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The ad ap ta tion of auto-ig ni tion tab u la tion for ef fec tive use of com plex chem i cal
mech a nisms will be pre sented in this pa per. Tak ing cool flame ig ni tion phe nom e -
non into ac count could im prove nu mer i cal sim u la tions of com bus tion in com pres -
sion ig ni tion en gines. Cur rent ap proaches of suc cess ful sim u la tion of this phe nom -
e non are based on the ex trac tion of ig ni tion de lay times, heat re leases and also
re ac tion rates from tab u lated data de pend ant on four pa ram e ters: tem per a ture,
pres sure, equiv a lence ra tio, and ex haust gas ses mass frac tion.
The meth ods de scribed here were used to cre ate lookup ta bles in clud ing cool flame
us ing a com pre hen sive chem i cal mech a nism with out in clud ing re ac tion rates data
(as used by other au thors). The method proved to be sta ble for cre at ing ta bles and
these re sults will be shown, as well as ini tial im ple men ta tion re sults us ing the ta bles 
in com pu ta tional fluid dy nam ics soft ware.
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In tro duc tion

Re cent rapid ad vances in com puter power lead to in creased use of com pu ta tional tools
in en gine de sign, sig nif i cantly re duc ing the costs of sim u la tions in com par i son to en gine ex per i -
ments. Also, more strin gent pol lut ant emis sions' reg u la tions force com bus tion cham ber de sign -
ers to de velop new ap proaches to sat isfy all the nec es sary re quire ments [1-3]. Thus, there has
been sig nif i cant im prove ment in the phys i cal sub mod els used in en gine sim u la tions, and the en -
hanced ac cu racy as mad the use of com pu ta tional tools ad van ta geous for gen er at ing a better un -
der stand ing of the tran sient phys i cal and chem i cal phe nom ena that oc cur in in ter nal com bus tion
en gines. The goal of this study was to im prove the pre dic tion of die sel fuel autoignition pro -
cesses in the com pu ta tional fluid dinamics (CFD) code called „FIRE” us ing the ex tended co her -
ent flame model with three zone ap proach (ECFM-3Z) [4].

Flame de vel op ment, power out put and emis sions for ma tion are de ter mined by the pro -
cess of autoignition in die sel IC en gines which is de pend ent on chem i cal and phys i cal pro cesses. 
The first kinds of pro cesses are pre-com bus tion re ac tion of the fuel with air and re sid ual gases,
high tem per a ture com bus tion and emis sions for ma tion. The main phys i cal pro cesses in clude at -
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om iza tion of liq uid fuel, evap o ra tion of fuel drop lets, and tur bu lent mix ing of va por with air.
Rather than try ing to simulate the com plex be hav ior of die sel fuel it self the re place ment fuel of
choice is n-heptana due to its cetane num ber of ap prox i mately 56, which is sim i lar to that of or -
di nary die sel fuel.

Cur rent die sel (n-heptane) autoignition model in cluded in CFD code “FIRE” used a
tab u lated data ac quired by run ning 0-D cal cu la tions vary ing fol low ing ini tial pa ram e ters: tem -
per a ture, pres sure, equiv a lence ra tio, and ex haust gas recirculation (EGR) mass frac tion [5].
These val ues were used to sim u late the ex act ig ni tion mo ment us ing a pre cur sor vari able, as ex -
plained in de tail later in the pa per. How ever, ex ist ing data pro vides only the main ig ni tion de -
lays, which is some times not ac cu rate enough with out tak ing cool flame phe nom e non into ac -
count e. g. when run ning sim u la tions in a low tem per a ture re gion.

Dur ing the work de scribed in this pa per, the ox i da tion pro cess of auto-ig ni tion is cal -
cu lated us ing CHEMKIN II code, as sum ing zero di men sion and adi a batic con di tions. Ini tial cal -
cu la tions were per formed us ing three lev els of chem i cal model complexity to se lect an op ti mal
chem i cal mech a nism regarding calculation time and ac cu racy.

Chem is try back ground and nu mer i cal ap proach

When study ing the com plex chem i cal mech a nism, it is pos si ble to get a com pre hen -
sive in sight of the chem i cal ki net ics be hind the phe nom ena of auto ig ni tion. Skel e tal mech a nism 
(that in clude the main spe cies and re ac tions) con sist in gen eral of 20-80 spe cies with less than
250 re ac tions [6, 7]. These can fur ther be sim pli fied to 4-40 steps, but this ap proach (done by
math e mat i cal trans for ma tions) can cause the loss of phys i cal mean ing of the in di vid ual spe cies
[8]. The com plete com plex re ac tion mech a nism for n-heptane ox i da tion in cludes 2450 el e men -
tary re ac tions with 550 chem i cal spe cies. The de tailed n-heptane mech a nism [9] is in tended to
cover the en tire range of con di tions from low-tem per a ture (600-900 K) py rol y sis and ox i da tion
to high-tem per a ture com bus tion. Sev eral meth ods are used to re duce the chem i cal mech a nisms
to the size ap pro pri ate for rea son able com pu ta tion (skel e tal or re duced mod els) based on sen si -
tiv ity anal y sis, and oth ers (the quasi-steady-state as sump tion, the in trin sic low-di men sional
man i fold ap proach, or the com pu ta tional sin gu lar per tur ba tion method) [10, 11]. Also, one
could base the sur vey on whether the mech a nism sim pli fi ca tion method is based on re duc tion of
re ac tions [12] or re duc tion of spe cies [13, 14]. Prin ci pally, one  can state that full, com plex mod -
els are val i dated with ex per i men tal data, while the re duc tion is made against the full mech a nism
cal cu la tion re sults of the in ter est (flame speed, auto-ig ni tion) [15-17].

Re cent stud ies show that, us ing auto-ig ni tion de lay as an op ti mi za tion cri te rion, the
above-men tioned de tailed mech a nism could be re duced to 170-180 spe cies [11], and some show 
im prove ment us ing even more re duced mech a nisms (67 spe cies and 265 re ac tions [18]). More
use ful in for ma tion about this topic could be found in [19-21].

Cool flame phe nom e non is es pe cially im por tant as so ci ated with knock ing and ho mo -
ge neous charge com pres sion ig ni tion com bus tion in in ter nal com bus tion en gines, and re fers to
the low-tem per a ture (500-800 K) chem i cal ac tiv ity par tially ox i diz ing the hy dro car bon fuel
with out burn ing it com pletely (with no for ma tion of soot precursors). Also, a char ac ter is tic neg -
a tive tem per a ture co ef fi cient of re ac tion rate is as so ci ated with this phe nom e non, due to the
com pe ti tion be tween chain-ter mi na tion and chain branch ing re ac tions [22]. Spe cial case is so
called os cil la tory cool flames, which are get ting more at ten tion recently [23]. Since they in clude 
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spe cific in ter ac tion of ther mal and chem i cal feed back they will not be stud ied fur ther in this pa -
per.

N-heptane, which is a staight-chained fuel, is as sumed to lead to alkenyl de com po si -
tion prod ucts with alkyl rad i cal and olefins.

Due to the com pre hen sive mech a nism of n-heptane ox i da tion, n-heptane mol e cules
un dergo H-atom ab strac tion at high and low tem per a tures, lead ing to the for ma tion of struc tur -
ally dis tinct alkyl rad i cals. When alkane fu els have to stay par tially or fully pre mixed in an ox i -
diz ing at mo sphere at el e vated tem per a tures and pres sures, ig ni tion can oc cur in a mul ti stage
mode. The ig ni tion pro cess can fol low com pletely dif fer ent schemes of ox i da tion and is con -
trolled by two dif fer ent chain-branch ing re ac tion mech a nisms: the low-tem per a ture re ac tion
path, where the fuel is ox i dized by O2 in de gen er ated branched chains, and the high-tem per a ture
path, where the fuel is rap idly ox i dized into C2 and C1 hy dro car bons and sub se quently con -
sumed. The low-tem per a ture branch is quite com plex and pro ceeds via dif fer ent sub mech a -
nisms, which are sen si tively con trolled by the tem per a ture [9].

At high tem per a tures, re ac tion prop a gates via rad i cal b-scission, the ini tial step in the
chem is try of ther mal crack ing of hy dro car bons and the for ma tion of free rad i cals. They are
formed upon split ting the car bon-car bon bond. Free rad i cals are ex tremely re ac tive and
short-lived. When a free rad i cal un der goes a b-scission, the free rad i cal breaks two car bons
away from the charged car bon pro duc ing an ole fin and a pri mary free rad i cal, which has two
fewer car bon at oms. At low and in ter me di ate tem per a tures (600-900 K), per ox ide chem is try be -
comes more im por tant. The n-heptyl rad i cal re acts with mo lec u lar ox y gen, R + O2 = RO2, form -
ing a heptylperoxy rad i cal (C7H15OO). Af ter the in ter nal H-ab strac tion, the rad i cal un der goes a
sec ond ad di tion of O2 form ing hydroperoxy-heptylperoxy rad i cals, which are very un sta ble and
de com pose eas ily. Its prod ucts are both chain prop a gat ing and de gen er at ing branch ing agents
[9].

In this study of auto-ig ni tion phe nom e non, a FORTRAN sub rou tine li brary
CHEMKIN II was used, as sum ing zero di men sion and adi a batic changes.  It is gen er ally used to
pre dict the time-de pend ent ki net ics be hav ior of a ho mog e nous gas mix ture in a closed sys tem.
There are many pos si bil i ties for the chem i cal ki net ics prob lems that one may need to solve for
var i ous ap pli ca tions [24, 25]. The prob lems in ter est ing to this study are:
– an adiabatic system with constant pressure, and
– an adiabatic system with constant volume.

The en ergy equa tion for the con stant vol ume case is:
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where the mean spe cific heat of the mix ture is rep re sented by cv. The net chem i cal pro duc tion
rate &w k  of each spe cies re sults from a com pe ti tion be tween all the chem i cal re ac tions in volv ing
that spe cies. Each re ac tion pro ceeds ac cord ing to the law of mass ac tion and the for ward rate co -
ef fi cients are in the mod i fied Arrhenius form [24].
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where the ac ti va tion en ergy E, the tem per a ture ex po nent b, and the pre-ex po nen tial con stant A
rep re sent the pa ram e ters in the model for mu la tion.
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Since mon i tor ing the cool flame phe nom e non was one of the main top ics of this work,
a gen er al ized rou tine to “catch”  both cool flame and main ig ni tion had to be de vel oped.  A use -
ful ba sic def i ni tion of the ig ni tion de lay time was ob tained from [26] which states that it could be 
pre sented as the time at which the tem per a ture the o ret i cally be comes in fi nite (the as ymp tote of
the tem per a ture curve).

Also, some other cri te ria had to be im ple mented in the code to make it pos si ble to get
both the cool flame and main ig ni tion de lay times, as well as to fil ter out the mis lead ing ig ni tion
can di dates at the be gin ning of the cal cu la tion and around 1000 K. First ap proach was to use the
tem per a ture gra di ent which is tested at each time step ac cord ing to eq. (3) and if an in flexion oc -
curred the time is stored into a vec tor vari able:

sign
d

d
sign

d

d d

2

2

2

2

T

t

T

tt t t

æ

è
ç

ö

ø
÷ = -

æ

è
ç

ö

ø
÷

-

(3)

If there is only one re cord in the vec tor vari able at the end of the cal cu la tion, no cool
flame ig ni tion had oc curred. In other case the first re cord is taken to be the cool flame ig ni tion
de lay, and the last one is taken as main ig ni tion de lay. This ap proach pro vides good gen eral and
ro bust way to test the ig ni tion de lay at real time but pro vides a prob lem when im ple ment ing in
ECFM-3Z (dis cussed later).

Sec ond ap proach is also com monly used, and as sumes fixed tem per a ture in crease as
an ig ni tion cri te rion. In this study com bi na tion of both ap proaches is used with first ig ni tion oc -
cur ring when tem per a ture in creases by 10 de grees, af ter which the ig ni tion tracer is re set at the
tem per a ture inflexion point. From this point for ward the sec ond ig ni tion catch ing cri te ria is
wait ing for the  tem per a ture in crease of 30 de grees.

Af ter mod el ing the tab u la tion, the next step was the im ple men ta tion of the tab u lated
data into the CFD solver. Gen er ally speak ing, as far as the com bus tion mod el ing is con cerned,
pre sumed con di tional mo ment (PCM) ap proach, as well as re cently de vel oped dif fu sion-flame
PCM (DF-PCM) pres ents a sim pli fied ver sion of con di tional mo ment clo sure (CMC) ap proach,
where one as sumes con di tional mo ment of a re ac tion prog ress vari able and the re ac tion rates are 
sup plied by a da ta base cre ated for pre mixed and non-pre mixed sta tion ary flamelets [27, 28]. As
a last mod el ing ap proach taken into the con sid er ation here is the (ECFM-3Z) model which as -
sumes two zones of burned-un burned and three zones of mix ing (pure air, pure fuel, and com -
pletely mixed zone), en abling a good qual i ta tively de scrip tion of autoignition, prop a gat ing, and
dif fu sion flame.

In the ECFM-3Z com bus tion model, used in this work, the ig ni tion de lay is com puted
ei ther through a cor re la tion or through an in ter po la tion from tab u lated val ues (the lat ter method
is the one of the in ter est for this work) [29, 32]. An in ter me di ate spe cies in te grates the ad vance
in the auto-ig ni tion pro cess for each time step in each com pu ta tional grid cell (de pend ent on the
cell’s cur rent pres sure, tem per a ture, and mix ture com po si tion). When the de lay time is reached,
the mixed fuel is ox i dized with a chem i cal char ac ter is tic time.

Source term of the in ter me di ate spe cies is as [5, 30, 32]:
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where M de notes the mix ture zone, rep re sents fuel tracer in the mix ture zone, and F is a func tion
of de lay time (tab u lated value) [15][30]:
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where B is a con stant set to 1 s.
The same ap proach is used in mod el ing the cool flame ig ni tion ac cord ing to [30]. In

this case if the in ter me di ate spe cies reach the tab u lated value for cool flame de lay (first com bus -
tion stage oc curs), only a part of fuel should be con sumed. This part is cal cu lated as a ra tio of
two more tab u lated val ues, cool flame and main ig ni tion heat re lease. This ap proach is still an is -
sue open to fur ther dis cus sion, but the re sults with the cur rent setup seem very prom is ing. Orig i -
nal au thors of this cool flame ig ni tion cal cu la tion ap proach ad di tion ally sug gest the tab u la tion
of re ac tion rates for more cor rect cool 
flame rep re sen ta tion [32]. How ever,
the re sults of this pa per show that not
in clud ing the re ac tion rates in the tab -
u la tion and later use of those is not re -
ally needed for pro vid ing tem per a -
ture field of good qual ity.

Rep re sen ta tion of this methodo-
logy is clearly vis i ble in fig. 1 where
one can see the evo lu tion of cool
flame pre cur sor (CF PREC) and main 
ig ni tion pre cur sor (M.IGN. PREC)
against the tem per a ture (TEMP) and
fuel tracer vari able (FU TRACER).

Tab u la tion

The ig ni tion data ta bles should pro vide the fol low ing data: cool flame ig ni tion de lay,
cool flame heat re lease, main ig ni tion de lay, and main heat re lease. Ini tial pa ram e ter ranges
were taken out of ex ist ing ta bles (con sist ing of only main ig ni tion de lay times) and count in to tal 
8640 points which would pres ent a great amount of strain to the avail able com puter power when
us ing a mech a nism of greater de gree of com plex ity. There fore, the right ra tio of nec es sary com -
puter power and mech a nism ac cu racy had to be taken into con sid er ation.

Out of publically avail able n-heptane mech a nisms [6, 9, 17, 18, 33, 34] (com pared in
fig. 2) three dif fer ent chem i cal mech a nisms have been closely com pared on more cal cu la tion
points:
– simple Golovitchev with 59 species and 291 reactions [6] (simple in further text),
– reduced Seiser et al. with 159 species, 770 reactions [33] (LLNL reduced in further text), and
– detailed Curran el al. with 556 species, 2540 reactions [9] (LLNL complex in further text).

Closer com par i son of the mech a nisms show that the LLNL re duced mech a nism
clearly agrees more with the com plex one than the sim ple mech a nism which, in most cases, pro -
vides un der-pre dic tion of the ig ni tion de lays. Since the com plex mech a nism would be to de -
mand ing com pu ta tional time – wise, the re duced mech a nism was cho sen for fi nal ta ble.
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Figure 1. Ignition precursors in the ECFM-3Z model



The ap proach to ini tially
use a sim pler mech a nism for
def i ni tion of pos si ble dis tri -
bu tion ranges fit for coars en -
ing was adopted. The idea
be hind this way of data in -
ves ti ga tion is to find the ar -
eas of lin ear (or near-lin ear)
de pend ence of ig ni tion de -
lays on tem per a ture and
pres sure to re duce the num -
ber of nec es sary cal cu la -
tions. Us ing the LLNL re -
duced mech a nism (agreed on 
the fact that re sults it pro -
vides are close enough to the
LLNL com plex mech a nism
which was set as a ref er ence
one), ac cept able num ber of

data points would be be low 3000. Sim ple mech a nism cal cu la tions were per formed to show de -
pend ence of ig ni tion de lay time on ini tial pres sure and tem per a ture, as well as the in flu ence of
EGR ra tio. For ini tial tem per a tures of over 800 K cool flame ig ni tion was ei ther very hard to de -
tect or so close to the main ig ni tion that there was no need to sep a rate the two. The re sults also
sug gest that there was room for coarser dis tri bu tion of tem per a ture and pres sure, e. g. no need
for any tem per a ture dis tri bu tion points be tween 1100 K and 1500 K, or chang ing the dis tri bu -
tion from 20 K to 40 K in the lower part of the tem per a ture dis tri bu tion. Coarse dis tri bu tion has
also shown the char ac ter is tic wave-like de pend ence in the low tem per a ture area, and has re -
duced the num ber of cal cu la tions to about 2500. This is well in side the needed num ber of cal cu -
la tions but look ing at the cool flame ig ni tion de lays, there was still a de mand to leave the ini tial
tem per a tures with finer dis tri bu tion in the 600-750 K tem per a ture re gion. On the other hand,
when look ing at the pres sure de pend en cies one can eas ily come to con clu sion that there is no
spe cial need for all the pres sure points on the high pres sure side (above 40 bar), thus com pen sat -
ing for finer low tem per a ture dis tri bu tion. The data shown in tab. 1 is the fi nal ta ble done with
sev eral re fine ments (two more points for pres sure and one more point for equiv a lence ra tio were 
added) fi nally low er ing the needed amount of cal cu la tion points to around 1800.

The recirculation ex haust gas is rep re sented as the ide al ized prod ucts of a com plete
com bus tion – it com prises CO2, H2O, O2, and N2.
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Figure 2. Comparison of available n-heptane mechanisms using
CHEMKIN package for a single set of initial conditions

Ta ble 1. Ini tial data for n-heptane tab u la tion us ing LLNL Curran re duced mech a nism

Tem per a ture [K]         600-750 K (20 K step),  790-1110 K (40 K), and 1500 K

Pres sure [bar] 10 20 30 40 50 60 80

Equivalence ra tio [–] 0.3 0.5 0.7 1 1.5 3

EGR [–] 0 0.3 0.6 0.8



The data is stored as ASCII val ues mak ing it very easy to ma nip u late and re fine be fore
im port ing in the CFD code.

Us ing the Golovitchev [6] and LLNL re duced mech a nism [33], the re sult showed im -
prove ment re gard ing higher ig ni tion de lay times  as seen in figs. 3 and 4.

CFD sim u la tion re sults and dis cus sion

Af ter the data had been im ported as a da ta base into FIRE soft ware, and ECFM-3Z ig -
ni tion mod ule mod i fied to use it us ing the soft ware’s user func tion ca pa bil i ties [4, 35], a sim ple
cal cu la tion case has been set up to try and rec re ate the CHEMKIN cal cu la tion re sults us ing
ECFM-3Z com bus tion model.The cal cu la tion do main set up in cluded quasi-2-D, con stant vol -
ume with no heat flux through the walls, and used the ECFM-3Z com bus tion model with mod i -
fied two-stage ig ni tion.

On fig. 5 com par i son re sults for three se lected ini tial data com bi na tions vary ing tem -
per a ture, pres sure, equiv a lence ra tio, and EGR mass frac tion are shown. The data se lected rep -
re sent var i ous cases with smaller and larger de vi a tions in val ues from the ones used to make the
da ta base, to check for any ma jor is sues with in ter po la tion meth od ol ogy. Se lected sets of re sults
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Figure 3. Interpolation table with Golovitchev
mechanism [6]

Figure 4. Interpolation table using reduced
LLNL mechanism [33]



show good agree ment be tween the
CHEMKIN cal cu lated val ues, and the re sults
ob tained us ing FIRE solver with ig ni tion
model de scribed in this pa per (FIRE
TWO-STAGE). Also, re sults ob tained us ing
ECFM-3Z model with pre vi ously im ple -
mented one-stage ig ni tion are in cluded (FIRE
ONE-STAGE), clearly show ing the im prove -
ment us ing the new ig ni tion model.

Last part of the fig ure also shows the im -
por tance of the sec ond ig ni tion cri te rion (fixed 
tem per a ture in crease), be cause if inflexion cri -
te ria is used one gets later ig ni tion times since
it oc curs at around 50% of the fi nal tem per a -
ture. Since the ig ni tion de lay time is used in
ECFM-3Z model as an ig ni tion start trig ger,
this yields the late ig ni tion in some cases (with 
steeper tem per a ture gra di ents).

The ap proach of us ing re leased heat for
cool and main ig ni tion for cal cu lat ing the fuel
con sump tion at cool flame ig ni tion re mains
open to fur ther in ves ti ga tion since it pro vides
slight over-pre dic tion in terms of cool flame
tem per a ture in some cases.

Con clu sions

The over all ap proach proved it self to be re -
li able, ro bust for cal cu la tion and easy for
post-pro cess ing and data ma nip u la tion. There
was suc cess ful at tempt to use other mech a -
nisms and fu els us ing the tab u la tion ap pli ca -
tion (meth ane, eth a nol, DME, iso-oc tane),
mak ing it a prom is ing tool for fu ture use in ig -
ni tion sim u la tions on a wider scope.

Pre sented meth od ol ogy for in clud ing low
tem per a ture ig ni tion in CFD en vi ron ment pro -
vided good agree ment with 0-D chem is try cal -
cu la tions, prov ing that for this type of ap pli ca -
tion there is no need for add ing more
in for ma tion into the da ta base (re ac tion rates).
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Figure 5. Simulation results comparing new
two-stage ignition model (FIRE TWO-STAGE)
and existing one stage
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T –  mixture temperature, [K]
W –  molar weight, [kgmol–1]

Greek let ters

b –  temperature exponent, [–]

n –  specific volume, [m3kg–1]
&w –  chemical production rate, [molm–3s–1]
t –  time, [s]

Sub scripts and su per scripts

d –  delay (ignition)
I –  intermediate species
k –  species index
M –  mixture zone
TFu –  fuel
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EGR –  exhaust gas recirculation
LLNR –  Lawrence Livermore National

–  Laboratory, Livermore, Cal., USA
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