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∗ Corresponding author: alberto.beantini�ea.frABSTRACTIn this work we evaluate the onsequenes of the ombustion of a stoihiometri mixture ofhydrogen-air on a mehanial devie whih an be onsidered as a long tube. In order tohoose the most dangerous ombustion regime for the mehanial devie, we devote a partiu-lar attention to the investigation of the 1D de�agration-to-detonation transition. Then, oneestablished the most dangerous ombustion regime, we ompute the reating �ow and thestress and strain in the mehanial devie. Analyses are performed using both semi-analytialsolutions and Europlexus, a omputer program for the simulation of �uid-struture systemsunder transient dynami loading.1 IntrodutionThe purpose of this work is to evaluate the onsequenes of the ombustion of a stoihiometrimixture of hydrogen-air on a mehanial devie. This mehanial devie an be onsideredas a long tube �lled with an irregular set of obstales with a negligible blok ratio. Amongstthe most dangerous ombustion regimes, we have to onsider the one in whih a de�agrationis initiated in one extremity of the tube and there is a detonation transition due to thepresene of obstales (or to the tube roughness); another dangerous regime is the detonationinitiation due to the shok re�etion at the other extremity. The distane between the pointof initiation of the de�agration and the point at whih the transition ours is alled run-updistane; its value depends on the nature of the mixture and the geometry [1℄. Sine therun-up distane in our devie is not known, we do not perform any hypothesis onerning theombustion regime; instead, using a simpli�ed mehanial devie, we �nd the most ritialombustion regime and then we verify if the tube integrity is guaranteed in this ombustionregime.The report is divided as follows. In Setion 2 we desribe the problem we deal with as well theway of modelling the problem. In Setion 3 we deeply disuss the de�agration-to-detonationtransition in a lose 1D geometry. Finally, in Setion 4 we brie�y present the result for mostritial ombustion regime ating on the mehanial devie. Conlusion follows.2 ProblemWe onsider a 7 m tube with a 0.245 m inner radius. The left extremity is open and onnetedto a large ontainment; the right extremity is losed and present an ellipsoidal shape . Thethikness of the tube is onstant and equal to 8.17 mm. As already mentioned, the tube is�lled with a stoihiometri mixture of hydrogen and air with P = 1.2 bar, T = 290 K. Wewant to investigate the e�ets of the hydrogen-air ombustion in this tube.
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Figure 1: Isotropi von Mises material. Stress-strain law.2.1 Choie of the initiation pointIf the extremities were both losed, the most dangerous initiation point would be at one ofthe extremities. Sine one extremity (the left one) is open, the initiation of the ombustionin this point is not so important. Indeed, the �ame is not aelerated and the burnt gas ispushed outside from the tube. If the ombustion is initiated between the left and the rightextremity, we have two �ames propagating toward the two extremities, preeded by theirpreursor shok. One the left travelling preursor shok reahes the left open extremity, ararefation wave enters the domain and, if it reahes the right travelling �ame, it weakensthe �ame and then its preursor shok. A more realisti hoie of the initiation point is thenfuntion of the �ame speed and the way in whih the ombustion ours. For this reason,onsious of the fat that the pressure load thus determined will be more dangerous for thestruture than the real one, we hoose as initiation point the left extremity of the tube andwe suppose that this extremity is losed.2.2 Material propertiesConerning the tube, the material properties (in the order density, Poisson oe�ient ν,Young modulus E, the elasti limit (elasti limit stress σ = (Rt
p0,2)min and elasti limit strain

ǫ = (Rt
p0,2)min/E) and the rupture limit (rupture limit stress σ = (Rm)min and rupture limitstrain ǫ = (At)min)) are given in the following table (for the meaning of these notations, onean see [2℄).

ρ ν E (Rt
p0,2)min (Rt

p0,2)min/E (Rm)min (At)min7850. kg/m3 0.33 113.2E9 Pa 300E6 Pa 0.27% 502E6 Pa 20%The material obeys to the isotropi von Mises material law of Figure 1.As far as the gas is onerned, we perform the same hypotheses as in [3℄: all the gases involvedan be onsidered thermally perfet; the hemial reation governing the ombustion is aglobal hemial reation and is supposed to be irreversible; we an neglet visous e�ets,thermal and speies di�usion (the �ame is onsidered an in�nitely thin surfae (in�nitelyfast reation) with a given fundamental speed).2.3 Choie of the initial ondition and modellingAs already mentioned, we do not know the regime at whih the ombustion ours; forthis reason, we must take into aount all the possible ombustion regimes. In order toavoid to perform a large number of multidimensional omputations (omputations whih are2



exessively time onsuming if we want to provide mesh independent results), we proeed asfollows.1. We onsider di�erent ombustion regimes (investigated in Setion 3). As shown in the�gure below, in eah ase a 1D ombustion is initiated in the left side of the domainand we ompute the pressure as funtion of time on the right side of the domain (wherethe strongest re�etion ours). At this stage, we do not take into aount the tubedeformation.
P=P(t)Initiation point for the combustion2. Then, as shown in �gure below, we apply this pressure as funtion of time to an in�niteylinder in axisymmetri deformation with the same radius and the same materialproperties as the tube (i.e. we apply to the in�nite ylinder a time-dependent uniformload).

P=P(t)In this way, we an have an idea of whih kind of ombustion regime is more dangerousfor the devie. Moreover, we provide stresses and strains whih we expet to be largerthan the ones obtained in the mehanial devie, if we exlude the regions in whih wean have strain onentrations or in whih bending is important.3. Finally, one determined the most ritial ombustion regime for the in�nite ylinder,we ompute the �ow inside the mehanial devie and the stress and strain due to suh�ow. Note that at this stage we take into aount the e�ets of the deformation of thetube on the �ow (although in this partiular ase it is not sensibly important). We alsoemphasize that, at this stage, bending is taken into aount.In the following, the ombustion regime analysis is performed using both semi-analytialsolutions (obtained as in Setion 6.1 of [3℄) and numerial omputations; the numerialomputations are performed using the Reative Disrete Equation method, developed in [7℄to investigate the propagation of evaporation fronts and adapted in [3℄ to investigate the �amefront propagation. Seond order in spae and time is ahieved using a preditor-orretortehnique presented in [8℄. The Reative Disrete Equation method is implemented, in anArbitrary Lagrangian Eulerian approah, in the Europlexus ode [9℄, a omputer programfor the simulation of �uid-struture systems under transient dynami loading. The �solid�tube is investigated using the Finite Element method, in whih the pressure load is given bythe gas �ow omputation; on the other hand, the inner part of the tube, whih representsthe border for the domain oupied by the gas mixture, moves beause of the ation of thepressure. We emphasize that the omputations are realized using di�erently re�ned meshes(with a Courant number equal to 0.75), in order to verify the mesh independene of theprovided numerial results.3 1D de�agration-to-detonation transitionAll the analyses presented in this setion are based on the model of a 1D onstant speed�ame ating as a porous piston (see [1℄, Paragraph 1.2). This model (alled �steady �ame�in [10℄, or �unsteady double disontinuity� in Paragraph 1.2.2 of [1℄) is desribed Setion 3.1.3



By varying the �ame veloity, it is possible to explore all the ombustion regimes, fromthe slow de�agration to the detonation (see also Figure 6 in [1℄). This veloity is not thelaminar burning veloity, but an e�etive veloity, whih takes into aount that the �owan be turbulent and the �ame surfae is not plane. We proeed in this way beause adiret modelling of the �ow in the real geometry is impossible, so we have to explore allthe ombustion regimes. At the same manner, sine we do not know where and how thede�agration-to-detonation ours, in Setion 3.2 we onsider the ase in whih the detona-tion ours instantaneously at the �ame; in Setion 3.3 we onsider the ase in whih thedetonation is initiated by the re�etion of the preursor shok. As we will see, in the lastase we generate an overdriven detonation (even if the wall is �xed).3.1 Steady de�agrationWe onsider a onstant (fundamental) speed de�agration wave moving in a 1D tube. Thesolution is funtion of
U = U(x, t; L, K0, P0, T0, Ru, Rb, cv,u(T ), cv,b(T ), h0

u − h0
b) (1)where U is the vetor of the onservative variables (densities of the single omponents,total momentum, total energy), x is the absissa (distane from the left extremity of thetube), t is the time last from the de�agration initiation, K0 is the fundamental speed, Lis the total length of the tube, P0 and T0 are the unperturbed onditions for the unburntmixture, Ru , Rb, cv,u, cv,b are respetively the gas onstant and the onstant volume spei�heats apaities for the unburnt and burnt mixture1, (h0

u − h0
b) the di�erene between theformation enthalpies (evaluated at 0 K) for the unburnt and burnt mixture. Using thedimensionally-independent referene quantities P0, T0, L and Ru we obtain that the non-dimensional onservative variables an be written as funtion of
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(2)
with q = h0

u−h0
b being the hemial energy released per unit mass. Then the non-dimensionalsolution depends on the non-dimensional variables x̃ and t̃ and on 5 non-dimensional param-eters. Sine the gas mixture and the initial onditions are given, we have to investigate thesolution with respet to one parameter only, the ratio between the fundamental �ame speedand the referene speed.Before the interation of the preursor shok with the right wall, the solution is self similar.In Figures 2 we present di�erent ases: a weak de�agration wave (WDF, with K̃0 equal to0.5), some Chapman-Jouguet de�agrations (CJDF, with K̃0 equal to 0.6, 0.7, 0.85 and 1.1)and a Chapman-Jouguet detonation (CJDT, non sensibly di�erent from the CJDF with K̃0equal to 1.1). See Setion 6.1 of [3℄ for details.We emphasize that, in the ase K̃0 = 0.6 the temperature behind the preursor shok isabout 880 K; in the ase K̃0 = 0.7 the temperature behind the preursor shok is about

1000 K; in the ase K̃0 = 0.85 the temperature behind the preursor shok is 1260 K2. Itould be pointed out that a mixture of hydrogen-air spontaneously burns for temperatureslarger than 1000 K. In the ase K̃0 = 0.85, at the state behind the preursor shok the delay1Stritly speaking, the spei� heats are not parameters but funtion of T . Often, these funtions are approximated usingtemperature polynomials. Then, if we use 4-th order temperature polynomials, eah cv involves 5 parameters.2As already mentioned, the referene value of the temperature is 290 K.4
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Ũ
R∗,CJDT

P̃

x̃/t̃
 0

 2

 4

 6

 8

 10

 12

 0  1  2  3  4  5  6  7  8

PSfrag replaements
K̃0 = 0.5

K̃0 = 0.6

K̃0 = 0.7

K̃0 = 0.85

K̃0 = 1.1CJDT
Ũ
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x̃/t̃Figure 2: 1D plane-symmetri steady �ame (�ow before the interation of the preursor shok with rightwall). P̃ and T̃ versus x̃/t̃ for di�erent values of K̃0. (Non-dimensional values).time of burning (τd) is of the order of 1 − 10 µs [4, 5℄. It follows that, when a �uid elementkeeps between the preursor shok and the �ame for a time larger that the indution time,it starts burning. It follows that, if we take τd = 10 µs, the maximum distane between theshok and the �ame is K0τd ≈ 2 mm; one this maximum distane is reahed, the �ameand the preursor shok keeps oupled and we have a detonation transition at the �ame; i.e.the ase K̃0 = 0.85 annot exist. Nevertheless, for the sake of ompleteness, we sometimesinvestigate de�agrations with K̃0 = 0.85.3.2 DDT at the �ameThe ombustion is initiated in the (losed) left extremity of the tube (see Figure 3) andmoves forward with a fundamental speed equal to K0. At x = Ld we have the transition tothe detonation regime. Aording to the dimensional analysis, sine the gas mixture and theinitial onditions are given, we have to investigate the solution with respet to two parametersonly, the non-dimensional fundamental �ame speed and the non-dimensional point at whihthe de�agration-to-detonation transition ours.3.2.1 In�nitely slow �ameIf K0/(
√

RuT0) ≈ 0, the dependene from this non-dimensional parameter an also be ne-gleted. In this ase the �ame behaves like an in�nitely slow permeable and adiabati piston,whih transfers mass from the unburnt region (index u in the following) to the burnt region(index b in the following) and does not exhange any heat by hypothesis (see Figure 4).We an distinguish between two stages: in the �rst stage, the �ame moves at slow speeduntil a ertain point; at this point, we postulate that the transition to detonation ours(seond stage). As the ombustion ours in the �rst stage, the pressure in the losed tubeinreases. Then, the transition to the detonation regime ours in a pre-ompressed gas.That is, the longer the distane at whih the transition ours, the larger the maximumoverpressure. Conversely, the longer the distane at whih the transition ours, the lowerthe harateristi time at whih the overpressure ats on the tube walls. Sine the damageon a struture depends both on the maximum overpressure and on the positive impulse, we
x

L−LdLdFigure 3: DDT at the �ame. The domain. The ombustion is initiated in the left extremity (blue point)and the transition to the detonation regime ours instantaneously at x = Ld (red point).5
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q = 0Figure 4: DDT at the �ame. In�nitely slow moving �ame (in red), two region model. On the left, the burntregion (b). On the right, the unburnt region (u).
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P = ρuRuTu = ρbRbTb. (3)The equations of onservation of the total mass and the total energy are
Ldρb + (L − Ld)ρu = Lρ0 (4)
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(5)Then, we have to onsider that in the unburnt mixture an isentropi ompression ours, i.e.
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(6)To onlude we have to determine P , ρu, Tu, ρb and Tb (�ve unknowns) as funtion of Ldand we have �ve onditions (equations (3), (4), (5), (6)). In Figure 5 we present the burntand unburnt states as funtion of L̃d. As one an see, as L̃d = 1, the pressure reah the soalled AICC values.One omputed the �rst stage, we ompute the detonating �ow (and the pressure ating onthe right wall) numerially.3.2.2 Fast �ameBefore the interation of the preursor shok with the right wall, the solution is self similar.We onsider some of the ases presented in Setion 3.1; we do not take into aount the6



ases in whih the temperature behind the preursor shok is higher than 1000 K (i.e. weonly onsider the ases with K̃0 equal to 0.5, 0.6, 0.7). Let us onsider the ase in whih thetransition ours suh that the preursor shok and the generated detonation reah the wall atthe same time. We all L̃d,foc this �ritial� value for L̃d (�fo� stands for fousing). This valuedepends on K̃0 and inreases with K̃0. In the ase of the WDF with K̃0 = 0.5, Ld,foc ≈ 0.83.Let us present the pressure at di�erent times (see Figure 6). As the DDT develops at the�ame, the pressure inreases and we have a CJDT travelling towards the right wall, whihfollows the right-travelling preursor shok. At the same time, we have a weak left-travellingshok wave in the burnt gas. At t̃ ≈ 0.020 we have the interation of both the preursorshok and the CJDT with the right wall, whih reates a (non-dimensional) pressure of about
275 (see also Figure 7, in whih we represented the non-dimensional pressure as funtion of
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Figure 6: DDT at the �ame. K̃0 = 0.5. L̃d = L̃d,foc ≈ 0.83. Pressure P̃ as funtion of x̃ at di�erenttimes. The maximum pressure is reahed as the preursor shok and the detonation wave are simultaneouslyre�eted by the right wall at t̃ ≈ .02 ; its value is about 275. (Non-dimensional values).7
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Figure 7: DDT at the �ame. Pressure P̃ as funtion of t̃ on the right extremity. (Non-dimensional values).the non-dimensional time in the right extremity); then the pressure dereases beause of theinteration of the Taylor wave with the wall.In order to investigate the sensitivity analysis of the solution with respet to L̃d, we supposethat the the detonation transition ours at L̃d = 0.9L̃d,foc. In this ase, when the detonationreahes the preursor shok and enter in the non-preompressed region, sine the the �owbehind the Taylor wave is no more soni in the �ame frame, a new rarefation wave isoriginated. This new Taylor wave weakens the detonation wave, until it reahes a newCJDT state (the CJDT state in the unperturbed mixture). The overpressure at the rightwall results to be lower than in the previous ase (see Figure 7). From a qualitative point ofview, we have the same behavior in the ases of CJDF with K̃0 = 0.6 and 0.7. Conerningthe pressure as funtion of the time on the right extremity of the tube, for L̃d = L̃d,foc, if weinrease K̃0 we inrease the maximum overpressure but at the same time we dereases thetime duration of the �rst re�etion.3.3 Detonation initiation due to the shok re�etionIt is well know that the re�etion of the preursor shok an ause the initiation of a deto-nation wave (see for instane [11℄). Here we restrit our attention to the ase of a preursorshok generated by a steady �ame in a 1D plane geometry (Figure 2). Aording to thedimensional analysis, sine the gas mixture and the initial onditions are given, we haveto investigate the solution with respet to one parameter only, i.e. K̃0, (non-dimensionalfundamental �ame speed).We take as initial time (t = 0) the instant in whih the �ame is generated in the left extremity.We an onsider three di�erent stages.1. Before the re�etion with the right extremity, the solution onsists in a steady �amesmoving at onstant speed.2. The impat of the preursor shok with the wall ours at
timp =

L

Dsw

Dsw being the speed of the preursor shok of a �ame moving with visible speed equalto D and fundamental speed equal to K0. We emphasize that the visible �ame speedis lower than the shok speed, namely D ≤ Dsw; the ase D = Dsw orresponds tothe ase of detonation. Aording to the hypothesis here onsidered, the impat of thepreursor shok with the wall generates a detonation wave, moving with speed D′

CJDTtoward the inoming �ame. The �ame-detonation interation ours at t = timp + ∆t,with ∆t satisfying the following equation
(Dtimp) + (D∆t) = L − (D′

CJDT∆t), i.e ∆t̃ =
1
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As one an see, if the right travelling �ame is a detonation wave, it is D̃ = D̃sw andstage 2 does not exists (∆t̃ = 0).3. The interation of the right travelling �ame with the left travelling detonation wavegenerates a non reative �ow (everything is already burnt) onsisting in left and righttravelling shok waves.The solution of the �ow in stages 1 and 2 an be determined semi-analytially (using thesame strategy as in Setion 6.1 of [3℄); then we ompute the non reative �ow after theinteration between the right travelling �ame and the left travelling detonation.In general, we an say that the larger the visible �ame speed D̃ (or the fundamental speed
K̃0) in the stage 1, the stronger the preursor shok, the stronger the (total) energy densitybetween the �ame and the preursor shok, the lower the distane between the �ame and thepreursor shok. Then, the larger the visible �ame speed D̃, the stronger the left travellingdetonation wave. Moreover, the larger the fundamental �ame speed K̃0, the lower ∆̃t. Ifwe look for struture damages, we expet that the worst ase is between the two extremeases K̃0 = 0 and K̃0 ≈ 1.1. As already mentioned in Setion 3.1, some of these ases anbe exluded from the fat that the temperature behind the preursor shok annot be largerthan 1000 K, beause of the autoignition of the mixture. If K̃0 = 0.7, the temperaturebehind the preursor shok is about 1000 K, so that this value ould be onsidered as aphysial border for our study. Nevertheless, for the sake of ompleteness, the ase K̃0 = 0.85(temperature behind the preursor shok equal to 1200 K) will also be onsidered.In Figure 8 we present the solution in di�erent ases before the interation between the lefttravelling detonation with the right travelling �ame (i.e. at the end of the stage 2). In the
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x̃/t̃Figure 8: Detonation initiation due to the shok re�etion. Solution before the interation of the lefttravelling detonation with the right travelling �ame. P̃ and T̃ versus x̃/t̃ for di�erent values of K̃0. On thebottom, logarithmi sale. (Non-dimensional values).ase of K̃0 = 0.5, ∆̃t = 0.0169 and the (non-dimensional) CJDT pressure equal to 70; inthe CJDF ases, it is K̃0 = 0.6, 0.7, 0.85, ∆̃t = 0.0116, 0.00787, 0.00401 and the (non-dimensional) CJDT pressure equal to 95, 120, 170.We emphasize that the left travelling detonation wave an be in strong regime (SDT). Thisis due to the fat that it travels in a unburnt gas whih is not at rest but moves towardsthe right wall. It follows that, in a Galilean frame �xed with the unburnt gas, the right wallmoves toward the left, whih an generate a overdriven (strong) detonation. In the ases hererepresented, we have a CJDT detonation in the �rst ase (K̃0 = 0.5); but even in this asethe pressure behind the Taylor wave is 70.7 and the pressure in the CJDT state is 71.2 (i.e.the right extremity veloity in the unburnt gas frame is lose to the veloity in the CJDTstate). In the other ases the detonation is in the overdriven (strong) regime.In Figure 9 we present the pressure as funtion of the time on the right wall (here we takeas t = 0 the instant in whih there is the impat of the preursor shok with the right wall).9
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K̃0 = 0.7 and t̃ < 0.03. In Figure 10 we represent, for this ase, the pressure P̃ as funtionof the time t̃ at the right extremity (t̃ = 0 orresponds to the ase in whih the ��rst�shok interats with the right extremity). As one an see, the ase of DDT at the �amewith simultaneous re�etion of the preursor shok and the detonation at the right wall (i.e.
L̃d = L̃d,foc) presents both the maximum overpressure and the maximum positive impulse.From a qualitative point of view, this ase seems to be the most dangerous from a mehanialpoint of view. Nevertheless, the best way to ompare all this ases is to analyze their ationover the mehanial struture we have to deal with.4 Fluid-struture interation4.1 In�nite ylinder investigationIf we onsider the in�nite ylinder in elasti regime, the �rst frequeny is

f =
1

2πR

√

E

ρ(1 − ν2)
≈ 2613 Hzi.e. the �rst period is 0.383 ms. The time we use to non-dimensionalize the results of Setion 3(i.e. the unit time in the �gures of Setion 3) is L/

√
RuT0, i.e. 24.2 ms; then the �rst period is0.015 times L/

√
RuT0. It follows that the harateristi time for the struture has the sameorder of magnitude of the harateristi times of the loads ating on the right extremity,whih are represented in Figure 10. This implies that, from a mehanial point of view, wehave to perform a dynami analysis of the devie. Then, as mention in Setion 2.3, point2, we apply the loads obtained in the right extremity of the tube to the in�nite ylinder.In the ase of re�etion of a onstant speed de�agration wave, the maximum deformation(strain ǫ) is 1.3% (plasti region of Figure 1) and ours for K̃0 = 0.7. In the ase of �slowde�agration�-to-detonation transition at the �ame, the maximum deformation is 0.5% andours as the detonation transition ours at L̃d = 0.85. In the ase of �fast de�agration�-to-detonation transition at the �ame, the maximum deformation is 3.7% and orresponds to thease K̃0 = 0.5 and L̃d = 0.9L̃d,foc (the detonation transition ours suh that the preursorshok of the �ame and the detonation wave reah the right wall at the same time). Finally,in ase of detonation initiation due to the shok re�etion at the right wall, we obtain amaximum deformation of 1.2 % orresponding to K̃0 = 0.7.4.2 Mehanial devie investigationAording to these results, using Europlexus, in the mehanial devie we ompute a DDT,namely a detonation in whih the initial ondition orresponds to a de�agration wave with

K̃0 = 0.5, suh that the preursor shok of the de�agration and the detonation wave arrivesat the right wall at the same time. In this ase we obtained almost everywhere a plastideformation lower than 3.7% exept in the the juntion between the the ellipse and theylinder. Here the plasti deformation beomes about 19%.5 ConlusionAording the hypotheses here performed, we have evaluated the stress and strain in amehanial devie subjeted to di�erent ombustion regimes, in partiular to a de�agration-to-detonation transition in whih the preursor shok of the de�agration and the detonationare simultaneously re�eted by the wall opposite to the region in whih the de�agration isinitiated. 11



In order to provide aurate results, several hypotheses have been performed, whih alwaysmaximize the pressure load ating on the mehanial devie. For instane, we have supposedthat the left extremity of the devie is losed, while in the reality it is open. This inreasesthe e�ets of the pressure load on the mehanial devie.We emphasize that this ombustion regime is quite theoretial (�ame speed of the de�agra-tion high, simultaneous re�etion of the detonation and the de�agration preursor shok).We ould provide more realisti loads, if we knew some physial quantities, like the �amespeed and the so-alled run-up distane; nevertheless the only way of having these quantitiesis to perform (physial) experiments on the onsidered geometry.AknowledgmentThis work has been partially supported by the Institut Laue-Langevin, or ILL (Grenoble,Frane). The authors are grateful to Jean Paul Bidet for the fruitful disussions.Referenes[1℄ Ciarelli G. and Dorofeev S. Flame aeleration and transition to detonation in duts.Progress in Energy and Combustion Siene 2008; 34: 499-550.[2℄ RCC-MX ode. Règles de Coneption et de Constrution des Matériels Méaniquesdes Réateurs Expérimentaux, de leurs auxiliaires et des dispositifs d'irradiation. CEAEdition, 2008.[3℄ Beantini A. and Studer E. The reative Riemann problem for thermally perfet gasesat all ombustion regimes. International Journal for Numerial Methods in Fluids.2009.[4℄ Chaumeix N. and Paillard C.E. Évaluation des risques pour le transport d'hydrogèneénergie pur ou en mélange ave le gas naturel. Tehnial report ANR-06-PANH-001-02.2008[5℄ Li J., Zhao Z., Kazakov A., Dryer F.L. An Updated Comprehensive Kineti Model ofHydrogen Combustion. International Journal of Chemial Kinetis. Vol. 36, p. 566-575.2004[6℄ Meister A. Asymptoti single and multiple sale expansions in the low Mah numberlimit. SIAM J. Appl. Math., 60: 256-271. 2000[7℄ Le Métayer O., Massoni J., Saurel R. Modelling evaporation fronts with reative Rie-mann solvers. Journal of Computational Physis 2005; 205: 567-610.[8℄ Abgrall R., Saurel R. Disrete equations for physial and numerial ompressible mul-tiphase mixtures. Journal of Computational Physis 2003; 186: 361-396.[9℄ Europlexus. A Computer Program for the Numerial Simulation of Fluid-StrutureSystems under Transient Dynami Loading.http://europlexus.jr.e.europa.eu[10℄ Kuhl A.L., Kamel M.M., Oppenheim A.K. Pressure Waves Generated by SteadyFlames. Proeedings of the Combustion Institute 1973; 14: 1201-1215.[11℄ Chan CK, WA Dewitt WA. De�agration-to-detonation transition in end gases. Sym-posium (International) on Combustion, Volume 26, Issue 2, Pages 2679-2684. 199612


	BACK TO ICHS4 CD

