ); Sui, the initial laminar ), R the flame radius (m) defined as = √ ⁄ and R0 a critical radius (m) also depending on the hydrogen concentration (see the following table ). Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 178 ΞLP is the i kli g fa to due to leadi g poi t e ha is fla e a ele atio to a d the vent).

Ξ = + Ξ - * 78 Ξ = . * % -. * % + .
ΞFR is the wrinkling factor due to fractal increase of flame surface area linked to the development of the Rayleigh-Taylor instabilities Ξ = with D=2.33 [START_REF] Bradley | Instabilities and flame speeds in large-scale premixed gaseous explosions[END_REF] 79

ΞAR the wrinkling factor to account for aspect ratio of the enclosure (acceleration towards the vent)

Ξ = = ⁄ 80 
Where AEW is the enclosure internal area (m²) and AS (m²) the area of the sphere of the same volume with radius R.

ΞO is the wrinkling factor to account for the presence of obstacles. Because of limited data, Molkov admitted that Ξ = without obstacles and Ξ = . when obstacles are located between the ignition point and the vent.

Ξu' is the wrinkling factor due to the initial turbulence defined on the basis of the disturbed laminar burning velocity :

= * Ξ * Ξ * Ξ * Ξ * Ξ 81 
And :

𝑖 ′ = ⁄ > Ξ ′ = -. * - * + . * - * + . * - 𝑖 ′ = . ⁄ > Ξ ′ = . * - * + . * - * + . * - A d he u' is elo . /s, Ξu'is close to 1.
Note that when the calculated fa to Ξu' is larger than 1, the other factors are set to 1.
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Along with this new version of the DOI, the following new correlation to calculate the reduced then the new set of equations is:

• Best fit equation: 

Model of Bauwens/FM GLOBAL

The model of [START_REF] Bauwens | Effects of hydrogen concentration on vented explosion overpressures from lean hydrogen air deflagrations -ICHS 4 -September 2011 -San Francisco[END_REF] proposes an estimation of the major pressure peaks P identified in experiments, mostly P2 when the external explosion occurs and P4 corresponding to the triggering of the flame instabilities but also P3, corresponding to the maximum flame area attainment in view of taking into account of the presence of obstacles.

A single expression for each of them : Where P_, A, and Av* are pressure (for the different peaks) , a ea, e t pa a ete a d the subscripts 0, e, f, and v corresponding to ambient, external, flame and vent conditions. In additio σ, , d, R, T , a d M a e the e pa sio atio, the spe ifi heat atio, a discharge coefficient (equal to 0.6), the universal gas constant (8.314 J/kg/mol), and the temperature and molar mass of the vented gas, respectively.

The external explosion overpressure Pe, is estimated using :

-= 𝜎 -𝜎 √ 86
Where Re is the cloud radius (cloud with a volume equal to the flame volume in the enclosure just as the flame reaches the vent), kT is an experimental fitted coefficient (1/m, see Table 5.1-8 :), a is the speed of sou d i the ai , is the specific heat ratio of the reactants and a is :

= 𝜎 -𝜎 √ √ 𝜎 - - - 87 
Whe e p a d r are respectively the specific heat ratio in the products and of the reactants Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 181

The different values of P are estimated by choosing appropriate values for Af and Su; as shown in the table hereafter; in the equations n°85, 86 and 87. = .

-

With = . - ~ Ξ
Where p = 1.6075, L, is twice the length the enclosure; w the width and h height. Acw is the internal area of the enclosure, α= . , BR is the a e age a ea lo kage a d N is the a e age u e of la e s of obstacles in the flame path. SL is the la i a u i g elo it a d Le the Le is u e . ΞA is a constant flame-wrinkling factor (Table 5.1-8). If the reduced overpressure Pred is lower than 0.5 bar :

, = 𝜆 [( + + ) -] + • ⁄
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When the reduced overpressure P red is over 0.5 bar :

= [ - + + ] [ + + - ( + + -) ( + + -) ] 𝜆 89 
Where -As is the internal area of the enclosure -Pmax is the maximum pressure developed in a closed deflagration by ignition of the same flammable mixture (in bar) -P0 is the enclosure pressure before the ignition (in bar) -Su is the laminar burning velocity of the flammable mixture u is the density if the unburned flammable mixture -Gu is the unburned flammable mixture sonic flow mass flux ( = .

⁄ . ) -is the fla e i kli g fa to due to the tu ule e a d fla e i sta ilities see below) b is the ratio of the specific heats for the burned gases (between 1.1 and 1.2 depending on the gas mixture) -Cd is the vent flow discharge ( = . ) -Pstat is the nominal vent deployment or the static activation pressure (in bar) 2). The KG explosion index [START_REF] Bartknecht | Explosions: Course[END_REF] is used rather than the laminar burning velocity. For hydrogen-air mixture, Kg is constant (nearly stoichiometric conditions) and equal to 550 bar.m/s.

For compact enclosures (L/D<2):

= {[ . log -. ]. -. + [ . . -.
-. ]}. ⁄ 90

The elongated enclosures (L/D>2) :

≤ . = . ( ) 91 
> . = . ( ) + . 92 
Where x is the maximum possible distance between a potential ignition source and the nearest vent; D, the diameter of the enclosure; Acs, the vessel cross sectional area and Av, the total area of all vents.
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Comparison with experimental data

In the literature, only limited data are available for hydrogen vented explosions. And homogeneous and quiescent mixtures were used. The configuration are presented in Table 5.1-9 and in Table 5.1-10. Details are given in Appendix 10. 2006) and ( 2009 For practical geometries as containers (parallelepiped) and reactors/storages (cylinder),

predicted overpressures are at least in a factor of 2 as compared to the experiments, with a te de to u de p edi t fo the 's odels a d to o e p edi t fo the odel. The incidence of the composition of the atmosphere and of the internal congestion is not o e tl ha dled. All of this ea s that the Molko 's odels do not represent correctly the real physics. The 2014 and 1999 models seem to the closest to the experimental data and were kept for the comparison with the other models.
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To do this a representative fraction (Table 5.1-11) of the whole data set of Appendix 10 was used otherwise the graphs would have be uninterpretable. The Bauwens model was implemented using kT = . a d ΞA = . . Fo the odels of the sta da ds NFPA -2013 and EN14994, KG = 550 b.m/s which corresponds to a quiescent stoichiometric mixture only. Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 190 Bauwens model is clearly the best especially for lean mixtures (below 20% H2 vol.) except for the two turbulent Kumar experiments which are greatly under-predicted. In these two specific situations, it appears that the term / in the equation is one order of magnitude greater for near stoichiometric mixtures than for lean mixtures (below 20% H2 vol.), which is questionable, and turbulence of the mixture is not incorporated in the Bauwens equations.

Nevertheless, Bauwens model is certainly today the most achieved one incorporating in a reasonable manner the mixture fraction, the location of the ignition source, the presence of the obstacles. It is believed that this model could be improved and will be used in the forthcoming work.
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IMPROVEMENT OF THE KNOWLEDGE AND MODELS

From the preceding section, it appears that progresses have to be made on the correlation between turbulence and combustion on one end, and on the understanding and modeling of vented explosions on the other end. For this latter item, the roles of instabilities/turbulence and external explosions have to be clarified.

To achieve this, careful explosions vented explosions experiments were performed not only measuring overpressures but observing the flame dynamics to extract the phenomenology but also data about the turbulent combustion at a realistic scale (most of the available data were obtained at small scale).

EXPERIMENTAL SETUP

The experimental setup is that employed for chapter 4. Outside the enclosure, L1 to L4 (Kistler 0-2 b ± 0.1% of the full scale) are inserted in lenticular support to limit the disruption of the wave (and abnormal reflections) so that the free field wave is measured. L1 and L2 are located on the vent axis at 2 and at 5 m from the vent and L3, L4 are located perpendicularly to the vent axis and at 2 m and 5 m from the axis (Figure 5.2-4).

The flame trajectory, shape, velocity is extracted from high speed videos -camera (Phantom) .
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Experimental conditions

Four concentrations were chosen 10%; 16%; 21% and 25% vol. of hydrogen in the mixture o espo di g to athe assi e leakages. The ai u i g p ope ties a e gi e i Table 5.2-1. Based on the experiments described in chapter 4, the associated experimental conditions to obtain homogeneous atmospheres are presented in Table 5.2-2. To obtain perfectly quiescent mixture, the time elapsed since the end of the injection of hydrogen until ignition is set to 15s. When initial turbulent conditions are looked for, this duration drops to less than 0.2 s to let the central jet disappear but not the turbulence. For this situation, the turbulence levels are given in the table . A few experiments with stratified mixtures were performed. To do this, the injection port was moved close to the top (10 cm) of the enclosure. The typical hydrogen repartition in the enclosure for those last conditions is shown on Figure 5.2-5.
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• Immediately after the ignition (Picture 2), the flame develops almost hemispherically up to a diameter of about 1 m for the uniform cases. For the stratified cases, the Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 203 flame front is more developed in the upper part and more elongated towards the vent. The flame front is also more luminous. These observations are to be linked to the repartition of hydrogen inside the enclosure. In the half top of the chamber; the local concentration is larger than 25% whereas in the half bottom 10% on average.

Note also that the contour of the flame front is clear for quiet atmospheres and fuzzy for turbulent atmospheres;

• In all the studied experimental configurations, the external is a vortex bubble with a very sharp border suggesting very limited mixing with the outside air. The maximum diameter is twice that of the vent (1 m). Ignition occurs when the apex of the flame ea hes the e t a d is su ked alo g the a is of the u le et ee pi tu es and 4 meaning that the center of the external explosion is located at about 1 m from the vent). The maximum flame ball diameter is about 2 m. Note that all along the external explosion process, the maximum overpressure inside is not attained yet and that the internal combustion continues. The external cloud ignition time depends on the initial conditions. It is the largest for the quiet and homogeneous case (120 ms)

and the smallest for the stratified and turbulent one (35 ms);

• The combustion of the external cloud produces a pressure wave outside (Picture 5 or Picture 6). A more detailed analysis is proposed later. The duration is about 20 ms for the quiescent and uniform case and is about 5 ms for the stratified/turbulent situation. The maximum external overpressure in L1 is for this latter case (400 mbar)

and the smaller one for the former (40 mbar). Note this external explosion does not seems to modify radically the internal explosion, perhaps because the vent ratio is too small (0.25), but triggers some small vibrations, 400 Hz, superposed on the internal pressure signal. Assuming most of the gases in the chamber are burnt, it can be calculated that this frequency is the fundamental mode of vibration of the enclosure (= • );

• The maximum internal overpressure is the largest for the stratified/turbulent case (0.7 bar) and the smallest for the quiet/homogeneous case (0.2bar). The addition of turbulence increases much more the maximum internal overpressure for the homogeneous case (0.2 to 0.5 bar) than for the stratified one (0.6 to 0.7 bar);
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• The last point concerns the combustion in the stratified case. Presumably the lower part of the enclosure is not flammable (below 60 to 80 cm above the bottom). As a consequence, some unburnt mixture remains in the enclosure after the explosion . Similarly a close look at the videos reveals that only the upper part of the « bubble » burns. Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 205

Internal combustion characteristics

The three main characteristics of flame propagation are :

• The flame surface,

• the turbulent burning velocity,

• the maximum explosion overpressure.

For the tests in which the high-speed video movies offers sufficient clearness (typically for the quiescent i tu es), the flame development can be tracked and the evolution of flame shape can be studied.

Between ignition (0 ms) and 70 ms, when the flame approximatively reaches the lateral wall sof the chamber, the flame development is quite hemispherical (Figure 5.2-13). Similar observations can be done for the others quiescent homogeneous mixtures and also for the turbulent mixtures even though it is more difficult to distinguish the flame shape front.

The flame speed along the axis of the vent can be extracted from the high speed videos and can be plotted as function of the flame position on the axis of the chamber .

Two parts on the flame propagation curve can be distinguished:

• Between the ignition point (0 m) and distance 1,1 m, the flame velocity is rather constant (~15 m/s for 16% of hydrogen in air in quiescent atmosphere);

• Between 1,1 m and the vent (2 m), the flame tip accelerates before rushing out. This acceleration is related to the accelerated flow field through the vent.

Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 208 The first part of the propagation can be exploited (the flame front is then a portion of a cylinder not significantly distorted by the acceleration of the flow towards the vent) to estimate the burning velocity. Note, the burning velocity is then this spatial flame velocity divided by the (theoretical) expansion ratio.

The results are shown in Table 5.2-5 together with the maximum internal overpressure. The evolution of the spatial flame velocity as function of the % H2 a d u' is p ese ted o ) seems to provide the best fit, although remaining conservative, which confirms earlier findings (Winiger, 2016).

In Figure 5.2-17, for each turbulent homogeneous tests, the ratio between turbulent flame speed St (calculated with Gülder correlation) and the laminar flame speed Sl is presented together with the ratio between Sl and the unstable burning velocity (Sinstabilities due to the hydrodynamic instability as detailed later). The magnitude of Sinstabilities/Sl is about 3. It appears that the influence of the turbulence becomes larger than that of the hydrodynamic instability he u' is la ge tha about 2 m/s which fits reasonably with the experimental data of the figure above. More accurate cutoff values can be calculated (Figure 5.2.18) for each mixture (10 % H2, 16 % H2 and 21 % H2) and different turbulence conditions (LT). The cutoff are respectively 0.5, 1, 1.5 m/s in reasonable agreement with the present data.

It is found that a limit exist in the turbulence intensity (lying between 1 and 2 m/s) below which hydrodynamic instabilities seem to dominate the flame front behavior.

Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 211 The stratified regime of combustion is challenging. The question is to find a reasonable way to take into consideration the reactivity of the flammable mixture. It was first considered that the expansion ratio could only be the average between the various strata so that one corresponding to the average hydrogen concentration. About the burning velocity, either that corresponding to this same average hydrogen concentration could be chosen, or that corresponding to the maximum hydrogen concentration. Those two options are compared to the measured spatial flame velocities in Figure 5.2-20. The couple average expansion ratio/maximum burning velocity fits the best.

In Figure 5.2-20, in order to calculate the theoretical flame velocity, the expansion ratio had been multiplied by, for the quiet mixtures, the laminar burning velocity while, for the turbulent mixtures, the turbulent burning velocity calculated with the Gülder correlation.

Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 213 About the development of the internal explosion, it was suggested above, that under the present experimental configuration, with a rather moderate vent ratio, the internal explosion seems to be relatively independent from the external one. In such case, the internal overpressure buildup should be strongly coupled with the spatial flame velocity as suggested in earlier works from [START_REF] Lewis | Combustion, Flames and Explosions of Gases[END_REF] or [START_REF] Andrews | Determination of burning velocities, a critical review[END_REF]. This link is indeed very strong (Figure 5.2-21) and thus confirms the observations.

Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 214 The striking result is that the most influencing factor is the repartition of the flammable gas in the enclosure especially when the turbulence level is moderate (below 2 m/s). The influence of the turbulence intensity, at least under the present experimental limits, is significant only when the flame is strongly accelerated by the turbulence.

Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 215 In this model, the influence of the turbulence is accounted for in the terms Su and Af (see chapter 5.1.3.2). Re corresponds to the radius of the bubble corresponding to the volume of expelled gas (i.e. to the volume of the flame when it reaches the vent). Clearly, the Bauwens model underestimates the maximum overpressures. The influence of the tu ule e does 't see to e ell incorporate nor the influence of the stratification of the flammable mixture. So even the venting models need significant improvements.

External explosion characteristics

An analysis of the external combustion is presented below on the basis of test n°34

(quiescent homogeneous 21 % hydrogen/air). On The following observations can be made:

• Sensors L1 and L2 are respectively located at 2m and 5m from the center of the vent and on the axis of the flow. Sensors L3 and L4 are located perpendicularly, at 2m and 5m perpendicularly from axis of the vent and at about 3 m and 5.5 m from the center Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 225 of the vent. Since the center of the external explosion is located on the axis at about 1 m from the center of the vent, it is logical that L1 (1m from the center of the explosion) receives the pressure pulse first followed by L3 (about 2 m from the center of the explosion), by L2 (about 4 m from the center of the explosion) and lastly by L4

(about 5 m from the center of the explosion).

• During the first pressure pulse, characterizing the combustion of the external bubble, two peaks, separated by about 3 ms, are observed on most signals. This is due to the reflection of the pressure wave on the ground (Figure 5.2-39).

• Very large underpressure phases are observed on L1, especially in the homogeneous cases (tests 4 and 11). It is not linked to the thermal drift of the transducers since the phenomenon is very brief. As discussed earlier by [START_REF] Proust | The dynamics of vented gas explosions[END_REF], when the sensor is located nearer the vent (at 1 m for example), an initial pressure rise is due to the discharge of the vessel can be registered and the maximum is reached when the flame rushes out after. At this moment, the acoustic regimes changes and induces a sharp decrease and negative pressures. This negative pressure superimposes with the pressure pulse due to the external explosion. Here, the sensor is located at 2 m, so the sensor registers both contributions: the change of acoustic regime and the overpressure generated by the external explosion. This phenomenon can explain the relatively lower pressure measured close the vent and to the external explosion flame ball. Note that the external pressure signals do not seem to be disturbed this way for the stratified test cases. A further analysis is presented below. There is a very tight link between internal and external explosion which can be justified considering that the aerodynamics (internal flow) of the bubble is intimately linked to the outflow, the latter depending on the internal pressure via the Bernoulli relationships.

On that aspect, the Bauwens model respects the trend although only for the maximum external overpressure. The pressure field as function of the distance is not given by any model. Classically, the acoustic wave in an unconfined explosion follows the acoustic point source model : in particular, the pressure of acoustic wave decreases inversely proportional to the distance. On Figure 5.2-41 are presented the maximum overpressures measured at Li divided by the internal pressure as function of the distance to the center of the vent for some tests. It can be seen that :

• the classical 1/x decrease of the acoustic model is globally respected suggesting the external explosion can be modelled using an acoustic model as described earlier in this chapter,

• to implement this acoustic model the expansion velocity needs to be known. From the available knowledge the latter should be proportional to the square root of the Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 227 internal overpressure at the moment of the ignition of the external cloud. In the figure, the latter was approximated as being the maximum internal overpressure.

Because this is certainly a crude approximation the data point do not superpose, there is a scattering,

• the measurement done at 3 and 5,5 m seem to be on a lower trend. They correspond to the radial located sensors. It is believed this is due to the axial movement of the e te al loud to a ds the othe se so s, p o oki g a dopple effe t. 

IMPROVEMENTS OF THE MODELS

Flame propagation and burning velocities in the enclosure

It was suggested earlier that the Gülder model could provide a reasonable estimate of the turbulent burning velocity but disregards the influence of the flame instabilities.

A refinement is proposed (Duclos, 2013) using the ge e alized odel of Ta lo used by Daubech (Daubech, 2008). This model incorporates both the influence of the hydrodynamics The increase of the burning velocity due to the corrugations from the hydrodynamic instability is given by :

= [ + * - + + - ] *
The increase of the burning velocity due to the wrinkling by an accelerating flow is given by :

= . * √ ( 𝛼 - 𝛼 * * )
Where E is the expansion ratio, Slad the laminar u i g elo it , acc the acceleration of the flow and r the flame radius of curvature (typically 1 m in the present case). For a turbulent flow, the acceleration is typically = ′ ⁄ .

With those two equations, it is possible to determine the combustion velocity Ucomp as the composite resulting from the contribution of the two instabilities ULD and URT.

= √ +

The results are presented in Table 5.2-6. The flame velocity calculated using this generalized

Taylor model is given in the last column (Ucomp x E). The flame velocity obtained using the Gülder model is shown in the column labelled Sl_or_t x E 41 . Remember the figures in bolt characters correspond to the stratified cases.
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Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 230 Fo the uiet mixtures, the results obtained with the Gülder method are much below the experimental data. On the opposite, the ge e alized Ta lo odel provides much better estimates except perhaps for the 10% H2-air mixture. However, the experimental u e tai ties a e athe la ge fo these i tu es. Fo the tu ule t i tu es, the performances of the models seem comparable but the Gülder correlation seems to be more conservative.

The stratified situations are shown in Figure 5.2-43. As explained before, the flame velocity is calculated using the expansion ratios corresponding to the average concentration and the burning velocity corresponding to the maximum laminar burning velocity. The same remarks concerning the burning velocity can be done.
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Internal explosion

As showed before, the available models do not seem to provide reasonable estimates in all situations. For instance, the most developed one, the Bauwens model, suggests that there is invariably a strong coupling between the external and the internal explosion, the former interacting strongly with the latter. This fact may true when the vent ratio is large but it is not the case for the present new results. The internal explosion does not seem to depend significantly on the external explosion.

A new models is proposed in which the internal explosion does not depend on the external explosion.

The maximum internal overpressure ΔPred is reached when the production flowrate of burnt gas by the flame and equals the flow rate of gases expelled by the vent :

=

In the present situation, this equality is obtained at the beginning of the discharge of burnt gases, when the flame reaches the vent.
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Qvflame can be expressed as :

= . . -
Where Aflame is the flame area, St is the combustion velocity, E is the expansion ratio of burnt gases.

According the experimental observations described at the paragraph 5.2.2.3, the shape of the flame is a half ellipsoid when it reaches the vent. It area can be estimated using the formula of Knud Thomsen used by Bauwens.

= [ ℎ + + ℎ ]
The maximum ellipsoid surface is obtained for L = 2 m (the length of the enclosure); h =1 m (half the height), and w = 0,5 m (half width of the enclosure) and p = 1.6075.

Qvent can be expressed by: = . .

Where Cd is discharge coefficient of the vent, Av is the vent area, Vvent is the velocity of the flow through the vent.

For moderate internal overpressures ΔP, Vvent can be simply expressed by :

= √ . Δ
Where is the de sit of the gases flo i g out. Fo ΔP= ΔPred, Qvent is :

= . . √ . Δ
Whe e BG is the density of the burnt gas. Equating the flowrates :

. . -= . . √ . Δ A very good agreement is observed up to until E.St =50 m/s for which ΔPred reaches about 1,5

Thesis

a . The lo p essu e approximation for Qvent fails above this explaining the strond overestimation above E.St =50 m/s. To improve this, another formula using the compressibility factor could be used. The maximum external overpressure is obtained as :

Δ = .
.

The overpressure ΔPL at the distance rL can be obtained from this using the acoustic law under the form: 

∆ = ∆ * y = 8,3853x

Our study

Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 235 rf the a i u fla e adius ith is t i e the u le radius. But from the experiments it was observed that the maximum expansion velocity is reached at the very beginning of the combustion of the external cloud, i.e., when the radius of the latter is that of the unburnt u le. The pe fo a e of the odel is sho o the follo i g figu e.

Clearly, the pressure in the burning bubble is strongly overestimated. This is due to the acoustic effect of the discharge of the enclosure but also perhaps to the crudeness of the acoustic approximation when the flame velocity is large. But the rest of the pressure field seems correctly estimated.

Overpressure at L1 0 0,2 0,4 The proposed safety toolbox is divided into two parts: one dedicated to the contsruction of the bow tie and to the calculation of the frequencies and a second one decicated to the calculation of the consequences. The scenarios are then placed on the matrix of criticalilty.

0,6 0,8 1 1,2 1,4 1,6 1, 
Because the development is still underway and because the toolbox should remain very easy to employ, it has been developped under a Xcel format.

SCENARII CONSTRUCTION AND FREQUENCY RATING PART

As pointed out in the second chapter of this memory, the choice of the Central event is a key. It should be generic enough to avoid the construction of too many very similar scenarii bu not too much so that the contours would not be clear enough to be able to calculate the consequences.

For instance for the Greenergy Box 9 central events were found (Table 6.1-1).

A page in the Xcel files contains the freque ies of the asi e e ts esti ated efo e a d representing the technology used (Table 6.1-2).

Pages can be produced by copying a template to elaborate the scenarii (Figure 6.1-1). The use defi es the logi al li k ET o OU and fills in the different events and connects to the predefined basic events. Each event is described by some wards in the first box and the associated frequency appears in the adjacent box. An example was given earlier (Figure 6.1-2).

The blue boxes are dedicated to the safety barriers. The figure associated is the probabity that it will not work when required. This information is normally provided by the supplier but may also be estimated using AMDEC for instance.
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The matrix of criticality is also available in this part of the tool. It contains the description of the central events and their rating (Fi, Ci).

Figure 6.1-1 : template to produce the scenarii.

SCENARII CONSEQUENCE RATING PART

This part of the toolbox is more complex. One page contains the description of the scenario in terms of avalible volume of hydrogen/pressure, leak size and leakage conditions (Figure 6.2-1 ). Then several pages are dedicated to the various phenomenological models described in this memory (Table 6.2-1 and Figure 6.2-2). 

ILLUSTRATION

Apart from rating the scenarios of accidents the toolbox, and especially the consequence calculation part can be used to help designing the process. If for instance, the designer is looking for excess flowrate detectors to trigger a potential safety barrier, he would like to know which kind of leakage is likely to produce an unacceptable accident (typically C2/C3).

The configuration is that of a container (Figure 6.3-1 ) and the pipes/equipement are pressurized up to 40 bar of hydrogen. The designer may consider 4 cases. Case 1 is a very small leak, barely detectable, which he judges bearly detectable (equivalent diameter of 0.06 mm), and located near the bottom of the container. Case 2 is typically of a coupling/flange leak due to untightening (equivalent diameter of 0.5 mm) with two variants : the leak is close to the bottom of the container (case 2a) and close to the top (at 0.5 m from the top : case 2b). The last one, case 3, is a pipe rupturing (3 mm equivalent diameter) occuring close to the bottom of the container. The results are presented in table 6.3-1. It is assumed the top of the container is equipped with a venting area of 1 m 2 . It appears immediately that small leaks, even lasting a long time, will not be an issue especially if the natural ventilation of the container is accounted for (not done in the present first estimate). Impacting jets of a may be more problematic so that it is advised to locate the potential leakage points at some distance (larger than 0.5 m for the present case) from large obstacles. Provided this is feasible the consequence class is C1 with a typical ferquency of class F1. This would be acceptable. Massive leakages may produce a very hazardous situation (C3 or C4) very rapidly (seconds) so that any means to try to shut down the leakage would be challenged. A large vent area would be required and whatever the vent size large overpressures outside are possible if the external explosion cannot be avoided. But the severity of the consequences are not the only parameter of the risk and working out the frequency of such massive leakage is certainly worthwhile. The frequency of the related central events should then not be larger than F4/F5.

This shows the possibility to use such a toolbox to size the safety and not only to rank the scenarii. It is also possible to provide additional data, time scales, flowrates, to help choosing the safety barriers.
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CONCLUSION

Today, hydrogen is seen as a credible energy-e to . AREVA Sto kage d'E e gie de elops energy-storage solutions allowing to transform electrical energy into chemical energy (here hydrogen) to store it. Unfortunately, well known accidents involving hydrogen, like

Hindenburg disaster or more recently Fukushima Daiichi nuclear disaster, are still in the memories.

And it is true that, compared to hydrocarbons, the flammability range of hydrogen air mixtures is 5-10 times larger, the minimum ignition energy is 5-10 times smaller and the maximum burning velocity is also about 5-10 times larger. Then, hydrogen-involved accident might produce larger consequences.

Unfortunately, because of the very low minimum ignition energy, the ignition likelihood is much larger than for other common hydrocarbons. Design engineers have to face this reality and the safety demonstration has to be very strong and clearly understandable. Safety is the essential issue for the introduction of hydrogen applications onto the market.

To do so, experience shows that all the sequences of events leading to a hazardous situation (a leakage) need to be identified and ranked in terms of likelihood and consequences (explosions pressures, fire thermal fluxes). On this basis scenario-dedi ated safet a ie s can be chosen and engineered in terms of required reliability and efficiency (level of reduction of the consequences). If the risk is unacceptable design engineers should be able to change the process and reassess the risk.

The objective of this study is to establish a tool o e a li g this safet sizi g a d demonstration.

To do so a number of issues need to be addressed. Some of them were.

The second chapter of this work was dedicated to the choice of a risk assessment method and metrics. They are based on the ARAMIS methodology but adapted to processes. The Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 244 principle is to build a fault tree, describing the cause to consequence architecture leading to the critical event (a leakage for instance) and and event tree describing the sequence of o se uti e e e ts fo atio of a fla a le at osphe e, fi e, e plosio ,… . This is the o -tie diag a e. A at i of iti alit is de ised fo the spe ifi ontexte of H2 system in containers. It is further shown that the choice of the critical events is a key point and that the frequency database is important. Public databases are not relevant. A method is p oposed to ge e ate the f e ue ies of the asi events appearing in the risk analysis.

The third chapter is dedicated to the leakage estimation including the plume. Tests were performed to find a reasonable estimation of the discharge coefficient and to tune at best the decay coeffciient for the plume. Models were chosen.

The fourth chapter deals with the accumulation of a H2-air mixture in the container. This is a particularly important point not satifactorily understood and modelled. An extensive experimental campaign at full scale was performed to identify the mixing regimes (uniform, layered, stratified), the maximum concentration of hydrogen and the turbulence characteristics. In most configurations a uniform mixture is formed. Low momentum flows and close distance impacting jets are exceptions. Since available models do not seem to perform correctly new ones were proposed and tested.

The fifth chapter concerns flame propagation, internal and external explosion. Available knowledge is limited and models are inaccurate. Again a test campaign at full scale. was peformed. About flame propagation, it was shown that turbulence effect can accelerate the flame only when the turbulence level is larger than 1 or 2 m/s. To explain this the role of the instabilities is invoked. A generalized Taylor model is proposed to cover both the influence of the instabilities and of the turbulence. About the explosion, it is suggested that for rather moderate vent ratios, as probably implemented in containers, the internal explosion does not depend on the external explosion and can be very accurately modelled using a flame kinematic model. Note also that the stratification of the mixture and the maximum H2 concentration have a larger infleucne than the total amount of hydrogen in the cloud and and the turbulence level. The external explosion is an unconfined explosion which obey the multi energy laws except that the flame does not propagate outwardly (so that the maximum overpressure is reached when the flame reaches the border of the cloud). The Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 245 maximum outward velocity and overpressure is reached imediately after the ignition of the cloud. The exact phenomenology is still to be clarified. Correlations were established to describe the extrenal explosion.

The short sixth chapter describes the safety toolbox incorporating the novelties obtained in this work. A possible use is proposed illustrating the possibility to design the H2 application so that the safety is optimized.

Certainly the safety toolbox should be finalized and tested further. On the phenomenological aspects, the physics of the internal explosion involving stratified mixtures and obstacles should be further analyzed. It is believed that the generalized Taylor model could be used.

The physics of the external explosion needs to be clarified in order to provide a more accurate modelling especially in the near field but also to devise venting systems allowing to reduce the pressure pulses.

Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 246 In the following models, a supersonic release goes necessarily through a brutal expansion order to reduce the release pressure (greater than atmospheric pressure) up to the atmospheric pressure as shown on the Figure 1. As long as the flow is in the expansion area, there is no possible dilution with the ambient air and the flow progress by successive shocks.

LIST OF TABLES AND FIGURES

Then when the release pressure is equal to the atmospheric pressure, the flow diameter reaches a fictional diameter. At this notional diameter, the velocity is equal to the sonic velocity in the surrounding air. Beyond this expansion area (and so the notional diameter) a dilution between the release and the ambient air could occur. Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 287

Figure 2: Schematic of an under-expanded gas release, extracted from [START_REF] Birch | The structure and concentration decay of high pressure jets of natural gas[END_REF] The Figure 2 represents a supercritical release from a reservoir through an orifice. Birch distinguished three levels 1 in order to characterize the release:

• Level 1: Conditions inside the reservoir (considered infinite);

• Level 2: Conditions at the orifice d;

• Level 3: Conditions after the notional expansion to ambient conditions.

The le el do t ha e a ph si al se se ut help to define the pseudo-diameter. Given these information, the pseudo-diameter can be calculated. Firstly, the conservation of the mass between the level 2 and level 3 (in the expansion area) gives the following formula: , =

, , that could be also write as follows:

= 1

Where CD is the discharge coefficient; d the orifice diameter and dps the pseudo-dia ete ; 2 a d 3 the density at the level 2 and 3; u2 and u3 the sonic velocity at the conditions of the level 2 and level 3

The conditions at the level 3 are equal to the ambient conditions and due to the definition of the pseudo-diameter, no discharge coefficient is required.

By restructuring the Equation 1; the following relation is obtained, allowing the deduction of the pseudo-diameter dps:

( ) = 2 
Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 290 = √ ( ) ( 𝛾 + ) 𝛾 𝛾-14 SCHEFER APPROACH [START_REF] Schefer | Characterization of high pressure, under-expanded hydrogen-jet flames[END_REF] introduced an approach similar to the Birch 1987 approach, taking into account the mass and momentum conservation, where the non-ideal behaviour of released gas is considered by using the Abel-Noble equation of state:

= - 15 
Where b is the co-volume of the released gas, for hydrogen, as defined by San Marchi et al.

(

) = . ⁄ = . . - ⁄ 2007 
From the Abel-Nobel equation of state the density in the reservoir can be calculated as (this equation is also available at level 3):

= + ⁄ 16 
Given this new equation of state the parameters (density, temperature, pressure and velocity) at level 2 are:

( - ) 𝛾 = ( - ) 𝛾 [ + ( 𝛾 - - )] 𝛾 𝛾- ⁄ 17 = + 𝛾 - - 18 = 𝐻 - 19 = = √ 𝛾 𝐻 - 20 
Concerning the parameters at level 3, pressure and temperature are considered to be the ambient pressure and temperature. The velocity at level 3 is found by substituting the equation of mass conservation (1) into the equation of momentum conservation (9) and is
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= - - 21 
Finally, the pseudo-diameter also called notional nozzle by Schefer and his co-workers is given by

= 22
Where deff is the notional nozzle, pseudo-diameter ( = )

MOLKOV APPROACH

This approach [START_REF] Molkov | High-pressure hydrogen leak through a narrow channel[END_REF] is derived from the Schefer approach, but assuming that the temperature at level 3 is different from the ambient temperature and the pressure P3 is equal to the ambient pressure. This approach is based on the Abel-Nobel equation of state (see Equation 15); the density inside the reservoir, at level 2 and also the temperature, pressure and velocity at level 1 are as presented previously in the Schefer approach (equations from ( 16) to ( 20)).

The elatio s et ee the le els a d a e the o se atio s of ass a d e e g . It s leading to the following formula:

+ = + 23 
The temperature T3 is given by:

= 𝛾 + + ( 𝛾 - 𝛾 + ) - 𝐻 24 
The density and velocity at level 3 are:
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= ( + 𝐻 ) ; = √ 𝛾 𝐻 25
The pseudo-diameter is given by the relation ( 22). Finally, with all values at level 3, the mass flow rate or volume flow rate can be calculated as flows:

̇= * * = * 26 
Into their article, [START_REF] Molkov | High-pressure hydrogen leak through a narrow channel[END_REF] also developed a system of equations that takes into consideration the losses in the gas flow, by the introduction of two factors, the factor f for friction to the walls and the factor K for the minor losses due to the presence of valves or reduction/increase of the flow section. To establish this system of equations, the authors considered the leak as a channel through a wall (see Figure 4) Where uj is the jet exit velocity, fs is the mass fraction of fuel at stoichiometric conditions, j/ atm) is the ratio of jet gas density to ambient gas density, dj is the jet exit diameter, and Tf is the flame temperature According to the values of this flame Froude number, the flame can be buoyancy-dominated (small values) or momentum-dominated (larger values). Then the flame length is calculated using a non-dimensional flame length L*:

= * 29 Where = √ 𝜌 𝑗 𝜌 𝑎𝑡𝑚
The dimensionless flame length L* is depending on Froude number and so on the regime: buoyancy-dominated or momentum-dominated.

< : Buoyancy-dominated * = . Then once the flame length is known, the flame width Wf can be estimated with the flame length. Indeed, a constant ratio had been found between the maximum visible flame width and the visible flame length. According to the literature, this ratio is equal to 0.17 +/-0.03 [START_REF] Turns | Oxides of Nitrogen Emissions from Turbulent Jet Flames: Part 1-Fuel Effects and Flame Radiation[END_REF], [START_REF] Schefer | Spatial and radiative properties of an open-flame hydrogen plume[END_REF], [START_REF] Imamura | Experimental investigation on the thermal properties of hydrogen jet flame and hot currents in the downstream region[END_REF] and [START_REF] Mogi | Experimental study on the hazards of high-pressure hydrogen jet diffusion flames[END_REF].

= 𝛼 𝛼 = . 32

After [START_REF] Schefer | Spatial and radiative properties of an open-flame hydrogen plume[END_REF][START_REF] Schefer | Investigation of small-scale unintended releases of hydrogen: momentum-dominated regime[END_REF]; [START_REF] Mogi | Experimental study on the hazards of high-pressure hydrogen jet diffusion flames[END_REF] developed simple engineer correlations to calculate the flame length and width based on the release parameters (pressure in the reservoir, leak diameter or mass flow rate). The first set of equations is based on the upstream pressure P1 (>0.1 MPa), and is correlated as:

=

.
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34

Then [START_REF] Mogi | Experimental study on the hazards of high-pressure hydrogen jet diffusion flames[END_REF] developed a correlation that takes into account directly the release mass flow rate ̇ , the flame length is equal to:

= . ̇ . 35 
Finally, [START_REF] Mogi | Experimental study on the hazards of high-pressure hydrogen jet diffusion flames[END_REF] also developed a correlation that depends on the heat release rate Q calculated by multiplying the mass flow rate ̇ by the heat of combustion Δ . In this case, the flame length is defined as:

= * .

36

Where Q * is the dimensionless heat release rate defined as: 

GARAGE (2009)

These experiments are a set of experiments of helium dispersion in a facility representative of a realistic single private garage (for safety reasons, helium was used instead of hydrogen).

The experiments were performed by the CEA in the framework of a European Network of Excellence HySafe and French project DRIVE 5 . As example a representative experiment is Concerning the garage design and to be as close as possible to a real garage, the structure of the garage was made of a stainless steel skeleton (Grade 304) composed by tubes of square section of 40mm. The material chosen for the walls is Styrodur® (2500 C); a green coloured extruded rigid polystyrene foam of 30mm thickness (40mm thickness at the floor level).

The GARAGE facility was equipped with a door (2.02m*0.81m) for technical access at the rear, and a tilting door (2m*2.4m) at the front. Furthermore, the GARAGE was also equipped with two small openings at the rear near the door. Both are 200mm diameter openings and are equipped with a cap. The following figure gives the positioning of the two openings and the door at the rear of the GARAGE.

Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 313 For concentration measurements, 64 monitoring points were used inside the GARAGE facility. The displays the location of the sensors inside the GARAGE. The measurement sensors are deployed at 27 fixed points attached to the ceiling (PiNj, where i = 1-9, and j = 1-3), 30 mobile points (MiNj, i = 1-6, and j = 1-5), and 7 voluntary points (Voli, where i = 1-7).

The se so Vol is pla ed i f o t of the lo e ope i g so that the outgoi g heliu gas concentration is measured. The poi t diffuse P as a auto o ile oil filte of . -cm height and 8-cm diameter which a ea as ²; e ui ale t to a i ula dia ete of .

. The li e diffuse L as a 1.83-m length and 17.5-mm diameter hose, its area was 743 cm² and its equivalent diameter was 30.8 cm. The release was centered on the floor and could be located at various heights ys. 

GAMELAN (2010)

GAMELAN experiments were performed in 2010 in the framework of DIMITRHY 7 French national research Project. Their aim was to reproduce hydrogen release and accumulation into a full cell compartment. For this, they measure precisely and in a reproducible way helium reject in a cubic enclosure equipped with vents (helium is used instead of hydrogen due to safety reasons). Cariteau described the experimental set up into their publication [START_REF] Cariteau | Experimental Study of the Effects of Vent Geometry on the Dispersion of a Buoyant Gas in a Small Enclosure[END_REF].

7 Données et Instrumentation de la MITigation du Risque HYdrogène pour des applications grand public des systèmes pile à combustible
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The enclosure is a parallelepiped with a square base of 0.93m by 0.93m and 1.26m high. The vent is located on a side wall, near the ceiling (the upper side of the vent is 20 mm below the ceiling). Three vents used; the larger is a rectangle vent of 90cm by 18cm; the two other vents have approximately the same area, the first is a square vent of 18cm by 18cm and the another is rectangle vent of 90cm by 3.5cm. They are respectively referred as vent a, vent b and vent c in the following.

Helium is injected from the bottom of the enclosure through a tube of 5mm or 20mm diameter, centered in the horizontal section and directed upward. The outlet of the injection tube is at 21cm from the floor. Several volumetric flow rates of Helium were tested from 1Nl/min to 300Nl/min.

The tests were performed in a free volume configuration, i.e. no obstacle and without ventilation. The results of the tests 1 and 2 at around 9 kg/h showed a uniform ceiling layer, the momentum-induced forces dominate the buoyancy forces, i.e. the jet length Lm is greater than the height of the enclosure for those both tests. While the results of the test 3 at 0.9 kg/h showed a vertical stratification, in this case the momentum forces are not dominant, i.e. the jet length is smaller than the height of the enclosure, upper than 1.8m the release is a pure plume. Based on the similitude law the flowrate of hydrogen is equal to 1.04 the flowrate of helium

𝐻 = ′ 𝐻 ′ 𝐻 𝐻 = ( -𝐻 -𝐻 ) 𝐻 ≫ 𝐻 ≅ .

𝐻

The measurements were made using 15 mini-catharometers Xensor TCG3880. In their article, Bernard-Michel and Houssin-Agbomson (2015) also introduced a smaller enclosure the 1 m3 enclosure, similar to the GAMELAN facility but equipped with two vents.

The dimensions of this 1 m3 enclosure are (W0.995xL0.995xH1.0) m3. Two openings are located on the opposite faces of the enclosure one at the top and the other at the bottom.

Their dimensions are (H18xW96) cm². The injection point is a circular tube of either 27.2-mm diameter or 4-mm diameter located at 8 cm from the floor. The release was centered on the floor and directed upwards. As previously the flowrate of hydrogen is equal to 1.04 the flowrate of helium

The measurements were made using 15 mini-catharometers Xensor TCG3880. 

MODELS

The models above had been compared to experimental data (Table 7) [START_REF] Proust | Habilitation à diriger des recherches : mémoires de travaux ; Formation-Inflammation-Combustion des atmosphères explosives (ATEX) and effets associés[END_REF] in order to highlight the most pertinent models [START_REF] Winiger | Explosion : caractérisation et vitesse de propagation de flamme dans un la ge tu ule t[END_REF]. The results of this study showed that there are more correlations than authors, one author could develop several models; proof that no model gives them satisfaction. Moreover, a great disparity was found between the correlations and experimental data and also between the different models; this could be explained by the fact that some correlations calculate the average flame velocity and others calculate instantaneous flame velocity. However, these results (presented in Table 8) can be qualified, for instance, the correlation of Gülder modified by Proust seems to be inapplicable for low and high turbulent intensities while a model developed by the INERIS seems to be inapplicable only for low turbulent intensities or the correlation of Guo seems to be inapplicable for low ratios of the turbulent intensity to the laminar flame velocity. The level of turbulence characterized by the Reynolds number is likely to have an impact on models such as the correlation of Abdel-Gayed or of Bradley.

Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 328 Where Patm is the ambient pressure (101325 Pa); V the volume of the vessel;  the specific heat ratio ( = 1,4 for hydrogen) and Prupture the pressure of rupture of the vessel defined as:

= ( . ) ℎ 𝑖
With Pservice the operating pressure in the vessel It can be shown (Heudier, 2004) that the pressure effects induced by the bursting of a vessel a e o pa a le to that of a deto atio of a high e plosi e. The Hopki so la e a led to design a single overpressure/distance correlation (Figure 9-1) where the distance to the center of the explosion R is scaled according to the cube root of the mass an explosive of reference TNT. In this graph, wTNT is the equivalent mass of TNT releasing the same amount of p essu e e e g that the u sti g ese oi so that :
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𝑇 𝑇 = ° °𝑇 𝑇 66 
The energy released by the detonation of 1 kg TNT is °𝑇 𝑇 = .

. - Typical threshold can be picked on this graph (Table 9-1). 

PASMAN ET AL. (1974)

First the experiments performed by Pasman (1974) The p essu e is easu ed i the essel a d the fla e elo it is t easu ed. Secondly, the experiments performed by [START_REF] Kumar | Vented combustion of hydrogen-air mixtures in a large rectangular volume 44th[END_REF]2009) in a rectangular enclosure (L10*W4*H3m -120m3) (called LSVCTF: Large-Scale Vented Combustion Test Facility) in the single chamber configuration. Two campaigns were performed both with lean hydrogen mixtures; from 8 to 12% for the first campaign and 5.9 to 10% for the second. The parameters tested are vent areas (0.55; 1 and 2 m²) and the influence of the ignition location (central C, near vent N and far vent R).

The second campaign was performed with initially turbulent mixtures; this turbulence was produced with 8 fans operating at 1 000 RPM. After the article by Kumar and Tamm (1985), a fan operating at 1 RPM ge e ates a tu ule t i te sit u of /s; this i fo atio had to be considered cautiously because they were obtained into a spherical enclosure and the u e of fa as t clearly explained. Unfortunately, there were no information on the fan diameter or the turbulence length scale.

About the instrumentation; no information is available about the opening pressure of the vents used. There are also some uncertainties on the laminar flame velocity for the very lean mixtures. Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 336 The Bauwens experiments (FM Global) were performed in a 63.7m3 chamber (L4.6m x W4.6m x H3m) with hydrogen/air mixtures from 12 to 20 %H2. For those experiments two vents were tested of 2.7 or 5.4m² located on one wall of the chamber. As the same as the Kumar experiments; three ignition points were investigated: the centre of the chamber (CI), the back wall (BW) and at front vent (FI).

The vent was covered with a thin plastic sheet to avoid the dispersion of the mixture into the atmosphere. This plastic sheet had an opening pressure less than 0.5kPa. The instrumentation was composed of pressure transducers, thermocouples and blast-wave transducers as shown on the Figure 7. The experiments were also performed in the 63.7m3 test chamber with lean hydrogen/air mixtures from 12 to 15 %H2. For those experiments only the vent of 5.4m² was tested and the ignition points were: the centre of the chamber (CI) and the back wall (BW). Once again the vent was covered with a thin plastic sheet which opening pressure is less than 0.5kPa.

For those experiments the mixture was initially turbulent. This turbulence was generated by 4 fans which diameter is equal to 0.5m. the length scale was assumed equal to the diameter of the fan.

The instrumentation was composed of pressure transducers, thermocouples and blast-wave transducers as shown on the Figure 7. Nine anemometers were added in order to measure the turbulence intensity. The main results of those experiments were firstly that two pressure peaks were observed due to the external explosion and then due to the flame-acoustics interactions and secondly
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DAUBECH ET AL. (2011)

Those experiments were performed at INERIS research center in two cylindrical chambers of About the instrumentation both the internal pressure and the pressure out were measured.

The flame propagation was also measured with ionization gauges or optical sensors. The ignition was made with a pyrotechnical match (60J). The vent relief pressure was less than10 mbar. 

DAUBECH ET AL (2013)

The latest experiments, performed in the framework of DIMITRHY project, were performed by [START_REF] Daubech | Hydrogen-air vented explosions: new experimental data[END_REF] in a transparent enclosure having overall dimensions of L 2.0×H 

Main experimental results

• Influence of mixture concentration: the higher concentration mixture is; higher peak overpressures are generated due to both higher flame speeds and expansion ratios.

The project highlighted that if the concentration mixture is lower than 10% H2, the overpressure is negligible Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 343

• Influence of vent size: the smaller the event is; the higher internal overpressure is generated. The vent size has also an impact on the size of the external cloud if the vent is wide the gases expelled will form a cloud like a mushroom while through a small vent the gases expelled will form a cloud like a stinger. In all cases the cloud diameter will be twice bigger than the vent diameter. This will also have an impact on the effects distances in the line of the vent; for a small vent the distances will increase.

• Influence of ignition location: at a same hydrogen mole fraction, the internal overpressure effects (during the first peak pressure) are relatively insensitive to the ignition location in the case of back or center ignition. If the ignition location is near the vent, the first peak pressure associated with the external explosion is negligible.

About the second peak pressure, the overpressure is higher for a center ignition than back ignition due to the fact that fewer gases are present in the enclosure at the moment of the 2 nd peak pressure if the ignition occurs at the back wall. For a front ignition the 2 nd peak has the same order of magnitude than the 1 st peak pressure in case of back and center ignition. The external overpressures tend to rise when the ignition position is near the back wall (away from the vent). Indeed, the external overpressures are linked to the quantity of reactants expelled by the flame outside the enclosure (more reactants more effects)

• Influence of obstacles: the presence of obstacles leads to an increase of the internal overpressure (internal explosion is more violent) while the external overpressures are not influenced by the presence of obstacles. In DIMITRHY project two sizes of obstacles and two configurations had been used, size and configuration seem to have a secondary impact on the generation of the internal overpressure. Whereas the vent size seems to be primordial as well as the number of obstacles on the direct line between the ignition location and the vent.

Those conclusions should be taken with caution as they might be directly and strongly linked to the geometry of the enclosure. Moreover, the geometry of the enclosure should also have an impact on the overpressure unfortunately DIMITRHY project experiments were only made into a rectangular enclosure. As said in the introduction of the chapter on deflagration the main different feature between deflagration and detonation is the velocity of the wave front; subsonic for a deflagration and supersonic for a detonation. As result, the pressure history of a deflagration or a detonation will be different (see Figure 21).

For hydrogen, the risk of detonation is real due to the ability of a hydrogen-air flame to accelerate very rapidly. Because hydrogen-air flames are unstable ( §) and sensitive to their environment (acoustics waves, turbulence, presence of co gestio … , the a a ele ate up to the quasi-detonation regime. [START_REF] Dorofeev | Evaluation of limits for effective flame acceleration in hydrogen mixture[END_REF] evaluated the potential for flame accelerations (FA) and showed that the expansion ratio E is a key parameter (Figure 15) that could define a boundary between weak and strong FA. Even if the detonation phenomenon will not be considered in the following part of this e o , it s i po ta t to k o its ph si s, i this a a sho t i t odu tio o deto atio and deflagration is presented below.

DETONATIONS

Detonation is a complex of a shock wave and a reaction front. The propagation of the detonation depends on the compression of the reactants in the shock where the mixture is ignited due to high temperature. The Chapman-Jouguet (CJ) theory (1899-1906) considers that the shock wave and the reaction front propagates at the same speed. The velocity of this wave depends on the reactants composition. Assuming that the equilibrium is reached after the shock, both the chemical composition and the energy released can be determined.

It came out that the velocity is also a function of the energy released during the detonation. 11 For hydrogen, the detonation/detonability limits are 18.3%-59%vol. in air and 15%-90% in oxygen [START_REF] Kuo | Principles of Combustion[END_REF] Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 351 It is also likely that a deflagration regime is converted into a detonation regime if the flame front underwent a sudden and brutal acceleration, this phenomenon is called deflagration to detonation transition (DDT). This transition is composed by two stages: the creation of the favorable initial conditions to strongly accelerate the flame and the formation of the shock wave and its propagation.

A DDT could occur if the mixture is within the detonability limits, if the environment is favorable for instance if there is confinement or the presence of obstacles. For instance, a

DDT could occur into a channel; a tube or an elongated reservoir (typically if the ratio of length to diameter of the tube is greater than 5)

(1) Ignition of the combustible mixture at the end of a tube [START_REF] Proust | Dust explosions in pipes: a review[END_REF][START_REF] Shepherd | On the Transition from Deflagration to Detonation[END_REF] Today this theory is challenged (Proust, 2015), Proust suggest that the flame acceleration leading to a DTT a ot depe d o the pipe s geo et ut o the atu e of the fuel used.

The criteria to a DTT would be a flame velocity higher than 500 m/s in the pipe. The blast also damaged windows in the surroundings "as far about a half a block away i.e. In front, the lack of information about the bottle the maximum propane volume can be considered equal to 5 m 3 , knowing that the bottle should be less filled.

Estimation of the door's mass

A neighbor said that the container door mass should be between 200 and 300 pounds, o espo di g to a d kg. A doo s size is a ou d . . . ² .

To be able to estimate the weight of one door and without out information on the density of the steel used, the surface density can be calculated considering that an empty container 13 weighs 3740 kg and its dimensions are Length: 12 m; Width: 2.35 m and Height: 2.39 m, so its surface is equal to 125.4 m². The mass of container per m² is around 30 kg/m².

The doors have an area of 2.65 m², its weight is consequently equal to 80 kg, the same order of magnitudes that the neighbor said.

Calculation of the energy produced by the explosion

The 80-kg door was landed at 100 meters away; Rfrag = 100m. Considering the shape of the door, the drag coefficient Cd is around 1.9.

The dimensionless projection distance is: The projection velocity of the door was 215 m/s and is directly linked to the energy produced by the explosion as describe in the following formula:

= .

[ ° ]

.
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The energy of the explosion is equal to 145 MJ, as expected less than the maximal energy (if the bottle is considered filled). Given the heat of combustion equal to 49 MJ/kg, the quantity of gas release before the explosion is around 3 kg of propane and is equivalent to 1.5 m3 of propane and so a propane concentration of 3.8% if the container is empty and 7.7% if the container is half-empty. Those concentrations are between the flammable limits of propane 2% to 9%.

Knowing the explosion energy, the overpressure can be estimate. The pressure produced during the explosion is equal to 2.5 bars.

The overpressure generated in a closed enclosure is equal to:

For an empty container and 3kg of propane, the maximal overpressure obtained is 2.36 bars;

this is in agreement with the overpressure found with the Brode formula.
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Verification of the calculations

Once the explosion energy is known, a verification of the calculations can be done by comparing the distances where specific overpressure are reached, for example, for the Saanich accident, windows had been broken 150 m away from the explosion center and the explosion had been heard and felt up to 7 km away.

To be broken a window should receive an overpressure of 20 mbar (threshold of significant destruction of windows). To estimate the distance where the 20-mbar are reached the TNT equivalent methodology is used. The coefficient α is generally taken equal to 0.8 and represent the fraction of the energy that contributes to the overpressure effects. In our case, the energy calculated is directly the e e g asso iated ith the o e p essu e effe ts, o se ue tl the oeffi ie t α is taken equal to 1. The following table gives the results of the distances in function of the overpressure thresholds. The distance where a significant destruction of the windows is noticeable, is 120 m. This distance found has the same order of magnitudes that the description given into the e spape s a ti les.

Threshold

The estimation of the explosion energy can also be verified with the fact that people heard and felt the explosion up to 7 km away from the explosion center. The blast was huge enough to wake up people. Given that data, the level reached by the blast should be, at least, equal to 85 dB (decibel level where the sound is considered noisy). The overpressure in function of the distance 14 is defined as follows: At 7 000 m (7 km) the overpressure is around 370 Pa. To determine the decibel level equivalent to this pressure, the following formula is used

= ( * -)
A decibel level of 145dB is found and this level matches with the description given by the e spape s a ti les. With an abacus, the dimensionless projection velocity can be found and equal to 0.49. ) . * = .

The energy of the explosion is equal to 0.12 MJ, as expected less than the maximal energy (if the bottle is considered filled).

Knowing the explosion energy, the overpressure can be estimate. The pressure needed to launch the fragment is equal to 4 mbars. This pressure is different from the pressure generated by the explosion, which should be greater.

Vented deflagration overpressure

If the maximal overpressure is calculated if a vented deflagration is considered with the doors as vents. The opening pressure of the containers doors is taken equal to 500 mbar 15 . An energy produced by the vented deflagration is equal to 0.68 MJ.

Br

The energy found previously for the projection of a 5-kg fragment at 5 m, corresponds at 20% 16 of the overall overpressure (0.68 MJ).

Verification of the calculations

Like for the Saanich accident, a verification of the calculations can be done by comparing the distances where specific overpressure are reached, for example, for Huntington Beach accident, windows had been broken 20 m away from the explosion center and the explosion had been heard and felt up to 800 m away.

The same methodology is applied that for the Saanich accident. The following table gives the results of the distances in function of the overpressure thresholds. The distance where a significant destruction of the windows is noticeable, is 20 m. This distance found has the same order of magnitudes that the description given into the e spape a ti les.

Threshold

16 Lees Loss Prevention in the Process Industries: Hazard Identification, Assessment and Control, 3rd Edition, 2005. Table 17.9, p. 17/28
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The estimation of the explosion energy can also be verified with the fact that people heard and felt the explosion up to a half-mile (800 m) away from the explosion center.

At 800 m, the overpressure is 16 Pa with an energy of 0.68 MJ, energy calculated from the vented deflagration and the associated decibel level is 118 dB. This level is in agreement ith the des iptio gi e the e spape s a ti les.
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  but offering a much wider storage potential. The global production of hydrogen is currently around 130 Mtep per year what represents about 1.5% of the global energy production. Today, most of these new applications (but also some traditional ones) are delivered on site inside shipping containers. Examples are given on Figure 1.2-1 such as electrolyzers to produce hydrogen from water, fuel cells to transform H2 into electricity, transient energy storage of renewable energy transforming electricity into H2 during the production period a d tu i g h d oge a k to ele t i it du i g late t pe iods… AREVA SE: Fuel cell backup power AREVA SE: Hydrogen building containing the fuel cell System and the electrolyser Air Liquide: Refueling station AREAVA H2 GEN: Electrolyzer McPHY: Energy storage application McPHY: Refueling station Figure 1.2-1. Different existing hydrogen energy technologies Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 13 The appli atio o side ed o e i details i the p ese t o k is the G ee e g Bo ™ (Figure 1.2-2). It falls into the last category and incorporates many of the features of the other applications: it is inside a container with an electrolyzer, a fuel cell, large storages, al es, o p esso s … This p o ess is p ese ted ith o e details i § 2.2.1.
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 122 Figure 1.2-2. Picture of the Greenergy Box TM on the MYRTE site.

Figure 2 . 1 - 1 .

 211 Figure 2.1-1. General QRA approach used in HyRAM

French

  regulatory system resembles the ARAMIS methodology (Official Journal of the French Republic n°234 of 10/07/2005 and Official Bulletin of the French Ministry of Ecology n° 2010/12 of 07/10/2010).

Figure 2

 2 Figure 2.1-2. Overview of the ARAMIS risk analysis process(Salvi and Debray, 2006) 

  Rijnmond 5 district decided to create a commission called COVO (Dutch acronym for Commission for the Safety of the Population) run by the industry, Rijnmond authorities and representatives of the Ministry for So ial Affai s. The o issio 's goal as to defi e a d assess the isks li ked to the oil, petrochemical and chemical industries present in the Rijnmond area. This work concerned the assessment of the probabilities and the consequences of industrial accidents. Six plants were represented in the commission covering the typical hazards in the Rijnmond area:

  k o as Pu ple Book . The s e a ios a d data o e f o the COVO stud th ough the RE-95-1 document (TWO, 1996) and from the IPO study (IPO, 1996) (the latter is also based on the results of the COVO study, co i ed ith the judg e ts of e pe ts . The ge ealog of the data is presented on Figure 2.1-4.

Figure 2 . 1 - 4 .

 214 Figure 2.1-4. History of the Purple book data[START_REF] Pasman | History of Dutch process equipment failure frequencies and the Purple Book[END_REF] 

Figure 2 . 1 -Figure 2 . 1 - 5 .

 21215 Figure 2.1-5 shows the links between the different probabilities database and illustrates the difficulty to judge the reliability of those databases. This might come from a non-unified terminology (fo e a ple the e p essio atast ophi failu e has different meanings in the different reports), from the conversion of data from a type of industry to another type or from the limited information on the causes of failures.

Figure 2 . 1 - 6 .

 216 Figure 2.1-6. Sensitivity of estimated pipe leak frequencies when only compressed gas (CG) is utilized to estimate a generic prior distribution (Figure 6 extracted from (Lachance et al., 2009))

Figure 2 .

 2 Figure 2.1-7. Sensitivity of estimated valve leak frequencies when nuclear data is excluded from determining the generic prior distribution. (Figure 7 extracted from (Lachance et al., 2009))

:

  Development of phenomenological and risk assessment models of explosion for the emerging hydrogenSE HYDROGEN APPLICATIONS: THE EXAMPLE OF THE GREENERGY BOX TM AREVA Sto kage d'E e gie AREVA SE de elops e e g -storage solutions transforming electrical energy into chemical energy (here hydrogen) as a storage mean. AREVA SE developed several systems using hydrogen. One of them is presented in this paragraph: the Greenergy Box. The Greenergy Box TM is a pa kaged i a o tai e h d oge chain (Figure 2.2-1) with an electrolyser 9 , a fuel cell 10 , a water and heat management device, and electrical converter systems coupled with hydrogen and oxygen storages installed outside of the container (Figure 2.2-2).

Figure 2 . 2 - 1 .Figure 2 . 2 - 2 .

 221222 Figure 2.2-1. Principle of energy storage system

(

  Figure 2.2-3 and Figure 2.2-4). The Greenergy box is coupled with photovoltaic panels to store/buffer the solar energy (under the form of compressed H2 and O2) during the day time and produce electricity by night for instance or during consumption peaks. The platform nominally provides electricity to the electrical network and only the surplus is stored.

Figure 2 . 2 - 3 .Figure 2 . 2 - 4 .

 223224 Figure 2.2-3. Platform MYRTE and the Greenergy Box TM on the platform
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 225 Figure 2.2-5. Adapted overview of the ARAMIS risk analysis process to hydrogen applications MIMAH (Methodology for Identification of Major Accident Hazards) and MIRAS (Methodology for the Identification of Reference Accident Scenarios))
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 226 Figure 2.2-6. example of a simplified bow-tie of s all leak of h d oge i the o tai e s e a io ER

  French regulation for hazardous plants (Official Journal of the French Republic n°234 dated 7th October 2005, MEEDDM Official Bulletin° 2010/12 dated 10th July 2010). For instance, a plant will not be authorized to run if the frequency of e posi g o e tha people to a fi st lethal th eshold is et ee -4 /year and 10 -3 /year C lass . A o di g to the defi itio of the fi st lethal th eshold , o l % of the people e posed to this th eshold a p essu e alue, a heat flu … depe di g o the a ide t ould die. It should then be admitted that the frequency range [10 -6 /year (1% x 10 -4 /year) -10 -

Figure 2

 2 Figure 2.2-7. Acceptability matrix of the accidental scenarios hydrogen applications

Figure 2 .

 2 Figure 2.2-8. Part of the fault tree associated to the ER 1 (leaks due to the overpressure not shown)

  Whe e O . ea s o de of ag itude .

Figure 2 .

 2 Figure 2.2-9. Example of bow-tie diagram associated to the ER1 F e ue ies fo asi e e ts appearing in the fault trees of all ER are given in the table below. The calculations are presented in the Appendix 1.

Figure 3

 3 Figure 3.1-1.

Figure 3 . 1 - 1 .

 311 Figure 3.1-1. subsonic jet illustration and position of references points (1: inside the tank; 2: at the leak)
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Figure 3 . 1 - 2 .

 312 Figure 3.1-2. Measured density compared with calculated density using the perfect gas law and the Abel-Noble equation of state (extracted from[START_REF] Proust | High pressure hydrogen fires[END_REF] Fig. 6) 

Figure 3 . 1 - 3 .

 313 Figure 3.1-3. Comparison of hydrogen release between the ideal gas law and the Abel-Noble equation of state (P from 0 MPa to 100 MPa; Ø=3mm and CD=0.9).

Figure 3 . 1 - 4 :

 314 Figure 3.1-4: Free jet illustration
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 315 Figure 3.1-5. Supersonic release illustration All the difficulty is to estimate dps and the flow conditions (specific mass, velocity) in this plane. Birch et al. (1984) contributed significantly to this after investigating experimentally releases of natural gas over the pressure range from 2 to 70 bars. The flow structure is shown on Figure 3.1-6 he e the diffe e t le els a e:

--- 3 . 1 . 3

 313 Conservation of mass, Conservation of momentum, -Isentropic change, -Ideal gas, -Temperature at notional nozzle equal to that in the reservoir (level 1Conservation of mass, -Isentropic change, -Ideal gas, -Temperature at notional nozzle equal to the one at the level 2 -Velocity at the notional nozzle is sonic Schefer et al. (2007) -Conservation of mass, Conservation of momentum, -Isentropic change, -Real gas (Abel-Noble equation of state), -Temperature at notional nozzle equal to that in the reservoir (level 1Conservation of mass, Conservation of energy, -Isentropic change, -Real gas (Abel-Noble equation of state), -Temperature at notional nozzle equal to the one at the level 2 -Velocity at the notional nozzle is sonic Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 68 VELOCITIES AND CONCENTRATIONS PROFILES IN THE NEARFIELD As demonstrated at the beginning of the section above the free jet is a self-similar flow and concentration structure. Using a more refined reasoning, it was established that the axial velocity and mass concentration along the axis of the jet follow a hyperbolic law: . Various values of Ku were proposed (Chen and Rodi, 1980) proposed a value of 6.2 and (Daubech et al, 2013) proposed 5at abscissae x on the axis. Again various values were proposed : 5.4 for Chen and Rodi (1980), 3.1 for Ricou and Spalding (1961) and 4.8 for Shefer et al. (2008)

Figure 3 .

 3 Figure 3.1-7. If for instance, the location of the LFL of hydrogen air mixtures is considered (about 4% H2 v/v), a variation in a factor of 2 in the length of the flammable zone is possible.

Figure 3 .

 3 Figure 3.1-7. Axial and radial profile of concentration for the fictive case (P=40b; Ø=3mm and CD=0.79) as function of the coefficients found in the literature.

Figure 3 .

 3 Figure 3.1-8. Creation of a whirling structure

Figure 3 .

 3 Figure 3.1-9. Turbulence intensity in function of the normalized radius and length scale in function of the axial distance (extracted from[START_REF] Daubech | Un-ignited and ignited high pressure hydrogen releases: Concentration -turbulence mapping and overpressure effects[END_REF] 

  2-1) is made of a storage of 5-m 3 volume (40 bars initial pressure) linked through the release point by a 10 m long pipe (35-mm inner diameter). The release point is a round sharp edge orifice (12-mm diameter) located 1.5 m above the ground.

Figure 3 . 2 - 1 .

 321 Figure 3.2-1. Experimental installation of EXJET and release point The pressure (KISTLER 4043A50; 0-50 bars ±0.1bar) and the temperature (thermocouple type K; -250°C-1200°C ±0.5 °C) ahead of the orifice are measured. In the jet, velocity and concentration sensors are installed on a sort of cross (Figure 3.2-2) which can be moved

Figure 3 . 2 - 2 .

 322 Figure 3.2-2. Instrumented mast used during the 40 bar H2 release experiments

Figure 3 .

 3 Figure 3.2-3. a.One paramagnetic cell (oxygen analyser) and b. Oxygen meter box

Figure 3 .

 3 Figure 3.2-4. a. Differential pressure sensor TEXENSE and b. Pitot bidirectionnal head coupled with a differential pressure sensor

Figure 3 .

 3 2-7. It can be seen than Qm oscillation by about ±0.03 kg/s around a mean value of 0.3 kg/s suggestion an accuracy of ±10 %.The results of the various mass flowrate models[START_REF] Birch | The structure and concentration decay of high pressure jets of natural gas[END_REF][START_REF] Birch | Velocity decay of high pressure jets[END_REF]; Ewan and Moodie; Schefer and Molkov) are shown on Figure 3.2-6 and Figure 3.2-7. A discharge coefficient of 1

Figure 3 . 2 - 5 .Figure 3 . 2 - 6 .

 325326 Figure 3.2-5. Blowdown from an initial pressure of 39.56 b, a diameter release of 12 mm and a temperature of 18 °C in the 5 m 3 cuve

Figure 3

 3 Figure 3.2-8. Comparison of the experimental and calculated axial profile of mass concentration of H2 as function of the various decay coefficients from the literature.

Figure 3 .

 3 Figure 3.2-9. Comparison of the experimental and calculated axial profile of velocity as function of the decay coefficients from the literature. The radial profiles of the same parameters are shown on Figure 3.2-10 and Figure 3.2-11. To obtain these graphs, the all the measured radial concentrations and axial velocities at different distances from the release point are gathered and rendered non dimensional. This

Figure 3 . 2 -Figure 3 . 2 -

 3232 Figure 3.2-10. Comparison of the experimental and calculated radial profile of concentration as function of the coefficients found in the literature.
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  Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 82 least if the momentum is large enough a homogeneous mixture will be produced into the enclosure. In between, various intermediate regimes are possible including the formation of an homogeneous top layer filling the enclosure from the top (Figure4

Figure 4 . 1 - 1 .

 411 Figure 4.1-1. Different regimes of hydrogen release in a closed enclosure

  who studied the dispersion of a saline water solution into an enclosure filled with pure water. In this model, the position of the filling front and the Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 83 concentration, density profiles throughout the layer are given (Figure 4.1-2). Only weakly varying densities are concerned (Boussinescq approximation).

Figure 4 . 1 - 2 .

 412 Figure 4.1-2. Schematic of a filling box. Right hand side: fluid motion; left hand side: density profile above and below the filling frontThe height, the time and the specific masses are normalized:

  The approximate solutions for the location of the bottom position of the layer 0 and for the o alized de sit a e:

  the internal pressure should remain constant the volume flowing out should be compensated. This compensation is insured by the release and, if not sufficient by an entrance of the outside air by the vent. When this happens, the upper part of the vent is occupied by the outflow of the light mixture and the lower part of the vent cross section by the inflow of dense air. As shown in the Figure 4.1-3.b, the ambient air rushing in creates a recirculation movement favoring the homogeneity of the mixture. Following, in both models, the mixtures is supposed to be totally homogenous inside the enclosure (so Riv<<Rivc). a.b.

Figure 4 . 1 - 3 .

 413 Figure 4.1-3. Schematic of mixture venting through one top orifice (from[START_REF] Linden | Emptying filling boxes: the fluid mechanics of natural ventilation[END_REF] 

  Molkov et al. further developed this odel. The autho s i t odu ed the o ept of passi e e tilatio o t ast to the atu al e tilatio o ept e t a ted f o the uilding industry. In the latter, the specific masses of the outflow and inflow are rather close so that the respective flowfields through the vent opening are similar (Figure4.1-4-a.). Then the neutral plane 21 is located in the middle of the e t ope i g. I the passi e e tilatio concept, because of the large differences of specific masses, the inflow and outflow fields might differ significantly so that the neutral plan can be elsewhere in the cross section of the vent.

Figure 4 . 1 - 4 . 6 .

 4146 Figure 4.1-4. Difference between natural (a) and passive (b) ventilation: position of the neutral plan NP Assuming a natural ventilation flowfield, Brown and Solvanson (Brown and Solvanson, 1962) obtained:

Figure 4 . 1 - 5 .

 415 Figure 4.1-5. Evolution of f(X) as function of the concentration of hydrogen X (dash line: f(X) = 1; natural ventilation)
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  Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 90 injected vertically upwards via a 5 mm or 20 mm round tube, centered in the bottom side of the enclosure at 21 cm from the bottom. The volumetric flowrates were varied 1Nl/min to 300Nl/min.

Figure 4 . 1 - 6 .Figure 4

 4164 Figure 4.1-6. Gamelan set up with the vent c (left) and vent b (right) GARAGE experiments were performed in a facility representative of a realistic private garage (Gupta et al., 2009). The facility (Figure 4.1-7) is a parallelepiped 5.76 m long, 2.96 m wide and 2.42 m high. The Garage facility was equipped with a door (2.02mx0.81m) for technical access at the rear, and a tilting door (2mx2.4m) at the front. They were tightly closed during the experiments and the garage was empty (for the experiments considered in the present work). Helium was injected (from 0.1 Nl/min to 300 Nl/min) vertically upwards via a round tube (70 mm), centered on the floor and protubing 220 mm above the floor. Two square (200 mm side) small vents are located at the rear, near the te h i al door. Either the upper or the lower vent is open and the other vent is closed and then the both vents were open.

Figure 4 .

 4 Figure 4.1-8. Experimental volume fraction against analytical volume fractions for the GAMELAN and GARAGE experiments GAMELAN experiments give further indication about the influence of the flow through the vent (Figure 4.1-9). With the largest vent (vent a), Xmod seems closer to Xexp than with the smallest (vent c) for instance. It seems also, that with the same cross section (vent b and e t , the ag ee e t is ette ith the la gest e t height. Possi l , the i-la e flo is

Figure 4 .

 4 Figure 4.1-9. Gamelan experiments -Comparison of the models of Linden and Molkov

Figure 4 .

 4 Figure 4.1-10. GARAGE experiments -Comparison of the models of Linden and Molkov
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 421 Figure 4.2-1. Experimental installation used in the present work

Figure 4 . 2 - 2 .

 422 Figure 4.2-2. Gas lines on the experimental installation

Figure 4 . 2 - 3 .

 423 Figure 4.2-3. Assembly and picture of the experimental mock-up

Figure 4 .

 4 Figure 4.2-4. Tank

Figure 4 . 2 - 5 .

 425 Figure 4.2-5. Picture and schema of a. the circular orifice and b. the radial-shaped release

Figure 4 . 2 - 6 .

 426 Figure 4.2-6. Seeding system (left) and the seeded release (right)

Fill

  . Experimental procedure for the dispersion tests Operation In the control room Power off the console (and so the valves) On the experimental installation Check that the insulation valve is closed Install the release point and all the sensors in the enclosure Prepare the rockwool pieces (wetted with NH3 and HCl) Open the hydrogen rack In the control room Check that the instrumentation is OK Power in the console of injection (on the console) and discharge the totality of the tank into the enclosure Save the data Purge the enclosure (until the concentration of oxygen reach 20.8%) Power off the console On the experimental installation Stop the camera Close the insulation valve Allow the return of personnel on the experimental area

  Figure 4.2-7. It can be seen that the typical blowdown time is 10 s. The time required from

Figure 4 .

 4 Figure 4.2-7. Overpressure and temperature measured in the 40 l tank during the blowdown (initial overpressure 9 b,3 mm circular discharge orifice)

Figure 4 .

 4 Figure 4.2-8. Mass flowrate as function of time (blowdown of the 40 l tank from an initial overpressure of 9 b through a 3 mm circular discharge orifice)

Figure 4 .Figure 4 . 2 -

 442 Figure 4.2-9. Picture of the back of the experimental installation showing the location of the oxygen measurements and the oxygen analysers

Figure 4 .

 4 Figure 4.2-12. a. Pitot sensor and b. dimensions of the head of the Pitot sensor

Figure 4 .

 4 Figure 4.2-13. Disposition of the 5 Pitot probes to measure the flow velocity and turbulence intensity

Figure 4 .

 4 Figure 4.2-14. Raw signal delivered by the Pito sensors (Discharge of hydrogen at a pressure of 40 bars and with diameter of 3mm) To extract the velocities, the offset 22 of the signal T0 is first subtracted from the output signal of the Pitot sensor Tinst. This difference of voltage is then multiplied by the sensitivity of the sensor to get the pressure differential ΔP (Figure 4.2-15). The sensitivities are given inTable 4.2-2 as function of the measuring ranges.

Figure 4 .

 4 Figure 4.2-15. Diagram of the sig al's t eat e t

Figure 4 .

 4 Figure 4.2-17. Integral scale sensor arrangment

Figure 4 .

 4 Figure 4.2-18. Example of cross correlation values at function of the distance from the first sensor of the row (1 mm orifice at the bottom, 10 b in the tank)
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 442 Figure 4.2-19. Comparison between the experimental mass flowrate as function of the pressure (circular orifice 1 mm) with the theorical mas flowrates calculated with different values of Cd.

Figure 4 .

 4 Figure 4.1-1), but a mixing vortices situation (situation b from Figure 4.1-1). The evolution of the H2 concentration measured along the vertical axis (Figure 4.2-21 and Figure 4.2-22) suggests a nearly homogeneous mixture right from the beginning. A closer look at the curves shows that the upper two sampling point are reached by the cloud but the others react nearly simultaneously in line with the visual diagnostic.

Figure 4 .

 4 Figure 4.2-21. Evolution of the hydrogen volumetric concentration in the enclosure (test 3-mm circular release under 10b)

Figure 4 .

 4 Figure 4.2-22. Evolution of the hydrogen volumetric concentration in the enclosure (test 1-mm circular release under 10b)

Figure 4 .

 4 Figure 4.2-23. Turbulent intensity as function of time and position of the transducers : circular orifice Ø = 1 mm; circular orifice Ø = 3 mm (Ptank = 40 bars)

Figure 4 .

 4 Figure 4.2-24. Integral scale of turbulence as function of time: test n°48 (circular orifice Ø = 3 mm, Ptank = 40 bars)

Figure 4 .

 4 Figure 4.2-25. Enclosure equipped with the 20*20 cm²-area vent

Figure 4 .

 4 Figure 4.2-26. Concentration evolution in time for test n° 69 (release point on the floor -P=40b/Ø=1mmcircular -20cm*20cm vent)

Figure 4 .

 4 Figure 4.2-27. Concentration evolution in time for test n° 68 (release point on the floor -P=40b/Ø=1mm-round -70cm*70cm vent)

Figure 4 .

 4 Figure 4.2-28. Turbulence intensity as function of time for tests of configuration 2

  fail. The large concentration fluctuations in test 68 would suggest a sort of unstable flow through the vent, possibly sequen es of light u les of gas flo i g out epla ed u les of de se ai flo i g i . Although it as atte pted to aptu e the flo th ough the vent, the Pitot sensoir arrangment visible on Figure 4.2-25. Enclosure equipped with the 20*20 cm²-area ventdid not work correctly.

Figure

  

4. 2 -

 2 29 to Figure 4.2-32. A strongly inhomogeneous mixture is formed. For the largest flowrate (test 64) or the largest distance between the release point and the top of the enclosure (test 65), a rather homogeneous 1 m thick layer is formed at the top. In the Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 125 bottom part of the enclosure, a highly stratified mixture is produced. For the smaller flowrates (tests 62 and 63), the layer in the upper part of the enclosure is much smaller (possibly 50 cm). After the complete blowdown, the mixture in the enclosure stays stratified during several minutes.

Figure 4 .

 4 Figure 4.2-29. Local H2 concentrations as function of time (left) and H2 vertical profiles( centered upwards vertical Ø = 1mm circular orifice release impacting at 10 cm from the top; P=10 b, closed vent) (Test n°62)

Figure 4 .

 4 Figure 4.2-33. Turbulent intensity as function of the time for configuration 3-closed vent (Pitot 70 mbar)

  vented enclosure tests. The H2 concentration profiles are shown on Figure 4.2-34 and Figure 4.2-35. In test 66, sensors 1, 2 and 3 are located above the upper edge of the vent. A homogeneous layer appears as before. The main difference is that the H2 concentration at location 4 and 5 drops after time 150 s, due to the venting when the release flowrate drops. The results for test 67 differ to a large extent, with a stratification appearing possibly indicued by the large out and inflow through the vent. Because of this all concentrations are much lower and drop earlier. Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 128

Figure 4 .

 4 Figure 4.2-34. Concentration evolution in time of test n° 67 (Jet impacting the ceiling at 30 cm -P=40b/Ø=1mm -70cm*70cm vent)

Figure 4 .

 4 Figure 4.2-36. Turbulent intensity as function of the time for Configuration 3-open vent

Figure 4 .

 4 Figure 4.2-37. Comparison between the experimental hydrogen fraction obtained during the configuration 2 and the existing models

  T o de iatio s f o the sta da d ou d o ifi e a e o side ed. The fi st is the adial t pe of release featuring a leakage on a fitting, a flange or a seal. The momentum of the flow can be significant but with a totally different orientation and space decay (closer to the plane jet o figu atio . This elease o figu atio is o tai ed usi g the i g-shaped sou e (Figure 4.2-38). Se o d, a lo o e tu situatio is i estigated featu i g the i flue e of significant obstruction close to the release potentially destroying the initial momentum. To mimic this situation, a 0.5 mm-round orifice is installed into a 7 liters cylinder (height=25 cm, diameter 19 cm) equipped with a 2 or 5 cm orifice on the top. To avoid the direct transfer of the momentum from the 0.5 mm orifice to the enclosure, the 0.5 mm release is oriented downwards. a. Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 133 b.

Figure 4 .

 4 Figure 4.2-38. i g-shaped a a d lo o e tu elease

  Figure 4.2-39) that the mixture is very rapidly homogeneous due to the high momentum. The high-speed radial flow of hydrogen, visible of the three first pictures, impinges the lateral wall and flows along them cerating a flow structure comparable to the situation c of figure 4.1.1.Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen

Figure 4 .

 4 Figure 4.2-39. Pictures extracted from the test-24 using the seeding system (tank pressure = 20 bars; radial release bottom centered, vent closed)
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 42 Figure 4.2-40. Evolution of the hydrogen fraction in the enclosure for test 24

Figure 4 .

 4 Figure 4.2-41. Turbulent intensity as function of time for tests 24-25-26: ring shaped release (Ø = 3.33 mm) bottom centered and vent closed (P = 40 bars)
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 442 Figure 4.2-43. Experimental a a ge e t of the o e t atio se so s fo the lo o e tu eleases

Figure 4 .

 4 Figure 4.2-45. Average (mean) velocities for test n° 73 and 74
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 42 Figure 4.2-46. Turbulence intensity for tests n° 73 and 74
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 42 Figure 4.2-47 : decay of %H2 v/v as function of the vertical distance for a low momentum release (2 cm orifice)Normally the turbulence should also depend on Qv,mixt-impact and Umixt-impact. Calculated values are shown in table 4.2-18 and it is difficult to find a clear correlation. It seems in fact that the turbulence intensity correlates particularly well to the mass flowrate (figure4-2-48) except for the ring shaped release source. Remember that for the latter significant momentum losses are produced in the slot resulting in a very low CD. The turbulence intensity is certainly correlated to the momentum of the release.
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 42 Figure 4.2-48 : correlating the measured turbulence intensity to the mass flowrate of the release

Figure 4 . 2 -

 42 Figure 4.2-49 : measured and predicted intensity of the turbulence

=Thesis:

  Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 149 The results are presented in table 4.2-21 showing a reasonable agreement. Mismatches o e o de li e ases o situatio s fo hich the physics in incorrectly covered by the models (low momentum releases for instance).

Figure 4 . 2 - 5 FLAME

 425 Figure 4.2-50 : measurement and prediction of the maximum hydrogen concentration in the enclosure

:

  Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 152 Both kind of disturbances increase the combustion rate, either by simply increasing the flame front area (locally the flame is laminar but the front is corrugated by the disturbances)or but increasing the transport mechanisms. If the boundary conditions are adequate, the flame accelerates and due to the expanding burnt gases, the reactants ahead of the flame are compressed and heated up by the compression. As long as the ignition of the reactants is due to diffusi e heat t a sfe s the fla e is alled deflag atio . Whe the fla e velocity/pressure/temperature is large enough, reactants auto ignites establishing a coupling between the pressure wave and the combustion wave. The final stable structure is that of the deto atio . Deto atio s p opagate at a out /s a d the p essu e ehi d the detonation wave is close to the maximum adiabatic explosion pressure (10 bar) indicating that the detonation transforms all the thermal energy released by the combustion into mechanical energy. This is to be avoided in industrial situations. Explosions in the industry are rarely detonations.

Figure 5 . 1 - 1 .

 511 Figure 5.1-1. Schematic of laminar flame structure[START_REF] Dorofeev | Flame acceleration and transition to detonation: a framework for estimating potential explosion hazards in hydrogen mixtures[END_REF].

  et Tb are respectively the temperatures of the unburnt and burnt gas assuming a complete and adiabatic reaction, ΔHcomb is the specific enthalpy of the combustion reaction at the temperature Tu and Cp is the specific heat capacity. Both E and Tb are intrinsic parameters The Figure 5.1-2 and Figure 5.1-3 were obtained using the software BIGEXP.
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 512 Figure 5.1-2. Evolution of the expansion ratio as function of the concentration of hydrogen 27

Figure 5 . 1 - 3 .

 513 Figure 5.1-3. Evolution of the adiabatic flame temperature as function of the concentration of hydrogenThe second important parameter is the laminar burning velocity Su. By definition, the laminar burning velocity is speed with which the combustion zone consumes the reactants. Or in a reference frame attached to the combustion zone, it is the normal velocity with which the reactants enter the front. Expressions describing this parameter where establishing long ago[START_REF] Zeldovitch | Flame propagation in tubes : hydrodynamics and instabilities[END_REF]:

Figure 5 . 1 - 4 .

 514 Figure 5.1-4. Evolution of the laminar burning velocity as function of the concentration of hydrogen

Figure 5 . 1 - 5 .

 515 Figure 5.1-5. Schlieren photos of initial stage of flame propagation; from left to right: 10% H2-air; 10% H2 + 5%

Figure 5 . 1 - 6 .

 516 Figure 5.1-6. Borghi diagram of characteristic regimes of turbulent combustion (Ciccarelli et al, 2008). Lines inside the Borghi diagram corresponds to location where characteristics nondimensional numbers, Reynolds, Damköhler and Karlovitz numbers, are equal to 1.
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  Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 160 Corrugated flamelet regime (Ret > , Ka < , Da > , u'/Su0 > 1) : burning still proceeds in laminar flamelets but highly disturbed by eddies and strong folding occurs possibly producing unburnt mixture pockets inside the combustion products.-Thickened flame regime (Ka > 1, Da > 1) : local flame quenching occurs and small eddies disturb the flame structure. Several pockets of unburnt mixture and combustion products are present inside the flame thickness. Globally the combustion ea tio o u s i thi ke ed la i a fla es.

  so typically on the order of 0.1 m. In free under-expanded gaseous jets, the turbulence intensity is extreme amounting up to 10% of the exit velocity, which is close to the sound speed in such circu sta es. So u' a a ou t a fe te s of /s. The it o es that <u'/Su <50 and 10 3 < LT/ L<10 4 . Mostly wrinkled and corrugated flames regimes would be observed. Since the combustion takes place in laminar flames parameters Su and L should be incorporated in a o elatio li ki g the tu ule t u i g elo it 29 of the turbulent flame, St, to the pa a ete s of the tu ule e u' a d LT. From a simple dimensional analysis the general equations is : a and b are constant coefficients.

  Then the turbulence intensity increases with the expansion velocity. When the flame encounters the eddies of the flow ahead, it is corrugated and its area increases so that St increases. Because of expressions (n°65 and n°66), the flow velocity increases and also the tu ule e. This e ha is eates the ell k o positi e a ele atio loop Figure 5.1-7).
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 517 Figure 5.1-7. Positi e a ele atio loop

Figure 5 .

 5 Figure 5.1-8. Flow and overpressure generated by a spherical deflagration, in function of time (A) and distance (B)[START_REF] Lannoy | Déflagrations sans turbulence en espace libre : expérimentation et modélisation[END_REF].

  the far field (r >> rf):Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen

Figure 5 .

 5 Figure 5.1-9. Graphs of maximum overpressure and positive phase duration in function of energy-scaled distance generated by a hemispherical deflagration at constant velocity

  Ve ted deflag atio s ha e ee studied si e the th . This denomination covers the phe o e olog of a deflag atio i itiated i to a essel e uipped ith a ope i g e t until complete burnout of the flammable mixture. This incorporate the combustion of the pa t of the i tu e e pelled outside du i g the e plosio e te al o se o da explosion). a-Physics The physics is not yet totally clear and the modelling remains challenging. Illustrations of these difficulties are given here after. Cooper et al. published in 1986 a rather detailed analysis of the explosion dynamics and identified several successive pressure peaks (Figure 5.1-10) depending on the explosion conditions : vent opening P1, maximum flame area Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 171 attainment P3, external cloud explosion P2 and acoustic/flow flame instabilities triggering P4. At the same period of time, no venting model were able to account for all this phenomenology.

Figure 5 . 1 -

 51 Figure 5.1-10. Pressure time profiles: at low vent opening pressure Pv ~ 0 mbar (top), at medium vent opening pressure Pv = 75 mbar (middle), and at high vent opening pressure Pv = 217 mbar(bottom). (Volume-cuboid =2.41m 3 -10% of natural gas (from[START_REF] Cooper | On the mechanisms of pressure generation in vented explosions[END_REF] 

Thesis:
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Figure 5 . 1 -

 51 Figure 5.1-11. Internal and external pressure of a stoichiometric methane-air mixture in a 100m3 vessel (a. 8m² vent area / b. 2m² vent area / c. 4m² vent area)[START_REF] Proust | The dynamics of vented gas explosions[END_REF] 

Figure 5 . 1 -

 51 Figure 5.1-13. Approximate size of the cloud with a vent of a. 0.7*0.7m² b (top) and 0.5*0.5m² for a uniform and quiescent mixture of hydrogen at 16% vol ignited on wall opposite to the vent.

Figure 5 . 1 -Figure 5 . 1 -

 5151 Figure 5.1-14. External explosion (uniform and quiescent mixture -16.5% H2 -0.49 m²) Unfortunately, the physics of the combustion of the external cloud is not yet clear. It does not seem to correspond to the classical outward propagation from an ignition point. Earlier Leprette (2012) proposed a correlation (Figure 5.1-15) between the maximum expansion elo it of the u le du i g the e te al e plosio a d the flo elo it at the e t.

Thesis:

  Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 177 burning velocity (m/s); cui, the speed of sound (m/s); V# the dimensionless volume u e i all e ual to e losu e olu e i u i ete s ; v, the dimensionless static activation pressure ( = + / ; i#, the dimensionless initial pressure (numerically equal to initial pressure in absolute atmospheres); Pi the initial pressure (Pa) and Pstat the static activation pressure (Pa). If to a certain extent, flame instabilities and turbulence are incorporated in these correlations, it is still very empirical and in 2013 and 2017, Molkov proposed a new way to estimate DOI based on the findings and methods used in large eddy simulations (LES) in computational fluid dynamics (CFD). This model is now less empirical and more general. The DOI number is now defined a product of flame wrinkling factors : = Ξ * Ξ * Ξ * Ξ ′ * Ξ * Ξ 75 ΞK is the wrinkling factor due the Landau-Darrieus flame instabilities. With the project HyIndoor new data of vented deflagrations were available. Molkov and its co-workers updated the model of 2013 with those new data (HSL/ KIT). The procedure to estimate the DOI number is globally the same except some light modifications which are: is a e pi i al oeffi ie t depe di g o the h d oge o e t atio see the following table

  set of data, the coefficients of the equation to calculate the dimensionless reduced pressure are updated The best fit and the conservative forms have two versions because into the Guidelines of the HyIndoor project and the presentation of this during the final workshop the values of the coefficients were different. Comparisons between these different models were made by Rocourt et al (2013) and Jallais and Kudriakov (2013). It was concluded that the model of 1999 gave the best results as compared to that of 2001 and 2008. The latter versions of the models (2013, 2014) were not available at that time. A comparison is proposed later in this work.

  correctly estimated (overestimation by at least a factor 2). Also, for small enclosures, the maximum internal overpressure of a vented deflagration tends to the maximum adiabatic overpressure (10 b) which is unrealistic.34 This expression is valid when the ignition is on the wall opposite to the vent. Other formula are proposed for central ignition -~ . * (r = min (l/h/w)) and ignition in vent cross section -~ . 35 Again for a back wall ignition. Acontact is equal to the front wall area for a central ignition and equal to Av for a vent ingintion. Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 182 Correlation of NFPA 68 (2013) standard The National Fire Prote tio Asso iatio 's NFPA sta da d o E plosio p ote tio deflagration venting, NFPA 68, provides venting models for gaseous mixtures explosions. This standard is regularly updated and the model can change drastically from one release to the next. Here only the last one is considered (2013). The expressions are presented in such a way that the vent area Av can be calculated as function of the reduced internal overpressure Pred.

Thesis:

  Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 183 A complicated way is proposed to estimate the flame wrinkling factor : Where • u is the unburned flammable mixture dynamic viscosity • Dhe is the enclosure hydraulic equivalent diameter • Dv is the vent diameter • θ = . • β1 = 1.23 • β2 = 0.0487 m/s • Aobst is the area of the obstacles in the enclosure • L/D the enclosure length to diameter ratio Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 184 Correlation of EN 14994 (2007) standard In the European Standard EN 14994 (2007) two models are proposed : one for the o pa t e losu es ith L/D ≤ a d a othe fo the elo gated e losu es ith L/D >

   Comparison between experimental and calculated overpressures (some models of Molkov) and influence of some key parameters (aspect ratio, % H2, obstacles)

Figure 5 . 1 -

 51 Figure 5.1-17. Comparison of the experimental (Pred) and calculated values of overpressures using Molkov 2014 and Bauwens models, NFPA 68 and EN-14994 standards
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 521522 Figure 5.2-1. Experimental installation used to study the vented deflagration (top) and NH4cl seeded mixture during the filling (bottom left) and during the explosion (bottom right)The flammable mixture is ignited (Figure5.2-2) by means of a 100 mJ spark using a lowvoltage generator. The ignition point is located at the center of the wall opposite to the vent.
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 523 Figure 5.2-3. Piezo-resistive pressure transducers and lenticular support
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 525 . Gradient profile at the moment of the ignition (obtained with a release impacting the ceiling at 10 cm; an initial pressure of 40 bar and a release diameter of 1 mm)

2 - 6 )Figure 5 . 2 - 6 .

 26526 Figure 5.2-6. Pressure drop in the tank and tank temperature as function of the time for the two tests at 16% vol. of hydrogen

Figure 5 .

 5 Figure 5.2-7. Internal (P2) and external (L2) overpressures for the two tests at 16% vol. of hydrogen

Figure 5 . 2 -

 52 Figure 5.2-8. Internal and external overpressure signals and pictures extracted from the high-speed-camera for the test n°4 (16% of hydrogen in air in a uniform and quiet atmosphere)

Figure 5 . 2 -

 52 Figure 5.2-12. Enclosure at the end of the deflagration for test 33 (presence of unburnt gases)
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 5252 Figure 5.2-13: Flame shape at 70 ms (Test 4 : 16% of hydrogen in air in quiescent atmosphere)

Figure 5 .

 5 Figure 5.2-15: Internal flame velocity on the axis of the chamber

Figure 5 . 2 -

 52 . This velocity increases with both parameters as expected. The trend is not linear but follows a power law with an exponent larger than 1. Note that for low turbulence (typically below 1 or 2 m/s) le els the i flue e of u' is s all. The o e tio al li it corresponding to ReT=1 (cf paragraph 5.1.2.2), for which the turbulence of the flow should have a negligible influence, corresponds in the present situation to u'= ./s !! This is a clear underestimation.
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 5252 Figure 5.2-17: St/ Sl a d Si sta ilities / Sl e sus tu ule t i te sit u'

Figure 5 .

 5 Figure 5.2-20. Measured flame velocity vs. theoretical flame velocities for stratified experiments
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 52 Figure 5.2-21. Measured o e p essu e i the e losu e ΔPred as function of the measured flame velocity (superimposed the average linear correlation and the scattering cone of the data) On Figure 5.2-22 to Figure 5.2-25 are presented the measured internal overpressures as function of time for various initial conditions: average %H2, turbulence, homogeneity.

Figure 5 .

 5 Figure 5.2-22. Measured internal overpressure for all the experiments with 10% vol. of hydrogen
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 5252 Figure 5.2-26. Comparison between the measured internal overpressure P2 and the overpressure calculated with the model of Bauwens for the tests with turbulent and homogeneous mixtures

Figure 5 . 2 -Figure 5 . 2 -Figure 5 . 2 -

 525252 Figure 5.2-28, the signals of the internal overpressure P2 and of the external overpressure L1 located at 2 m from the vent are presented.
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 52525252 Figure 5.2-31 : pictures extracted from the high speed video (test 34)
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 52 Figure 5.2-39: Pictures of the wave generated by the external explosion (test 11) and its reflection on the ground The dependency of the external explosion on the internal explosion is questioned. The maximum overpressure at L2 (outside the acoustic field emitted by the chamber) is

Figure 5 . 2 -

 52 Figure 5.2-40. Maximum overpressures measured by the external sensor L2 as function of the (maximum) internal overpressure.

Figure 5 . 2 -

 52 Figure 5.2-41: Decrease of maximum overpressure at Li/maximum internal overpressure versus distance to the center of the vent for tests15, 34, 16, 23, 26, 27, 28 (homogeneous and most reactive mixtures) 

  Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 228 i sta ilities Da ieus-La dau LD instabilities) due to the density gradient through the flame front, and the Ta lo i sta ilities which can be triggered by any accelerating flow like arou d o sta les, tu ule e, a ousti s,…

Figure 5 .

 5 Figure 5.2-42. Comparison between the measured flame velocities and the theoretical estimates for the homogeneous mixtures only (in blue the measurements, in red using the Gülder model and in green the generalized Taylor model).

Figure 5 .

 5 Figure 5.2-43. Comparison between the measured flame velocities and the theoretical estimates for the stratified mixtures only (in blue the measurements, in red using the Gülder model and in green the generalized Taylor model).

:

  Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 233 Aflame depends only on the vessel geometry. St and E depends directly on the reactivity parameters of the flammable mixtures and Cd is generally between 0,6 to 0,8. BG can be correctly estimated knowing the density of fla a le i tu e FG and the expansion ratio E → BG = FG / E. In the present experimental configuration, the vent area is 0,49 m 2 and the maximum flame area 8 m 2 . Cd is taken equal to 0,7. The maximum internal overpressure depends only on E.St. The experimental values of St were used to calculate the maximum explosion overpressure. The comparison with the measured values is shown on Figure 5.2-44.
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 525245 Figure 5.2-44 : Experimental results and the estimated overpressure in function of the turbulent flame speed E.St
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 52  comparison between the measured and calculated external overpressures using the equations described in the sub-section.

Figure 6 . 2 - 1 :

 621 Figure 6.2-1 : input sheet of the toolbox (consequence calculations).

•Figure 6 . 2 - 3 :

 623 Figure 6.2-2 : excel sheet for the characteristics of a jet
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Figure 1 :

 1 Figure 1: Supersonic release illustration

Figure 3 :

 3 Figure 3: Under-expanded jet illustration and position of references points (1: inside the tank; 2: at the leak and 3: expanded jet)

Figure 4 :

 4 Figure 4: Under-expanded jet with losses illustration and position of references points (1: inside the tank; 2: the entrance of the leak/channel; 3: the exit of the channel and 4: expanded jet)The authors introduced a system of 12 equations that can be reduced to a system of two equations with 2 unknowns u3 and T3:

  density, heat capacity and temperature of the ambient air, g the gravity acceleration and d the leak diameter In these cases, the flame width can be estimated considering that ~ . * in accordance with the literature. Studer et al. (2009) studied large-scale hydrogen jet fires resulting from horizontal releases (a pressure up to 100 bars and releases diameters of 4, 7 and 10 mm). Firstly, they updated the Mogi relations and so correlated the flame length with the upstream pressure P1 as follows: same spirit as Lowesmith et al. (2007), Studer et al. plotted the flame length against directly the heat release rate Q contrary to Mogi and Horiguchi (2009) who used a dimensionless heat release rate (Equation 36). They found the following relationship: Swain et al. (2002) realized both hydrogen and helium releases into a ½ scale hallway (L2.99xW0.74xH1.22) m3. The facility was equipped with two vents (L30.5xH15.2) cm², one on the roof the other on the side wall as shown on Figure 14.

Figure 14 :

 14 Figure 14: Location of the vents on Swain experiments

5

 5 Do es e p i e tales pou l aluatio des RIs ues h d og e à o d du hi ule, la Validatio d outils u i ues et l Editio de f e tielsThesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 312 described in(Gupta et al., 2009). The detailed description of the experiment is presented in the following paragraph.As said previously, the GARAGE facility is representative of a realistic single vehicle private garage. The GARAGE facility was placed indoors (see Figure15) i.e. inside a bigger enclosure in order to avoid the uncertainties due to the meteorological conditions. The GARAGE facility is a rectangle with interior dimensions of 5.76 m (length) x 2.96 m (width) x 2.42 m (height).

Figure 15 :

 15 Figure 15: Description of GARAGE set-up at CEA Saclay. GARAGE structure showing front and service door (left) and GARAGE structure equipped with Styrodur® sheets (right).

Figure 16 :

 16 Figure 16: Positioning of the openings and the door. The leakage source is positioned in the middle of the GARAGE floor and at a height of 220 mm from the floor. The release is also upward. The reference point of the GARAGE is situated near the front door (at the cross section of the side wall and the floor level) as shown in the Figure 15-left.

Thesis:

  Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 314 The target concentrations are calculated using the model of Cleaver et al. Those tests were performed in a free volume configuration, i.e. no obstacle in the garage and without ventilation. The upper vent was used to extract gases after the tests and the lower vent was open and used to maintain the test facility at constant atmospheric pressure for the duration of the tests.

Figure 17 :

 17 Figure17: Illustration of the GARAGE facility[START_REF] Cariteau | Experiments on the distribution of concentration due to buoyant gas low flow rate release in an enclosure[END_REF] For the following experiments, the upper vent is no longer on the rear wall but on the front wall[START_REF] Cariteau | Experiments on the distribution of concentration due to buoyant gas low flow rate release in an enclosure[END_REF]. For those experiments the release diameter was 70 mm, still upwards and centered on the floor of the facility. Either the upper or the lower vent is open and the other vent is closed and then the both vents were open.

Figure 18 :

 18 Figure 18: Sensor location inside the GARAGE facility

Figure 19 :

 19 Figure 19: Gamelan set up with the vent c (left) and vent b (right)

  About the instrumentation, the helium volume fraction is measured with minikatharometers distributed along three vertical masts, M1; M2 and M4 as shown on Erreur ! Source du renvoi introuvable.. The sensors are placed as far as possible from the axis of the injection and walls so that they will not disrupt the measurements. Measurements of the 15 sensors are simultaneously sampled with a period of 5 s. Temperature in the enclosure is measured with a thermocouple.

Figure 20 :Figure 21 :Figure 22 :

 202122 Figure 20: Location of the concentration sensors, top view (left) and side (right)

Thesis:

  Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 322 GRAND GAMELAN (2015) Bernard-Michel and Houssin-Agbomson (2015) studied the natural ventilation in two enclosures of 1 m3 and 2 m3 with both hydrogen and helium. Grand Gamelan facility is a 2-m 3 enclosure which internal dimensions are (W0.96xL0.96xH2.1) m3. Two openings are located on the same face of the enclosure one at the top and the other at the bottom. Their dimensions are (H19xW90) cm². The injection point is a circular tube of either 27.2-mm diameter or 4-mm diameter located at 28 cm from the floor. The release was centered on the floor and directed upwards.
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 91 Figure 9-1: Peak o e p essu e as a fu tio of edu ed dista e fo TNT e ui ale t ethodolog Yello Book CPR_ E, ; O ega INERIS,

Figure 2 :

 2 Figure 2: Cross section and photography of the explosion vessel

Figure 3 :

 3 Figure 3: experimental pressure-time-histories of hydrogen-air mixtures both in closed and vented vessels

Figure 4 :

 4 Figure 4 : Picture of the experimental setup

Figure 5 :

 5 Figure 5: Illustration of the Large-Scale Vented Combustion Test Facility from AECL (Atomic Energy Canada Ltd)

Figure 6 :Figure 7 :

 67 Figure 6 : FM Global experimental setup For some Bauwens experiments, eight obstacles are present; they are square columns of 40*40 cm and 3 m height (2 rows of 4 obstacles). The area blockage ratio (BR) is 0.7 and the average numbers (N) of layers of obstacles that the flame come across during the flame propagation are respectively of 2, 0.5 and 0 for back wall, central and front ignition.

1 m 3 (

 3 length 1.4 m and internal diameter 0.94m) and 10.5 m 3 (length 5.5 m and internal diameter 1.6 m). The vents were respectively of 0.13 and 2 m². In all these experiments, only one ignition point was investigated at bottom of the cylinder (back wall). The hydrogen mixtures tested are between 10 and 27%.

Figure 8 :

 8 Figure 8 : INERIS chambers of 1m3 and 10m3

2 .

 2 0×W 1.0 m and an overall volume of 4 m3. A square vent with two possible surface areas, eithe . o . , as lo ated o o e of the ha e s e ti al alls. The h d oge -air mixture (from 10 to 27% H2) was ignited at one of three following ignition locations: opposite the vent (back wall ignition), at the center of the chamber (center ignition), or at the center of the vent (front-wall ignition).

Figure 9 :Figure 10 :

 910 Figure 9 : illustration of the 4 m3 vessel and its instrumentationThe instrumentation is composed of pressure gauges in and out the enclosure and of fast camera permitting for example to estimate the flame velocity. The vent relief pressure was less than10 mbar.

Thesis:

  Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 344 SKJOLD ET AL. (2017) In the framework of the p oje t I p o i g H d ogen Safety for Energy Applications through pre-o ati e esea h o e ted deflag atio s o H SEA, Skjold et al. performed 34 hydrogen vented deflagration into 20 ft. ISO containers (Figure 11-right). The inner dimensions of the container were L 5.87×H 2.40×W 2.35 m and a volume of around 33 m 3 .The vents were either the open container doors(5.64 m²) or four/six/eight vent panels of 1m² placed on the roof (with a static pressure of 0.1 bar) (Figure12). The hydrogen-air mixture (from 15 to 42% vol. H2) was ignited at the back wall when the doors had been used as discharge vent or at the center of the chamber floor when the vents are located on the roof.

Figure 11 :

 11 Figure 11 : 20 ft. ISO container and pipe rack used as obstacles inside a container The instrumentation is composed of eight pressure sensors in and three pressure sensors out the container. The structural response of the container was also measured with two laser displacement sensors. The concentrations inside the container was measured in five points up to the ignition. Lots of tests were performed with obstacles (pipe rack and/or 20 B-50 bottles) (Figure 11-left)

Figure 13 :Figure 14 :

 1314 Figure 13 : Internal and external overpressure measured, respectively, by the sensors P2 and L2 for all the experiments realized with 10% vol. of hydrogen

Figure 15 :

 15 Figure 15: Resulting combustion regime as a function of expansion ratio,  a d Zeldo i h u e , β fo i tu es ith Mab < 0 (left) and Mab > 0 (right). Black pointsfast (strong FA) and gray pointsslow combustion regimes (weak FA)[START_REF] Dorofeev | Evaluation of limits for effective flame acceleration in hydrogen mixture[END_REF] 2011) The conditions of a detonation; pressure at several tens bars and velocity up to thousands of meters per second; can lead to important damage to persons and goods. In the case of a detonation or strong deflagration, vents or protection barriers will be ineffective because of the high speed of the last p essu e f o ts. Fo h d oge i tu es, it s likel to ha e a st o g FA (Figure15), if the expansion ratio is higher than 3.5 i.e. when the mixture contains more

Figure 16 :

 16 Figure 16: Illustration of detonation according to Chapman-Jouguet theoryIn the CJ theory, the wave can be described by steady one-dimensional conservation equations (mass; momentum and energy). The CJ theory gives a good approximation of detonation conditions in the case that thermal and viscous losses are negligible.

  theo of deto atio p opagatio . I the Zel do i h-von Neumann-Döring (ZND) theory the detonation is a complex of a precursor shock and a reaction wave. The shock wave compresses adiabatically the reactants to reach their ignition temperature and enables them to react. In their theory, the shock is following by an induction zone where molecules of reactants are dissociated due to the high temperature and active radical species are created. When the amount of those radical species is sufficient, the reaction of combustion occurs.

Figure 17 :

 17 Figure 17: Illustration of deto atio a o di g to Zel do i h-von Neumann-Döring theoryThe temperature in the induction zone is nearly constant. In the reaction zone an increase on the temperature, drop in density and pressure are due to rapid release of energy. At the end of the reaction zone, the CJ conditions are reached.

Figure 18 :

 18 Figure 18: p ofiles of te pe atu e, p essu e a d de sit a o di g to Zel do i h-von Neumann-Döring theory The relations of ZND conditions are

( 2 )

 2 a smooth flame propagates with a laminar velocity. The flow ahead the flame is laminar. Flame velocity in the order of the meter per second (3) the flame starts to wrinkle due to various instabilities and is called cellular flame (4) the flame area increases and the flame is more and more wrinkled. The regime of flame propagation is now turbulent. Flame velocity in the order of several tens meters per second (5) there is a production of pressure waves ahead of the flame Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 353 (6) local detonation within the flame (onset of the detonation) (7) transition to detonation Flame velocity in the order of thousands of meters per second

Figure 19 :

 19 Figure 19: Deflagration to Detonation Transition process in a smooth tub[START_REF] Proust | Dust explosions in pipes: a review[END_REF][START_REF] Shepherd | On the Transition from Deflagration to Detonation[END_REF] 

Thesis:

  Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 354 APPENDIX 13. CASE STUDY ON CONTAINER ACCIDENTS CASE STUDY: SHIPPING CONTAINER ACCIDENT IN SAANICH (Shipping container explodes in Saanich after propane leak -April the 23 rd 2013; Saanich, British Columbia, Canada) Accident sequence and consequences On April 23, 2013, a shipping container exploded at a construction site on Cloverdale Avenue and Inverness Road, Saanich, B.C. At around 6:30 AM, an explosion occurred in a shipping container used for various storages, resulting in the complete destruction of the container and damage to the surroundings. Adja e t o tai e s e e defo ed a d houses a d ehi les i dows were blown out. A worker, who in an adjacent container used as an office, received minor injuries when the explosion damaged that container and was taken to hospital. No more injured people was count, indeed most of the workers arrived few minutes after the explosion and were stopped by police and kept behind police tape at Rutledge Park.

Figure 20 :

 20 Figure 20 : Screenshot from Google Maps of Cloverdale Ave and Inverness Rd, Saanich This a ide t as la gel epo ted o the lo al e spape s o espo de ts. F o the articles on newspapers, the consequences of this explosion can be easily extracted.

Figure 22 :

 22 Figure 21 : pictures from Saanich site after the explosion

  Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 358 With an abacus, the di e sio less p oje tio elo it a e fou d a d it s e ual to .

  Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 360

  the distance in meter and E° is the explosion energy. 4.6 10 6 is the TNT energy per kg and 0.1 a coefficient.

14

  Marc J. Assael, Konstantinos E. Kakosimos. Fires, Explosions, and Toxic Gas Dispersions: Effects Calculation and Risk Analysis. 2010. p. 154 Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 362 CASE STUDY: SHIPPING CONTAINER ACCIDENT IN HUNTINGTON BEACH Accident sequence and consequences O Septe e , , t o poli e offi e s hea d a sig ifi a t e plosio at 5:26 a.m. about a half-mile away at Huntington Beach Propane, a local business (refilling of propane tank). The officers went to the location which also rent shipping containers used as storage units. They found and dragged a woman out of the rubble. The woman was a night watchman at the location. She was seriously injured and taken to the hospital.

Figure 23 :

 23 Figure 23: Screenshot from Google Maps of Huntington Beach Propane LocationAs the Fire Captain said during the press time, the blast occurred inside one of the Conex boxes, i.e. shipping container and not involved the refilling propane system and even if the container is still intact it was significantly deformed by the force of the explosion. The cause of the explosion seems to be a small propane tank stored inside the container.

  The projection velocity of the door was 215 m/s and is directly linked to the energy produced by the explosion as describe in the following formula:

  15 T. Børvik, A.G. Hanssen, M. Langseth, L. Olovsson. Response of structures to planar blast loads -A finite element engineering approach. Computers and Structures 87 (2009) 507-520 Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 365 Considering an empty container (very probably wrong), the model of Molkov-1999 is used to estimate the overpressure in case of a vented deflagration. The reduced overpressure (overpressure divided by the atmospheric pressure) is equal to: Whe e Ei, the o ustio p odu ts e pa sio oeffi ie t; γu, spe ifi heat atio; 0, Pi number (3.14) and Br, the Bradley number and the DOI number, respectively, defined as: = ⁄ -Where F is the vent area (m²); V, the volume of enclosure (m 3 ); Sui, the initial laminar burning velocity (m/s) and cui, the speed of sound (m/s) the enclosure volume in cubic meters; πv, the dimensionless static activation pressure ( = + / ) and Pi the initial pressureatmospheric pressure (Pa) and Pstat the static activation pressure (Pa) For a propane mixture near the LFL, very probably the concentration of the mixture that explodes at Huntington Beach; the parameters are as follows: Pstat = 500 mbar; Ei = 5; γu = 1.13 Sui = 0.3 m/s and cui = 300 m/s.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 .

 1 

1-1. Physical properties of hydrogen and other fuels (NA: No Applicable) Properties:

  Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 31 available for each frequency value on the number of equipment 6 concerned, on the solicitation rates and on the existing safety barriers. It comes out that it is impossible to validate the data of the COVO study. Moreover, it seems that the raw values were corrected so as to be used in a general context (every type of industry). About the IPO study, little information is available except that it is based on the COVO study combined with the judgments of experts which is subjective. As a conclusion, the database of the Purple Book is generic i.e. the frequencies are not applicable to a specific installation but correspond to a standardized configuration used in a standardized way (for instance in conformity with the local regulations).

Book is ai l ased o the COVO stud , ealized i the 's a d a fu the i te p etatio of the issued i the ' IPO stud . The e uip e t o e ed a e spe ifi : sto ages of to i or flammable substances and some parts of chemical processes. Apart from the fact that the technologies available at that period of time may not be used anymore, little information is

Thesis:

Similar comments can be found in other documents 7 : The assessor needs to decide wether or not the generic failure rates are appropriate for their assessment; if the generic failure rate is inappropriate then further work is required to derive a suitable specific failure rate Fle ish Gover e t, 9 ."

An application of the probabilities found in the Purple Book is presented in ASSURANCE project (Assessment of the Uncertainties in Risk Analysis of Chemical Establishment

Table 2 .

 2 1-4. Results of Bayesian analysis of hydrogen component leakage frequencies. (mean values)[START_REF] Lachance | Analyses to Support Development of Risk-Informed Separation Distances for Hydrogen Codes and Standards[END_REF] 

	Component	Leak size	Generic Leak Frequencies Hydrogen Leak Frequencies
		Very Small	8.3E+00	1.8E-01
		Minor	2.3E-01	2.2E-02
	Compressor	Medium	1.2E-02	7.9E-03
		Major	3.9E-04	2.1E-04
		Rupture	9.7E-05	3.4E-05
		Very Small	2.2E+00	1.1E-06
		Minor	4.3E-02	9.8E-07
	Cylinders	Medium	9.5E-04	6.7E-07
		Major	2.7E-05	3.9E-07
		Rupture	8.4E-07	2.1E-07
		Very Small	2.5E-01	NA 8
		Minor	2.3E-02	NA
	Filters	Medium	4.2E-02	NA
		Major	7.7E-03	NA
		Rupture	5.4E-02	NA
		Very Small	9.0E-02	NA
		Minor	5.3E-03	NA
	Flanges	Medium	5.2E-03	NA
		Major	4.1E-05	NA
		Rupture	2.5E-05	NA
		Very Small	3.7E+01	1.1E-03
		Minor	2.7E+00	2.0E-04
	Hoses	Medium	2.4E-01	1.7E-04
		Major	2.4E-02	1.6E-04
		Rupture	8.7E-03	7.3E-05
		Very Small	1.9E+00	7.0E-05
		Minor	2.1E-01	3.4E-06
	Joints	Medium	4.1E-02	7.6E-06
		Major	4.3E-03	6.8E-06
		Rupture	9.2E-04	6.1E-06
		Very Small	7.8E-04	8.6E-06
		Minor	1.0E-04	4.5E-06
	Pipes	Medium	4.0E-05	1.7E-06
		Major	5.4E-06	8.9E-07
		Rupture	5.3E-06	5.6E-07
		Very Small	2.3E-02	5.7E-03
		Minor	6.4E-03	7.4E-04
	Valves	Medium	1.4E-03	9.6E-05
		Major	7.2E-05	4.1E-05
		Rupture	3.0E-05	1.4E-05

Table 2 .

 2 2-1 and views of typical components in

Table 2 . 2

 22 

-2. 

Table 2 .

 2 2-1. Technical data of Greenergy Box.

	Storage	Pressure

Table 2 .

 2 2-2. Typical devices used in the Greenergy Box

	Component	Illustration	Characteristics
	Valve			I.D. 10 mm, 30 b
	Pressure relief valve			I.D. 10 mm, 30 b
	Pressure regulator			I.D. 10 mm, 30 b
	Coupling/Flange			Swagelok DN10
	Pipe			Swagelok DN10
	Fuel cell	/	
	Electrolyser cell	/	
	The footp i t of the hole s ste is a out	²

Table 2 .

 2 

		2-3. The selected central events
	#	Central event	Description
	ER1	Small leak of H2 in the container	Deficient assembly or drift of the process parameters (overpressure valve leak, )
	ER2	Massive leak of H2 in the container	Ruptu e of a pipe, a al e,…
	ER3	Massive leak of H2 on the storage	Leak on the storage equipment
	ER4	Bursting of a storage	Bursting of a tank (H2 or O2)
	ER5	ATEX produced inside the Electrolyser	H2-O2 mixtures leading to an explosion inside the electrolyser process
	ER6	ATEX produced inside the fuel cell	H2-O2 mixtures leading to an explosion inside the fuel cell process
	ER7	Bursting of the separator	Bursting of the separator
	ER8	Bursting of B50 cylinder	Bursting of B50 cylinder
	ER9	Ele t i al fi e	Solid fire due to an electric default.

Table 2

 2 

.2-4 (Official Journal of the French Republic n°234 dated 7th October 2005, MEEDDM Official Bulletin° 2010/12 dated 10th July 2010).

Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 48

Table 2 .

 2 2-4. Damage thresholds extracted from the literature

	People	Buildings	Process equipment
			No damage below 50 mbar (only
	No injury below 20 mbar, 1,5 kW/m 2	No damage below 10 mbar (threshold for window breakage), 1-2 kW/m 2	projections of lights debris from the building unlikely to affect the process), 2 kW/m 2 (deformation
			of light panel)
			Minor damages between 50 and
	Minor injuries between 20 and 50	Minor damages between 20 and	140 mbar (projection of heavier
	mbar (due to the projection of	50 mbar (windows broken), 2 and	debris and light panels, cabling
	secondary light debris), and 3	5 kW/m 2 (coatings disrupted,	and lightening disturbed), 2 and 5
	kW/m 2 (burns)	windows shattered)	kW/m 2 (thermal deformation and
			onset of melting of plastics 11 )
			Significant damages between 140
	Significant injuries between 50 and 140 mbar (lift-off of body by the pressure wave and projection of debris from the building), 3 and 5 kW/m 2 (burns)	Significant damages between 50 and 140 mbar (non-structural panels disrupted), 5 and 12 kW/m 2 (thermal degradation of non-structural panels)	and 200 mbar (deformation of pipes, cracks in reactors, displacement of machines and rupture of supports, loss of electric cabinets because of collapse of walls), 5 and 8 kW/m 2
			(melting of all exposed plastics)
			Catastrophic damages above 200
	Between 1% and 5% of the exposed persons die between 140 and 200 mbar, 5 and 8 kW/m 2 (burns)	Catastrophic damages above 140 mbar (wall and supporting structures destroyed), above 12 kW/m 2 (fire propagation, structural collapse)	mbar (pipes, reactors and vessels destroyed between 250 and 500 mbar), above 8 kW/m 2 (onset of fire propagation in burnable materials, melting of seals, leakages and thus fires
			everywhere)

11 

Most plastics melt at about 200°C. Using the Stefan-Boltzmann radiative laws between the heated object and the cold surroundings, the net flux to be provided by the fire (at Trad) reads 𝜎 -

Table 2 .

 2 [2][3][4][START_REF]A ti le of Ti es Colo ist, E te sio o d ight ha e spa ked Saa i h e plosio[END_REF]. Definition of the consequences classes used for containerized hydrogen application like the

	Greenergy Box

Table 2 .

 2 2-6. Comparison of the frequency classes as function of the context

	Annual frequency acceptability a ges fo …	Due to the daily life	Due to major risks	H2 applications
	Domino effects	N.A.	5.10 -6	

Table 2 .

 2 

	2-7. Definition of the frequency classes for hydrogen applications
	Rank	Quantitative estimation (per year)
	F5	Less than 10 -4
	F4	

Table 2 .

 2 

		2-8. Estimation of the leakage frequencies or components
	Component	Causes of leakage	Leakage frequency (max)
		Deficient assembly	
	Electrical valve	(connected/disconnected once over 10 years) OR untightening of the screws (pressing the flat seal)	2 x 1/1000 x 1/10 + 300 x 1/10000 = O(10 -2 )/y
		due to pressure cycling	
		Deficient assembly	
		(connected/disconnected once	
	Spring safety valve	over 10 years) OR untightening of the screws (pressing the flat seal)	2 x 1/1000 x 1/10 + 300 x 1/10000 + 1/1000= O(10 -2 )/y
		due to pressure cycling OR	
		damage to the spring	
		Deficient assembly	
		(connected/disconnected once	
	Membrane P regulator	over 10 years) OR untightening of the screws (pressing the flat seal)	2 x 1/1000 x 1/10 + 300 x 1/10000 + 1/100= O(10 -2 )/y
		due to pressure cycling OR	
		damage to the membrane	

Table 2 .

 2 [2][3][4][START_REF]A ti le of Ti es Colo ist, E te sio o d ight ha e spa ked Saa i h e plosio[END_REF][6][7][8][9]. Summary of the of the orders of magnitude of the f e ue ies of the asi e e ts

	Basi e e t	Frequency
	Error of assembly of coupling	O(10 -4 )
	Untightening of a coupling	O(10 -3 )
	Leaking valve	O(10 -2 )
	Leaking pressure safety valve	O(10 -2 )
	Leaking pressure regulator	O(10 -2 )
	Fatigue rupture	O(10 -5 )
	Impact	O(10 -5 )
	Corrosion of the reservoir	O(10 -5 )
	Corrosion of the pipe	O(10 -4 )

Table 2

 2 

	.2-10. Repartition of the phenomena for the hydrogen accidents found in ARIA database
	Phenomenon		Number	Percent
	Not ignited leak		18	29.0%
	Ignited leak -jet fire		17	27.4%
	Ignited Explosions	leaks	-	17	27.4%
	Others o osio ,…	(fatigue,	10	16.2%
	Total			62	100%

Table 3

 3 

		.1-1. Summary of the different approaches for supersonic releases
	Approach	Conditions
	Birch et al.	-Conservation of mass, -Isentropic change,
	(1984)	-Ideal gas, -Temperature at notional nozzle equal to that in the reservoir (level 1)
		-Velocity at the notional nozzle is sonic
	Birch et al.	

Table 4 .

 4 2-3. Configurations of the dispersion experiments

	Configuration	Injection point	Vent	Arrangement
		Circular		
	1	orifice-bottom-	Closed	
		centered		
		Circular		
	2	orifice-bottom-	Open	
		centered		
	3	Circular orifice-top-centered	Closed and open	
		Ring orifice-		
		obstructed		
	4	release-	Closed	
		bottom		
		centered		

Table 4 .

 4 

		Initial conditions					Main results	
	Test n°	Tank Pressure	Release diameter	Ri	Riv	Rivc	Mixing regime	Max mass flow rate	MH2 max
		Bar	mm					g/s	% vol.
	46	10.52	0.5	10 -7 10 -4	10 -3 Homogeneous	0.11	7.3%
	32	11.8	1	10 -7 10 -4	10 -3 Homogeneous	0.45	9.1%
	33	20.7	1	10 -7 10 -4	10 -3 Homogeneous	0.90	17.8%
	34	41.1	1	10 -7 10 -4	10 -3 Homogeneous	1.74	32.6%
	35	10.5	3	10 -7 10 -4	10 -3 Homogeneous	3.81	10.0%
	41	20.2	3	10 -7 10 -4	10 -3 Homogeneous	7.99	18.8%
	37	41.7	3	10 -7 10 -4	10 -3 Homogeneous	13.00	33.6%

2-4. 

Experimental conditions and main results for configuration 1.

Table 4 .

 4 [2][3][4][START_REF]A ti le of Ti es Colo ist, E te sio o d ight ha e spa ked Saa i h e plosio[END_REF]. Results of tu ule t i te sit u' Co figu atio .

	Test n°	Tank Pressure	Release diameter	Mass flow rate	u' a
		bar	mm	g/s	m/s
	46	10.52	0.5	0.11	1.0
	32	9.8	1	0.45	1.9
	33	19.7	1	0.90	2.7
	34	40.1	1	1.74	3.6
	35	9.5	3	3.81	4.1
	41	19.2	3	7.99	5.4
	37	40.7	3	13.00	6.9

Table 4 . 2
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	Test n°	Tank Pressure	Release diameter	Release type	Lt
		bar	mm		cm
	49	10.3	1	Circular orifice	5.0
	50	38.8	1	Circular orifice	6.9
	47	9.1	3	Circular orifice	4.8
	48	36.5	3	Circular orifice	7.1

-6. Measurements of the integral scale of turbulence (Configuration 1)

Table 4 .

 4 2-7. Comparison between the experiments of the configuration 1 and models.

	Test n°	Tank overpressur e	Release diameter	Measured max % vol. H2 fraction	% vol. Cleaver	% vol. Linden	% vol. Molkov
		bar	mm		max	max	max
	46	10.52	0.5	7.3%	11.7%	>100%	>100%
	32	9.8	1	9.1%	12.0%	>100%	>100%
	33	19.7	1	17.8%	24.0%	>100%	>100%
	34	40.1	1	32.6%	48.2%	>100%	>100%
	35	9.5	3	10.0%	11.7%	>100%	>100%
	41	19.2	3	18.8%	23.4%	>100%	>100%
	37	40.7	3	33.6%	48.9%	>100%	>100%
	4.2.2.2 Configuration 2				

Table 4 .

 4 [2][3][4][START_REF]A ti le of Ti es Colo ist, E te sio o d ight ha e spa ked Saa i h e plosio[END_REF][6][7][8]. Experimental conditions and results for configuration 2 (circular orifice 1 mm diameter, 40 bar in the 50 liter tank, injection point bottom centered).

	Test n°	Test description	Mass flow rate	Measured H2
			g/s	% vol.
	68	Vent 70*70cm²	1.50	13.5%
	69	Vent 20*20 cm²	1.50	26.1%

Considering first test n° 69 with the smaller vent, the evolutions of the concentration curves resemble greatly those of test n°34 (closed vent) except the maximum concentration is lower (26.1% as compared to 32.6%).

Table 4 .

 4 2-9. Comparison between the experiments of the configuration 3 and models.

	Test n°	Vent	Test description Release source	H2 % vol. (maximum value) exp. Linden Molkov
	68	70*70cm²		Round orifice-1 mm-bottom	13.5%	12.8%	13.8%
	69	20*20 cm²	Round orifice-1 mm-bottom	26.0%	12.8%	13.8%

Table 4 .

 4 [2][3][4][START_REF]A ti le of Ti es Colo ist, E te sio o d ight ha e spa ked Saa i h e plosio[END_REF][6][7][8][9][10]. Experimental conditions and main results for configuration 2.

			Experimental conditions					Main results	
	Test n°	Tank over-pressure	Release source	Release type	Vent	Ri	Riv	Rivc	Mass flow rate	Mixing regime	H2 max
		bar							g/s		% vol.
	62	9.7	1 mm circular orifice pointing upwards-centered	at 10cm from the top	closed	10 -7	10 -4	10 -3	0.47	stratified	25.1 %
	63	20.5	1 mm circular orifice pointing upwards-centered	at 10cm from the top	closed	10 -7	10 -4	10 -3	0.97	stratified	35.9 %
	64	39.8	1 mm circular orifice pointing upwards-centered	at 10cm from the top	closed	10 -7	10 -4	10 -3	1.88	layer	45.4 %
	65	20.2	1 mm circular orifice pointing upwards-centered	at 30cm from the top	closed	10 -7	10 -4	10 -3	0.96	layer	26.0 %
	66	40.8	1 mm circular orifice pointing upwards-centered	at 30cm from the top	20x20 cm 2	10 -7	10 -4	10 -3	1.52	layer	35.4 %
	67	41.5	1 mm circular orifice pointing upwards-centered	at 30cm from the top	70x70 cm 2	10 -7	10 -4	10 -3	1.56	layer	14.8 %
	Consider first the closed enclosure tests. The H2 concentration profiles are shown on	

Table 4 .

 4 [2][3][4][START_REF]A ti le of Ti es Colo ist, E te sio o d ight ha e spa ked Saa i h e plosio[END_REF][6][7][8][9][10][11]. Tu ule t i te sit u' a d Turbulence integral length 

	Test n°	Tank Pressure	Release diameter	Release type	u' a	Lt
		bar	mm		m/s	cm
				Circular orifice pointing		
	62	9.7	1	upwards-centered at 10cm	2.1	3.1
				from the top		
				Circular orifice pointing		
	63	20.5	1	upwards-centered at 10cm	3.2	3.5
				from the top		
				Circular orifice pointing		
	64	39.8	1	upwards-centered at 10cm	4.2	3.8
				from the top		
				Circular orifice pointing		
	65	20.2	1	upwards-centered at 30cm		
				from the top		

Table 4 .

 4 [2][3][4][START_REF]A ti le of Ti es Colo ist, E te sio o d ight ha e spa ked Saa i h e plosio[END_REF][6][7][8][9][10][11][12] I Clea e 's odel, the i tu e is supposed u ifo throughout the enclosure (again which is ot at all the ase ut ot i Wo ste 's odel.Globally the Cleaver model give the better results although base on a wrong assumption.

	Thesis: Development of phenomenological and risk assessment models of explosion for the
	emerging hydrogen-energy industry

Table 4 .

 4 2-12. Comparison between the experiments of the configuration 3 and the models for the closed

				enclosure situations			
	Test n°	Tank Pressure	Release diameter	Release type	% vol. exp.	% vol. Cleaver	% vol. Worster
		bar	mm	the ceiling at	max	max	max
				Circular orifice pointing			
	62	9.7	1	upwards-centered at	25.1%	11.9%	26.0%
				10cm from the top			
				Circular orifice pointing			
	63	20.5	1	upwards-centered at	35.9%	24.9%	50.8%
				10cm from the top			
				Circular orifice pointing			
	64	39.8	1	upwards-centered at	45.4%	47.9%	94.8%
				10cm from the top			
				Circular orifice pointing			
	65	20.2	1	upwards-centered at	26.0%	24.6%	50.0%
				30cm from the top			

Table 4 .

 4 2-13. Comparison between the experiments of the configuration 3-open vents and models.

	Test n°	Vent	Test description Jet	H2 % vol. (maximum value) exp. Linden Molkov
				Circular orifice 1 mm		
	66	20*20 cm²	(40b) pointing upwards-centered at 30cm from	35.4%	12.9%	13.9%
				the top		
				Circular orifice 1 mm		
	67	70*70cm²		(40b) pointing upwards-centered at 30cm from	14.8%	13.1%	14.1%
				the top		

Table 4 .

 4 [2][3][4][START_REF]A ti le of Ti es Colo ist, E te sio o d ight ha e spa ked Saa i h e plosio[END_REF][6][7][8][9][10][11][12][13][14]. Experimental conditions and main results for configuration 4 (vent closed, release source centered and on the bottom of the enclosure).

			Experimental conditions					Main results	
	Test n°	Tank Pressure	Release diameter	Release type	Ri	Riv	Rivc	Mass flow rate	Mixing regime	H2 upper (max)
		bar	mm					g/s		% vol.
	26	11.0	3.33	Ring shaped release 10 -7 10 -4 10 -3	0.87	homogeneous	8.4%
	24	20.9	3.33	Ring shaped release 10 -7 10 -4 10 -3	1.14	homogeneous	15.4%
	25	41.0	3.33	Ring shaped release 10 -7 10 -4 10 -3	3.85	homogeneous	30.6%
	71	10.5	0.5	Low momentum (Ø5cm)	10	10 2 N.A.	0.11	layer	~ 7.0%
	72	10.9	0.5	Low momentum (Ø2cm)	10	10 2 N.A.	0.11	layer	~ 6.0%
	73	10.6	0.5	Low momentum (Ø2cm)	10	10 2 N.A.	0.11	layer	~ 6.0%
	74	10.3	0.5	Low momentum (Ø2cm)	10	10 2 N.A.	0.10	layer	~ 6.0%

Table 4 . 2
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	Test n°	Tank Pressure	Release type	u' a	LT
		bar		m/s	cm
	26	10.0	Ring shaped release	1.4	3
	24	19.9	Ring shaped release	1.3	/
	25	40.0	Ring shaped release	2.7	3.2

-15. Results of tu ule t i te sit u' Configuration 1).

Table 4 .

 4 2-16. Comparison between the experiments of the configuration 1 and models.

	Test	Tank Pressure	Release type	Max H2	% vol. Cleaver	% vol. Worster
	n°	bar		% vol. exp.	max	max
	26	10.0	radial	8.4%	12.2%	11.8%
	24	19.9	radial	15.4%	24.2%	13.4%
	25	40.0	radial	30.6%	48.0%	36.3%
	71	10.5	Low momentum (Ø5cm)	7%	11.7%	10.7%
	72	10.9	Low momentum (Ø2cm)	6%	11.7%	10.7%
	73	10.6	Low momentum (Ø2cm)	6%	11.7%	10.7%
	74	10.3	Low momentum (Ø2cm)	6%	11.7%	9.8%

Table 4 .

 4 2-20 : summary of the measurement and of the calculated parameters

	Test n°Tank Pressure Leak diameter	Release type	Flow rate	CD	Diispersion Exp %H2 u' a	L T	Df	u0	Himpact Umixt-impact Qv,mixt-impact %H2av-impact Lt	u' Trelease Tfill Tdiff Vmixt diagnostic %H2-max
		bar	mm			g/s		regime	%vol.	m/s	cm	m	m/s	m	m/s	m3/s	% v/v	m m/s	s	s	s	m3	% v/v
	46	10,52	0,5	Circular orifice-bottom-upwards	0,11	0,85	Uniform	7,28	1	5	0,00030	1299	2	0,97	0,17	0,91	0,08 0,71	339	23	57	4,26 Uniform
	32	11,8	1	Circular orifice-bottom-upwards	0,45	0,85	Uniform	9,07	1,9	5	0,00063	1299	2	2,05	0,37	1,74	0,08 1,44	94	11	28	4,26 Uniform
	33	20,7	1	Circular orifice-bottom-upwards	0,9	0,85	Uniform	17,82	2,7	5,95	0,00084	1299	2	2,72	0,49	2,61	0,08 2,04	86	8	20	4,26 Uniform
	34	41,1	1	Circular orifice-bottom-upwards	1,74	0,85	Uniform	32,61	3,6	6,9	0,00118	1299	2	3,84	0,69	3,54	0,08 2,84	90	6	14	4,26 Uniform
	35	10,5	3	Circular orifice-bottom-upwards	3,81	0,85	Uniform	9,98	4,1	4,8	0,00179	1299	2	5,82	1,04	5,04	0,08 4,23	10	4	9	4,26 Uniform
	41	20,2	3	Circular orifice-bottom-upwards	7,99	0,85	Uniform	18,77	5,4	5,95	0,00248	1299	2	8,07	1,45	7,45	0,08 6,17	9	3	7	4,26 Uniform
	37	41,7	3	Circular orifice-bottom-upwards	13	0,85	Uniform	33,6	6,9	7,1	0,00357	1299	2	11,59	2,08	8,36	0,08 7,95	12	2	5	4,26 Uniform
	26	11	3,33	Ring shaped-bottom-upwards	0,87	0,2	Uniform	8,36	1,4	3	0,00099	1299	1	6,41	0,29	4,21	0,08 2,02	45	14	20	4,26 Uniform
	24	20,9	3,33	Ring shaped-bottom-upwards	1,14	0,2	Uniform	15,38	1,3	3,1	0,00136	1299	1	8,83	0,40	4,01	0,08 2,33	68	10	17	4,26 Uniform
	25	41	3,33	Ring shaped-bottom-upwards	3,85	0,2	Uniform	30,57	2,7	3,2	0,00191	1299	1	12,37	0,56	9,19	0,08 4,33	41	7	9	4,26 Uniform
	62	9,7	1	Circular orifice-10cm from top-upwards	0,47	0,85	Stratified	25,1	2,1	3,1	0,00057	1299	0,1	37,26	0,02	29,54	0,08 1,62	72	239	25	1,21 Stratified
	63	20,5	1	Circular orifice-10cm from top-upwards	0,97	0,85	Stratified	35,9	3,2	3,5	0,00083	1299	0,1	54,17	0,02	37,60	0,08 2,43	79	165	17	1,91 Stratified
	64	39,8	1	Circular orifice-10cm from top-upwards	1,88	0,85	Layered	45,4	4,2	3,8	0,00116	1299	0,1	75,48	0,03	46,01	0,08 3,54	81	118	11	2,74 Stratified
	65	20,2	1	Circular orifice-30cm from top-upwards	0,96	0,85	Layered	26	2,7	3,9	0,00083	1299	0,3	17,92	0,07	16,31	0,08 2,20	78	55	18	4,26 Uniform
	66	40,8	1	Circular orifice-30cm from top-upwards-vent 20x20cm 2	1,52	0,85	Layered	35,4	3	N.D.	0,00118	1299	0,3	25,47	0,10	17,86	0,08 2,83	102	39	14	4,26 Uniform
	67	41,5	1	Circular orifice-30cm from top-upwards-vent 70x70cm 2	1,56	0,85	Layered	14,8	3	N.D.	0,00119	1299	0,3	25,69	0,10	18,12	0,08 2,86	102	39	14	4,26 Uniform
	68	41,1	1	Circular orifice-bottom-upwards-vent 70x70cm 2	1,5	0,85	Uniform	13,5	3	N.D.	0,00118	1299	2	3,84	0,69	3,07	0,08 2,64	105	6	15	4,26 Uniform
	69	41	1	Circular orifice-bottom-upwards-vent 20x20cm 2	1,5	0,85	Uniform	26,1	3	N.D.	0,00118	1299	2	3,83	0,69	3,07	0,08 2,64	104	6	15	4,26 Uniform
	71	10,5	0,5	Low momentum φ	-bottom-upwards	0,11	0,62	Layered	7	0,5	N.D.	0,01313	1	2	0,04	0,01	20,18	0,08 0,00	338	623 60208 2,17 Layered
	72	10,9	0,5	Low momentum φ	-bottom-upwards	0,11	0,62	Layered	6	0,5	N.D.	0,00525	7	2	0,09	0,02	9,10	0,08 0,00	352	249 10307 4,26 Uniform
	73	10,6	0,5	Low momentum φ	-bottom-upwards	0,11	0,62	Layered	6	0,5	N.D.	0,00525	7	2	0,09	0,02	9,10	0,08 0,00	341	249 10307 4,26 Uniform
	74	10,3	0,5	Low momentum φ	-bottom-upwards	0,1	0,62	Layered	6	0,5	N.D.	0,00525	6	2	0,08	0,01	9,10	0,08 0,00	364	274 11891 4,26 Uniform

  is the discharge coefficient through the vent considering the complicated local flo fo hi h C'D=0.2. Bearing in mind that when the ha e is losed, atu al leak a e always present in such a way that , =

, .
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	1-1 : Engineer Correlations to calculate the turbulent burning velocity
	Authors		Equations			N° #
	Bray modif INERIS	= ′ . .	.	. -. . .	56
	Gülder, 1990	= . *	′	.	* ( )	.	+	57
	Shy, 2000		= + .	′	.	( )	.	58
	Liu and Lenze, 1988	= + . . ⁄ . ′	59
	Abdel-Gayed	= . . ′ . .		. . -. . .	60
	Bradley, 1992	= . . ′ . .		. . -. . .	61
	Bray, 1990		= .	′ .		.	( )	.	62
	B a	,	0	= .	′	.	( )	.	63
	Kozachenko, 1965	𝑥 = . ′ + (	-√	+ )	64

Table 5 .

 5 

	1-2. Co pa iso of the tu ule t fla e elo it o elatio s <u'<	/s; . <Su<3.2 m/s; LT=0.06 m)
	Authors	Equations			Test # 28	Test # 30	Test # 32	Test # 33
									ST	Diff	ST	Diff	ST	Diff	ST	Diff
		Experimental values					19.47 -24.27 -	9.50	-36.38 -
	Abdel-Gayed	= . . ′ . .			. . -. . .	8.97 54% 11.22 54% 6.16 35% 15.85 56%
	Bradley	= . . ′ . .			. . -. . .	10.21 48% 13.39 45% 5.16 46% 21.81 40%
	Bray	= . *	.	* ′ . * * -.	.	19.03 2% 25.72 6% 10.97 15% 41.52 14%
	Bray 2	= . (	′ )	.	( )	.	16.67 14% 21.64 11% 9.81 3% 33.11 9%
	Bray modif INERIS	= ′ . .	.		. -. . .	9.34 52% 12.18 50% 3.24 66% 22.18 39%
			′	.				.
	Gülder 1	= . *				*		+	10.28 47% 13.22 46% 5.22 45% 21.36 41%
	Kozachenko	= . ′ + (	-√	+ )	11.43 41% 15.03 38% 7.86 17% 22.15 39%
	Liu et Lenze	=	+ . . ⁄ . ′	12.82 34% 17.08 30% 5.15 46% 31.42 14%
	Shy	= + .						
					Difference	Color coding
					35% -50%	Red text
					20% -35%	Orange text
					10% -20%	Yellow text
						0% -10%	Green text

′ . ( ) . 18.32 6% 25.62 6% 11.26 19% 42.35 16% Legend of the comparison table:

Table 5 .

 5 1-3. Correlation between the indices and the maximum overpressures and maximum velocities.

	Index of the	Maximum Overpressure	Maximum Velocity
	method ME	(bar)	(m/s)
	1	0.01	35
	2	0.02	50
	3	0.05	70
	4	0.1	85
	5	0.2	100
	6	0.5	150
	7	1	200
	8	2	300
	9	5	500
	10	20	800
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	1-4. Correlations of 1999; 2001 and 2008 Molkov models
	Bradley number			=	⁄	-
	Degree Of Interaction		= 𝛼 [	( + # )( + . +	) ] # 𝜔
	Turbulent Bradley number			=	√ ⁄ √	
	Reduced overpressure (1999)		= -. = - *	.	> ; < ;	<	>
	Reduced overpressure (2001)		. = . * -.	> ; . <
	Reduced overpressure (2008)		. = . -. *	.	< ;	. >
	Table 5.1-5. Empirical coefficients for the DOI number correlation of 1999; 2001 and 2008 models
	Model	1999	2001		2008	
	α β δ	0.9 1 0.37	1 0.8 0.4		1 0.8 0.4	
	e	10	10		2	
	g	0.33	0.33		0.94	
	ω	0	0.6		0	
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	1-6 : Critical radius R0 in function of the hydrogen concentration
	XH2 (vol.)	R0
	4%-29.5%	4.3478*X -0.2826
	29.5%-75%	1
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 5 1-7. Af and Su for the different values of P

	Pressure peak			Af				Su
	P2 34	-	~ [	ℎ +	+	ℎ ]	~	.
	P3		= ( + 𝜎 -		)	~	.
	P4 35							
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	Study	kT	ΞA
	Bauwens (Chao et al.)	3.21	3.2
	ICHS 2013 n°135	9.26	1
	ICHS 2013 n°176	10.78	3.17
	DIMITRHY benchmark AL (S. JALLAIS-11/2012)	9.26	3.28
	DIMITRHY benchmark CEA (S. JALLAIS-11/2012)	12.2	3.7

1-8 : Experimental parameters kT a d ΞA i fu tion of different studies One acknowledged advantage of the Bauwens model is that the physics is better ep ese ted that i Molko 's odels. Ho e e , Jallais a d Kud iako sho ed that, i presence of obstacles, the results of the experiments of Daubech et al (2013) are not
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 5 

				1-9. Summary of experiments of vented deflagrations	
	Test reference Author Year	Nber of tests	V (m3)	Chamber dimensions L H / D (m) (m)	W (m)	%(H2)	Ignition locations 36	Vent area (m²)
	Pasman	1974	2	1		1.5	0.97	-	29.7	C	0.3; 0.2
	Kumar	1989	17	6.85 37	-	-	-	10 to 20	B, C, F	0,018; 0,019; 0,16
	Kumar	2006 2009	32	120		10	3	4	5.9 to 12	B, C, F	0.55; 1; 2
	Bauwens	2009	20 + 4 (obst)	63.7		4.6	3	4.6	12.1 to 19.7	B, C, F	2.7; 5.4
	Bauwens 38 2014	15	63.7		4.6	3	4.6	11.9 to 15.2	B, C	5.4
				1		1.4	0.94	-			0.13
	Daubech	2011	6						10 to 27	BW
				10.5		5.5	1.6	-			2
	Daubech	2013	10 + 9 (obst)	4		2	2	1	10 to 29	B, C, F	0.25; 0.49
	Skjold	2017	3 + 31 (obst)	33		5.87	2.40	2.35	15 to 42	B; C	4; 5.64; 6; 8
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 5 1-10 : Pictures of the different experimental installations

	Pasman et al.
	(1974)
	Kumar et al
	(1989)
	Kumar et al.
	(
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 5 [START_REF]A ti le of The O a ge Cou t Registe Update: Woman injured in Huntington Beach explosion worked as night security Sept. 30[END_REF][2][3][4][START_REF]A ti le of Ti es Colo ist, E te sio o d ight ha e spa ked Saa i h e plosio[END_REF][6][7][8][9][10][11]. Experiments selected to be compared to the models (Tests with a * are with a turbulent mixture)[the a e of the tests is I itial of the autho s' last a eolu e of the e losu e -% of h d oge tested ]

	Test n°	V (m 3 )	Ignition	A (m²)	%H2 (%v/v)	Pred (bar)
	D-1 m3-27 %	1	Rear	0,13	27	1,4
	D-1 m3-20 %	1	Rear	0,13	20	0,734
	D-1 m3-15 %	1	Rear	0,13	15	0,225
	D-1 m3-10 %	1	Rear	0,13	10	0,045
	D-4 m3-10.5 %	4	Rear	0,49	10,5	0,004
	D-4 m3-16.5 %	4	Rear	0,49	16,5	0,114
	D-4 m3-21.1 %	4	Rear	0,49	21,1	0,569
	D-4 m3-24.8 %	4	Rear	0,49	24,8	0,741
	P-1 m3-29.6 %	0,95	Rear	0,2	29,6	1,25
	P-1 m3-29.6 %	0,95	Rear	0,3	29,6	0,4
	D-10.5 m3-14 %	10,5	Rear	2	14	0,031
	D-10.5 m3-23 %	10,5	Rear	2	23	0,2
	D-10.5 m3-23 %	10,5	Rear	2	23	0,3
	K-120 m3-9 %	120	Rear	1,09	9	0,1824
	K-120 m3-9 %	120	Rear	2,19	9	0,0304
	K-120 m3-9 % *	120	Center	1,09	9	0,233
	K-120 m3-10 % *	120	Center	2,19	10	0,1216
	B-64 m3-12.1 %	63,5	Center	5,4	12,1	0,009
	B-64 m3-18 %	63,5	Center	5,4	18	0,071
	B-64 m3-19.7 %	63,5	Center	5,4	19,7	0,111
	B-64 m3-18 %	63,5	Center	2,7	18	0,234
	B-64 m3-16.5 %	63,5	Rear	5,4	16,5	0,092
	B-64 m3-18.3 %	63,5	Rear	5,4	18,3	0,125
	B-64 m3-19 %	63,5	Rear	5,4	19	0,189
	B-64 m3-18.1 %	63,5	Rear	5,4	18,1	0,428
	B-64 m3-18 %	63,5	Front	2,7	18	0,171
	S-38 m3-15 %	38,3	Rear	5,64	15	0,04
	S-38 m3-18 %	38,3	Rear	5,64	18	0,13
	S-38 m3-21 %	38,3	Rear	5,64	21	0,19
	S-38 m3-24 %	38,3	Rear	5,64	24	0,39
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 5 2-1. Laminar burning velocity, expansion ratio and flame thickness for the selected H2-air mixtures (data calculated on the basis of the information given in chapter 5.1.2) 

	Hydrogen fraction	Laminar burning velocity	Expansion Ratio	Flame thickness
	(% vol.)	Sl (m/s)	E	η
	10%	0.31	3.435	5.10 E-04
	16%	1.05	4.899	1.50 E-04
	21%	1.72	5.892	9.13 E-05
	25%	2.27	6.451	6.92 E-05
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 5 2-2. experimental conditions for the explosion tests

		Hydrogen			Tank	Release	Duration of		
	N°	fraction	Flammable atmosphere	pressure	diameter	injection	u' /s	LT (m)
		(% vol.)			P(bar)	Ø(mm)	(s)		
	1	10%	Uniform	Quiet	10.3	3	47	-	-
	35	10%	Uniform	Quiet	39.8	3	4	-	-
	5	10%	Uniform	Turbulent	10.1	3	47	1	5
	6	10%	Uniform	Turbulent	19.9	3	12	4	6
	7	10%	Uniform	Turbulent	39.3	3	4	7	7
	4	16%	Uniform	Quiet	20.0	3	21	-	-
	36	16%	Uniform	Quiet	20.0	3	21	-	-
	8	16%	Uniform	Turbulent	19.4	3	21	2,3	6
	9	16%	Uniform	Turbulent	19.9	3	21	2,3	6
	11	16%	Uniform	Turbulent	39.7	3	8	5,5	7
	12	16%	Uniform	Turbulent	39.7	1	59	2,5	7
	25	16%	Uniform	Turbulent	39.6	2.95	8	2,3	3,2
	34	21%	Uniform	Quiet	40.1	3	11	-	-
	15	21%	Uniform	Quiet	39.6	1	82	-	-
	16	21%	Uniform	Turbulent	39.7	1	82	2	7
	23	21%	Uniform	Turbulent	39.8	3	11	5	7
	26	25%	Uniform	Quiet	39.8	2.95	16	-	-
	27	25%	Uniform	Turbulent	39.5	2.95	16	2	3,2
	28	25%	Uniform	Turbulent	39.9	3	16	4	7
	20	10%	Stratified	Quiet	39.6	1	32	-	-
	19	10%	Stratified	Turbulent	19.9	1	74	2,2	3,5
	31	10%	Stratified	Turbulent	39.7	1	32	3,5	3,8
	32	16%	Stratified	Quiet	38.7	1	62	-	-
	33	16%	Stratified	Turbulent	39.7	1	62	2,9	3,8
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				2-3. Reproducibility of the explosion experiments		
	N°	Hydrogen fraction (% vol.)	Flammable atmosphere	Tank pressure P(bar)	Release diameter Ø(mm)	Duration of injection (s)	Delay before ignition	ΔP a (bar)
	8	16%	Uniform	Turbulent	19.4	3	21	200 ms	0.159
	9	16%	Uniform	Turbulent	19.9	3	21	200 ms	0.169

Table 5 .

 5 2-4. Maximum overpressures for all the sensors and all the experiments

	N°	Hydrogen Flammable atmosphere (% vol.)	u' (m/s) (m) Lt	L1_max L2_max L3_max L4_max (bar) (bar) (bar) (bar)	P2_max (bar)
	1	10%	Uniform	-	-	0,001	0,001	0,001	0,001	0,005
		10%	Uniform	-	-	0,031	0,011	0,019	0,010	0,025
	5	10%	Uniform	1	5	0,001	0,001	0,001	0,001	0,003
	6	10%	Uniform	4	6	0,009	0,020	0,027	0,015	0,104
	7	10%	Uniform	7	7	0,021	0,035	0,034	0,019	0,266
	4	16%	Uniform	-	-	0,035	0,072	0,073	0,042	0,197
		16%	Uniform	-	-	0,127	0,050	0,064	0,033	0,157
	9	16%	Uniform	2,3	6	0,026	0,057	0,070	0,039	0,169
		16%	Uniform	5,5	7	0,057	0,100	0,135	0,073	0,536
		16%	Uniform	2,5	7	0,034	0,069	0,083	0,047	0,215
		21%	Uniform	-	-	0,244	0,123	0,126	0,085	0,428
		21%	Uniform	-	-	0,304	0,124	0,155	0,116	0,647
		21%	Uniform	2	7	0,307	0,115	0,162	0,090	0,506
		21%	Uniform	5	7	0,298	0,149	0,207	0,117	0,803
		25%	Uniform	-	-	0,363	0,174	0,193	0,129	0,970
		25%	Uniform	2	3,2	0,401	0,177	0,217	0,127	1,119
		25%	Uniform	4	7	0,677	0,188	0,251	0,140	1,170
		10%	Stratified	-	-	0,125	0,048	0,064	0,034	0,167
		10%	Stratified	2,2	3,5	0,238	0,087	0,133	0,073	0,360
		10%	Stratified	3,5	3,8	0,169	0,068	0,069	0,036	0,408
		16%	Stratified	-	-	0,256	0,121	0,165	0,087	0,595
		16%	Stratified	2,9	3,8	0,405	0,099	0,160	0,104	0,719
		5.2.2.2 Influence of the initial conditions on the explosion dynamics	
	A set of 4 tests performed with an atmosphere containing at 16% v/v of hydrogen are
	compared when the initial conditions switch from uniform/quiet (test 4) to
	uniform/turbulent (test 11), stratified/quiet (test 32) and lastly stratified/turbulent (test 33).

Table 5 .

 5 2-5: Maximum internal explosion overpressure and spatial flame velocity along the axis towards the vent.

	N°	Hydrogen fraction	Flammable atmosphere	u' (m/s)	Lt (cm)	St (m/s)	ΔP a (bar)	Experimental flame velocity
		(% vol.)							(m/s)
	35	10%	Uniform	Quiet	-	-	-	0.025	8.82
	20	10%	Stratified	Quiet	-	-	-	0.167	12.55
	4	16%	Uniform	Quiet	-	-	-	0.197	14.68
	32	16%	Stratified	Quiet	-	-	-	0.595	30.98
	15	21%	Uniform	Quiet	-	-	-	0.428	30.1
	34	21%	Uniform	Quiet	-	-	-	0.647	34.65
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 5 2-6. Calculation of the flame propagation velocity with the two methods

	N°	Meas. flame velocity	Sl	E	u'	Lt	η	St	Sl_or_t x E	Ucomp	Ucomp x E
		(m/s)	(m/s)		(m/s) (m)	(m)	(m/s)	(m/s)	(m/s)	(m/s)
	35	8.82	0.308	3.44	-	-	5.10E-04	-	1.06	0.72	2.46
	20	12.55	1.05	3.44	-	-	1.50E-04	-	3.61	2.44	8.37
	4	14.68	1.05	4.90	-	-	1.50E-04	-	5.14	3.06	15.01
	32	30.98	2.66	4.90	-	-	5.90E-05	-	13.03	7.76	38.03
	15	30.1	1.72	5.89	-	-	9.13E-05	-	10.13	5.51	32.47
	34	34.65	1.72	5.89	-	-	9.13E-05	-	10.13	5.51	32.47
	26	38.19	2.27	6.45	-	-	6.92E-05	-	14.64	7.57	48.83
	5	1.75	0.308	3.44	1	5	5.10E-04	1.6	5.64	2.05	7.04
	6	9.91	0.308	3.44	4	6	5.10E-04	4.9	16.69	7.05	24.21
	7	22.2	0.308	3.44	7	7	5.10E-04	7.7	26.39	11.38	39.10
	9	16.98	1.05	4.90	2.3	6	1.50E-04	5.9	29.02	5.26	25.76
	11	52.95	1.05	4.90	5.5	7	1.50E-04	11.8	57.99	9.94	48.71
	12	17.81	1.05	4.90	2.5	7	1.50E-04	6.6	32.10	5.28	25.86
	16	35.57	1.72	5.89	2	7	9.13E-05	7.1	41.80	6.53	38.50
	23	58.54	1.72	5.89	5	7	9.13E-05	14.1	83.11	10.37	61.09
	27	45.47	2.27	6.45	2	3.2	6.92E-05	6.7	43.23	9.21	59.39
	28	84.35	2.27	6.45	4	7	6.92E-05	13.7	88.42	10.37	66.89
	33	40.42	2.66	4.90	2.9	3.8	5.90E-05	10.0	49.02	10.30	50.46
	19	25.69	1.72	3.44	2.2	3.5	9.13E-05	6.4	22.01	6.44	22.11
	31	18.96	1.05	3.44	3.5	3.8	1.50E-04	7.2	24.87	8.09	27.77
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 6 2-1 : Phenomenological models used in the safety toolbox

	Phenomenon	Calculation	Model chosen
		• Pressure in the tank	Birch (1984)
	Release and jets	• Mass flowrate	
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 6 3-1 : calculations of some cases using the safety toolbox

	Test case	Release diameter	Mixing regime	%H2 max	Max.	internal	Max.	external
		(mm) / duration			overpressure	overpressure
		(s)						
	1	0.06 mm / 600 s	Uniform /quiet	0.25 % v/v	/		/	

Table 1 .1-1. Physical properties of hydrogen and other fuels (NA: No Applicable

 1 

) ............ 10

Table 1 :

 1 Parameters of Test 4 presented in Gupta et al. 2009 

	Reference	TEST 1	TEST 2	TEST 3	TEST 4	Unity
	Garage x-dimension	5760	5760	5760	5760	mm
	Garage y-dimension	2960	2960	2960	2960	mm
	Garage z-dimension	2420	2420	2420	2420	mm
	X release	2880	2880	2880	2880	mm
	Y release	1480	1480	1480	1480	mm
	Z release	220	220	220	220	mm
	Exit diameter	20.7	20.7	5	29.7	mm
	Volumetric flow-rate STP 6	668	668	18	18	Nl/min
	He mass flow-rate	1.99	1.99	0.05	0.0536	g/s
	Garage Temperature T	20	20	20	24.1	°C
	Exit velocity	35.5	35.5	16.4	0.47	m/s
	Release Direction	Upwards	Upwards	Upwards	Upwards	
	Release Type	Continuous Continuous Continuous Continuous	
	Release duration	121	500	3740	3740	s
	Released volume STP	1347	5567	1122	1122	Nl
	He released mass	240	994	200	200.28	g
	Target concentration	3.53%	14.6%	2.94%	2.94%	%vol.
	Maximal concentration	9.22%	23.08%	4.39%	4.39%	%vol.
	Re0 at 20°C	6150	6150	686	115	
	Ri0 at 20°C	9.9e-04	9.9e-4	1.1e-03	8.3e+00	

  Helium gas concentrations were measured by using minikatharometers, i.e. thermal conductivity sensors. The measurement principle of katharometer relies on the decrease in the effective thermal resistance between the sensitive area of the sensor and the ambient air, caused by the thermal conductance of the surrounding gas, i.e. a helium-air mixture.

	Thesis: Development of phenomenological and risk assessment models of explosion for the
		emerging hydrogen-energy industry		
	5	6.5%	6	4.8%	50	5.5%
	3	4.5%	5	4.2%	20	3%
	2	3.7%	2	2.5%	10	2%
	1	1.9%	1	2.0%		
	0.5	1.1%	0.5	1.2%		
	0.1	0.4%	0.1	0.7%		
	About the instrumentation,				
						%vol.
						Helium
	18	14.9%	18	8.7%	300	16.7%
	14	13%	14	7.7%	200	12.9%
	10	10.4%	10	6.2%	150	10.9%
	6	7%	8	5.5%	100	8.6%
						315

Table 2 :

 2 Results for Pitts et al. experimentsBarley and Gawlik performed helium release experiments into a rectangular enclosure (L7.02xW4.29xH2.74) m3. Two vents were located on the back wall centered at 36.8 cm from the floor and from the ceiling. T o s ste s e e used a poi t a d a li e diffuse .

		Flow	Nber				
					Location	%vol.	
	Test	rate	of	A (m)			Gradient?
					of release	helium	
		(Nl/min)	vents				
	1	3.47	1	2.4	Floor	42%	N
	2	3.47	1	3.05	Floor	39%	N
	3	3.47	2	2.15	Floor	17%	Y
	4	13.84	1	3.05	Floor	45%	N
	5	13.84	2	2.15	Floor	35%	Y
	6	3.47	1	3.05	Rear	40%	N
	7	3.47	1	3.05	Ceiling	42%	Y
	8	3.47	2	2.15	Ceiling	16%	Y
	9	13.84	1	3.05	Ceiling	51%	Y
	10	13.84	2	2.15	Ceiling	30%	Y

Table 6 :

 6 Results for Barley and Gawlik experiments

			Leak rate	
	Test Ys (m)		%vol. He
			(Nl/min)	
	P1	0.61	9.0	1.2%
	P2	0.61	20.2	2.0%
	P3	0.61	37.1	2.9%
	P4	0.91	11.3	1.5%
	P5	0.91	22.6	2.6%
	P6	1.22	17.0	2.7%
	L1	0.61	20.3	1.7%
	L2	0.61	37.3	2.4%

Table 4 :

 4 Results for Merilo et al. experiments

	Test	𝒎 ̇ (kg/h)	U0 (m/s)	Trelease (min)	%vol. H2 at	%vol. H2 at	%vol. H2 at	Lm (m)
					2.7m	2.3m	1.9m	
	1	Empty 9.22	668	20	23%	22.6%	20.7%	18.7
	2	Vehicle 9.04	653	20	23.5%	19.7%	22.5%	18.3
	3	Vehicle 0.88	63	30	7.1%	5.4%	2.9%	1.8

Table 5 :

 5 Results for Grand GAMELAN experiments

		Flowrate		
	Release		%vol.	%vol.
		He		
	(mm)		He	H2
		(Nl/min)		
	27	5	0.68%	1.06%
	27	20	1.34%	1.83%
	27	70	2.81%	3.35%
	27	210	6.6%	6.17%
	4	5	0.88%	1.09%
	4	20	1.41%	1.73%
	4	70	2.74%	3.3%
	4	210	4.69%	5.44%

Table 6 :

 6 Results for 1m3 enclosure experiments

		Flowrate		
	Release			
		He	%vol. He %vol. H2
	(mm)			
		(Nl/min)		
	27	10	1.79%	1.80%
	27	20	-	2.52%
	27	60	-	5.03%
	27	100	8.23%	6.69%
	27	210	-	11.12%
	4	10	1.97%	2.04%
	4	20	2.76%	3.0%
	4	60	4.35%	4.99%
	4	100	4.84%	6.15%
	4	210	-	7.38%

Table 7 :

 7 Experimental data for the comparison of the correlations[START_REF] Proust | Habilitation à diriger des recherches : mémoires de travaux ; Formation-Inflammation-Combustion des atmosphères explosives (ATEX) and effets associés[END_REF] 

	Test	# 28	# 29	# 30	# 31	# 32	# 33	# 34
	u' (m/s)	1.49	0.93	1.77	1.83	0.49	2.97	1.82
	LT	(m)	0.06	0.06	0.06	0.06	0.06	0.06	0.06
	SL (m/s)	1.94	0.61	2.42	2.50	1.77	3.19	2.89
	η	(m) 1.1 E-05 3.5 E-05 9.0 E-06 9.0 E-06 1.2 E-05 7.0 E-06 8.0 E-06
	ST exp (m/s) 19.47	7.50	24.27	24.83	9.50	36.38	26.24
	%H2 (%vol) 22.40	14.70	26.29	26.77	21.23	35.65	30.85
	u'/SL	-	0.77	1.52	0.73	0.73	0.28	0.93	0.63
	LT/η	-	5 455	1 714	6 667	6 667	5 000	8 571	7 500

Table 8 :

 8 Comparison of the turbulent flame velocity correlations

	Authors			Equations						Test 28 ST Diff	Test 29 ST Diff	Test 30 ST Diff	Test 31 ST Diff	Test 32 ST Diff	Test 33 ST Diff	Test 34 ST Diff	Averag . Diff
		Experimental values							-	7.50	-	24.27	-	24.83	-	9.50	-	36.38	-	26.24	-	-
	Abdel-Gayed 1	𝑇 = . . ′ . .	. . 𝜂 -. . .	8.97 54% 3.89 48% 11.22 54% 11.47 54% 6.16 35% 15.85 56% 12.83 51%	50%
	Bradley 2	𝑇 = . . ′ . .	. . 𝜂 -. . .	10.21 48% 3.89 48% 13.39 45% 13.81 44% 5.16 46% 21.81 40% 15.43 41%	45%
	Bray		T = .	. -. .			′		15.26 22% 6.91	8% 19.56 19% 20.06 19% 9.00	5%	28.97 20% 22.41 15%	15%
	Bray 1	𝑇 = . *	.		* ′ .		* 𝑇	.	* 𝜂 -.	19.03 2%	6.23 17% 25.72 6% 26.50 7% 10.97 15% 41.52 14% 30.69 17%	11%
	Bray 4	𝑇 = .	′	.	( 𝜂	)	.		16.67 14% 7.24	3% 21.64 11% 22.10 11% 9.81	3%	33.11	9% 24.99 5%	8%
	Bray modif INERIS															46 49%	51%
	Gouldin				𝑇 ~ 𝑇	⁄						15.38 21% 5.62 25% 20.36 16% 20.78 16% 10.61 12% 30.35 17% 24.23 8%	16%
	Gülder 1	𝑇 = . *	′ .		* (	𝑇 𝜂	)	.	+	10.28 47% 5.08 32% 13.22 46% 13.50 46% 5.22 45% 21.36 41% 14.85 43%	43%
	Gülder 5		𝑇 =	′ .	𝑇	.				13.49 31% 6.93	8% 17.39 28% 17.76 28% 5.61 41% 29.27 20% 19.23 27%	26%
	Gülder modif Proust						′	.	. S L +	18.08 7%	4.40 41% 28.61 18% 29.92 21% 7.87 17% 58.92 62% 37.28 42%	30%
	Guo		𝑇 ′	=	. .		.						22.78 17% 6.74 10% 27.72 14% 28.40 14% 18.51 95% 34.42	5% 30.92 18%	25%
	INERIS	T = . . -. .		′		.	. S L	14.03 28% 3.68 51% 22.34 8% 23.39 6%	4.53 52% 49.23 35% 28.52 9%	27%
	Kozachenko 2	𝑇	= . ′ + (	-√			+ )		11.43 41% 4.90 35% 15.03 38% 15.49 38% 7.86 17% 22.15 39% 17.93 32%	34%
	Liu et Lenze														

𝑇 = ′ . . . . 𝜂 -. . . 9.34 52% 3.76 50% 12.18 50% 12.63 49% 3.24 66% 22.18 39% 13.T = . . -. . 𝑇 = + . . ⁄ . ′ 12.82 34% 5.16 31% 17.08 30% 17.79 28% 5.15 46% 31.42 14% 19.41 26% 30%

Table 9 - 1 :

 91 Scaled distances in function of the overpressure thresholds for the TNT equivalent method

	̅̅̅̅̅̅̅ 𝑇 𝑇	200 mbar 8	140 mbar 50 mbar 10 20	20 mbar 40

Table 2 :

 2 Summary of experiments of vented deflagrations

	Test reference	Nber	Chamber dimensions				
									Ignition	Vent area
	Author	Year	of	V	L	H / D	W	%(H2)	locations 8	
			tests	(m3)	(m)	(m)	(m)			(m²)
	Pasman	1974	2	1	1.5	0.97	-	29.7	C	0.3; 0.2
	Kumar	1989	17	6.85 9	-	-	-	10 to 20	B, C, F	0,018; 0,019; 0,16
	Kumar	2006 2009	32	120	10	3	4	5.9 to 12	B, C, F	0.55; 1; 2
	Bauwens	2009	20 + 4 (obst)	63.7	4.6	3	4.6	12.1 to 19.7	B, C, F	2.7; 5.4
	Bauwens 10 2014	15	63.7	4.6	3	4.6	11.9 to 15.2	B, C	5.4
				1	1.4	0.94	-			0.13
	Daubech	2011	6					10 to 27	BW	
				10.5	5.5	1.6	-			2
	Daubech	2013	10 + 9 (obst)	4	2	2	1	10 to 29	B, C, F	0.25; 0.49

Table 3 :

 3 Results of Pasman experiments

	Av (m²)	P max exp. (barg)
	0.2	1.25
	0.3	0.4

Table 4 :

 4 main results of the experiments

	Test	H2 vol)	(%	Av (m2)	Vent diameter (cm)	Ignition location	Pred (bar)
	K-10-15-C	10		0.0177	15	C	1.793
	K-10-15-R	10		0.0177	15	R	1.252
	K-10-15-N	10		0.0177	15	N	1.570
	K-10-25-C	10		0.0191	25	C	0.993
	K-10-25-R	10		0.0191	25	R	0.531
	K-10-25-N	10		0.0191	25	N	0.616
	K-10-45-C	10		0.159	45	C	0.331
	K-10-45-R	10		0.159	45	R	0.149
	K-10-45-N	10		0.159	45	N	0.085
	K-15-15-C	15		0.0177	15	C	4.049
	K-15-25-C	15		0.0191	25	C	3.641
	K-15-45-C	15		0.159	45	C	2.317
	K-15-45-R	15		0.159	45	R	1.225
	K-15-45-N	15		0.159	45	N	1.385
	K-20-15-C	20		0.0177	15	C	5.549
	K-20-25-C	20		0.0191	25	C	5.020

Table 5 :

 5 main results of the Kumar experiments ( a experiments ofKumar et al. 2006 and b experiments from[START_REF] Kumar | Vented combustion of hydrogen-air mixtures in a large rectangular volume[END_REF] 

	Test	H2 (% vol) Av (m2)	Ignition location	Pred (bar)
	K-8.5-C a	8.5	0.55	C	0.0203
	K-9-N a	9	0.55	N	0.0709
	K-9-C a	9	0.55	C	0.1621
	K-9-R-1 a	9	0.55	R	0.4053
	K-9-R-2 a	9	1.09	R	0.1824
	K-9-R-3 a	9	2.19	R	0.0304
	K-9.5-R a	9.5	0.55	R	0.3242
	K-10-N a	10	0.55	N	0.2027
	K-10-C a	10	0.55	C	0.2027
	K-10-R a	10	0.55	R	0.2128
	K-11-N a	11	0.55	N	0.2027
	K-11-C a	11	0.55	C	0.5066
	K-11-C-Max a	11	0.55	C	0.2837
	K-11-R a	11	0.55	R	0.2837
	K-12-N a	12	0.55	N	0.2432
	K-12-C a	12	0.55	C	0.6080
	K-12-C-Max a	12	0.55	C	0.3850
	K-12-R a	12	0.55	R	0.4864
	K-5.9-C-T b	5.9	0.55	C	0.1013
	K-6.1-C-T b	6.1	0.55	C	0.1520
	K-7.8-C-T b	7.8	0.55	C	0.3850
	K-8-C-T b	8	0.55	C	0.3242
	K-8.2-C-T b	8.2	0.55	C	0.4357
	K-8.9-C-T b	8.9	0.55	C	0.4560
	K-9.1-C-T b	9.1	0.55	C	0.5269
	K-10.2-C-T b	10.2	0.55	C	0.5978
	K-8.8-C-T b	8.8	1.09	C	0.2229
	K-9-C-T b	9	1.09	C	0.2330
	K-9.6-C-T b	9.6	1.09	C	0.2634
	K-10-C-T b	10	1.09	C	0.3040
	K-10.8-C-T b	10.8	1.09	C	0.3749
	K-10-C-T-2 b	10	2.19	C	0.1216

Table 6 :

 6 Summary of experimental result(Bauwens 2009) 

	Test	Ign. Loc.	Vent (m2)	size	Obs.	Conc. (±0.3%)	P1 (bar)	P2 (bar)
	1	CI	5.4		0	12.1	0.008	0.009
	2	CI	5.4		0	14.9	0.02	0.016
	3	CI	5.4		0	16.5	0.03	0.026
	4	CI	5.4		0	18	0.071	0.042
	5	CI	5.4		0	18.1	0.061	0.04
	6	CI	5.4		0	19	0.066	0.059
	7	CI	5.4		0	19.1	0.108	0.067
	8	CI	5.4		0	19.7	0.111	0.076
	9	CI	2.7		0	17.5	0.112	0.228
	10	CI	2.7		0	18	0.124	0.234
	11	CI	5.4		8	15.8	0.04	-
	12	CI	5.4		8	18.3	0.094	-
	13	CI	5.4		8	18.5	0.089	-
	14	BW	5.4		0	16.5	0.092	0.023
	15	BW	5.4		0	17.2	0.13	0.046
	16	BW	5.4		0	17.9	0.15	0.06
	17	BW	5.4		0	18.3	0.125	0.016
	18	BW	5.4		0	19	0.189	0.02
	19	BW	2.7		0	15.1	0.127	0.066
	20	BW	2.7		0	17.1	0.247	0.115
	21	BW	2.7		0	17.8	0.314	0.228
	22	BW	5.4		8	18.1	0.428	-
	23	FW	5.4		0	18.2	-	0.038
	24	FW	2.7		0	18	-	0.171

Table 7 :

 7 Summary of experimental result(Bauwens 2014) 

	Test#	Conc (%)	Ign. Loc.	u' (m/s)	Pext (bar) Pvib (bar)	Uext (m/s)
	1	12.1	CI	0.09	0.003	0.009	3.8
	2	12.4	CI	0.2	0.005	0.01	4.3
	3	11.9	CI	0.4	0.009	0.011	4.4
	4	12.3	CI	0.5	0.01	-	5.1
	5	13.8	CI	0.2	0.011	0.019	4.8
	6	15	CI	0.09	0.011	0.012	6.2
	7	15.2	CI	0.12	0.014	0.016	6.3
	8	15.1	CI	0.2	0.017	0.013	6.5
	9	15.1	CI	0.4	0.019	0.017	7
	10	14.9	CI	0.5	0.026	0.017	6.7
	11	15.1	BW	0.09	0.046	-	9.6
	12	15	BW	0.12	0.042	-	9.6
	13	15.2	BW	0.4	0.052	-	10.6
	14	14.8	BW	0.5	0.069	-	10.1
	15	14.9	BW	0.5	0.06	-	10.9

Table 8

 8 

			: main results of INERIS experiments		
	Test n°	Chamber	%H2 (v/v)	Pred (mbar)	Pmax out (mbar) 1 m 3 m	5 m
	1.0-01		27	1400	630	380	145
	1.0-02		27	1220	550	360	135
	1.0-03		27	1440	600	340	150
	1.0-04 1.0-05	1 m3	20 20	734 551	220 177	180 195	100 100
	1.0-06		15	225	110	87	60
	1.0-07		15	240	60	40	28
	1.0-08		10	45	10	4	1
	10.5-11		14	31	-	-	-
	10.5-12		14	50	-	-	-
	10.5-13		14	30	-	-	-
	10.5-16	10.5 m3	23	230	-	-	-
	10.5-17		23	210	-	-	-
	10.5-19		23	200	-	-	-
	10.5-20		23	250	-	-	-

Table 9 :

 9 

	4	BW 0.49	0	10.5	0.004	-	0.004	0.002	0.001135
	5	BW 0.49	0	16.5	0.114	0.05	0.087	0.056	0.029
	7	BW 0.49	0	15.2	0.0323	0.01	0.0215	0.0115	0.0065
	6	BW 0.49	0	21.5	0.656	0.09	0.195	0.127	0.093
	8	BW 0.49	0	21.1	0.569	-	0.26	0.132	0.079
	30	BW 0.49	0	24.8	0.741	0.0184	0.32	0.179	0.118
	11	BW 0.25	0	11.1	0.019	0.01	0.006	0.004	0.0022
	12	BW 0.25	0	15.5	0.202	0.1435	0.0767	0.0836	0.0245
	26	BW 0.25	0.2/D1	19.4	0.566	-	0.236	0.147	0.049
	19	BW 0.49	0.2/D1	11.1	0.0133	-	0.0055	0.003	-
	20	BW 0.49	0.2/D1	15.8	0.171	0.023	0.069	0.041	0.017
	25	BW 0.49	0.2/D1	20.2	0.557	-	0.207	0.1105	0.06
	28	BW 0.49	0.325/D1	16	0.246	0.03	0.0834	0.049	0.0242
	21	BW 0.49	0.2/D2	11.3	0.0173	0.01	0.006	0.0034	0.0023
	22	BW 0.49	0.2/D2	15.6	0.164	0.081	0.0057	0.037	0.018
	24	BW 0.49	0.2/D2	20.2	0.472	-	0.0183	0.104	0.058
	29	BW 0.49	0.325/D2	15.7	0.2023	0.03	0.054	0.0355	0.0162
	9	CI	0.49	0	15.6	0.036	0.066	0.01233	0.007	0.00365
	10	FW 0.49	0	16	-	0.1085	-	-	-

main results of the experiments TEST IP S (m²) OBS X_H2% P1 (bar) P2 (bar) P@2m (bar) P@5m (bar) P@5mp (bar)

Table 10 :

 10 Main results of Skjold experiments (Tests with a * were the last test performed before changing the container) Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry

	Configuration	Test	Av (m2)	[H2] (vol.%)	Ign. pos.	Pred, max (bar)
		1	5.64	15	A	0.040
	Frame only (FO), doors open (O)	2	5.64	15	A	0.047
		5	5.64	15	A	0.039
		3	5.64	15	A	0.077
		4	5.64	15	A	0.064
	Bottle basket (B1), doors open	6	5.64	15	A	0.045
	(O)	10	5.64	18	A	0.130
		7	5.64	21	A	0.190
		8	5.64	24	A	0.390
	Bottle basket (B1), doors closed (C)	09*	0.00	24	A	1.447
		11	5.64	15	A	0.050
	Pipe rack (P1), doors open (O)	12	5.64	18	A	0.120
		13	5.64	21	A	0.279
	Pipe rack and bottle basket (P1, B3), doors open (O)	14*	5.64	21	A	0.939
	Frame only (FO), perforated plastic film (O)	25 21 16	4.0 6.0 8.0	21 21 21	B B B	0.146 0.120 0.190
		24	4.0	21	B	0.150
		22	6.0	21	B	0.142
	Pipe rack (P2), perforated plastic film (O)	17 34* 29	8.0 8.0 4.0	21 42 24	B B B	0.124 1.076 0.414
		23	6.0	24	B	0.168
		19	8.0	24	B	0.136
	Frame only (FO), commercial	32	4.0	21	B	0.214
	vent panels (P)	26	6.0	21	B	0.245
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http://www.hse.gov.uk/risk/theory/alarpcheck.htm

part of the Rhine-Meuse-Scheldt delta between Rotterdam and the North Sea i the 's a ou d o e illio people lived in this

600-km² area) 

For example, no distinctions are made between pneumatic valves or solenoid.

ARAMIS project, FRED database, HSE laboratory 

NA = Not available. No hydrogen-specific estimate could be calculated since no hydrogen leakage data was available.
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More probably, most of the couplings will never be dismantled, only a few of them will , those connected to the relief valves or to the cells. This could reduce the frequency by a factor of 10.

Note this technique is less accurate than the standard Pitot head but the correlation function are not very sensitive to the scale nor to the offsets.

This value seems coherent with the velocity calculated at the orifice of the cylinder, about 3 m/s, assuming a 1/x decay (where x the distance from the orifice along the release axis.

The turbulent burning velocity is defined in the same way than SL. It is the local consumption rate per unit area of the average flame front shape.

C = Centre ignition; B = Back wall ignition and F = Front wall ignition

a 2.3 m diameter spherical vessel + a 3 m long and 45 cm diameter duct

STP: Standard Conditions of Temperature and Pressure (temperature = 0°C / pressure = 1 atm)
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Whe e γ is the spe ifi heat atio

Using the ideal gas law, the density at the level 2 is equal to:

Where M is the molecular weight of the released gas and R the universal gas constant Now the sonic velocity at the level 2 can be calculated and is proportional to the square root of the temperature T2:

A similar work is done for the parameters at the level 3 where the pressure and the temperature are the ambient ones. The density and the sonic velocity are:

With all the parameters calculated, they can be substituted in the Equation 2, the equation becomes:

Finally, Birch et al. make the assumption that the upstream gas temperature (temperature at the level 3) is approximately equal to the ambient temperature ( ~ ), the Equation 7 can be reduced as follows:
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BIRCH APPROACH 1987

In 1987 Birch improved its definition of the pseudo-diameter, based not only on the mass conservation but also on the momentum conservation through the expansion section. The conservation of the momentum between the level 2 and 3 is equal to:

Using the equations of density ( 4) and sound velocity ( 5) at the level 2; the mass conservation ( 1) and the momentum conservation ( 9) the velocity at the level 3 is equal to:

For high pressures in the reservoir (higher than 10 bar; where ⁄ ≫

𝛾 + ⁄ -𝛾 𝛾-⁄

) the Equation 10 becomes:

Finally, the pseudo-diameter is given by:

EWAN AND MOODIE APPROACH

The approach developed by [START_REF] Ewan | Structure and velocity measurements in under-expanded jets[END_REF] is similar to the Birch 1984 approach except concerning the temperature at the level 3. They proposed that the temperature at the level 3 is equal to the temperature at the level 2 and not to the ambient temperature.

Ewan and Moodie approach is based on the mass conservation; the pseudo-diameter is consequently equal to the Equation 2 and can be simplified 2 as follows:

When the pressure P2 is substituted with the Equation 3 (left) the pseudo-diameter is:

APPENDIX 4. JETS FIRES

In the light of the scenarios and sequences of events found in the paragraph ( § Risk Assessment), the jet fire is not considered as a priority considering the operating conditions.

The only case where the jet fire should be considered is in case of domino effects;

unacceptable from a risk assessment point of view.

FLAME LENGTH

Regarding the literature, a flame length can be based either on the visible flame emission (derived from visual observations) or on infrared/ultraviolet flame emission. In the second case, the flame length can be, respectively, 12% longer or 22% shorter than the visible flame length [START_REF] Schefer | Spatial and radiative properties of an open-flame hydrogen plume[END_REF], [START_REF] Schefer | Spatial and radiative properties of an open-flame hydrogen plume[END_REF]. 

FLAME RADIATION

In hydrogen flames, the meaningful/significant source of radiative emission is this one emitted by excited-state H2O molecules (only product of the hydrogen combustion). The radiative heat flux can be determined as:

Where ̇ is the hydrogen mass flow rate, 𝜒 the radiant fraction of the flame and Δ is the heat of hydrogen combustion [START_REF] Turns | Oxides of Nitrogen Emissions from Turbulent Jet Flames: Part 1-Fuel Effects and Flame Radiation[END_REF] Where f is a factor equal to the unity for hydrogen ( = ) and ueq is the velocity at the equivalent diameter (notional) as defined in the paragraph Erreur ! Source du renvoi introuvable.

Molina et al. (2007) plotted the radiant fraction with

Whe e τf is the residence time as defined by [START_REF] Turns | Oxides of Nitrogen Emissions from Turbulent Jet Flames: Part 1-Fuel Effects and Flame Radiation[END_REF] and in milliseconds, Tad the adiabatic flame temperature and ap Planck mean absorption coefficient for the products species (equal to 0.23 (Molina) / ~0.25 (Studer))

All of those equations seem to be available only for residence time greater than 0.01 s.

Between all of those equations, the equation of [START_REF] Turns | Oxides of Nitrogen Emissions from Turbulent Jet Flames: Part 1-Fuel Effects and Flame Radiation[END_REF] give the higher results due to that Turns and Myhr studied a H2/CO mixture and not pure hydrogen; Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 300 followed by the equation of [START_REF] Chamberlain | Developments in design methods for predicting thermal radiation from flares[END_REF], initially developed for hydrocarbons; by the equation of [START_REF] Molina | Radiative fraction and optical thickness in largescale hydrogen-jet fires[END_REF] and finally by the equation of [START_REF] Schefer | Spatial and radiative properties of an open-flame hydrogen plume[END_REF]. In addition to that, [START_REF] Proust | High pressure hydrogen fires[END_REF] suggested that the radiative fraction is dependent of the release diameter; the larger the diameter is the more important the radiative fraction is.

THERMAL DISTANCES

The thermal distances are the axial distances where a certain amount a radiative heat flux is found. The thermal distances are defined as follows:

Where -. + .

-. + .

-.

R²=0.9995 47 The most important effect of a jet fire could appear if an object id present in the flame which could burn up to 1 500°C. At this temperature, the metals can melt and lead to dominos effects.
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MODELS OF DISPERSION WITH TWO VENTS

In this paragraph, models of ventilation if the enclosure has two vents (one at the top of a wall and the other at the bottom of the opposite wall) are studied.

MODEL OF LINDEN (1999)

Linden considered once again a pure plume as release. The vents are localized on the opposed lateral walls, one at the top and the other at the bottom (Figure 10). In this case, the incoming and out-coming flow rates generate the formation of a uniform layer inside the enclosure. The incoming flow rate let fresh air going inside at the bottom and the mixture is getting out at the top of the enclosure. Where hi is the interface height, H the enclosure height and C a constant function of the e t ai e t o sta t α.

Finally, the concentration in the layer considering the steady state is defined as: The criterion depending on the Froude number and the height H of the enclosure, firstly proposed by [START_REF] Peterson | Scaling and analysis of mixing in large stratified volumes[END_REF], predicts that the stratification will occur when:

Prasad warned on the use of this criterion. Indeed for large Froude numbers (highmomentum jets resulting from a high-pressure tank) and if the height H of the enclosure is significantly more important than the diameter of the fully expanded jet d3 then the criterion could be still much greater than one. On the contrary if the jet meets an obstacle then the jet could be broken and lead to a well-mixed hydrogen.

MODEL OF WOODS (2003)

Woods et al (2003) studied the dispersion of a dense turbulent plume that is released at the top of an enclosure. They specified their model could be directly applied to buoyant plumes rising from the floor of an enclosure (the situation is reversed compared to a dense turbulent plume as shown on the Figure 13).

( -ℎ * ) = -

̇𝐻 + =

Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 308 The authors introduced a criterion which permits to determine if the outflow will happen through both openings or only through the lower opening so a natural ventilation regime will be established that is similar to the flow described by [START_REF] Linden | Emptying filling boxes: the fluid mechanics of natural ventilation[END_REF]. The criterion is:

Where cl is the dis ha ge oeffi ie t of the lo e ope i g 3 , Al is its area, H is the height of the enclosure and B0 is the initial buoyancy flux defined previously If > then there will be outflow through the both openings, this regime is called First of all, a work of redefinition of the reduced gravity should be done to be applicable on buoyancy gas: inversion of the subtraction terms and then replacement of the denominator by the ambient air density in order to have the bigger values at the same place in the formula whether it is in case of a dense gas or a buoyant gas.

-≫ -

3 Normally cl refers to the lower opening in the case of a dense turbulent plume whereas considering for buoyant plume cl refers to the upper opening as shown in the Figure 13 Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 309 After this redefinition, the effective origin z0 can be calculated given the relationship between the initial volume flux Q0 and the initial buoyancy flux B0.

Where λ is a pa a ete fu tio of the e t ai e t o sta t α, also used Li de et al (1990) and had been defined by [START_REF] Morton | Turbulent gravitational convection from maintained and instantaneous sources[END_REF] Thesis: Development of phenomenological and risk assessment models of explosion for the emerging hydrogen-energy industry 310

Knowing the density of the layer, the mole fraction into the layer can be calculated.

Another criterion derived from the Equation 57 defined as follows:

If the height of the interface is equal to the height of the enclosure (ℎ = ), then this involves that ≥ ; this is the condition of a blocked flow regime (outflow through both the vents).

The authors proposed then a numerical solution for the natural ventilation available in the range of < < . They assume that the effective vent areas are identical ( = ), they also reformulate the Equation 61 in order to obtain a dimensionless form. The models retained are those with a disparity of ±20% because the order of magnitude of the turbulent flame velocity is considered satisfactory, i.e., Bray a d B a 1990); [START_REF] Shy | High-intensity turbulent premixed combustion: General correlations of turbulent burning velocities in a new cruciform burner[END_REF] and [START_REF] Liu | The influence of turbulence on the burning velocity of premixed CH4-H2 flames with different laminar burning velocities[END_REF]. Those results should be moderated, in fact, those results are true for the installation used and could be unsatisfactory for another experimental installation. Indeed, most of the time only orders of magnitudes are obtained and unfortunately no tendency is caught.

APPENDIX 9. BURSTING OF A CAPACITY

The p essu e e e g eleased the u sti g of a ese oi e plosio a e al ulated as the energy of Brode which represents the increase in the internal energy due to an i ease i the p essu e. The B ode s e e g is defi ed as: