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Abstract

A high-order scheme for direct numerical simulations obtuent combustion is
discussed. Its implementation in the massively parallél@rblicly available Bx-
ciL Copk is validated with the focus on hydrogen combustion. Ignitielay times
(OD) and laminar flame velocities (1D) are calculated andman@d with results
from the commercially available Chemkin code. The schemerigied to be fifth
order in space. Upon doubling the resolution, a 32-foldeaee in the accuracy
of the flame front is demonstrated. Finally, also turbulemd apherical flame
front velocities are calculated and the implementationhef mon-reflecting so-
called Navier-Stokes Characteristic Boundary Conditenalidated in all three
directions.
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1. Introduction

Modeling of turbulence is one of the largest research aredsniflow me-
chanics. Turbulent combustion inherits all the propertieaon-reacting turbu-
lent flow. The most important addition is linked to the highignlinear reaction
processes, and models for this are called combustion mod&® additional
challenges in turbulent combustion are the very sharp a@samgdensity and dif-
ferential difusion of mass and heat.

For combustion processes it is crucial to be able to simulaemixing of
the combustible species correctly. Traditionally this hasn done by means of
mixing models in Reynolds Averaged Navier Stokes (RANSesdaly combining,
e.g., thek-e turbulence model and the eddy dissipation concept (or ED@ihg”
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model [23, 20] 22], or in Large Eddy Simulation (LES) /[27] wée sub-grid
model is used both for the turbulence and for the scalar miximere are however
major and still unresolved problems related to modellingvb&t happens on the
very smallest scales with these methods.

Several RANS codes with detailed chemistry are commeycadilable [6,
12], and there are a huge number of these codes found as se-lcodes at dif-
ferent academic institutions and in many industrial deparits around the world.
There are also freely available open-source RANS codesdeiifiled chemistry
[1S]. The reason for the popularity of RANS is its low demamdcomputational
resources. Because of this RANS has, for decades, been steusen type of
code for industrial purposes.

Nevertheless, also LES has increased in popularity duhadast years, and
this has led, for example, to the inclusion of a LES moduleli].] Most LES
codes for combustion today are, however, in-house codesy diterent aca-
demic institutions.

The most accurate way of simulating turbulent combustioto iase Direct
Numerical Simulation (DNS) [27] instead of RANS or LES. In BNne resolves
the full range of time and length scales of both the turbudesned the chemistry
(using accurate high-order numerical methods for comjuutal eficiency). The
problem with DNS is however that it is very resource demaggdiooth on CPU-
hours and memory.

In this paper we present the implementation of a detailedngdtey module
in a finite-diference code [1] for compressible hydrodynamic flows. Theecod
advances the equations in non-conservative form. The dexjreonservation of
mass, momentum and energy can then be used to assess tteepatuhe solu-
tion. The code uses six-order centered finit@edences. For turbulence calcula-
tion we normally use the RK3-2N scheme 0f|[32] for the timeatbement [5].
This scheme is of Runge-Kutta type, third order, and it usgg two chunks of
memory for each dependent variable. For hydrodynamic tatloas, the lengths
of the time step is calculated based on a number of constraavblving maxi-
mum values of velocity, viscosity, and other quantities loe tight-hand sides of
the evolution equations. In some cases we use instead afiéghRunge-Kutta-
Fehlberg scheme with an automatic adaptive time step, ciuigjghe aforemen-
tioned hydrodynamic constraints. However, in many casefowed it advanta-
geous to use a fixed time step whose length is estimated basstlcer trial runs
with an automatically calculated time step.

On a typical processor, the cache memory between the CPLhariRAM is
not big enough to hold full three-dimensional data arrayiser&fore, the RiciL
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Copk has been designed to evaluate first all the terms on themigynd-sides of the
evolution equations along a one-dimensional subset (pdvefore going to the

next pencil. This implies that all derived quantities existy along pencils. Only
in exceptional cases do we allocate full three-dimensiamalys to keep derived
guantities in memory. However, most of the time, multiplegtions including

the calculation of derivatives is performed without usintermediate storage.

As far as we are aware, no open source high-order DNS codedettiled
chemistry is currently available. The amount of man-hoorsimhplementing a
fully parallelized DNS code with detailed chemistry is emous. It is therefore
now timely to make such a code available in the public domathta encourage
further development by a wider range of scientists. Here @gzbe the imple-
mentation of such a scheme in thevBlL Copbg, which is currently maintained un-
der the Google Code subversion repositargp: //pencil-code.googlecode. com/.
The code is highly modular and comes with a large selectigrhg§ics modules.
It is portable to all commonly used architectures using Wmiinux operating
systems. The code is well documented and independent ahektéraries and
any third party licenses. All parts of the code, including turrent chemistry im-
plementation, is therefore explicitly open source codepdrticular, there are no
pre-compiled binary files. Consequently there are no lieemsquired for running
any part of the code. It is therefore straightforward to dimad the full source
code from the original subversion repository on googleecdche Message Pass-
ing Interface libraries are needed when running on multgtecessors, but all
parts of the code can also run on a single processor witheaethbraries. The
integrity of the code is monitored through the automaticcexien of a selection
of test cases on various platforms affelient sites. The detailed history of the
code with about 14,000 revisions is accessible.

It should be emphasized that the use of high-order disetatiz is critical for
optimizing the accuracy at a given resolution. Doubling tégolution of a 3D
explicit code require 16 times more CPU time, but this insesathe accuracy by
a factor of 32. In fact, switching to a derivative module watkenth order scheme
is straightforward and not significantly more expensive.

2. The equations

In this section we present the governing equations togetitbrthe required
constituent relations such as the equation of state andkgsipns for viscosity,
diffusivity and conductivity.
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2.1. Governing equations
The continuity equation is solved in the form

Dinp
Dt

V.U, (1)

where Dt = d/dt + U - V is the advective derivative, is the density, antll is
the velocity. The momentum equation is written in the form

DU 1
=S (-Vp+Fg+ 1, @
P

wherep is pressuref is a volume force (e.g. gravity or a random forcing func-
tion),

Fis=V- (ZPVS) (3)
is the viscous force, whe®; = 1(9U;/dx; +U;/d%) — £6;;V - U is the trace-less
rate of strain tensor. The equation for the mass fractiorsol species is

DYk
P bt

whereY is the mass fraction) is the dtfusive flux, w is the reaction rate and
subscripk refers to species numbkr Finally, the energy equation is
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whereT is the temperatureg, is the heat capacity at constant press& e the
universal gas constartt,is the enthalpym is the molar mass, anglis the heat
flux. The reason for solving for the temperature directlgiéad of, e.g., the total
energy, is to avoid having to find the temperature from thel Erntergy afterwards.
In this work we use the ideal gas equation state given by

_ pRT
==

(6)

In the following we discuss the detailed expressions focassty, reaction rate,
species dfusion, thermal conduction, enthalpy and heat capacity.



2.2. Viscosity
The viscosity is the viscosity of the mixture given by [30]

Ns

Z A @)

k=1

where Ng is the number of speciesy is the single component viscosityf, =
Yim/my is the mole fraction of specids and
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The single component viscosity is given as [8]
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whereoy is the Lennard-Jones collision diametey,is the Boltzmann constant,
andQ{®?" is the collision integral that is given by [25]

0.26;
QY = O+ (10)
k
whereQ®2" is the Lennard-Jones collision integral and
,Lti kBT
P S Ll (11)
260, €

are the reduced dipole moment and temperature, respgctinghe above equa-
tions, g is the Lennard-Jones potential well depth apds the dipole moment.

The values ok, ux andoy must be given as input [24], while the Lennard-
Jones collision integral is represented by

-1

7
Ok = [Za@(mz)‘] , (12)
i=0

where the coiicientsa® are found from TablEl1.
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Table 1. Theg; codficients are used in Eq§.(12) ahd](20) and are taken from ther pa{iL0)].

2.3. Reaction rate
The reaction rate of speci&ss given by

250 Ns o S0 Ns o
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. (13)
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whereN; is the number of chemical reactionsy is the molar mass of species
K, px is the partial pressure of specikesn, = px/m is the molar concentration
of speciex, andpy is the density of specids Furthermorey,  andv), are the
stoichiometric cofficients of speciek of reactions on the reactant and product
side, respectively. The rates of react®are given by the Arrhenius expression

ks = BnTan exp(_ Ean/RT), (14)

whereB, is the pre-exponential factow, is the temperature exponent, aBg,
is the activation energy and they are all empiricalfioents that are given by
the kinetic mechanism. For hydrogen-air combustion, anngi@ of a kinetic
mechanism is found in [17].

2.4. Species gliision

The diffusion flux isJy = pYVik. Following [31], the difusion velocityVy, is
found by solving

Ns

Ns
VX, = kZ; x[;’?kk (Vi = Vp) + (Yo = Xp) V—pp + % kZ; YoYifp - f).  (15)
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where the Soretftect is neglected. The first term on the right hand side cor-
responds to ordinary fiusion, the second term is the so called barftudion,
while the last term is due to unequal body-forces per unitslaasong the species.
Unfortunately the CPU cost of solving EG.{15) numericatiples as\?2 for each
grid point and time-step, and simplifications are thereferiired in order to be
able to run reasonably sized simulations.

In the mixture averaged approximation théasion velocity is expressed as
[16]

Vik=—-——, Oc=VX+ X— Yk)%on, (16)

where the body force term has been neglecizds the ditusion codicient for
speciek

1-Y,
= S n 17)
22k Xi/Dik
andDy; is the binary difusion codicient that is given by [16]
3 ,[2ﬂk§T3/mjk
Dxj , (18)

16 Pﬂa'J?kQEi’l)*
whereoj = (o + 0y)/2 is the reduced collision diameteny is the reduced
molecular mass for thg,(k) species pair
m;my
my = , 19
ik mj +my ( )

QY+ js the collision integral that is given by [10]
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where the coiicientsa” are also found from Tablg 1. The reduced dipole mo-
ment and the reduced temperature are given by

1 ke T
& =Zu? and T = —, 21
jk 2/ij jk €ik ( )
respectively, wherg‘a].f = [ is the nondimensional 2-species dipole moment,
€k = +/€j& is the 2-species Lennard-Jones potential, @ne 14/ \/ekoi’ is the
nondimensional dipole moment.



2.5. Thermal conduction
The heat flux is given by

a= > hdc— VT, (22)
k

whereaA is the thermal conductivity, which is found from the therrnahductivi-
ties of the individual species as

1 1
A== Xty + ——|. 23)
2 ; e Xl Ak

Here, the individual species conductivities are compos$éansitional, rotational
and vibrational contributions and are given by [29]

V)
/lk = Ek(ftranscv,trans + frot.Cv,rot. + fvib.Cv,vib.)- (24)

2.6. Enthalpy and heat capacity

The enthalpy of the ideal gas mixture can be expressed irstefrisobaric
specific heat, and temperature as

T Ns
h =h0+ f CoidT, h= ZYihi, (25)
To i=1

whereh? is the enthalpy of formation of specieat temperaturd.
To calculate the heat capacity we use a Taylor expansion,

R -,
Cp=— > aT ™, (26)
m i=1
whereg; are codicients found inl[15].

3. Scaling in the Pencil Code

3.1. General remarks

For direct numerical simulations (DNS) it is crucial to havgh accuracy.
This is due to the fact that we are interested in resolvingsthallest scales, and



consequently we can not allow for these scales to be lostdogitaccuracy. Fur-
thermore, for many situations it is important to know theiatReynolds number
of the simulation. The Reynolds number is defined as

Re= ¥ 27)
4

whereu and| are characteristic velocity and length scale, respegtiaidy is
the viscosity. High accuracy is obtained by the use of higleopdiscretization. In
the Rinei Cobg, sixth order discretization is normally used [4]. However,the
density a fifth order upwinding scheme us used.

3.2. One-step reaction model, R P.

In order to verify that the code recovers correct scaling,use simplified
chemistry and compare against known results. Followingrdeo al. [9], we
consider a one-step laminar premixed flame model. The irsée reaction can
be presented @R — P, whereR is the reactant an® is a product. Using the
approach of Ferziger and Echekki [11], we neglect viscdtects, and take,

4, C, and thex-component of the velocity to be constant. Then the system of
equations takes the form

Yy Yy 10% -
Yo% T Teae T (28)
aInT aInT pUCHB-1)(To -Tg) 4 07T
§] = — , 29
o ax 2 T txcTae &
where the reaction rate is defined as

] 2 -1 _ _ i

O pUC A BB -1)(A-Yy) if T > TC (30)
0 otherwise

whereg = (T, — To)/(Te — T¢), while To andT,, are the temperature of the un-
burned and burned gas, respectivdly,is the critical temperaturey, is a mass
fraction of the product, Le- 1/(pDC,) is the Lewis numbe is the mass diu-
sion codficient. Taking Le= 1, one obtains the following analytical solution

=~ [ 1-ptexpk/o) if x<0,
T= { 1-ptexp[(1-B)x/6]  otherwise, (31)

whereT = (T - To)/(T« — To) ands = 1/(oUC,) is a characteristic thickness.
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Figure 1: One-step laminar premixed flame modelft panel temperature as a function gfob-
tained numerically (solid curve) and analytically (astks). Right panel error of the calculation

as a function of the mesh spacisigis shown by asterisks, and the expected dependence of error
(proportional tasx®) is indicated by the solid line.

In the left hand plot of Fid.l1 we compare the numerical reswith the ana-
lytical solution forTy = 300 K, T, = 2000 K, T, = 440 K, = 1.09,C, = 10°
erggtK 1t a=10ergcnmtKls!, D=2cn?s?t p=5x10*gcntand
Uy = 100 cms™. It can be seen that there is good agreement between thenumer
ical and analytical results. To show the high-order spattaluracy provided by
the Pencil Code, we obtain the set of solutions for 33, 65, 239, 513 and 1025
grid points, and compare them pairwise ("33” with 65", "6&ith "129” and so
on). In every pair we compare only the points which are called, that is, we do
the comparison for all the grid points of the coarser gridirsgtehalf of the grid
points of the finer grid. The time step is controlled by themlstry and is here
fixed atst = 108 s. The size of the domain is 3 cm. The maximum absolute value
of the diference between the corresponding solutions in commongsitaken
as the error. In the right-hand panel of Fij. 1 the error amatfon oféx is shown
by the symbols. One can see that sixth-order accuracy iseltésee solid line).

3.3. One-dimensional premixed flame with the Li mechanism

In this section we study a one-dimensional problem with iteetachemistry.
We consider hydrogen-air combustion using the Li mecharisih The fresh
hydrogen-air mixture enters the domain under stoichiometnditions ., =

10



1072 T T T 1110 UL A R
/

1074

1075 —

error

1078 —

10710 — / —

0.0001 0.0010 0.0100 0.1000
6% [cm]

Figure 2: Accuracy of calculation as a function®f for the Li mechanism. An error of cal-
culations as a function of the mesh spacthgis shown by asterisks, and the solid line is the
dependence of the error, which is proportionaix.

2.4 %, Yo, = 23 % andYy, = 746 %) at a temperature af, = 298 and a
pressure op = 1 atm. To avoid reflection of acoustic waves at the boundaries
non-reflecting boundary conditions are required. Here thei®-Stokes Charac-
teristic Boundary Conditions (NSCBCQC) [26,/ 18] have beerduse

To check the spatial accuracy in the case of the Li mechanisperform
numerical experiment as described in 3.2 for 65, 128, 253, 1025 and
2049 grid points. The time step is fixedst= 10-1%. The error as a function of
oxis presented in Fidl 2, where one can see that the fifth-opdgias accuracy is
achieved. The reason we get only fifth order, and not sixtemid that we are
using upwinding for the density, which has thigeet of decreasing the order of
the discretization to fifth order![5].

4. Validation of the chemistry implementation in the PencilCode

In this section the chemistry module will be verified quaattitely by compar-
ison with the commercially available simulation toal [7h drder to minimize the
effect of the fluid flow, and to focus as much as possible on the tgthese
tests have been restricted to zero and one dimensionattesis.
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Figure 3: Dependence of the gas temperature on time, conhpuitie the 6-step mechanisndi¢

amond$, the 8-step mechanisnagterisk}, and the Li mechanismr{angleg. The numerical
results are compared with Chemkin for the 6-step mecharttame doted-dashed curydor the

8-step mechanisnubted-dashed curyeand for the Li mechanisns6lid curve.

4.1. Zero-dimensional test: ignition delay

First a zero-dimensional ignition delay test foffdrent chemical mechanisms
is studied and compared with the results obtained with Clirerfdt the same
setup. One assumes hydrogen-air combustion in a closeddemaous reactor at
constant volume, and consider the 6-step and 8-step meachswoif [23] together
with the Li mechanism [17]. The initial values ape= 1 atm for the pressure,
¢ = 1 for the equivalence ratio, and = 1200 K for the temperature. As the
minimum time step varies greatly with the progress of the lmostion process the
time step is here chosen automatically using the adaptivey&iutta-Fehlberg
method. The results are presented in Elg. 3, where one cagosekagreement
with the Chemkin results.

4.2. One-dimensional test: laminar flame speed

Next, we consider a one-dimensional flame front. The coldpted gas en-
ters at one end of the domain at given velocity. Inside thealortihere is a flame
front where the fuel is consumed and the temperature inesetsthe mixture
flame temperature. The mechanism of [17] is used and thevalees of temper-
ature, pressure and mixture compositions are the same eshaekin Secl_313.
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Figure 4: Flame speed velocity as a function of presput@hemkin results are shown by asterisks.

The inlet velocity is adjusted such that the flame front bee®stationary inside
the domain. The flame velocity is thus arranged to be equaktintet velocity.

We find that the flame front should be resolved by at least 1@ gpints in
order to ensure a well resolved flame. For a thickness of theeffaont of about
0.01 cm, and a domain @fx = 0.1 cm, the optimal grid size is found to be 150
points. The flame speed as a function of pressure is showrgitdRivhere the
current results are found to compare well with those of Chiemk

5. Three-dimensional flame front simulations

5.1. Plane flame front

In this section we study a 3D representation of the initifiy flame front.
The settings of the problem is similar to that in Secfion #4e2,initially the tem-
perature, density and velocity change in th@irection, and are constant in tiye
andz directions. We use periodic boundary conditions inyrendz directions,
and in thex direction we use inlet and outlet NSCBC boundary conditimmshe
left and right hand sides, respectively, as was done in [IB¢ pressure ip = 1
bar, the initial gas temperatureTs= 750 K, and the inlet velocity is 30 nTs
The unburned gas mixture has an equivalence ratip of0.8. The size of the
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Run Mechanism Number of species Transport[us/N:/Ng]

A Li 13 Mix-aver. 71.3
B Li 13 Oran 51.7
C No 13 Mix-aver. 42.1
D No 13 Oran 24.3
E No 0 Const. 1.2

Table 2: Timingsr in microseconds per timestel;, per grid pointNg.

calculated domain is taken to bes& 0.25x 0.25 cn?, and the grid size is (128
64 x 64).

We study both laminar and turbulent regimes. In the lamiagime we check
that the obtained flame speed is the same as that in the omasional problem.
In the turbulent case we set the turbulent inlet flux as fadlowirst, we consider
an isothermal box with periodic boundary conditions. Hhili the density and
velocity fields in the box are taken to be constant. We use anfgifunction in
Eq. (2) similar to that used in Brandenburg [3],

f(x.1) = RelN figy explik(t) - x] + ig()), (32)

wherek(t) is a time-dependent wavevector wikh= (|k|) being its average value
that is the chosen to be 1.5 times the minimal wavenumbeffiteahto the do-
main, andp(t) is a random phase. The prefachbre focs(kiCso/0t)2 is chosen on
dimensional groundsy is a reference sound speed, agds a nondimensional
factor that it chosen to regulate the strength of the turimde

The simulation is run until the turbulence is statisticatgtionary. This box
of statistically stationary isotropic turbulence is thesed as the inlet condition for
the simulation of the turbulent flame front. The values of a-timensional slice
from the box (perpendicular to the main stream) are useceaastantaneous inlet
velocity, and the slice is changed as a function of time toasgnt a real inlet.

For the test case shown here the turbulent intensity is 7stiarger than the
laminar flame velocitys, = 10.2 m s. We find that for the mean inlet velocity
3S, the flame is nearly stationary inside the domain. This ind#hat the turbu-
lent flame velocity in this case is aroun8,3 However, it is hard to determine the
turbulent flame speed precisely, because itfsatilt to make the flame perfectly
stationary inside the domain. This is partly because ofdlcethat between inlet
and outlet the turbulence is decaying. Far from the inletdinieulence is weaker

14



Figure 5: From left to right instantaneous mass fractionsigfand OH are shown. Unburnt
turbulent gas in injected on the left.

»

than close to the inlet, whereas the turbulent flame speeddses with the tur-
bulent intensity. As a result, the flame which is already fant the inlet tends to
move even further downstream and the flame brush becomeddrroa

In Fig.[3 one can see that the Hiel (on the left hand side of the domain) is all
consumed over the flame brush. The thickness of the flame wdtihe order
of half the box length (5 mm) and is slightly smaller than the integral scale of
the turbulence. The mass fraction of OH is shown in the rigimtchfigure. It is
clearly seen that OH does not burn out after the flame, but altieet very high
temperatures downstream of the flame front the mass fraofi@H stays rather
constant. For H@the situation is however ratherftérent and it exists only in the
neighborhood of the reaction zone of the flame (see the lefi igure of FigL6).
This indicates that HOmight be used as an indicator of the reaction zone. In the
right-hand figure the temperature is shown to increase frotnk7to 1984 K, but
the maximum value will increase even more downstream of tixedine to radical
reconnection.

In addition, we find that the turbulence is damped behind taendl front,
and the burnt gas stream looks much more laminar there (owtrshere). This
happens because the values of temperature and hence agsityi®f the burnt
gas are much larger than those of the unburned mixture.
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Figure 6: As Figlh, but for the instantaneous mass fractfdi#@, on the left and temperature on
the right.

5.1.1. Timings
As DNS is very CPU intensive, it is crucial that the timinge as good as
possible. The current setup has been tested on a singlespoyogith diferent
chemistry and transport data, and the results are presentatllel2. Run A, with
the full Li mechanism and mixture averaged transportiicients, use the most
resources, as expected. By simplifying the transport @&ith(Run C) Eq.[(1]7) is
substituted by
Tn
Dk = Do— (33)
P
and Eq.[(2B) is substituted by
A = pCpkoT" (34)

wheren = 0.7 andDg = ko = 2.9x 107° g/(s cm K") leading to a 28% reduction in
CPU consumption. Lets now turritaeactions, but still keeping all the 13 species
(Run D), and an additional 53% reduction is achieved.

For comparison, Run E is shown in order to see how much is géineolving
only the Navier-Stokes equation together with the continegquation, assuming
an isothermal medium with transport ¢heients and thermodynamics such that
all species can be neglected. It is seen that this is 20 tiastsrfthan Run D. This
large ditference is due to the fact that for Run E only 4 equations aredplin
contrast to the 18 equations for run D. Furthermore, and ewam importantly,
the time consuming process of determining the thermodyecsrauch as enthalpy
and heat capacity, together with the calculation of theosgyg, is omitted.
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Figure 7: 3D images of the hot spot at moment 0 s (eft pane) andt = 1.2 x 10 s (right
pane).

5.2. Spherical flame front

A study of the spherical and cylindrical flames is importaatduse these
cases are useful for determining important parametersemied combustion
such as burning velocity, flame stretch rate, and flame aumeaf here is a lot of
numerical and experimental research in this area [13]. Tost important dii-
culty in the numerical approach is the large computatioeahand. The typical
mesh size has to x = 40— 60um [14], i.e. for a cube of 3 chone needs about
500 grid points and ideally 512 processors.

For illustration purposes we consider a smaller cube @) coentered at the
reference point with the hot spherical spot in its centee (Sg.[8). The initial
hydrogen-air mixture wittyy, = 2.4 %, Yo, = 23 % andYy, = 74.6 % is under a
pressure op = 1 bar. We use NSCBC boundary conditions, take a grid size(of (8
x 80 x 80), and 25 processors on the Cray XX#5. The results are presented
in Figs.[T andB. The 3D images of the hot spot at tiiiedént moments (dt= 0
s andt = 1.2 x 10 s) are presented in Figl 7. In Fig. 8 one sees that the gas
is burned in the center and then the flame front is expandingrsstrically in all
three directions.

This problem is also used as a good test for the fully threedsional NSCBC
boundary conditions. We tested the implemented NSCBC hbamyncbondition
both for laminar and turbulent regimes. In the laminar casefind that due to
the full NSCBC boundary conditions [18] the code runs welltoghe moment
when the flame front comes to the domain boundaries. In tielemt regime the
problems appear near the corners and edges of the domainskexfathe eddies
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Figure 8: Temperature as a functiomofoordinate in the mid-plane of the boxtat 0 s (dashed
curve, t = 10 s (dotted-dashed curyandt = 1.9 x 10* s (solid curvg.

at the boundaries. We avoid such a problem by usirtgb(or sponge) zones (for
details see [2]). We add the term to the right-hand side ofrtbmentum equation

DVij Vij - Vref,i .
ﬁ = .- —{(X.), ] = 1., Ni’ (35)
T

where j denotes the meshpoint amdi is total number of grid points in thiedi-
rection, and dots indicate the presence of terms that wHesady specified in
equation[(R)£(x) is equal to zero everywhere except in théfbuzones where
it is equal to unity. The length of the Ber zone is 10 % of the domain, and we
chooser = 56t andV,;j = 0.

6. Conclusions

In this paper we have presented a high-order public domaie ¢or direct
numerical simulation of compressible flows with detailedriical reactions. The
PenciL Cope provides sixth-order spatial accuracy in the simple oeg-staction
case, and fifth order accuracy in the case where upwindirgdgiosity advection is
necessary. For validation purposes we compare our resttshe Chemkin tool
for OD and 1D test problems, and show that they are in gooceaggat. Finally,
we calculate the flame speed in 3D both in laminar and turbeises.
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The code is well suited for considering also more compltagaction schemes
such as methane combustion. Furthermore, it is straighdfial to consider the
interaction with additional chemicals such as nitrogen tnfibllow the produc-
tion of NOx gases. In particular, it is important to considgembustion in the
presence of steam. This is well known to lead to a reductioN©@k gases.
Combustion in the presence of more complicated boundarditons involv-
ing, for example, smaller inlet geometries has also beessidered. Some of
these cases, including those with a turbulent inlet, ardadbla among the many
sample cases that come with the code. For the benefit of thenoaity, it is
advantageous if prospective contributers to the code askobthe code owners
listed onhttp://pencil-code.googlecode.com/| to obtain permission as a
committer.
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