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DEVELOPMENT OF 3-D COMPUTER CODE TO STUDY

AUTOIGNITION IN A TURBULENT MEDIUM

S. Sreedhala*

Abstract

In. this poper, the deveLopntent and volicLation of 3-dinensional computer code to analltTe

autoignition in a non-prentixecl mecliLtm uncler isotropic and honrcgeneous turbulence is

presented. During autoignition the density changes are considerable and hence the constant

clensitlt assunrption cannot be made. To incLude the effects of densi4, fluctuatiorts cctused due

to .spatial inhomogeneities in temperature and species, a pressure based method is deveLoped

herein, which is a spectral impLementation of the sequential steps followed in the predictor-
corrector t)tpe of algorithms. The velocity and pressure field are solved in spectraL space whiLe

the scaLars are solved in plTtsical space. The combustion is assunrcd to take pLace through ct

sin.gLe-step irreversible reaction. SinuLlations cu'e first validated for nonreactittg tLtrbLtlen.ce

vrt ithor,Lt an), scalcn's. Next, the deca1, of scaLar variance luts been stuclied wlilch s hrtwe d a powe r
ItLw cleccrl' as observed b), the earLier researchers. Then. the progranx is exten.decl to una\'ze
the reactingflow problents. The code has been paralleLized using MPI cctlLs tu run it effici.entb'

on. IBM-SP nmchines. The detcLils of the governing equatiotts, solutiott nrcthocLoLog)t cLncl

contpcu'ison. oJ present results with previous data are presentecl.

Nomenclature

A = Pre-exponential factor'

co = Speciflc heat capaclty

D = Fickian difl'usion coefficient
Da = Danikoler number

E = Turbulent kinetic energy per unit tnass

Ea = Activation energy

E(k,O = Turbulent kinetic energy spectrum

F - Fout'ier tt'ansfortn

i - Unit vectol'in plrYsical sPace

k - Turbulent kinetic energy pet' unit mass

k - Coorclinate vector of wavenumbet' space

kn, = Wavenulnber at which initiaf velocity

spec|.Iuln peaks

L = Computational ciomain size

Le = Lewis nutnber

P = Plessure

Re = Reynolds nutnber based on Taylol scale

r'rt = Stoichiometric ratio of fuel to oxygen

T = Tetttperature

Ta = Acl.ivation l-emperatule of a reaction

ur,,r, = Root Inean squale value of velocity-fluctuations

W = Molecular weight

= Chernical source telrn o1'fuel

= Species mass fraction

= Mixture tiaction
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Greek Letters

p
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= Scalar dissipation late

= Viscous heat generation rate

= Complex Fourier tlanstbrm of Q

= Sample space of mixtule fraction

= Kolmogorov lengthscale

= Imaginary unity, rf-t
= Thermal conductivity

= Taylol microscale

= Integral Iengthscale ol' velocity-field

= Integral lengthscale o1 scalar'-field

= Dynamic viscosity

= Kinematic viscosity

= Mass density

= Viscous stress tensor

= Characteristic eddy-turnover tirnescale
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The most successful DNS have been per-fbr-med with
pseudospectral methods [8] because of the higher- accu-
racy offered by the latter in compalison to the finite
difference methods. However, speotral methods are more
difficult to use for complex geometries and for- program-
ming. In this paper a numerical method is developed, in
which the velocity and plessure are solved in spectr-al
space while density and scalars are solved in physical
space. The solutions are time-marched using a variant oi
the predictor-corrector scheme [9] which has been quire
successful for modeling low Mach number, variable den-
sity combusting flows [ | 0]. A requirernent of the applica-
bility of Foulier spectral method is rhat periodic boundar-y
conditions (PBC's) must be enforced on all the flow
variables. Such an idealized flow with homogeneous, iso-
tropic turbulence serves as a suitable test-case to gather
fundamental knowledge on the details of the process.

With the development of direct nurner-ical sintulation
(DNS) technique as a lesearch tool ll ll, many aspecrs ol
autoignition are beginning to be understood. Two-dimen-
sional DNS studies pioneeled by Mastor-akos et.al [12]
focused several intelesting details of autoignition. Re-
cently, this has been verified with respect to autoignition
of an initially randomly segregated lezictant field subjected
[o a homogeneous and isotropic turbulence [6]. An inter--
esting lesult of the latter study was that the autoignition
delay-time increased with increase in the turbulence lnten-
sity. A similar result was obtained previously fl.orn DNS
of autoignition in a2-D mixing layer [13]. Both Sreedhara
et.al [6] and Im et.al. fl31 attributed this variarion ro the
increased strain lates and scalal dissipation r-ates caused
by turbulence. On the other hand, exper-imental evidence
[4,14,15] indicates that tl're delay-time decrezrses with an
increase in turbulence intensity. This intriguing discr-ep-
ancy needs to be resolved. In this paper', the 3-Dimensional
code developed to study autoignition in a 3-D turbulenI
rnedium and its validation against previous results are
discussed.

Description of the Problem and Governing Equations

A homogeneous, isotropic turbulence is the simplest
turbulent flow configuration that could be sirnulated nu-
merically. This standard ploblem has been examined by
Inany l'eseal'chers for turbulence modeling as well as fbr.
DNS. Such a flow exists in the downstream of a grid-gen-
erated turbulent flow. The computational dornain consid-
ered here is a Fourier cube ol'length L into and out of which
lluid flows. The flow inside the box is one of homogene-
ous, isotropic and decaying turbulence. The box initially

Introduction

Autoignition is nothin-9 but the initiation of combus-
tion in a leactive substance, without the aid ofany external

source. An undelstanding of this is relevant from the

perspective of practical equiprnent such as internal com-
bustion engines (see, for example, Ref.[1]). Ih comples-
sion-ignition engines, autoignition takes place in an

initially nonpremixed rnedium of fuel and air, while in
spark-ignition engines, the undesirable knock is attributed
to the autoignition of a plemixed charge in the end-gas

region. The present code is developed to addless the

etl'ects of a 3-dimensional turbulence on the chalac-
teristics of autoignition in an initially nonpremixed, gase-

ous rnixture of n-heptane and air.

Previous Fourier spectral simulations of turbulent
cornbustion at low Mach nunrbels ale limited to constant
density flows with small heat release rates [2-31. Autoig-
nition is chalactelized by a sholt peliod of intense cherni-
cal activity accornpanied by a large heat release rate.

During this, it is expected that considerable spatial
inhonrogeneities in density will be created due to tempera-
ture and species fluctuations; in turn, this will cause

changes in the velocity field; therefbr-e the turbulence
chalactelistics such as the energy spectrum will be quite
diffelent if the density is allowed to fluctuate. This aspect

o1'combustion generated turbulence and its effect on the

ignition characteristics have not been investigated pre-

viously. Frorn expeliments [4] and computations [5], it has

been fbund that the ignition delay is quite dependent on

tlre turbulence intensity in the mediurn, and thelefore the

efl'ect o1'this additional turbulence on autoisnition needs

to be studied in detail.

ln the earlier work [6], a pseudo-spectral code was

developed which can handle variable density processes in

turbulent rnedium. The progranr was lirnited to 2-dimen-
sional flow only. However the real world the turbulence
is 3-dirrensional in nature. Due l"o the presence of vortex-
sr retc hing phenornenon in 3-dirnensional turbulence, mix-
ing process becornes different. Examples may be found in
litelature [7] where pledictions including a 3-D flowfield
seems to improve compalison with experimental data over
that of the 2-D simulations. Thus the 3-D programs will
enable DNS t"o sinrulate tulbulence in a mole realistic way,

Furthelrnore, 3-D sirnulations plovide rnore samples of
the flame fiont fbl the statistical post processing and will
therefbre implove the quality o1'results, which led to the

develooment of the code
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(1000 K) Fuel (s00 K)
Fig. I A schenntic of the contpL,rtational regiort consideretl.

The initial corulitions on. ut arbitraryt secliort

nornnl kt the z-aris is sfu.twrt

consists o1'high pressul'e (4 Mpa), warm air, into which

packets of gnseous fuel at lowet temperature are randorrly
distr:ibuted. The fuel packets are all initially spherical but

of diff'elent size, such tl.rat tl.re ovet'all air-fuel latio is
stoichiornellic. As time advances, the air-fuel inLerface is

clistorted due to turbulence. Furthet, tnacroscopic packets

of fluid with difl'erent scalai values are shifted to othet

regions, thus settilg up new interfaces. Along the air-fuel
inter'1ace, l-he gases becorre locally plemixed due to rno-

leculal trensp()ft ol'heat and Innss. Then exotlrcrrnic

chenriczrl leacl-ions begin depending upon the values of the

local scalars. The initial size (hence the number') of fuel

packei.s, and the initial tur-bulencc intensity ale var:icd in

dil rent'simulatiohs. The objective is to exatnine the time

evolution o1'the l'low valiables such as the velocity and

scalal fields.

The Fluid Dvnaurics Model

The instantancous velocity components avefaged oveiL'

all points within the box are always zero. The fluid density

and pressure al'e considet'ed to be variable, but the thermo-
physical properties,narnely, conduotivity, specific.heat,

ditlusivity and viscosity ale considered to be constants.

The molecular tfansport of motnentum, heat and mass

lbllow Newton's,,Foulier''s and Fick's laws lespectively.

Radiation heat tl'ansf'er is not consideled. The fluid is
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assumed [o be a pelfect gas. Body, lbrces are neglected.

The value of Lewis number is tentatively taken as unity
fbr the simulations reported herein although the folmula-
tion is valid for arbitrary, constant values. However', dil'-

ferential diffusional effects (Le I I ) could be intpor-tant

when rapidly diffusing radical species e g., moneron'ric

hydrogen (H) are present.

The results i^epolted in the foregoing lefer to the non-
reacting, passive scalar mixing ploblern, and hence any
combustion'model is not yet used. In the scalal rtrixinq
problern, initially the box consists of a specics A (say air')

at Some temperature T4 and another spbcies B aL sonre

other [en)pcrature Ts is disper sed lendotnly in it. As rirnc
advances, the two species mix due to Lulbulence ancl'

molecular tfansport. Here, the goal is to compute t-he

tempolal evolution of the distribution of concentlztlions
and temperature field within the box.

Tl're next step will be to intr-oduce chernical L'eaction

souroe [erms into the species ancl energy equations, and

hence a combustion model will be required Hetein, t-he

comtJustion model used is samc as that used in earlier' 2-D
simulations [6].

The Conrbustion Model

The fuel is taken as h-heptane at 500 K, while the

oxidizer- as air at 1000 K, thc ovelall rlixture being
stoichiometric. In reality. autoignition chelristry ls conr-
plex and plevailed by sevelal elementary chain-branchin-e
steps which are crucial to a proper rnocleling of the thet'-

rnochernical dynarnics. As the objective ol'this work is to
study the t'luid dynarnical eff'ects, her'ein the chemical
kinetics is modeled usin_e a relatively sirnple, single-slep,
irlevelsible reaction

n-CrH,u + l1 x (O" + 3.162 Nr) -+ 8 HrO + 7 CO, +

11 x 3.162 N, + Heat

The'rate of fuel cOnsumption is assutr.red to fbllow a

global law given by

Suffixes f and rix stands for' l'uel ancl oxidizer'. fhe
initial mean pressure of the mixtule is takcn as 4 Mpa.
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DEVELOPMENT OF 3-D COMPUTER CODE l6t

For zr -qaseous mixture undergoing .a single-step
chemical reaction at a finite rate, instantaneous and local
rriass fi'actions of all the species (with equal diffusivities)
rnay be described in terms of lineal relations between two
scalals, e.g. a rnixture fiaction Z and the ternpetature 7
[s]

The Governing Equations

Herein, the governing equations are solved using a

pseudospcctral method. rnd ltence the corresponding con-

tinuity and rnomenturn equations are written in the Fourier
spectral space. In this, the independent variables are the

wavenurnber vector'(k = kt, kz, k3) and time (r). However,

the balance equations for enthalpy and species are written
in the physical space (x = x1, x2, \; l) as these contain
nonlinear source terms which are dillicult to handle with
the spectla-l,method. Then the conservation equations for

;:]J 

t,"O'" dens i ty, chem ical I y rcactin g, Navier-Stokes llow

Contin ui ty (spectral):
rl n n
;ptk, t)+ik P rr.(k,r)=Q (2)
dt' I' I

Momenturn (spcctral ):

t ^ laorrrl [ao. I

!1o",, rk. n.l+ F)'' ' "i"' jl 
=- i k.h k,,t+ r]" 'ilfdtl' t I I dx I '' lDx,lt ./ Jk ,,r.,j

0 (x, r) - 0,
Z(x, t') =

P: - Pr

whele B = Ve- rr,Yu2) is a conservecl

,:.i The,mixture fi'action Z is evaluated with the standald
definition,

(1)

scalar fbr the

single-step mechanism, and r,r= (1 /3.52 ) f'ol n-heptane-

air system. ThenZ= 0 for pure ail and Z= | lor pure fuel
lespectively. The scalal dissipation late is defined aS

^ -_ azaz
X (x. r) = 2U;--;-. ox.ox.

Boundary Conditions

For the problerr just described, peliodic boundary
conditions fni'sl u..."11d, That is, Q @)= (x+iL).

where Q={p,p u1,p,T,Zl'.lt is generally commentecl

that PBC's are not rl pfoper choice tbl reacting rurbulenr
flows. This is due ro tlre lelson that with PBC's. it is nor
possible to maintain a thermochemically steady state in
Lhe presence of heat lelease. Howevei, in the preser.it work,
the'<ibjective is to compute the tcmporal evolution of tlre
flow, and not the steady state. And when the steady state
is eventually attained. the heat release would have been
cornplete. Thelelbre. the PBC's alc irnposed. which rrr.c

the natural ones tbr the Foulicr spectral space. PBC's for
the mass flux vector par. imply that the total mass within
the: contlol volume rernains constant. Fol a constant-vol-
ume box, this in turn implies that the mean density < p >
(or. its zeroth wavenurnbel contponent, pg ) r'emarns con-

stant rn tlme.

Initial Conditions

The initial fields fbl velocity and sczrlals including
density variations is gener:ated by a procedqre due to
Erlebacher, et.al [6] and could.be surnmarized as follows:

l. Fitst, the density is kept constant and uniform, and a

landom velocity tield is gener.ated using a standard
method such that the mass continuity is satisfied (see

for e.g.., p. I l5 of Ref.[7]). These random velocities
are scaled to satisfy a realistic turbulence kinetic
energy spectrum. The spectlum previously used for
autoignition [1 8] having the fbnn

E(L,0)=u?,,,(L/4,) 
"*p(-L/b,) with irs maxi-

(8)

Entlralpy (physical):
dlpc,,T) 0(ptt.c,,T) a2f _ Dn

T-= N-Tvr-

dr Dx 0x DI

Mixt-ule li'action (physical):

c)toA dlpua ^ a2Z

)r dx Dr.J.ittJ

whele usunl notation is tbllowed to indicate x,, x, and

rr--dilectional values. The heat of cornbustion of the fuel
is denoted by Qr. Equations (2-5) must'be supplemenied
by (i) an equation of state :

v-

(ii) expressions fbr viscous stress tensor o, and vrscous

heal" generation rate O (for which relations for a Newto-
nian fluid are assumed), and (iii) an expression for the

species chernical soutce letnt turl" .

(6)
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mum at km is chosen with urnrs tepresents the RMS

velocity of turbulent fl uctuations.

2. Next, tlre initial pressure field is computed fi'om the

Poisson equation with a constant density.

3. At this stage, the initial fields for scalars (Z,T) are

generated by the method developed by Eswaran and

Pope [9].

4. Using the local pressure and scalars, the initial den-

sity field is computed frorn Eq.(6).

5. The initial fields generated this way do not yet satisfy

the continuity with variable density, Eq.(z).So, the

entile simulations without chemical reactions al'e

carried out until the continuity is satisfied, typically

in about l0-12 steps.

The Numerical Method for DNS

A computer pfogram has been recently developed to

simuf ate autoignition in a2-D turbulent medium [6]' In
this, the classical pseudospectral approach [8] is taken to

obtain a highly accurate solution. Velocities and pressure

ale solved in spectral space, while density and scalars at'e

solved in physrcal space. The spatial gradients of scalars

are first computed in spectral space and then back trans-

folmed into physical space. The computer package ESSL

is employed to extract the Fourier transforms and their'

inverse ofdependent variables. The standard 2/3tdproce-
dure is adopted for de-aliasing to remove spectral errors.

Eff'ects of periodic boundaly conditions are minimized by

selecting the integral scale smaller than the computational

domain size. The ratio L/lt was about 5 in most of the

present simulations. The numerical resolution is usually

indicated by the value of q k,,.,o^ , which was around 1.6 at

early tirnes during the simulations and further increases

with tirne. A second ordet'Runge-Kutta technique is used
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for time marching aftel confirming that a fourth order'

Runge-Kutta method hardly affect the results. A variant
of the pledictor-corrector procedute due to Issa [9] is

employed to advance the solutions in time. Further details
of the solution procedure may be found in Ref.[61. The
same code has been upgraded fol solution of the 3-dimen-
sional problem. As the lequired computational resources

greatly increase, the code was modifled with MPI calls so

as to run on a parallel plocessin-e colnput-er (IBM-SP
system with sixteen processor). Befbre using this code for
turbulent combustion, it wzrs extensively vzrlidated for'

nonreacting turbulence, first with only velocity field and

then including a passive scalar'. The results are surnrna-

lized in the next section.

Results and Discussion

Selection of Parametersl Numerical Accuracy

Several simulations were carried out using diffelent
sets of parametr-ic values, which ale summarized in Ta-
bles-l and 2. With the available computational resources,

a maximum of 643 glids could be employed for each

simulation. It is to be noted that only representative, and

not r-ealistic values of the thennophysical and chemical
properties of the fluid could be used so that nume.r'ically

accurate results are obtained. The r-esolution of 64' srids

JOURNAL OFAEROSPACE SCIENCES & TECHNOLOGIES

Table-l : Values of the parameters common for all
the present simulations.

All runs emploved a 64-'mesh

Propertv Value

Computational space, L 6.28 mm

Prandtl number, Pr 0.66

Lewis number. Le l0
Nurnerical Mesh width. Ax 0.09813 mm

Numerical timestep. At lms

Table-2 : Values of the various parameters used in typical simulations. Initial lenthscale ratio A/A .- was 0.8,

1.25 and 5 for runs C,D and E respectively. Typical computational time taken with
3-processors on IBM-SP machine is around 40 CPU hours

Run r/:0 (s) Rel. Ao(mm) M@nt) '\0 lnl.m) v (tnnt2/s\

).514 43.0r 1.5 r4 0.418 0.036 0.01189

B 1.01 t32.96 1.033 0.4544 0.045 0.008

C l. l 045 44.12 0.8363 0.667 0.05 r 0.0586

D 0. 1 939 43.90 1.2603 1.000 0.076 0.0586

E 0.1939 43.90 t.2603 L000 0.076 0.0s86
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is comparable to that of contemporary DNS work in

turbulent combustion [21,22].

Compalison with Results from Theory and
Previous DNS

In Fig.2, the time-evolved values of sevelal quantities

computed using present code are compared with that of
Local-Energy-Transfer (LET) theory by McComb and

Shanmugasundaram [20]. For this purpose, a decaying
tulbulence with an initial energy spectrum in the form of

E ( L,0) = rt tz exp (-c3 4o) (.p..ttrm I in Ref.t20l),

was consideled without any scalars. While the evolution
o1' tlre total kinetic energy of turbulence E(t) and the

turbulent Reynolds number Re1(r) compares well, there is

a srnall diff'erence in the evolution of skewness factor S(r)

between theory and the present DNS. However, the pre-

dicted S(r) compares well with the original DNS data of
Orszag and Patterson [21]. Shown in Fig.3 is the evolution
o1'enelgy spectrum at different instants of time. This is
also fbund to compare well the predictions of the LET
theory. The results obtained using new DNS code also

satisfy the self-preselvation condition for the spectrum

which is shown in Fig.4 (sirnilal to Fig.1 | of Ref.[20]).

I

0.8

0.6

0.4

0.2

0
0 0.s I 1.5 2

1a,,'.(0)/A(0)

Fig. 2 Validation of rhe 3-tlintensionaL DNS code for the pas-

sive scalar rnixirtg problem. Contparisotr oJ'predicted fluid
rlyrrantical qucuttities with theoreti.cal. results of McComb antl

Sltutnutgasurttlaram [20] arul DNS clata of Orslag and
Pattersr.trt l2ll. E(t)=total kinetic errcrgy of

turbulence. (Rm A)

0.8

5 l0 ls
ft A(0)

Fig. 3 Resul.ts from the simulatiotts without chemical
reactiorts: the passive scalar ntixilrg problem. Contpanson
of predictecl evoLutiott of energt spectrull with th.eoreticaL

resuLts for code-vaLiclation. (Run A)

g o t/rr.r}.9
v D t/r,r.o l.l*e v tlTr,o 1.4

e
Y

e

aB
V
a
\J

+ t/xro 1.6

"q
E

E

246
k X(t)

Fig. 4 Validation of tlte 3-dimensional DNS cotle for the
passive scalar-ntixirtg problent. Contparisort of predictecl

turbulence kinetic energy spectrlrm at dffirent instants
of tittte. Note that the re.rul.ts exhibit

a self-sinilarirl'. (Rm A).
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d

' Fig. 5 Rbsults fronr tlrc sintuLatibns vvithout clrcnical
reactiotts: the passive scalar ntixittg ltroblent.

Contpariso.qr of predic ted one -dinre ns io rtal tl is s ip,Lt io tt

sp.ectrLutl'tvitlt experhnataL resuLls for cocle-t,alidatiotr.
S),ntbols refer tp diffurent erperinrcntaL data whctse

. references are contpiLerl. bv McComb [20]

respect to the cole/edge of the small-scale voltical struc-
tures. Also, the eff'ect of turbulence intensity on the delay
time is studied by carrying out sirnulations with different
values of the initial eddy-tulnover time. Comparrsons are

made between the results o1 2-D and 3-D simulations for'
identical flow pararneters. All these details are given else-
where [23,241.

' Conclusions

L A 3-Dimensional computel cocle has been developed
to analyze autoignition in a tulbulent mediurr which
accounts fol variable density el cts.

2. Initially the code has been validated without any

scalars which showed a good compalison.

3' The scalar variance (2"2) (t), was founcl to decay
accot'ding to a well-known power law.

4. The progranr has been improved with MPI calls to
run it on IBM-SP oarallel machines.

5. Results of autoignition studies are given elsewhere

123,24).
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Contpctrisott o.f predictetl evolutiort of scalar
variance with tlrc DNS resuLts of MeLL, et. aL. [221

for code-t,alidatiott. (Rtuts C, D attd E)

Next, the mixing of passive scalars was examined by

varyin,g the initial ratio ofinteglal scale ofvelocity to that

of scalats (L/ Lz at t = 0) as a pal'ameter. In each case, the

scalar variance (2"2) (t) was found to decay according to

the power-law, which is evident fi'orn the lines with con-

stant slopes in the loglog plot. It tnay be seen from Fig.5

that ther:e is good agrcelnent between results from the

present DNS code and the DNS data of Mell et.al [22l.Fot
this cornpalison, lhe initial kinetic energy spectrum was

Laken as E ( 4,0) = Ltznn.t ( k/ rt,,) exp ( - k/ b,,).

Comparison with Experirnental Data l

In Fig.6 the one-dimensional dissipation spectrum pre-

dicted from the present DNS code (Run B) is compared

with that fl'orn the dil rent experimental data. In this

result, the value of initial Re1 was around 40 and the initial

spectrurn usecl corresponds to Spectlum 4 of Ref.[20]. It
is evident that the results obtained from the present DNS

code agree well with expelimental lesults.

Results of Autoignition Studies

Further, the 3-D code developed has been used to
investi-sate the efTects of a fully 3-D turbulence on autoig-

nition charactelistics. Topologioal t'eatures of the evolving
autoi-qnition spots are examined by (l) finding the condi-

tions of the rnixture flaction and of scalar dissipation rate

at the ignition sites, and (2) locating these sites with

I
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