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2CEA/LTMF, 91191, Gif-sur-Yvette, Frane, alberto.beantini�ea.fr,ABSTRACTThe Reative Disrete Equation Method (RDEM) was reently introdued in [1, 2℄, adaptedto ombustion modelling in [3℄ and implemented in the TONUS ode [4℄. The method has twomajor features: the ombustion onstant having veloity dimension is the fundamental �amespeed, and the ombustion wave now is an integrable part of the Reative Riemann Problem.In the present report the RDEM method is applied to the simulation of the ombustion Test13H performed in the ENACCEF faility. Two types of omputations have been onsidered:one with a onstant fundamental �ame speed, the other - with time dependent fundamental�ame speed. It is shown that by using the latter tehnique we an reprodue the experimentalvisible �ame veloity. The ratio between the fundamental �ame speed and the laminar �amespeed takes, however, very large values ompared to the experimental data based on thetests performed in spherial bombs or ruiform burner.1 IntrodutionDuring antiipated aidents in buildings ontaining hydrogen fueled equipment, hydrogengas an be ontinuously or instantaneously released into the surroundings. This an happen,for example, in a publi or private garage through faulty valves or seals of a hydrogen tank, orfollowing a vehile aident in a tunnel. Depending on the loal onentration and/or pres-ene and ativation of mitigation devies, hydrogen may burn following di�erent ombustionregimes. These regimes may inlude jet �res, slow de�agrations, fast de�agrations and det-onations depending on the ombustion proess development. Thus, one has to estimate theseverity of a ombustion proess under given geometrial on�guration, sale and ompo-sition of ombustible mixture. Here the issue is not to predit details of turbulent �amestruture and propagation, but rather to evaluate the possible �ame speeds and the orre-sponding dynami pressure loadings whih might be generated during ombustion. Thesedata then an be used in strutural analysis odes to verify the integrity of the struture.A number of studies on hydrogen ombustion in industrial-type geometries has been per-formed previously using the CREBCOM (CRiteria and Experimentally Based COmbustionModel) [5℄. This model, developed at the Kurhatov Institute, is devoted to study of ombus-tion in geometries whih are muh larger than the harateristi dimensions of the physialphenomena involved. Thermal ondution and speies di�usion, whih are responsible forthe propagation of de�agrations, are not diretly modelled; their ation is taken into aountby introduing an experimentally derived orrelation soure term into the Euler equations.The model has been suessfully implemented in several industrial purpose CFD odes, in-luding TONUS ode [4℄ and COM3D ode [6℄ to investigate turbulent ombustion �ows. Itsu�ers, however, from two main drawbaks:
• a burning rate onstant, present in the soure term of Euler equations, has the dimen-sions of a speed. This speed is orrelated to the fundamental �ame speed, and theorrelations are grid-, and problem-dependent [7℄.
• the algorithm involves a binary riterion funtion that spei�es when a ontrol volumeis to be burnt. Numerial experiments have shown that, as the �ame speed is low with1



respet to the speed of sound, the riterion funtion an reate numerial osillationsin the pressure that strongly a�et the �ow [8℄.In the literature there exist several other approahes that model �ames as interfaes. Someof them, like the RDEM approah, require the solution of the reative Riemann problembetween the burnt and unburnt regions. The solution of the Riemann problem for thereative Euler equations is the objet of [9℄ in the partiular ase of alorially perfetgases, under the hypothesis of weak de�agration, Chapman-Jouguet de�agration, Chapman-Jouguet detonation or strong detonation regimes. Unfortunately, the eventual existene of ararefation wave (Taylor wave) behind the Chapman-Jouguet de�agration is not taken intoaount in the work, whih makes impossible the modelling of the de�agration-to-detonationtransition in a ontinuous way. In [3℄, the existene of the Taylor wave behind a Chapman-Jouguet de�agration is taken into aount; moreover the variation of the spei� heats withtemperature is onsidered.In the present paper the RDEM method is applied to the simulation of the ombustion Test13H performed in the ENACCEF faility. The paper is organized as follows. After thisintrodution, in Setion 2 we give a general desription of the ENACCEF faility as well asthe analysis of the Test 13H experimental data. In Setion 3 we brie�y present the governingequations and the underlying hypothesis; the way the equations are disretized is disussedin Setion 4. Presentation and analysis of the omputed results is given in Setion 5. The�nal onlusions make the subjet of Setion 6.2 ENACCEF Test 13H: General Desription and Analysis2.1 Test Faility: Desription and Geometrial Data [10℄ENACCEF (ENeinte d'ACCElération de Flamme) is loated at the Laboratoire Combus-tion et Système Réative (LCRS) of Institut de Combustion Aérothermique Réativité etEnvironnement (ICARE) of Orleans. View of ENACCEF faility together with the skethof di�erent parts are presented on Fig. 1. The faility is 5 m of height and is made ofZ3CN18-10 stainless steel. It is divided into two parts:
• the aeleration tube (3.2 m long and 154 mm i.d.), in whih repeated obstales ofvarious geometries an be inserted;
• the dome (1.7 m long, 738 mm i.d.).The aeleration tube is equipped with two tungsten eletrodes at 0.138 m from the bottomof the faility as a low-energy ignition devie. The energy delivered is estimated to be around10-20 mJ. Di�erent obstales of varying blokage ratio an be installed inside the tube. Forthe test, whih we shall desribe in the next subsetion, nine annular obstales of blokageratio 0.63 have been installed in the aeleration tube; the �rst one being 0.638 m from theignition point, and the distane between obstales was �xed to 0.154 m.ENACCEF faility is highly instrumented to follow the �ame propagation: 16 UV-sensitivephotomultiplier tubes (HAMAMATSU, 1P28) are mounted aross silia windows (optialdiameter: 8 mm, thikness: 3 mm) in order to detet the �ame as it propagates (5 photo-multiplier tubes are loated along the dome and 11 - along the aeleration tube).Several high speed pressure transduers, (7 from CHIMIE METAL, 1 PCB and 1 KISTLER)are mounted �ush with the inner surfae of the tube in order to monitor the pressure variationin the tube as the �ame propagates, and the pressure buildup is monitored via a Kistlerpressure transduer mounted at the eiling of the dome. Gas sampling is used to measurethe gas omposition along the faility. Five gas samplings are loated along the aelerationtube and one - in the dome. 2



Figure 1: View of ENACCEF faility (left) and sketh of its di�erent parts (right). Sanned from [10℄.2.2 Test 13H: Initial ConditionsThe ENACCEF Test 13H on hydrogen ombustion has been dediated to a homogeneousgas distribution in a ontainment volume. The initial gas mixture omposition and thermo-dynami onditions are: Pinit. = 105 Pa, Tgas−init. = 298 K; XH2
= 0.13, and XAir = 0.87.The gases are provided by Air Liquid. The purity of hydrogen is 99.999 %. The air used inthe experiment is the mixture of nitrogen and oxygen with the proportion: (80% N2 + 20%

O2) [10℄.2.3 Test 13H: Flame Veloity and Pressure Measurements.Experimental �ame veloity is omputed using the �ame arrival times at the onseutivephotomultipliers and the distane between them. Using the simple linear formula the �ameveloities were omputed for 24 runs, and are represented at the points whih are meanpositions between onseutive photomultipliers loations on the Fig. 2 (left). The error barsshow �ame veloity spread at eah loation. The measured �ame veloities in the dome areaare not shown here due to rather large spread. In fat, if the �ame front is highly disturbedand presents a 3D struture with rolls, the �ame position will be less preise as the detetorsollet light along a solid angle and not at a line of sight. This, together with a larger solidangle, presents a problem of �ame veloity measurements in the dome.Three phases of �ame propagation inside the aeleration tube an be learly distinguished:
• low �ame veloity, equal to about 15-20 m/s at the initial, non-obstruted part of theaeleration tube;
• strong �ame aeleration up to 500-600 m/s in the obstruted area;
• �ame deeleration down to 300-400 m/s in the upper non-obstruted part.On the Fig. 2 (right) we present the pressure evolution with time measured with Kistlertransduer loated at the top of the dome. The pressure evolution measured by Kistler trans-duer is lose to the Adiabati Isohori Complete Combustion (AICC) value for overpressureof 4.0772 bar. 3
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Figure 2: Averaged experimental �ame veloities in the aeleration tube. Vertial error bars representstandard deviation of the veloity data point based on multiple tests (left), and experimental over-pressureat the top of the dome (right).The pressure is lose to the initial value during initial 60 ms and then starts to rise uptoAICC values. It should be noted that the volume ratio between the aeleration tube andthe dome is 1 : 12.2. During the �ame propagation along the aeleration tube only smallfration of hydrogen is burnt and some part of it is vented into the dome. Due to largevolume ratios this does not lead to a notieable pressure inrease in the dome. It is whenthe �ame develops inside the dome, we observe the rapid pressure rise. This is on�rmedby looking at the �ame time of arrival in the dome, more preisely, at the loation 14 mhigher than the upper rim of the aeleration tube. The time of arrival osillates around 40ms whih is about 20 ms before the beginning of pressure rise.3 Physial modellingIn this setion we present the governing equations we are going to solve together with theunderlying hypotheses. The more detailed explanation and hypotheses justi�ation an befound in [3℄.We restrit our attention to ideal gas mixtures. The hemial evolution is assumed to begoverned by one irreversible, in�nitely fast hemial reation between hydrogen and oxygenH2 + 1
2
O2 → H2O. We do not take into aount the thermal di�usivity and the speiesdi�usion.The molar and mass fration variations during the hemial reation are linked via
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3.1 Governing equationsWe onsider here initially homogeneous mixtures of perfet gases. The system of equationswe want to solve is given by






















































∂

∂t
ρ + ~∇ · (ρ~w) = 0

∂

∂t
(ρ~w) + ~∇ · (ρ~w ⊗ ~w + P ) = 0

∂

∂t
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(2)
ρ being the total density (kg/m3 in the SI units), ~w the veloity (m/s), P the pressure (Pa),
ẽt (h̃t) the spei� total (sensible plus formation plus kineti) energy (enthalpy) (J/kg), ~Dthe visible �ame speed.
P is linked to the internal energy via the equation of state (EOS). In our ase
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}dαwhere R is the universal gas onstant (R = 8.314 J/mol/K), T the mixture temperature (Kin SI units), Wj (kg/mol) cv,j(T ) (J/kg/K) and h0
j (J/kg) the molar weight, the onstantvolume spei� heat and the formation enthalpy at 0 K of the speies j, e the (sensible)internal energy (J/kg). The progress variable ξ(~r, t) for the hemial reation is related tothe hydrogen mass frations YH2,i(~r, t) and YH2,f(~r, t) before and after the ombustion by

ξ(~r, t) =
YH2

(~r, t) − YH2,i(~r, t)

YH2,f(~r, t) − YH2,i(~r, t)
, (3)Sine the hemial reation is assumed to be in�nitely fast, the progress variable will beeither 1 (in the burnt region) or 0 (in the unburnt region).The �rst three equations represent the onservation equations for mass, momentum andenergy. Using the values for ξ, we an reover the instantaneous mass frations (used in theEOS). Indeed for hydrogen it is
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= YH2,i + ξ(YH2,f − YH2,i).In ase of omplete ombustion,
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.For the j-th speies
Yj = Yj,i + ξ(Yj,f − Yj,i)where (Yj,f − Yj,i) is linked to (YH2,f − YH2,i) via equation (1).The fourth equation in (2) is the transport equation for the progress variable ξ. This equationis in non-onservative form. As one an read in [1℄, sine ξ is 0 in the unburnt region and5



1 in the burnt one, far from the reative interfae this equation is satis�ed (the LHS of theequation is zero); then ~D needs to be de�ned only on the interfae (with the same valueahead and behind it) and represents its veloity. ~D is omputed here as funtion of thefundamental �ame speed K0 via
~D = ~w + K0~nα, (4)where ~nα is the normal to the �ame surfae going from the burnt to the unburnt region, ~wthe veloity of the unburnt gas.Conluding, our �nal purpose is the solution of the system of equations (2). The dependentvariables are ρ, ρ~w, ρẽt, and ξ. At the beginning we know the initial onditions for thesevariables. The fundamental �ame speed K0 an be a funtion of spae and time; in this workwe onsider it to be either a onstant or a funtion of time only.4 Numerial ModellingThe system of equations (2) is solved using Finite Volume approah. We use the approximateRiemann solution to the reative Riemann problem desribed in [3℄. The solution of thereative Riemann problem requires the �ame surfae loation whih is determined using theDisrete Equation Method desribed below.4.1 RDEM for the reative Euler equationsThe full desription of the Reative Disrete Equation Method (RDEM) an be found in [2℄.In this subsetion we give a brief summary of its main features.

• The DEM and RDEM are Eulerian approahes, although their extension to the Arbi-trary Lagrangian Eulerian (ALE) approah is straightforward.
• The methods are used for studying multiphase mixtures, in whih global averagingof a variable in a ontrol ell ould lead to unaeptable numerial errors. In theseapproahes eah phase has its own set of variables.
• DEM has been introdued in [1℄.
• DEM has been modi�ed into RDEM and used, oupled with a reative Riemann solver,to study evaporation front propagations and detonation propagations [2℄.
• RDEM is used in [3℄ to study �ame front propagation in a de�agration and a detonationregimes.
• Both approahes are onservative, i.e. the extensible quantity taken from one phase isgiven to the other.The desription of the RDEM approah is the objet of [2℄ in the ase of evaporation frontprogagation; the adaption of this approah to ombustion problem has been possible thanksto solution of the Reative Riemann problem at all ombustion regimes [3℄. Indeed, assuggested in [11℄, the reation wave, in the same manner as an evaporation wave, an beonsidered as a phase boundary whih separates the �unburnt gas� phase (phase 1) from the�burnt gas� phase (phase 2); thus, aross the reative shok we have a �phase transition�between the �unburnt mixture� phase and the �burnt mixture� phase.We emphasize that, in several spatial dimensions, the reative Riemann problem is solvedin eah spatial diretion. As explained in [3℄, the �ame speed is given by ~D = ~w + K0~nα,

~nα being the normal to the �ame surfae going from the burnt to the unburnt mixture (i.e.
~nα ∝ ~∇α, α being the fration volume of one phase). Then when we want to ompute thenumerial �ux in the (~n,~t) frame of an interfae of a ell volume (Finite Volume approah),we have to solve a 1D Riemann problem with a fundamental �ame speed equal to K0(~n ·~nα).6



5 Numerial ResultsIn the present report we explore two ases: K0 is onstant in spae and time, and K0 is atime variable.The �rst ase, i.e. the ase of onstant K0, is used in order to test the grid onvergene ofthe numerial solution. We test it in terms of omputed visible �ame veloity in the tube,as well as �ame surfae evolution. By using the time variation of the fundamental �amespeed, i.e. K0 = K0(t), we try to reprodue the experimental values for a visible �ameveloity. This will allow us to analyze the values of the fundamental �ame speed in terms ofthe orresponding values of the visible �ame speed.5.1 Constant value of fundamental �ame speedThere are two main fators responsible for �ame aeleration: inrease of the �ame surfaedue to interations of gas �ow with obstrutions and inrease of the burning rate with theturbulene level. In this setion only the �rst one was aounted for.We applied the following strategy: �rst, ompute the �ame speed on the oarse grid (RAF1), using the value of K0 suh that the omputed visible �ame veloity is lose to theexperimental one, and seond, make the omputation with the same K0 on the re�ned grids(RAF2, RAF3, and RAF4). The idea behind is to study the grid onvergene in terms of�ame veloity and �ame surfae.The omputations have been done assuming the axial symmetry of the solution, and thenumerial grids are presented on the Fig. 3. For the oarse grid the tube radius is dividedinto 7 elements. This number is doubled for the seond level of re�nement, tripled - forthe third, and quadrupled - for the fourth. The segments along the axis of symmetry arere�ned aordingly. The obstales in the tube are represented by the raks in the mesh (seeFig. 3, zoomed part), so that the neighboring elements are slightly skewed. In the dome theelements are not uniform: their linear sizes gradually inrease up to three times along theradius, and up to four times - along the axis of symmetry.
Total mesh

raf1 raf2 raf3   raf4

Figure 3: Numerial grids used for the omputation. The oarse grid (RAF1) is omposed of 3585 elements,grid RAF2 - of 14283 elements, grid RAF3 - of 32201 elements, and grid RAF4 - of 57160 elements.The results for the �ame speed orresponding to the oarse mesh (RAF1, green urve on theFig. 4 (left)) are obtained by trial and error in suh way as to have the omputed values for�ame veloity within the error bars of the experimental �ame veloity at as many points aspossible. The value of the fundamental �ame veloity in this ase is K0 = 10 m/s. It appearsthat by using a single values for the fundamental �ame speed K0 we an not reprodue the7



experimental urve: K0 has to be relatively low in the initial non-obstruted part of thetube, and su�iently high at the obstruted area.By looking at the omputed visible �ame veloity obtained on di�erent grids for K0 = 10m/s (Fig. 4 (left)) we observe 1) a remarkable di�erene between the results orrespondingto the oarse grid and the results orresponding to the �ner grids, and 2) a relatively smalldi�erene between the results orresponding to grids RAF2, RAF3, and RAF4 in the initialnon-obstruted part, and in the most of obstruted part.Lower numerial visosity relate to the �ner grids leads to a higher gas veloity along theenter-line at the �ame loation, whih in turn leads to a higher �ame streth. Flame surfaeevolutions are lose to eah other when the �ame rosses �rst six obstales, while furtherdownstream the urves diverge: the evolution orresponding to the �nest mesh (RAF4) isgenerally higher than the others. This an be explained by the higher amplitudes of the gasveloity; at the last obstale the gas veloity orresponding to the �nest mesh is 100 m/shigher than the veloities orresponding to other grids.
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Figure 4: Flame veloity omputed for di�erent grids and ompared with the experimental �ame veloity(left), and non-dimensionalized �ame surfae omputed for di�erent grids (right). Obstale positions areshown by short vertial lines. K0 = 10 m/s.From the Figure 4 (right) we an see that a �ame surfae inreases while �ame rosses theobstale-laden part. It reahes its maximum value at a position whih is 3 to 4 diametersdownstream the last obstale, and this value varies between 15 and 27 tube ross setions,depending on the mesh. This rather big value for the �ame surfae an be explained by thepresene of ertain number of unburnt gas pokets between the obstales, seen on Fig. 5(right). The progress variable distribution is shown there at the time when the �ame surfaehas its maximum value. Soon after the time of reahing the maximum value for �ame surfaearea, the fresh gas in the pokets is onsumed, whih inevitably leads to diminishing of the�ame surfae area. The progress variable distributions show highly di�used �ame omputedusing the oarse grid (RAF1). In the ase of the other grids �ame distributions show similartrends: it spreads between seven obstales.The �ame surfae spread between several obstales in obstruted hannels has been observedexperimentally as well. There exist, however two major di�erenes between the experimentalresults and the present numerial results onditioned by the modelling apabilities. In fatin the ombustion model there is no mehanism of �ame quenh/extintion. Experimentallythe �ame might ease to exist between ertain obstales, whih would lead to smaller valuesof �ame surfae. Another di�erene lies in the fat that K0 is a onstant everywhere inthe domain. Reent experimental results [12℄ show that a �ame (stoihiometri methane-air mixture used in the referene) in a obstruted hannel with BR=0.67 exhibits di�erentbehavior depending on the �ame position. The �ame surfae onsists of a laminar �ametip propagating downstream in the hannel ore and the rest of the �ame surfae in theturbulent regime propagates transversely into the reirulation zones between obstales. As8



a future work we suggest to perform the omputation using variable in spae values of K0in order to apture the experimental �ame behavior.The maximum value of the �ame surfae is reahed when the �ame exits the obstale areaand propagates further 3 to 4 diameters downstream. At that time there still exist pokets ofunburnt gas (see Fig. 5) as well as the mushroom-like shape of the �ame in the obstale-freepart, visible in the pitures orresponding to �ner grids.

Figure 5: Progress variable distribution at the time when the �ame surfae reahes its maximum value inthe tube. Results orrespond to grids RAF1 at t = 19.75 ms, RAF2 at t = 16.78 ms, RAF3 at t = 16.03 ms,and RAF4 at t = 15.45 ms (from left to right). K0 = 10 m/s. Red olor orresponds to unburnt mixture,blue olor - to burnt mixture.5.2 Variable value of fundamental �ame speed.As it was mentioned in the previous subsetion, the onstant value of K0 does not allow usto reprodue the averaged experimental visible �ame veloity evolution: we have either toohigh veloity in the initial obstale-free part of the tube, or too low veloity at the upper partof the obstruted area. In this subsetion we shall hange the value of the fundamental �amespeed with time in order to have a visible �ame speed as lose as possible to the experimentalone. This will allow us to analyze the fundamental �ame speed evolution.From the previous subsetion we an see that the results omputed using the oarse meshRAF1 su�er from an exessive di�usion, while the results orresponding to the other gridsshow similar behavior at least in the most part of the tube. Due to the fat the trial-and-error omputation requires onsiderable number of tests, we prefer to use the grid RAF2 inorder to have a reasonable CPU time.On the Fig. 6 (left) we present the omparison between the experimental visible �ameveloity and the omputed visible �ame veloity. The omputed urve is entirely within theerror bars of the experimental urve. This was possible due to dynami hange of valueof K0 during the omputation. These values together with their appliation intervals areindiated on the Fig. 6 (left). First of all we would like to mention that the ratio betweenthe numerial values for K0 and the laminar �ame veloity (taken at initial thermodynamionditions) varies from 14.55 to 112 during the �ame aeleration in the tube. These valuesfor ratio are high ompared with the experimental values for the ratio between turbulentfundamental �ame speed and laminar �ame speed whih do not exeed 20 (see [13℄ and9



referenes therein).Another point deserving attention is the exessively low value for K0 in the region after 2.3meters, i.e two diameters downstream of obstruted part. We had to impose exessively lowvalue (K0 = 0.01 m/s) in order to reover the negative gradient of the experimental �ameveloity. We note in passing that experiments performed in ENACCEF using a hydrogen-airmixture with negative hydrogen onentration gradient going from 11.4 % at the tube bottomdown to 6.7 % at the top of the tube show that �ame is always quenhed in the upper part ofthe tube. This indiates that the important �ame streth together with enhaned mixing leadin this situation to low values of the fundamental �ame veloity. In our ase the mixture ismore reative (13 % of hydrogen), therefore the �ame �survives� and ontinues to propagate.
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Figure 6: Flame veloity omputed using grid RAF2 (blue urve) is ompared with the experimental �ameveloity (red urve) (left). adimensionalized �ame surfae omputed using onstant value of K0 (green line),and variable values of K0 (blue line) (right) Obstale positions are shown by short vertial lines. Values of
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inside the dome. It means that in order to orretly model the pressure rise gradient onehas to orretly model �ame veloity and �ame surfae development inside the dome. Thisis outside the sope of the present report as there are very limited experimental data. Theomputed asymptoti values for the overpressure osillates around a value lose to 4.1 barwhih is near the AICC value of 4.077 bar.6 ConlusionsIn this paper the RDEM method is applied to the simulation of the ombustion Test 13Hperformed in the ENACCEF faility. Two ases were explored:
• K0 is onstant in spae and time, i.e. inrease of the �ame surfae due to only intera-tions of gas �ow with obstrutions is aounted;
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