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l. Reducing chemlcal kinetics - the repro-nodelling approach

Mod6n cip€rimerrtal tcch[iqu€s of chemic.l kinctics provide morc and mo.e information about
elementary r€actions. Ilfomation about the stoichiometry of reactions (Foduot charmels and
branching latios), tcmpcr:ature rnd prcssutr dcpendcncc ofrcaction lates arc storcd i! published
data evaluationE and computatiorul databases, Also, modem lheorEtical rncthods allow the
predictio! of rate expressions for many experimentally iDrccessible rractions. Consequently,
modellds can easily ooDstruct rractiod meohanisms of scvcral hundrrd or thousand reaction
steps. The exFcted deyelopmcdts in this ficld include the produotiol of iftreasi[gly large and
complex reaction mechanisms,

However, chemical kinetio modelliry has matly practical applications and reaction
mechanisms arE exp€cted to be us€d in laminar and turbulent computational fluid dynamic
(CFD) calculations. Many techniques have been invented to transform detailed ohenical
mechanisms to computationally more effrcient forms. A short dgscription of all thesc methods is
given in a rccent rcview I l], which includes 248 references to other papers.

Detection and elimination of all redundant species and rerctions [2] is very important for th€
chemical interpretation of reaction processes, but rnay inqease the simulation speed only up to a
factor of ten. The most effective methods for reducing computational effod are all based on
time-scale sepamtion in ohemioal kinetic systems. t-oosely speaking, time-scale separation
means that some reactions in ihe mechanism are much faster than others and consequently the
concentation of sofie sp€cies can always be cxpressed as an algebraic function of the
concentration of the others. This phenomenon has long been known in chemical kinctics as the
quasi-steady-state apprcximation (QSSA) [3] and partial equilibiurn assumption. The classical
utilization of time-scales was based on the assumption that some speoies werc in quasi-steady-
state and some reaotions in panial equilibrium. A reduced model was generated and the
assumptions were checked by co6padng the simulation rcsults using the fulI and reduced
mechanisms.

The computational singular pertubation (CSP) nethod [4] can dhectly detect the QSSA
species and fast equilibriums \.ia an analysis of the Jacobian matrix of the kinetic ODES. The
intrinsic low dimensional manifold (ILDM) apFoach [5] allows the detection and
parametcrization ofthe fianifolds in composition space, This manifold lheory is a generalization
of the QSSA and tlle manifolds can be used in tabulat€d or fitted folm in CFD calculations. Here
we should like to pres€nt an alternative approach, called rcpro-modelling, that is also based on
the time-scale separation in chemical kinetic systcms.



The reFcmodelling technique (the vcrsion we use) consists ofthe follorring st€ps:
(i) Sey.ral hundrcd or thousand chemioal kinctic simulation6 arc calried out using a detailed

rcactron mechanism. The conditions and paramctcrs of the sirnulgtions are selected in
such a way that they cover the parameter region ofthc later CFD calculations. Results of
the calculations arc recorded in a databarc.

(iD Results in the database are fittcd with siEple algctraic iDctiois (a& polynomials). The
requirement is fitting scvcral ten thousand data points $/ithin an accuracy ofabout l%.

(iii) During tlle CFD calculations these olgeh'raic fimctions arr used for the ev.luation of thc
chemical source term, which is sevenl thousand tirnes faster then the solution of the
kinetic ODEs during ttre CFD calculations.

Repro-modelling can be applied for any systcm wherc the number of!"riablcs of the ODES is
identical to the number of wriables of th€ fitted explicit fimctions. Howcv6, for systdns v.ith
signifioant time-scale separation, the rcal dimcnsion of the systcm is quickly reduoed snd the
system can be fuly characterized by a fe}v variables only. Fitting thc functions to slightly
relaxed systems (ia after the induction p€riod has expired) allows the paEmeterization of big
mechanisms with only few-vadable algcbraic fimctions,

Repro.modelling (maybe r.urder ditferent nades) h.r b€en uscd in many fields where
dynamical systcms with very diffcrent time-scales are simulat d. In cheftisEy, repro-modclting
has been applied in aErFspherio ohemistry [6], [7], [8], and for the simulation of the Belousov-
Zhabotinsky reaction [9], CO ignition U0l, and nubulent H2ICO2IOZ flames [11]. Here wc arc
going to illust"at the method on two other €xarnplcs, the simulotion of lhe sprcad of shock
waves in hydrcgen-oxygcn mixtules, and the ignition ofalkane-air mixtures du€ to comDression.

2. Simulation of shock-induced hydrogen combustion

Shock induced cornbustion of H2lO2 mixtures was simulated by Clifford et al. [12], The model
described the spread of shock waves in stoichiometric hydrogen-oxygen rnixtues diluted by
argon. When a shock wave reaches a combustible mixtue, for a while very little energy is
released (induction period), followed by a shortd period when most of the chemical energy is
released aDd the rystem variables change rapidly. The induction parametcr models (lPM)
parameterize the induction time as a fwction of initial temperature and pressule. Clifford et al.
conshucted an induction parameter model that incorporated a repro-model for the description of
the energy release phase. This is a us€fu1 matching of two techniques, because a few-pammeter
repro-model alone would not be ablc to describ€ the induction pedod. Note, that since induction
times were also pammeterized on the basis of homogeneous calculations, the IpM can also be
considered to be a special repro-model.

In the model of Clifford et al., the actual state of thc mixtue at any point during the eneryy
release phase was described by three variables: temDerah[e ?, dcnsity p, and reaction progress
variable f. The latter was defined as the ratio ofthe energy rcleas€d up to a particular point in
time, and the total energy tllat can be released by a complete rcaction. As a first step, a
hohogencous ftixtue was simulated at many differcnt conditions. The combustion reaction was
described by a validated detailed mechanism of 9 specics and 46 reactions. The initial prcssure
was varied from 0.5 atm to l0 atm and the initial temperafife fom I100 K to 3000 K, relevant to
the ranges of shock-induced combustion. Over 4000 initial conditions were used and the
generation of the database took 4 hous on a deskop workstation using the program SENKIN.
Each line of the database included the present state of the system in terms of the above three
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rariables and the statc of the syslcB aft.t 5xld s, n'hich *as the chosel timc-step of the
simulations.

Thc database for the behaviour of homogcncous mixtures was 6ttcd by orthonormal
pobTomials. This method [7] is brsed on Olc faot th.t usirg Gr.m-Schmidr ofihononnalization.
a set of linedly indepcndcnt functions 0ikc rnonomials of a gcneral n-varioble polynomi.l) can
be transform€d to & scries of functions tlut arr odhonormal on tllc sct of iDut dats. The
following definition of scalar Foduct is urcd:

r r *
l e  j ,e t l=  Lu / ,9  t \ r '  )e  t \ t '  I

where ri, FI,...,a denote the set of drta" r is the numb€r of dato, gi and gk .re two Rm-+R
functions and lri is the weighting.

On lhe basis of the gencratri orthonomal frrnctioN, thc hput d6t8 can bc approrirnated by a
generalized Fouder series:

At the generrtion ofthc Fouricr scrics only the elficicnt memb€rs arc use4 that is m€mbers that
improve considerably the agreement betwccn the input data and the approximation. In most
cases this proc€dule gave a good approrimation [2, 3] using a s€ries with only few membcrs.
Finally, the orthonormal polynomials were convcrtcd to 'u6ual' polynomials, which can be
efficiently evaluated using a geBcralizcd Homer arangancnt.

The fitted polynomials constitute a s€t of diffcrence equations and its solution can bc dircctly
compared to the solution of kinetic ODEs. In Figure l, thc solid lines show the SENKIN solution
of the detailed mechanism and the dashed line represcnts the repro-model solution. A similar
good agreement was found for all other initial conditions chccked and the solution of the reoro-
model was 1500 timcs faster than that of the dctailed mechanism. This ratio would bc iven
higher ifa larger molecule firel was uscd iNtead ofhydrogcn, the ohemically simplest fuel.

A series of one-dimensional reflected shock simulations werc carried out for a vadety of
Mach numbers and in each case the results were similar for the detail€d chcmical mechanism and
the repro-model. The transition to detonation and the propagation of the detonation wave was
also well reproduced by the repro-rnodel.

Finally, two-dimcnsional simulations of shock interactions with a rectangular obstacle were
also carried out. The geometry chosen allowed a direct comparison with available experimental
data. Results of the simulation vith the rcpro-model is given in Figure 2.



There is a very good qualitativ€ agreement b€tw€en the simulated tempcraturc contou$ and the
experimeirtal Schlicren photographs, This 2D modelling shrdy was also caricd out using the
detailed ohemical mechanism. The lesults are almost idcntical to that of ttrc rcFo-model, but the
simulation \rith lhe detailed m€€hanism rcquired about 80 times more CPU time.

Figur€ l. Evolution of temperaturc aad density in time in a spatially homogcneous hydrcgen
explosion, simulated using ihe full chemical mechanism and the repro-model. In this case the
initial pressure \ras 2.1 atm and the illitial temperature was 1400 K.
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tr'igure 2, Simulated tempelatuxe contous in the 2D system after 80 ps simulation time- Th€
speed of the shock wave is 2.49 Mach. All chemical changes in the system were described by the
repro-model.



3. Simulation of heat rele$e in compressed alkane-air bubbles

Durilg thc manufacture of Fopellants, high prcssure is used to move the prcpellant dough
through the prcparation systerB. Thr dough usually incorporates sm.ll void.6, which alc filled
wi0t lcan alhne-air mixturcs. The comprcsliotr hcat r"aises the tcmpeis[nc of the gas bubbles
and th9 s9rting oxi<totion ofthe all<alc produocs cxts b€at.In fottumte caccs, cooling oftlre gas
through Ole wall of tlrc bubblc k€rps thc tcmpcroturc low. However, tberc iB I hazard potcntial in
that the comprcssion heat rnay initiatc &st combultion of the alhne and the resultant hich
tempcratue may ignite thc propellant itcclf,

Braith*'aitc et al. u3l have analyzed thc problem using o dctailcd nurncrioal description. In
their model csch bubble is cffcctiycly isolatld aad thcrEforc it is suffioicnt to considera single
bubble. The bubble is always sphcrical during thc oomprcssion. In a typical situation, pr€ssurc
reachcs 50 atn in 7 seconds. In thei! lD modcl thc tempcf,ahre of thc gas is calculatcd as a
firnction of timc and distarce from thc cenhr. Itr thc basio modcl, hcdt is genc,r,ated by
cofiFession or y and it is conduoted through thc gas layers and fiaally through the wall of the
bubble. In the scrond model ofBraithwaite ct sl. [13], a one-stcp RH + 02 -+ produas cbemical
rcactiol i6 assumed. The rate of the reactiol is descriH by r singl€ Arrhenius expression. In
both cases the gas is the hottest in the cente and it6 tcm!,6aturc is clos€ to that of the bulk near
the wall.

Biiki et al. [4] developcd firther thc above rnodel by applying r€alistio chemisty on the
basis of the replo-modelling approach. Filst, many h€at rcleas€-plessu& curves werc calculated
using a detailed mcchanism within a spatially homogencour model, assuming various fuel-to-air
ratios 4 and hcat loss coefficients a during the comprcssion. These data cover all Dossible
sifuations that ale present in any part of a bubble during tlle compression. A database was formed
which was used in all subsequent calculatiols.

The oxidation of alkane vas simulatcd using thc chemical kinctic model of 37 species and
108 reactions by GdfEtlF et al. [5] for combustiol ofnormal hept nc. Th€ reactions are exDlicit
for the smaller species (up to Ca) and are lumped for the other organic molecules and radicals.
The rapid compression machine prog.am of John Glilfiths and Kevin Hughes was used for the
simulation of the time history of cornpressed spatially homogeneous bubbles. The program was
modified in such a way that heat loss occurred duritrg the slow comprcssion and the oomprcssion
lasted till the end of simulation.

The simulations demonstrated that the temperature incrcases in two steps. Figue 3 shows the
temperature-time history of a comprcssed bubble (fuel-to-air ratio is 0.2, adiabatic cas€) and the
concentration-time curves of the major specics. Dudng the oxidation process, onty heptane (RlI),
CO, C2H4, CaH6, and H2O2 hav€ a higher mole fraction than 0.001. Th6e is very tittle change
until about 5 s, while the compression heat continuously increascs the t€mDeratur€ of the
mixture. Then, there is a sudden temperature jump near 5?0 K, which corresponds to the
oxidative plrolysis of the alkane ('cool flame'). The alkanc conte.nt of the mixture is totally
consumed very rapidly at that temperahre, and CO, C2H4, C3I{6, and H2O2 appcar. There is a
second temperahre jump ncar 860 K, caused by the oxidation of olefins. In Figure 4, the
chemical heat rclease is plotted against time. The ts/o sharD heat relealc D€als are associated
with the two-stage ignition prccess. There is also some heat release after each main peak due to
the oxidation ofCO. A mte-of-production analysis was also carried out to exDlore the chemical
processes in the system.

r



o020

0.m6

0.004 500

o.w
0.0@

tinp / s

Figure 3. Concentation-time profiles ofthe major species during the compression ofa lean
heptane-air mixture.

The lD model on the heat distribution in compressed bubbles required the lollowing three
R?es of information from the chernical submodel: (i) Amount of chemical heat release at any
point of the bubble during comFession. (ii) Change of the number of moles of the gas mixture
during compression. (iii) Heat effect of the fuel diffusion towards the hot region.

(i) Repro-model for the chemical heat release

The basic database contained the rat€ of cheftical heat rclease dql& as a function of pressure p,
t€mpemture f, and iritial heptane content ff. The klown compression rate means that pressue
is a Isrot'n function of time. First, &/& was fitted as a function ofp, I, and @, but the lat€r
integration of d4ldt was found to magni0r the enors of fitting. Therefore an altcmative route was
applied, when the chemical heat release rate was i[tegratcd first. This chemical heat release and
the compiession heat together account for the total heat generation in the bubble. An expressron
was fitted to describe the integrated chemical heat as a function ofp, I, and pp. Figure 5
compares the chemical heat release calculated from the detailed mechanisrn and the rcpro-model
approximation. A similar good agreement was found for a wide rangc ofconditions.
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Figure 5. lntegrated temperatue curves on the basis ofODE solution and using frtted modcl

(111) Repro-nodel for the heat elfect offuel difusion

The rate of chernical heat release depends on the actual tempeiature and the concentntion of
the fuel. In a fresh mixturc the fucl concenhation is determined by the alkane content, but in the
aged mixture the fuel consists of mainly olefrns and carbon-monoxide. The bubble always has a
higher teinperatule than its sulroundings, therefore the direction ofheat flux is always outwards,
and the tempemture in the middle ofthe bubble is always higher than at the bolmdary. No similar
simple rule czm be provided for fuel diffusion. The increase in pressure may inducc a
condensation of hydrocarbon on the wall of the void at low lemperatures (T<5?0K). At higher
t€mperatures (T>570K) the alkane has been converted to high boiling point species, like C2H4,
CaH6, and CO; and these species caturot condense on the near rcom temperature wall. As the
temperature of the gas increas€s, alkane may €vaporate from the wall and diffuse inwards.
Therefore, the inward diffusion of the fuel is more likely than the opposite. Also, it can be shown
that only the inward diffusion ofthe fuel contributcs to the chemical heat release. Let us suppose
that some partially bumed fuel ftom the cenhe of the bubble gets closer to lhe boundary by
diffusion. It is obyious that this change will not lead to any he3t effects, because the decomposed
malerial arives at a lower temperatue region where no fillther decomposition or other chemical
change can occur. On the other hand, if fuel dilirses into the cente, it arrives at a high
temperah.re region and it will bum, causing additional heat release.

Chemical heat release can be easily calculated during homogeneous simulations. lt could be
assurned that a diffusion related effect would need the application ofa reaction-diffusion model.
However, a postprocessing of th€ basic database can provide an estimation on extra heat release
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caused by the inward fuel dilhrion. From trow oo, 9 dqrotes thc fucl contcnt of th€ 8as et a
given location 8s alkane equival€nt disrcgarding lhe achal ohqmioal composition of the fuel.

Th€ heat effect of diffusion can bc approxim.t d from Op partial dcrivative of thc heat
release fiurction with resl,€ct to the mole taotion of thc f&1. In oldcr to dctermirc this partial
derivativ€, wc bave uscd a local linear appioxinstion using the poirts of tlc basic database. Let
us denot€ a givcn poilt of tlrc databas€ ty @,fO,4O,qO;, xrh€ic I deaotcs tcrnperature, p
pressurc, p fucl mole fi'actior! and a hcat loss coetFcie[t Tbe surrormding poitts clos€ enough
to it can be approximated by a hypetplane passing tlrough this point:

T -r" = d,(P - P")+ do(oo - o:) + d"(d -@o)

In this cquatio! thc coeffrcients dcnoted by letters d arc approximations oflhe podial derivatives,
frorn which only { is important in lhis csse. In onder to detcrminc ther& deviations of
surrounding poirfs from the hypcrplane vere calculated, aod thc sum of thcse deviations was
minimised by fitting coelficients di. Io this way thc tsngcnt planc ofa ourycd hypersurface is
determined. Ifpohts foo far from lhe rcninal poi s are oonsidered, aonlincarity fiay distort the
calculation of the hyperplane. If the nearest poidts arc considercd only, nmrcrical problcms may
arise. To overcome this problem, reciprocal distances from the oertFal point werc used as
weights. This way points apart from the ocntrc will pley lcss rolc in the fittiig of the planc, than
closer ones.

The colculated coefficiena, attached to €ach line of thc basic dateb.sc, formed a s€condary
database. A fitted expression was derivcd, that dcscribcs coefficient do as a function of I, p, and
p. During the lD bubble oalculations, thc heat cffcct of fircl dilhsion can be calculatcd as a
product ofde and the inward flux ofthe fucl at any local valuc ofl,p, and p.

In all the above lhrce cas€s the MARS algorithm [16] was used for the gcneration of the
approximating frmction. Thc MARS algodttm is a new multivariate fitting method, a successor
of the recursive partitioning method. The latter is based otl dividiog the multidimensional
database into smaller subrcgions in which it can be approximatcd by sidple functions. As a first
step of fitting, MARS does the same: finds the points at every axes, where the most significant
(most abrupt) changes take place in the dep€ndent variable, and places 'loots' at these points.
There can be more than one point on a given axis, and the subrcgions bordered by them can be
nested into each other. Pamllel with the generation of knot6, MARS produces a set a basis
functions by multiplying huncated powcr basis firnctions cenhed around the knots. Wheo a new
lglot is found on an axis, MARS generates the proper Auncat€d powcr ftnction around it and
multiplies it with each basis fiuction that contains the given variable. At the same time, the
paient basis functions also remain in the set the sizc of {hich is determined by the maximal
number of lxrots allowed. I|l the last step, MARS dctermines coefficients for all basis functions
by a least squares method, discards th€ least significant ones, and in thc remaining basis
functions replaccs truncated powcr fimctions by piecewise cubic fimction5. This latter step must
be performed in order for the fitted firnction to be smooth, that is its first derivative be
continuous. The rcsults ofthe MARS fitting can b€ easily inseded to any FORTRAN simulation
program.

Simulations of heat distribltion using the lD bubble model with the repro-modelling
description ofchemistry are in plogress.



4. Conclusions

Detailed chemical m€chanisms incorpomtc a huge amount of chemical knowledge, but piactical
simulatioN use only a fraction of this information. It is thcrefore possible to constuct small
mathematical models, that include all information necessary for CFD calculations. All methods
that offer a significant reduction in computer time are based on the time-scale separation in
chemical kinetic syslems. Thesc Inethods include the dirct applicatiofl of QSSA5 the CSp and
ILDM Inethods. Repro-modelling is another techniquc bascd on this timc-scale sepa.ation, that
can be used for the production of compact rcduccd models and provides accuate agr€cment w.ith
the original detailed chemical model.

Crcation of a repro-model includes seveml tho!6and spatially homogencous simulations of
the detailed chemical mechanism at the conditionr of the futuf,e use of the lcduc€d model. The
simulation rcsults arc stored in a database and are frtted with empiricsl fiulctions. These
empirical functions can bc used in the CFD modcl for modclling the chernioal soulce term.
Several ohemical systems have b€en panmeteriz€d in this way and usually simulation of
homogeneous systems is about 1000 timcs faster. This leads !o about one hundrcd times
calculation sp€ed increase in the application of the CFD code. The agreement between thc
simulation r€sults using the detailed chemical mechanism and that ofthe rcpro-model was within
a few percent in all cases.

The method is illusn'ated herc by two recent applications. A $6ics of lD and 2D simulations
of shock-induced hy&ogen combustion 021 wcre caded out using a dctailed chemical
mechanism and a iepro-model. In this case the original system ofkinetic ODES was tansformed
to a thJee-variable system of difference equations, Very good agreement was found betw€cn the
experimental results and lhe simulations wilh either detailed chemisEy or the rcPlo-model.
However, a comprchensive numerical shrdy of the 2D modcl is feasible only u6ing the repro-
model ve$ion. Studying an industial safety problem, local chcmical he5t generation was
desoibed [4] by a repro-model in compress€d bubbles containing lean alkane-air mixtues. The
repro-model capnfed with high accuacy the complex two-stage ignition phenomenon and
provided all information required for a lD model of heat and fuel diffusion.

Acktrowledgement Calculations and studies presented in this paper were backed by several
sources, including OTKA grant No. F014481 ftom the Hurgarian Science Foundation and grant
7UNPJ048687 ftom the Swiss National Science Formdation.

l 0



References

lll Tomlin A.S., Tur{nyi T., Pilling M.J.:,
Mathematical tool6 for the consbuctiotl investigatiol and rcduction of combustitn
mechanisms, pp. 293-437 in. 'f_ow tcmpcratEe combustiol and autoignition,
edr M.J, Pilling and c. Hancocl Elsevier, 1997

[2] Twinyi "f ., New.J.Chen., 14, 795 -803(1990)
[3] Tur6nyi T., Tomlin A.S., Pilling M.J., Jptrys .Chen.,91, t6],-t:/2(tgg3\.
[4] Lam S.H., coussis D.A., Int.J.Chem.KbEt, 26, 451486(1994).
l5l Maas U.. Pop€ S.B ., Combust. Ftame,$,239-29 (tgg2)
[6] Dunker A.M.,,{trr,,Enironn., 20, 479486(1986)
[?] Marsden A.R., Frenklach M., Reiblc D.D., J,1PCA, 37,370-316(tg}:-)
[8] Spi!€kovsky C.M., Wofslry S.C., PratlEr M.J.,

J.Gaphys.Res.,95D, 18433- I 84390 990)
[9] Tuninyi T., Cozputerc Chem. lt, 45-54(1994)

ll0l Turrnyi T., 25th Synp. (Int.) on Combusrion, 948-9550994)
I l] Chdsto F.C., Masri A.R-, Nebot 8.M., Tuxi.nyi T.,

Proceedings of the IEEE Int. Conf. on Neural Netralorks, l, 9l t -916( 1995)
n2l Clifford L.J., Milne A.M., Turrnyi T., Boulton D.,

An induction parameter model for shock-induced
hydrogen combustion sirbulations,
Co mbus t. F lam e, in pt ess

I3l Braithwaite M., Lynch P.M., Parker I.B., Jones A.F., Wilson S.D.R.,
Compressional Ileating oflsolat€d cas Bubbles in Reactive Media
Math. Engng. Indust., inFess

[14] Biiki A, Tur6nyi T, Solt Gy, Brailhwaite M.,
Heat release in comprcssed bubbles containing alkane-air mixturcs
manuscript in preparation

0 51 criffiths J.F., Hughes K.J., Schreiber M., Poppe C.,
ConblasL Flame, 99, 533-540(1994)

 6l Friedman J.H., 7'h e Annals of Statistics,19, l-l4l(1991)

l 1


