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4INERIS BP 2 60150 Verneuil-en-halatte, Frane jerome.hebrard�ineris.fr.ABSTRACTFuture eonomy based on redution of hydroarbon fuels for power generation and trans-mission may onsider hydrogen as possible energy arrier. An extensive and widespreaduse of hydrogen might require a pipeline network. The alternatives may be the use of theexisting network of natural gas or the design of a dediated network. Whatever the solution,introduing hydrogen in natural gas substantially modify the onsequenes of aidents. TheFrenh National Researh Ageny (ANR) funded a projet alled HYDROMEL whih fo-uses on these ritial questions. Within this projet benhmark exerises have been hosenbased on simple and well de�ned situations in order to share experiene related to the two�ammable gases and to adapt the available omputer tools to the mixture behaviour. Jets,jet �res and explosions have been omputed and ompared to open literature results. Ingeneral, the omputer odes tend to be onservative for the di�erent phenomena relevantto safety. However, disparity due to di�erent models an be very important espeially forhydrogen. The database for mixtures is not large enough and researh work is welome inthat area.1 IntrodutionThe environmental and eonomi onstraints urrently lead di�erent ountries to �nd alter-natives to hydroarbon-based fuels for power generation and transmission. In this ontext,hydrogen is emerging as a possible new energy arrier. An extensive and widespread useof hydrogen might require a pipeline network: the �rst and probably the heapest solutionwould be to add hydrogen to the existing natural gas network with some improvements toaommodate mixtures. The seond solution is the design of a dediated network for a hydro-gen/natural gas mixture with appropriate pressure, size and materials. Whatever the hosensenario introduing hydrogen in natural gas is likely to modify aident onsequenes.The Frenh National Researh Ageny (ANR) funded a projet alled HYDROMEL whihfouses on these ritial questions. The most important of them is the safety impat on gastransmission related to the addition of large hydrogen quantities to natural gas. Hene, theapabilities of the existing simulation odes to predit the behaviour of suh mixture duringpostulated aident should also be investigated. For di�erent onsequene analyses, thepartners of the projet are using di�erent types of omputer odes. Most of them are basedon phenomenologial models while some are CFD odes. Some ompanies and institutionsare familiar only with hydrogen behaviour while others only with natural gas behaviour.Rarely a ompany has an expertise in the behaviour of both gases and/or their mixture. So,1



the present benhmark ativity has been organised in order to share experiene related to thetwo ombustible gases and to adapt the available omputer tools to the mixture behaviour.For that, three situations involved in an aidental release of hydrogen or natural gas from apressurised pipeline network were seleted: under-expanded jet in open atmosphere, ignitionof this jet and pressure build-up in an industrial enlosure due to premixed ombustion.For the �rst two senarios the results of the open literature have been hosen to ondutomparisons on the released mass �ow rate, the gas onentration pro�les along the axis ofthe jet, the mass of �ammable loud, the overpressure in ase of delayed in�ammation, thevisible �ame length and the radiative �uxes. The latter is studied by making a ode-to-odeomparison on the development and onsequenes of premixed ombustion.The following setions inlude a general desription of the omputational tools used by thedi�erent partners. Then, the benhmark results are presented and disussed. Finally, asetion is devoted to the mixture analysis. Conlusions follow.2 Short desription of omputer toolsIn the projet, the tools and methods used by GDF SUEZ are inluded in the platformPERSEE and the FLACS CFD ode (www.gexon.om). In the former, mass �ow ratethrough the break and depressurisation of the pipeline network are omputed by the CALDEIRA3.0 module. Isothermal behaviour is assumed during depressurisation. Real gas equationof state is used for natural gas and hydrogen is supposed to follow perfet gas behaviour.The ombustible gas loud is omputed by the Gaussian integral model developed by Ooms[1℄ oupled with a pseudo-soure model (CATS) in ase of pressurised releases. Overpres-sures are alulated with the model of Deshaies et al.[2℄ for variable �ame speed. Finally,jet �re models in the RAYON module are based on the work of Chamberlain et al. [3℄.PERSEE is dediated and validated to evaluate the onsequenes of aidental natural gasrelease. Appliation to hydrogen and hydrogen/methane mixture is an exploratory work.The FLACS ode is used for explosion inside building and overpressure estimation in thesurroundings. The turbulene �eld is alulated with a k − ǫ model inluding extra termsfor generation of representative turbulene �eld along the walls. In far blast simulations, theEuler approximations are used where no ombustion is taking plae. And FCT algorithmassures optimum shok wave representation with a minimum of numerial di�usion.In the projet, Air Liquide uses mainly the PHAST software (version 6.53) developed bythe ompany DNV (www.dnv.om). For ombustible gas dispersion, the Uni�ed DispersionModel is applied whih is a Gaussian integral model. Jet �res are simulated with the modelsdeveloped by Chamberlain et al. and Johnson et al. [3, 4℄. Overpressures are estimatedwith the TNO multi energy method. Some other phenomenologial models are used to getross-omparison of the results: ALDEA software whih omputes the gas dispersion basedon the orrelations developed by Birh et al.[5℄ and the jet �re model of Shefer et al.[6℄.The FLACS ode (hydrogen version) is used for explosion inside and outside of buildings.INERIS uses the same version of the PHAST software. Additional models are also appliedsuh as the EXPLOJET model assuming perfet gas behaviour for mass �ow rate alulationsand analytial formulas for gas onentration deay (axially and radially). Overpressure areomputed by an in-house method that is based on suessively a onstant volume explosionand an aousti wave soure.The onsequenes analyses at CEA are performed by phenomenologial models implementedin the CAST3M ode (www.ast3m.fr). For under-expanded jets, a Gaussian integral model(HyDISP module) is applied based on the work of [7, 8, 9℄ with the pseudo soure model2



developed in [5, 10℄. Delayed ignition of jets (HyEXPLO module) are omputed with themodel developed by Dorofeev [11℄ and jet �res (HyFLAM module) are simulated with themodel of Shefer et al.[6, 12, 10℄. The CFD part of CAST3M is presently used for theexplosion inside a building and the depressurisation of pipelines.3 Benhmark exerises3.1 General onsiderations and seletionsThe industrial ase orresponds to a failure of a gas transmission pipeline, for example dueto orrosion or exavation by a third party. These pipelines are usually buried or maybe in an open atmosphere lose to a setioning point. So, the gas release develops as avertial or horizontal under-expanded jet that mixes with the surrounding air. For safetyonsiderations, the mass �ow rate through the break and the size of the resulting ombustiblegas loud are key questions. Then, ignition may our instantaneously or after a ertain delayleading mainly to a jet �re for the former and an explosion prior to the jet �re for the latter.Jet �res produe thermal radiative loads that determine the exlusion distanes, while forexplosions the riteria are based on the overpressure over the distane from the ignition orrelease point. Considering these simpli�ed senarios, it is possible to selet from the openliterature relevant experimental data in order to validate the di�erent models used by thepartners of the projet.After a short exerise whih onsists of omparison of the mass �ow rate through the break,di�erent situations related to onsequenes analyses have been investigated:
• ombustible gas loud formed from an under expanded jet of methane [13℄ and hydrogen[14℄,
• horizontal and vertial methane jet �res [15, 4℄ and vertial hydrogen jet �res [10℄,
• delayed ignition of an under expanded jet of hydrogen [16℄,
• premixed ombustion inside an industrial building equipped with vents in a ode-to-odeomparison.These onditions over most of the phenomena involved in onsequenes analyses. Never-theless, they only address pure gas behaviour and no mixture e�et an be assessed for themoment. The EC NaturalHy projet is urrently dealing with hydrogen addition up to 50% v/v in natural gas but only few results have been at present time released to the inter-national ommunity. This important database should be added in the near future. Otherexperiments mainly related to jet �res have been performed within the HYDROMEL projetand some results will be given in the last setion of this paper. However the database toaddress suh question of mixture e�et is not very large and additional experimental resultswould ertainly be welome. In all the following omputations, the natural gas is supposedto be represented by pure methane.3.2 Mass �ow rate through the breakWhen the size of the leak is small ompared to the diameter of the pipe, the pressure inthe latter may be regarded as onstant. A ommon operating ondition of the GDF SUEZnatural gas transmission network is about 68.7 bar and the hydrogen transmission networkof Air Liquide is operated at about 100 bar. These real operating onditions have been usedto ompute the mass �ow rate for a break size of 25 mm orresponding to a onneting3



pipe diameter. The results of this simple exerise are presented in Table 1. The PHASTresults (AL and INERIS) are using a alulated disharge oe�ient lose to 0.86 where theother models does not apply any disharge oe�ient whih is a onservative approah. Forhydrogen, the e�et of the real gas equation of state (CEA vs GDF SUEZ) is not so importantdue to moderate operating pressure. For methane, the e�et is muh more important butthe 13% inrease are mainly due to adjusted oe�ients in the real gas equation of staterelated to natural gas behaviour (C2 and higher hydroarbon ontent).Table 1: Mass �ow rate through a 25 mm diameter leak for real operating onditionsNetwork Hydrogen MethaneOperating pressure (bar) 100 67.7Organisation AL GDF SUEZ INERIS CEA AL GDF SUEZ INERIS CEAMass �ow rate (kg/s) 2.6 3.0 2.6 3.1 5.5 6.8 5.5 6.0For large break size ompared to the pipe diameter, it is neessary to ompute the depres-surisation of the pipeline network to take into aount this feedbak e�et. Experiments[17℄ have been run few years ago by Shell to measure the mass �ow rate from a pressurisedair pipe suddenly opened at one end. The test onditions are summarised in Table 2. TheTable 2: Shell Canada Resoures test 23: test onditionsData Test 23 (unit)Gas AirPipe internal diameter 305 (mm)Pipe length 3438 (m)Initial pressure 68.1 (bar)Initial temperature 278. (K)Pipe rugosity 107 (µm)Duration of the test 180 (seonds)mass �ow rate evolution is plotted in Figure 1. For the �rst 20 seonds, all models providesimilar results, although the results of CAST3M are over-prediting the mass �ow rate. Forlater times, PHAST (long pipeline module) and CAST3M models tend to underestimate it.For onsequenes analyses mean values over one or two periods are usually onsidered. Ifa duration of 60 seonds is assumed, the mean mass �ow rate is about 233 kg/s and thisorresponds to the mass �ow rate omputed with an upstream pressure equal to about onefourth the initial one. From these two exerises regarding mass �ow rate alulations onean onlude that the di�erent models are equivalent.3.3 Jet releaseA hydrogen or methane jet release in the open environment will result in a �ammable mixture.Knowledge of the extend of this loud is an essential part of quantifying the risk assoiatedwith high pressure ombustible gas transmission. Birh et al. [13, 5℄ have extensively studiedthe gas onentration pro�le resulting from a natural gas under-expanded jet. Reently,Roberts et al. [14℄ have onduted the same kind of experiments for hydrogen. For theformer an upstream pressure of 31 bar was used assoiated with an exit diameter of 2.7 mmand for the latter, the pressure was 100 bar with a diameter of 3 mm. They both have run theexperiments at room temperature. The resulting axial enter line gas onentration results4



 0

 100

 200

 300

 400

 500

 600

 0  20  40  60  80  100  120  140  160  180

M
as

s 
flo

w
 r

at
e 

(k
g/

s)

time (s)

SCR test 23
INERIS et AL Phast
GDF-SUEZ Persee

CEA Cast3m

Figure 1: SCR Test 23: Air mass �ow rate through the breakare plotted in Figure 2 and ompared to the model preditions. The results are generally
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Figure 2: Gas onentration along the enter line of the loud: left - Hydrogen jet [14℄, right - methane jet[5℄onservative exept the PERSEE and the HyDISP ones for the hydrogen ase. Nevertheless,this result is within a reasonable auray (about 30%) for the modelling of this kind ofphenomenon.Important safety information reorded from this exerise is the distane from the jet exitwhere the mean onentration deays below the lower �ammability limit (LFL). For hydrogenthe generally aepted value for the upward propagation in air is 4 vol%. The di�erent resultsfor the hydrogen jet are displayed in Table 3. This distane varies between 5.6 to more than9 meters depending on the model. Houf et al.[10℄ use this length sale to ompare with thedistane where the jet �re radiative �ux is equal to 1.5 kW/m2 orresponding to exposurelimit at property line in US.Another interesting information for safety is the mass of fuel that is mixed with air withinthe �ammable range of onentration (MEX). From this quantity, the total energy thatould be released after ignition of the ombustible gas loud an be estimated and used toestimate the blast and as a onsequene the damage produed by the explosion. The set ofequations (1 and 2) derived by [5, 18℄ an be used and integrated between the upper and the5



lower �ammability limits to produe this �explosive� mass.
Xcl = 5.4

√

ρ∞/ρgasdeq/ (z − z0) (1)
X(r, z)/Xcl,z = exp

[

−57
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z

)2
] (2)where X - mass fration; r, z - radial and axial oordinates, m; ρ - density, kg/m3; deq -equivalent diameter, m.The results for the hydrogen jet are given in Table 3 based on the value of 75 vol% forthe upper �ammability in air. This explosive mass varies by a fator of �ve depending onTable 3: HSL hydrogen jet experiment: EX mass and LFL distane - P: means PHAST A: ALDEA and E:EXPLOJET Soure MEX (g) zLFL (m)Experiment - 7.79[5, 18℄ 25.1 9.3Air Liquide 30. (P) 18.8 (A) 8.7 (P) 8.7 (A)CEA 11.1 7.07GDF SUEZ 6. 5.64INERIS 30. (P) 37.4 (E) 8.7 (P) 10.5 (E)a ontribution. But the assoiated overpressures are proportional to the ubi root of thisquantity and as a result, a fator less than two is expeted for the overpressure at a ertaindistane from the ignition point.The same results are obtained for the methane jet exept that all ontributions lead toonservative values. This is the general trend for most of the models used in the presentexerise.3.4 Overpressure due to jet ignitionThe simple explosion analysis desribed in the previous paragraph an be supported by abenhmark exerise regarding delayed ignition of high pressure jet release. Natural gas ex-periments reported by Ho� et al. [19℄ have shown very low overpressures. So it has beenonluded that thermal radiation is the relevant parameter for exlusion distane alula-tion. For hydrogen gas higher �ame veloities are expeted and as a onsequene higheroverpressure levels. Unfortunately there are only few experiments dediated to this questionin the literature espeially if we onsider the experimental onditions with onstant upstreampressure in order to have well de�ned boundary onditions for models. Constant pressurereleases and ignitions of high momentum hydrogen jet are reported by Takeno et al.[16℄and we have seleted the ase desribed in Table 4 for benhmarking the di�erent models.The overpressures versus the distane from the released point are plotted in Figure 3 andTable 4: Charateristi of the hydrogen jet [16℄Data Value (unit)Diameter of the ori�e 5 (mm)Upstream pressure 400 (bar)Initial upstream temperature 288 (K)6



integral values are given in Table 5. The spreading of the results is very wide and generallyonservative. Close to the explosion point, the overpressure are mainly driven by the �ameveloity omputed by the di�erent orrelations. Far from the ignition point, the multi energymethod with an explosion index of 4 (AL ontribution) maximises the safety distane at thethreshold value of 20 mbar.
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Figure 3: Overpressure versus distane from the released point for the test of [16℄ - 5 mm leak at 40 MPaTable 5: Experiment of Takeno et al [16℄: integral values (Air Liquide: multienergy method with explosionindex of 4, CEA: orrelations assuming homogeneous mixture at rest and a �ame veloity equal to themaximum, GDF SUEZ: variable �ame veloity model taking into aount the turbulene, INERIS: aoustimodule with in-house �ame veloity orrelation)Soure Q (kg/s) MEX of H2 (g) VF,max (m/s) z(50mb) (m) z(20mb) (m)Experiment - - - <1.8 5.3Air Liquide 0.42 (A) 679. (A) - 13.0 (A) 31.8 (A)0.39 (P) 560. (P) - 12.2 (P) 29.8 (P)CEA 0.47 366. 75 3.9 14.8GDF SUEZ 0.49 360.∗ 429 3. 5.4INERIS 0.42 1400. 500. 8.1 20.6
∗ omputed mass was 240 g and a orreted value has been taken into aount for omparison3.5 Jet �resWhen a �ammable gas is released from a ontainer immediate ignition leads to a jet �re.Then, it is important to be able to predit the thermal radiation transferred to persons orobjets outside this jet �re. As we have already said, this phenomenon is onsidered as thedesign ase for determining the exlusion distanes for natural gas transmission networks.Large sale natural gas jet �res have been performed by Shell in the British Gas Spadeadamtest site [15, 4℄. We have seleted the test 1089 desribed in Table 6. The radiometers wereloated radially at about 15 meters downstream the released point. The omparison betweenexperiment and omputations is plotted in Figure 4. The omputed results are very loseto the experimental ones. Some models (Phast and HyFLAM) gives slightly onservativeresults. 7



Table 6: Natural gas jet �re performed by SHELL: onditions of test 1089Data Value (unit)Release Height 3 (m)Release diretion horizontalWind veloity 9 (m/s)Angle wind/release -25 (degrees)Temperature 12.7 (Celsius)Humidity 91 (%)Pressure 727.3 (mm Hg)Release diameter 20 (mm)Upstream pressure 66.8 (bar)Mass �ow rate 3.7 (kg/s)
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and also not adequate for hydrogen behaviour. Publiation of larger sale experiments wouldertainly be welome to reinfore that onlusion.3.6 Explosion in enlosureNormally, along a gas transmission network only few buildings are present. For hydrogen,the ompression stage is performed lose to the prodution unit. In the ase of naturalgas, some ompression unit or deompression stage are loated along the gas transmissionnetwork. The latter has been seleted for the present benhmark. The building depited inFigure 5 is an industrial enlosure equipped with various openings: door, windows and twolarge sky domes loated on the roof. Simpli�ation of this geometry has been performed forthe exerise and the inner obstales have been removed due to the low blokage ratio, andthe vents are limited to the two sky domes with an opening pressure of 60 mbar and no delayfor full size venting.The latter assumption has been made to ompare these tools. In a realase, it would be partiularly important for hydrogen to fully take into aount the kinetisof opening of the vent. Finally, this volume is �lled with stoihiometri mixture of �ammablegas and air and ignition is loated at the enter of the enlosure. Various results have been
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Figure 5: Deompression Building design: left - real, right - simpli�edprodued and ompared during the exerise and only some are highlighted in this doument.For example, Table 8 shows the time of opening of the sky domes (Tvent) and the maximumoverpressure (∆Pmax) inside the building in the di�erent omputations. The opening time ofthe vents are similar for eah gas mixture. It ours when only a few perent of the mixtureis burned. For maximum overpressure, the results depend on �ame aeleration proess ifwe assume that the vent opens instantly. For hydrogen, the di�erenes between modelsan be very large and reah a fator of 5. As against, for hydrogen due to faster �ame, ifthe vent takes some time to open, the overpressure an be signi�antly inreased (about 1bar). An example of the produed CFD results is the overpressure �eld outside the buildingTable 8: Explosion inside building: Global resultsHydrogen MethanePartner GDF SUEZ AL CEA GDF SUEZ AL CEA
Tvent (ms) 60 45 35 350 - 137∗
∆Pmax (mbar) 623 883 160 93 - 70∗

∗ omputed with oarse grid onlyat about 1 meter high (Figure 6). The isolines are very similar in the both ases and theoverpressures are below the threshold value of 20 mbar used in Frane. Comparison with9



experimental data will be welome but the lak of reliable data is espeially notieable forhydrogen mixtures in large sale vented geometry.
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Figure 6: Maximal Overpressure in the surrounding of the building at 1 meter high: left Hydrogen CEA(red olour orresponds to 9 mbar), right Methane GDF SUEZ4 Mixture e�etAll previous benhmark exerises have involved pure �ammable gases: methane or hydrogen.The HYDROMEL projet deals with gas mixtures and in this paper we will only onsider afew points related to some properties of the gaseous mixture. When a property Φi for puregases is known it is interesting from an engineering point of view to derive simple laws toobtain the equivalent property for the mixture of the two gases. Ideal mixing rules are rathersimple Φm =
∑N

i fiΦi where fi represents mass or molar frations. Sometimes, interationoe�ients kij may be introdued to derive non-ideal mixing rules Φm =
∑N

i

∑N

j fifjkijΦi.Finally, Le Châtelier type laws may also be envisaged 1/Φm =
∑N

i fi/Φi for the �ammabilitylimits alulation when the moleular weight of the di�erent speies are not so di�erent.The �rst studied property refers to the equation of state for a mixture of gases. If perfetgas hypothesis is used the mixing rule is very simple, while for Abel-Noble type EOS (Eq.3)the mixing rule is not so evident.
P =

ρRT

1 − bρ
(3)where P is the pressure, ρ the density, R a gas onstant, T the temperature and b a oe�ientthat has no relation to the ritial state and has been adjusted to follow the EOS for a ertaindomain of validity. Figure 7 demonstrates that for our onditions the mass fration weightedperfet mixing rule is lose to the referene data.The seond property is the radiative fration for jet �re Fs. In the model of Chamberlainet al. [3℄, this fration is an empirial funtion of moleular weight of the released gas W in

g/mol and the veloity at the equivalent diameter ueq in m/s:
Fs = f(W ) [0.21exp (−0.00323ueq) + 0.11] (4)10
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L in m/s is examined. A literature survey hasshown that only few data are available for mixture of methane and hydrogen. Most of thesevalues have been obtained for hydrogen ontent below 50%. Additional experiments havebeen performed within the HYDROMEL projet by the Frenh ICARE Laboratory using aspherial bomb. Figure 8 shows that ideal mixing rule with mass fration seems the best�tting law for the fundamental �ame veloity at stoihiometri omposition.
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