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2 Laboratory of Fluid Dynamis and Tehnial Flows, University of Magdeburg�Otto von Guerike�, Germany.1 MotivationUntil now and at least for the next few deades, ombustion is and will be themajor soure of mehanial and eletrial energy. For eonomi and eologialreasons, it is of primordial interest to master phenomena involved in a veryimportant number of proesses using ombustion. The SFB 606, a germanresearh initiative on unsteady ombustion, established at the University ofKarlsruhe aims to improve the understanding and ontrol of suh proesses.The researh program is divided into several parts dediated to the study offundamental phenomena. One numerial part of SFB 606, Projet B8 is de-voted to the investigation of e�ets of di�erential di�usion on the propagationof �ames in premixed gas. These haraterized by the Lewis number whihis the ratio between di�usion of heat and mass, respetively. The goal of thepresent reseaht is to understand these mehanisms by using Diret NumerialSimulations (DNS) in omparaison with related experiments also realized inKarlsruhe within SFB 606. This will eventually allow omparison and loseross�validation. Suh studies are the basis of modeling reations in simula-tions of turbulent premixed �ames and ould be used in less ostly numerialapproahes suh as statistial models or Large Eddy Simulation. In DNS, nomodel for turbulene is used and all the di�erent length sales of the �ow areomputed, from the smallest in the �ame front until the very large vortexstrutures. For these reasons the resolution demands are very high and henethe required CPU time. The present alulations in 2-D have been performedon the HP XC1 Cluster at the Karlsruhe Super Computing Center.1.1 Relevane for premixed �amesIn a wide range of the physial parameters, the e�et of turbulene on a pre-mixed �ame is not limited to the wrinkling of the �ame front. For example,when a �ame front is submitted to su�iently strong aerodynami streth,



2 M. Leanu, K. Mehravaran, J. Fröhlih, H. Bokhorn, and D. Théveninquenhing may appear loally and ompletely suppress the ombustion pro-ess. Weaker turbulene, on the other hand, inreases the propagation veloityof the �ame front. From experimental data [1℄ or theoretial analysis, a �rststandard model of turbulent �ame speed ST is
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, (2)where DaT is the turbulent Damköhler number.Unfortunately, these models are limited and other fators, suh as the�ame front urvature beome important when the Lewis number is di�erentfrom unity. These Lewis number e�ets, also known as thermo-di�usive e�ets,will be studied in the present projet. Speial attention will also be paid toe�ets of �ame urvature and streth. Furthermore, the �ame in turn a�etsthe turbulene and a universal model should inlude this as well. To studythe e�ets ited, it is mandatory to treat the full hemial system of reationswith all intermediate speies, or at least a very good approximation of it,whih then also involves many speies. For eah speies a separate transportequation has to be solved and the hemial soure terms have to be evaluated.1.2 Experiments of Zarzalis in the framework of SFB 606The experimental setup of Weiss and Zarzalis, investigated in Projekt A9 ofSFB 606, is onsidered as a basis for the present simulations. These experi-ments investigate isohori premixed spherial �ames, evolving in a ubi box(Fig. 1). The burning veloity and the Markstein number are determined.The Markstein number Ma is a suitable parameter to quantify the in�ueneof �ame streh and has to be inluded in the modeling of turbulent �ameveloity [3, 4, 5℄.1.3 Parameter rangeThe volume of the vessel used in the experiment is 2.3 l and the internalpressure an be raised up to 80 or 150 bar, depending on whether the optialaess is used or not. So far, H2 −Air and CH4 −Air premixed laminar andturbulent �ames with di�erent initial ompositions have been investigated
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Fig. 1. Experimental setup of Weiss and Zarzalis - Projet A9.with this devie. The gas mixture is ignited by a spark, loated in the enterof the box. Turbulene is generated and maintained with the use of eight fansloated at the orners of the ubi box. The range of the turbulent �utuationsintensity is 0-4m/s. The Markstein number an be measured with a Shlierenmethod.

Fig. 2. Generation of initial onditions. Top row: ignition of a irular planar �amein a turbulent �ow �eld. Bottom row: superposition of a turbulent �ow �eld and ofan initially plane �ame front.1.4 Flow on�gurationsThe present work is onerned with 2-D on�gurations of premixed �ames.The main parameters of the simulations are :Thermohemistry :
H2-Air mehanism, 9 speies / 37 steps
CH4-Air mehanism, 50 speies / 300 steps



4 M. Leanu, K. Mehravaran, J. Fröhlih, H. Bokhorn, and D. ThéveninInitial onditions :Two kinds of alulations with di�erent intial onditions have been performed(Fig. 2). These are 2-D spherial �ames and 2-D planar �ames. Here, the se-ond on�guration is disussed. Its initial ondition onsists of a 1-D steadystate solution obtained using the 1-D ode Premix (employing the libraryChemkin). This solution is extended to a 2-D laminar plane �ame. The tur-bulent �ow �eld is obtained from a 2-D turbulent kineti energy spetrum.Veloity and onentration �eld are then superimposed.Domain and grid :We onsider a square omputational domain of 1m×1m, disretized with anequispaed grid in both diretions, typially of 501×501 points.Boundary onditions :Periodi boundary onditions are used along the planar �ame, while non-re�eting boundary onditions are used in the diretion normal to the �ameon in�ow and out�ow boundaries. The alulations are initialized with rea-tants on one side of the omputational domain and produts on the other;they are separated by a laminar premixed �ame.CPU osts :For a 2-D planar �ame simulation onsisting of 501×501 grid points with
H2-Air mehanism, the alulation of 1000 time steps typially takes 187minutes for the serial omputation, while an 8 proessor run takes 30 minutesfor the same number of iterations. The e�ieny of the parallel simulations isdisussed in the next part.2 Numerial methodThe diret numerial simulation approah onsists of solving the Navier-Stokesequations in their omplete form, without any averaging or �ltering aountedfor by a model. The ode employed for this task is the ode Parcomb, devel-oped by Thévenin and o-workers [6℄.Apart from the equations for ontinuity, momentum and energy, Ns equa-tions are solved for the transport of hemial speies, with Ns = 9 in thepresent ases. High-order disretization is used in order to redue numeri-al dissipation. In spae, this is a sixth order entral �nite-di�erene shemealong with a third order di�erening at the boundaries. In time, a fourth-orderRunge-Kutta sheme is employed. The Navier-Stokes harateristi boundaryonditions [7, 8℄ are implemented taking into aount detailed hemistry andthermodynamis.



Computations of premixed turbulent �ames 5Isotropi turbulene is generated in Fourier spae with a von Kármánenergy spetrum with Pao orretion [9℄. In Fourier spae, the de�nition ofthe kineti energy E(k) is given by :
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] (3)where k is the wave number, u′ the rms value of veloity �utuations, ε is thedissipation, while A and α are onstants of the model (A = 1.5 and α = 1.5).Furthermore,
ke = 1/Le, (4)where Le is the peak energy wavelength, and
kd = 1/Ld, (5)where Ld is the Kolmogorov wavelength. After the initialization, no foring ofthe turbulent �ow �eld is applied and the �utuations are allowed to deay.The propagation of the �ame is relatively fast, however, so that this deay isnot too strong. Examples of alulations with Parcomb and postproessingintended towards turbulent ombustion modeling are available in [10, 11, 12℄.3 Issues of HPC3.1 Parallelization : PVM versus MPI

Parcomb is a fully parallel program with dynami load balaning apabilities.The message passing library originally used in Parcomb is PVM. All the val-idations performed by the authors was also using PVM. Thus, it was naturalto ontinue using the program with PVM. PVM, however, is now superseededby MPI and no more maintained on urrent installations. Hene, in a �rstphase of the projet it was onverted to MPI and fully tested and validatedon the XC using HP-MPI.An attempt to use MPI instead of PVM in Parcomb had been madepreviously during the development, using wrappers around the PVM alls.However, this revision was not validated and ould not be ompiled with thepresent installation. Most of the parallelizaiton alls were therefore rewritten.Tests with MPICH and HP-MPI served to avoid laks of portability. Theommuniation of the number of proessors in eah diretion to all proessesmay serve as an example. The sets of original allsPVMFINITSENDPVMFPACKPVMFMCASToupled with the reeiving instrutions:



6 M. Leanu, K. Mehravaran, J. Fröhlih, H. Bokhorn, and D. ThéveninPVMFRECVPVMFUNPACKwere replaed by a singleMPI_BCASTinstrution. Sine these bloking instrutions are in the initialization part,they do not redue the overall performane of the ode. The ode was thenthoroughly tested against the serial version, both in 1-D and 2-D on�gura-tions and using di�erent numbers of proessors.3.2 E�ieny of runsBenhmarking of the ode was performed with a 2-D reating on�guration.The test ase used orresponds to the 2-D ignition of a turbulent premixedhydrogen-air �ame. Timings are presented for a saled problem, whih meansthat all nodes possess the same number of grid points (201×201 points and a7mm×7mm domain). When inreasing the number of proessors, the size ofthe domain and the total number of grid points are inreasded proportionally.The simplest de�nition of the parallel e�ieny is used here, i.e. E(N) =
tCPU (1)/tCPU (N), where N is the number of proessors. Sine dual nodeswere employed only even numbers where hosen.E�ieny results are given in Figure 3(a) and orresponding CPU timesare shown in Figure 3(b). These data show that the parallelization performsvery well, with generally no derease in the performane when using moreproessors. Of ourse, these results should not be used as a diret measurementof the performane of the mahine, but they an give some insights about thepratial ahievement of Parcomb on the XC.
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(b) CPU times per iterationFig. 3. Dependene of e�ieny (left) and CPU time per time step (right) on thenumber of proessors.
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-1.90E-01(b) time=τTFig. 4. Heat release ontours. Case 1 on the left : u′/SL = 7.4, Λ/δl = 15.4 - Case2 on the right : u′/SL = 2.5, Λ/δl = 2.5.4 Sample resultsResults of two alulations are presented in this setion. We onsidered a leanpremixed H2-Air 2-D turbulent �ame (λ = 2). The grid has 500×500 points.Two di�erent initial �ow �elds have been used :Case 1 :rms-value of veloity �utuations u′=4.95 m/s, turbulent integral length sale
Λ =610−3 m, turbulent Reynolds number Re=1853, eddy turnover time
τt=Λ/u′=1.22 10−3 s, laminar �ame thikness δL= 3.9 10−4 m, laminar �amespeed SL = 0.67 m/s, τc=δL/SL=5.82 10−2 s.Case 2 :rms-value of veloity �utuations u′=1.68 m/s, turbulent integral length sale
Λ =9.7 10−4 m, turbulent Reynolds number Re=101, eddy turnover time
τt=Λ/u′=0.98 10−3 s, laminar �ame thikness δL= 3.9 10−4 m, laminar �amespeed SL = 0.67 m/s, τc=δL/SL=5.82 10−2 s.Figure 4 illustrates the interation between the �ame front and two di�erentturbulene �elds. The higher turbulene level in Case 1 produes urvature,strain, streth and even quenhing on the �ame front, whih an be observedin �gure 4(a). In ontrast, the turbulene in Case 2 is weaker and solely wrin-kling an be observed in the �gure 4(b).Theoretial studies suggest a linear relation between the displaement�ame speed Sd and streth for small amounts of streth, i.e.

Sd

SL

= 1 − Ma Ka, (6)
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(b) Case 2Fig. 5. Probability density funtions of normalized streth rate Ka (solid line),tangential strain rate KaS (irles) and urvature term of streth KaC (rosses).where SL is the laminar �ame speed and Ka = κδF /SL is the Karlovitznumber or non-dimensional �ame streh by turbulene, while Ma is the Mark-stein number and δF is the nominal �ame thikness. Flame streth κ is de�nedas the sum of the tangential strain rate aT and the urvature term.
κ = aT + Sd∇.n (7)where ∇.n is the �ame urvature and n is the �ame normal vetor. TheKarlovitz number Ka an be written as the sum of the strain omponent andthe urvature omponent :

Ka =
δF

SL

(aT + Sd∇.n) = KaS + KaC . (8)The following DNS results in Fig.5 and Fig.6 are used to evaluate the �amespeed in terms of the displaement speed of the �ame front. The isoontour
YH2

= 0.175 has been used to represent the �ame front as it orresponds tothe maximum heat release ontour. Statistis were then aumulated alongthis ontour line. The shape of the total streth rate Ka hanges shape sub-stantially with Reynolds number. For low Reynolds number (Case 2) its shapeis inlined towards positive values, while for higher Reynolds number (Case1) more negative values of Ka our. The reason is provided by the deom-position: For low Re, the PDF of the urvature term is narrow and enteredaround a positive value. For higher Re it broadens without substantiall shiftof mean. The strain-rate ontribution on the other hand narrows from low tohigher Re.Figure 6 displays ross-orrelations along the �ame front (again identi�edby the YH2
= 0.175 level line). Further simulations with di�erent realizations
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(b) Speed versus streth.
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(d) Speed versus tangential strain.
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(f) Speed versus urvature term.Fig. 6. Correlations of normalized displaement �ame speed versus streth rate,tangential strain rate and urvature term of streth. Results are for Case 1 on theleft, u′/SL = 7.4 and for Case 2 on the right,u′/SL = 2.5. Note the di�erent salingof the x−axis in Fig. 6() and 6(d).of the same physial setup need to be performed in order to perform statistialaveraging, but the graphs reported here allow already a �rst interpretation.Figures 6(a) and 6(b) show two distint stable branhes depending on the sign



10 M. Leanu, K. Mehravaran, J. Fröhlih, H. Bokhorn, and D. Théveninof the displaement speed. This is in agreement with the observations of Chenand Im [13℄. By omparing orrelations of displaement �ame speed versustangential strain rate (Figs. 6() and 6(d)) and urvature term of streth(Figs. 6(e) and 6(f)), it an be observed that the large negative values ofstreth solely result from the urvature term KaC and not from KaS . This isin line with the disussion of Figure 5.5 ConlusionsWithin SFB 606, DNS alulations for turbulent �ames in premixed gas havebeen performed with the parallel fortran ode Parcomb. The present alu-lations allow a better understanding of phenomena involved in turbulent pre-mixed ombustion, suh as di�erential di�usion, and will be used to evaluatethe turbulent �ame speed taking aount strehing, wrinkling and quenhingof the �ame front.In a �rst phase of the projet, Parcomb has been onverted to MPI. Italso has been validated and tested using up to 64 proessors showing verygood parallel e�ieny. Further 2-D simulations are under way to aumulatestatistis and to eluidate Lewis e�ets in turbulent premixed �ames. Several3-D on�gurations will be studied afterwards.Aknowledgements: Funding of the present researh by the GermanResearh Foundation (DFG) through SFB 606 is greatfully aknowledged.The required CPU time was kindly provided by the SSCK Karlsruhe.
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