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1 Introdu
tionIf one wants to simulate turbulent rea
ting �ows in OpenFOAM, one of the pos-sibilities is to use the the RANS solver rea
tingFoam. However time dependentsolutions and resolution of smaller turbulent s
ales are important in order to 
ap-ture the �ame dynami
s. Therefore the main purpose is to transform rea
tingFoaminto a LES solver. Files from a LES solver (XiFoam) will be used and 
hanged.All the passages will de des
ribed in details. The new solver rea
tingFoamLESwill then be applied on a test
ase already available for rea
tingFoam. rea
ting-Foam solves transport equations for the spe
ies involved in the 
ombustion. In thetutorial the �les whi
h set the rea
tion me
hanism will be des
ribed, and it willbe shown how to sele
t a di�erent one. This tutorial works on OpenFoam version1.5.x, thus we have to sour
e it:sour
e $FOAM_INST_DIR/OpenFOAM-1.5.x/et
/bashr
2 Creating a new solverWe 
opy the sour
e of the available solver rea
tingFoam from the $FOAM_APPfolder:
d $FOAM_USER_APPBIN
p -r $FOAM_APP/solvers/
ombustion/rea
tingFoam rea
tingFoamLES
d rea
tingFoamLESThen we 
opy some �les from the 
ourse homepage using an internet browser orwget :wget http://www.tfd.
halmers.se/~hani/kurser/OS_CFD_2009/ \PieroIudi
iani/tutFiles.tar.gztar xzf tutFiles.tar.gzrm tutFiles.tar.gzFirst we rename the sour
e �le rea
tingFoam.C into rea
tingFoamLES.C and we edit it:mv rea
tingFoam.C rea
tingFoamLES.CIn parti
ular we 
hange line 35 from#in
lude "
ompressible/RASModel/RASModel.H"to#in
lude "
ompressible/LESModel/LESModel.H"2



and we add the following at line 40: (all the LES solvers, i.e. 
oodles, XiFoam have thisline in the sour
e �le)#define divDevRhoReff divDevRhoBeffIn 
reateFields.H we substitute RAS with LES in lines 61-63. We also 
omment lines72-74. A

ording to a low Ma
h number approximation, in fa
t, in the following we willnegle
t variations in time of the pressure in the dis
retization of the equations:Info << "Creating turbulen
e model." << nl;autoPtr<
ompressible::RASModel> turbulen
e( 
ompressible::RASModel::New( rho,U,phi,thermo()));Info<< "Creating field DpDt" << endl;volS
alarField DpDt =fv
::DDt(surfa
eS
alarField("phiU", phi/fv
::interpolate(rho)), p);}be
omes:Info << "Creating turbulen
e model" << nl;autoPtr<
ompressible::LESModel> turbulen
e( 
ompressible::LESModel::New( rho,U,phi,thermo())
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//Info<< "Creating field DpDt\n" << endl;//volS
alarField DpDt =// fv
::DDt(surfa
eS
alarField("phiU", phi/fv
::interpolate(rho)), p);We now need �les in whi
h the dis
retization of the Navier-Stokes equations is performed.We 
an 
opy the pressure, momentum and energy equations from the solver XiFoam:
p $FOAM_APP/solvers/
ombustion/XiFoam/[phU℄Eqn.H .and slightly modify them. Basi
ally we 
omment out the terms 
ontaining the variationin time of the pressure. In the pressure equation p.Eqn.H we 
omment out the last line(line68)://DpDt = fv
::DDt(surfa
eS
alarField("phiU", phi/fv
::interpolate(rho)), p);Similarly in the energy equation hEqn.H we 
omment out line 8 and move one term tothe right hand side:{ solve( fvm::ddt(rho, h)+ mvConve
tion->fvmDiv(phi, h)- fvm::lapla
ian(turbulen
e->alphaEff(), h)== DpDt);thermo->
orre
t();}be
omes:{ solve( fvm::ddt(rho, h)+ mvConve
tion->fvmDiv(phi, h)// - fvm::lapla
ian(turbulen
e->alphaEff(), h)4



==// DpDtfvm::lapla
ian(turbulen
e->alphaEff(), h));thermo->
orre
t();} In the momentum equation we 
an negle
t the gravitational for
es and thus we deletelines 6-7:fvVe
torMatrix UEqn( fvm::ddt(rho, U)+ fvm::div(phi, U)+ turbulen
e->divDevRhoReff(U)== rho*g);if (momentumPredi
tor){ solve(UEqn == -fv
::grad(p));}be
omes:
fvVe
torMatrix UEqn( fvm::ddt(rho, U)+ fvm::div(phi, U)+ turbulen
e->divDevRhoReff(U));if (momentumPredi
tor) 5



{ solve(UEqn == -fv
::grad(p));}These equation �les are also found in the tutorial �les:ls tutFiles/*Eqn.H .Then we 
hange the �le Make/files so that:rea
tingFoamLES.CEXE = $(FOAM_USER_APPBIN)/rea
tingFoamLESIn the �le Make/options again we 
hange the RAS libraries with the LES ones. We
an add the following at line 5:-I$(LIB_SRC)/turbulen
eModels/LES/LESdeltas/lnIn
lude\and delete line 2: -I../XiFoam\EXE_INC = \-I../XiFoam \-I$(LIB_SRC)/finiteVolume/lnIn
lude \-I$(LIB_SRC)/turbulen
eModels/RAS \-I$(LIB_SRC)/thermophysi
alModels/spe
ie/lnIn
lude \[...℄EXE_LIBS = \-l
ompressibleRASModels \-l
ombustionThermophysi
alModels \
be
omes:EXE_INC = \-I$(LIB_SRC)/finiteVolume/lnIn
lude \-I$(LIB_SRC)/turbulen
eModels/LES \-I$(LIB_SRC)/turbulen
eModels/LES/LESdeltas/lnIn
lude \6



[...℄EXE_LIBS = \-l
ompressibleLESModels \-l
ombustionThermophysi
alModels \We are now ready to 
ompile:w
leanrm -r Make/linuxG

DP*wmake3 Setting up a 
aseOn
e we have the solver, we 
an set up a 
ase. A tutorial �le for rea
tingFoam is foundin the OpenFOAM wiki. Either we download from the webpagehttp://openfoamwiki.net/index.php/Tut_rea
tingFoam_firstTutorialor we get it by typing dire
tly in the shell:wget http://openfoamwiki.net/images/b/b6/Rea
tingFoamCase.tar.gzOn
e downloaded we extra
t the �les in the folder Rea
tingFoamCase:runmkdir Rea
tingFoamCasemv Rea
tingFoamCase.tar.gz Rea
tingFoamCase
d Rea
tingFoamCasetar xzf Rea
tingFoamCase.tar.gzrm Rea
tingFoamCase.tar.gz3.1 The 
hemkin folderWe 
an see that we have a folder 
alled 
hemkin. This folder 
ontains the informationsfor the 
hemi
al rea
tion me
hanism.ls 
hemkin/
hem.inp 
hem.inp.1 
hem.inp_15 
hem.inp.full therm.dat
hem.inp �leWhen solving �ows with rea
tions, a transport equation for ea
h of the spe
ies involvedis also solved. The �les *inp* 
ontain the information about the spe
ies and the rea
tionme
hanism. A rea
tion me
hanism is a list of rea
tions that o

ur during a 
ombustion7



pro
ess. Ea
h rea
tion is 
hara
terized by a rea
tion rate ki whi
h is the "speed" atwhi
h the rea
tion o

urs and is 
hara
terized by the Arrhenius equation:
ki = AiT

βiexp

(

−

Ei

RT

) (1)where Ei is the energy of a
tivation, Ai and βi are experimental parameters, T is thetemperature. A detailed me
hanism 
ontaining all the spe
ies is 
omposed by hundredsof spe
ies and rea
tions. It is therefore not pra
ti
ally solvable and usually redu
ed me
h-anism with very few rea
tions are used. The simplest me
hanism possible is 
omposedby only one global rea
tion. This is the 
ase of the 
hem.inp �le whi
h 
ontains a simpleone-step rea
tion me
hanism for heptane (C7H16):ELEMENTSH O C NENDSPECIEC7H16 O2 N2 CO2 H2OENDREACTIONSC7H16 + 11O2 => 7CO2 + 8H2O 5.00E+8 0.0 15780.0! 1FORD / C7H16 0.25 /FORD / O2 1.5 /ENDIn this me
hanism the 
hemi
al elements involved are hydrogen (H), oxygen (O), 
ar-bon (C) and nitrogen (N). The spe
ies that parte
ipate are heptane (C7H16), oxygenmole
ule (O2), nitrogen mole
ule (N2), 
arbon dioxide (C02), water, (H2O). In this 
asethere is only one rea
tion in whi
h heptane is the fuel, oxygen is the oxidizer, C02 andwater are the produ
ts. Nitrogen is the inert spe
ies. The three numbers before thequestion mark 
arry the information about the rea
tion rate and represent respe
tivelythe parameters Ai, βi an dEi in 1. An example of a more 
omplex me
hanism 
an befound in 
hem.inp.fulltherm.dat �leThe �le therm.dat instead 
ontains a database of 
oe�
ients for several spe
ies. Su
h
oe�
ients are needed to 
ompute thermodinami
al variables su
h as spe
i�
 heat cp/R,enthalpy H0/RT , enthropy S0/R, a

ording to the following equations:
cp/R = a1 + a2T + a3T

2
+ a4T

3
+ a5T

4 (2)
H0/RT = a1 +

a2

2
T +

a3

3
T 2

+
a4

4
T 3

+
a5

5
T 4

+
a6

T
(3)

S0/R = a1lnT +
a2

2
T +

a3

2
T 2

+
a4

3
T 3

+
a5

4
T 4

+ a7 (4)The therm.dat �le looks like this: 8



THERMO ALL200.000 1000.000 5000.000(CH2O)3 70590C 3H 6O 3 G 0200.00 4000.00 1500.00 10.01913678E+03 0.08578044E-01-0.08882060E-05-0.03574819E-08 0.06605143E-12 2-0.06560876E+06-0.08432507E+03-0.04662286E+02 0.06091547E+00-0.04710536E-03 30.01968843E-06-0.03563271E-10-0.05665404E+06 0.04525265E+03 4(CH3)2SICH2 61991H 8C 3SI 1 G 0200.00 2500.00 1500.00 10.01547852E+03 0.01065700E+00-0.01234345E-05-0.01293352E-07 0.02528715E-11 2-0.06693076E+04-0.05358884E+03 0.02027522E+02 0.04408673E+00-0.03370024E-03 30.01484466E-06-0.02830898E-10 0.03931454E+05 0.01815821E+03 4AL 62987AL 1 G 0200.00 5000.00 0600.00 10.02559589E+02-0.01063224E-02 0.07202828E-06-0.02121105E-09 0.02289429E-13 20.03890214E+06 0.05234522E+02 0.02736825E+02-0.05912374E-02-0.04033938E-05 30.02322343E-07-0.01705599E-10 0.03886795E+06 0.04363880E+02 4[...℄These �les are written and organized a

ording to 
hemkin software format. Details
an be found in1 and are here resumed. The �rst line is 
hemkin syntax ne
essary atthe beginning of the �le. The three values in the se
ond line spe
ify three values oftemperature and therefore two temperature ranges. The intermediate temperature isgenerally always 1000K. For ea
h spe
ies then four lines are reported. The �rst spe
ies isin this 
ase (CH2O)3 and does not ne
essarily need to be used in the rea
tion me
hanism.The entries in the �rst line report respe
tively the name of the spe
ies, its elemental
omposition, its ele
troni
 
omposition, its phase (G for gas, L for liquid, S for solid),and three temperatures (low, high, intermediate). The fourteen entries in the following3 lines report the 7 
oe�
ients a1−7 in equations 2-4 for the two temperature ranges,(higher range and lower range respe
tively).The 
hemkin dire
tory should be lo
ated in 
onstant :mv 
hemkin/ 
onstant/3.2 The 
onstant folderIn the folder 
onstant the following �les are found:ls 
onstant/
hemistryProperties environmentalProperties turbulen
eProperties
hemkin polyMesh
ombustionProperties thermophysi
alProperties1http://www.tfd.
halmers.se/~hani/kurser/OS_CFD_2007/AndreasLundstrom/rea
tingFoam.pdfhttp://www.tfd.
halmers.se/~hani/kurser/OS_CFD_2008/PerCarlsson/PC_Tutorial_dieselFoam_peered_NL_HN.pdf 9



thermophysi
alProperties �leIn the 
onstant/thermophysi
alProperties �le we 
hange the path of the 
hemi
al�les:/* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * */thermoType hMixtureThermo<rea
tingMixture>;CHEMKINFile "/
luster/samples/rea
tingFoam/
hemkin/
hem.inp";CHEMKINThermoFile "/
luster/samples/rea
tingFoam/
hemkin/therm.dat";be
omes:/* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * */thermoType hMixtureThermo<rea
tingMixture>;CHEMKINFile "
hemkin/
hem.inp";CHEMKINThermoFile "
hemkin/therm.dat";

hemistryProperties �leThe settings for the 
hemistryProperties �le are as follows:// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //
hemistry on;turbulentRea
tion off;Cmix Cmix [ 0 0 0 0 0 0 0 ℄ 1.0 ;//
hemistrySolver ODE;//
hemistrySolver EulerImpli
it;
hemistrySolver sequential;initialChemi
alTimeStep 1.0e-8; 10



The entry 
hemistry should be swit
hed on in order to solve for the 
hemistry equa-tions as well. The entry turbulentRea
tion de�nes if a model for the e�e
t of the smallestturbulent s
ales on the �ame should be adopted. The model available is the partiallystirred rea
tion developed at Chalmers University. and Cmix is the 
onstant to 
omputethe mixing time in su
h a model:
τmix = Cmix

√

µeff

ρǫ
(5)Three di�erent solvers (ODE, EulerImpli
it, sequential) are available for the 
hemisrty
omputations.Subgrid turbulen
e modelWhen performing Large Eddy Simulation, a model for the subgrid s
ales needs to beadopted. The model is set in a LESProperties �le. We 
an take it from a LES tutorial,for example 
oodles:
p $WM_PROJECT_DIR/tutorials/
oodles/pitzDaily/
onstant/LESProperties 
onstant/The turbulen
e model is 
hosen under the entry LESmodel. In OpenFOAM severalmodels are available for aniso
hori
 turbulen
e:Entry ModelSmagorinsky SmagorinskyoneEqEddy k-equation eddy-vis
ositydynOneEqEddy Dynami
 k-equation eddy-vis
ositylowReOneEqEddy Low-Re k-equation eddy-vis
osityDeardor�Di�Stress Deardor� di�erential stressSpalartAllmaras Spalart-Allmaras 1-eqn mixing-lengthand we 
hoose the Smagorinsky subgrid model:// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //LESModel Smagorinsky;printCoeffs off;delta 
ubeRootVol;3.3 The system folderIn the folder In the system/
ontrolDi
t �le we 
hange the name of the appli
ation torea
tingLESFoam and use the following settings:11



// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //appli
ation rea
tingFoamLES;startFrom latestTime;startTime 0;stopAt endTime;endTime 1;deltaT 1e-04;writeControl adjustableRunTime;writeInterval 1.0e-3;purgeWrite 0;writeFormat binary;writePre
ision 6;writeCompression un
ompressed;timeFormat general;timePre
ision 6;adjustTimeStep yes;maxCo 0.1;runTimeModifiable yes;// *************************************************************************3.4 The 0/ dire
tory and boundary 
onditionsWe remove the latest dire
tory, and in the 0/ dire
tory we 
reate a �le for the turbulentvis
osity muSgs whi
h is needed by the Smagorinsky model. The right dimensions shouldbe assigned to the turbulent vis
osity: 12



rm -r 0.055/
p 0/k 0/muSgs// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //dimensions [ 1 -1 -1 0 0 0 0 ℄;internalField uniform 0.0;boundaryField{ inlet{ type fixedValue;value uniform 0.0;}lowerInlet{ type fixedValue;value uniform 0.0;}outlet{ type zeroGradient;}upperWall{ type zeroGradient;}Make sure that blo
kMesh has been run and then run rea
tingFoamLESrea
tingFoamLES > log &
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4 Use another Rea
tion Me
hanismOne might want to simulate di�erent fuels or use a more detailed me
hanism. In the tut-Files dire
tory for example the Westbrook and Dryer two-steps me
hanism for methaneis available:
p $FOAM_USER_APPBIN/rea
tingFoamLES/tutFiles/WD2steps.inp 
onstant/
hemkin/ELEMENTSC H O NENDSPECIECH4 O2 CO H2O CO2 N2ENDREACTIONSCH4 + 1.5O2 => CO + 2H2O 2.80E+09 0.0 48400.FORD /CH4 -0.3/FORD /O2 1.3/CO2 => CO + 0.5O2 5.00E+08 0.0 40000.FORD /CO2 1.0 /CO + H2O + 0.5O2 => CO2 + H2O 3.98E+14 0.0 40000.FORD /CO 1.0 /FORD /H2O 0.5 /FORD /O2 0.25/ENDOne 
an see that in this me
hanism 
arbon monoxide (CO) is �rst formed as intermediatespe
ies and then 
arbon dioxide. Therefore in the 0/ dire
tory we should 
hange thefuel from heptane (C7H16) to methane(CH4) and additionally 
reate �les for 
arbonmonoxide, 
arbon dioxide and water (optionally sin
e any other spe
ies is treated by theYdefault �le).
p 0/C7H16 0/CH4A

ordingly the 
onstant/thermophysi
alProperties �le should be updated:/* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * */thermoType hMixtureThermo<rea
tingMixture>;//CHEMKINFile "
hemkin/
hem.inp";CHEMKINFile "
hemkin/WD2steps.inp";CHEMKINThermoFile "
hemkin/therm.dat";inertSpe
ie N2; 14



It is now possible to run with the new me
hanism.rm 0.*/rea
tingFoamLES > log2 &
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