
International MultidimensionalEngineModelingUser'sGroupMeeting2005,Detroit, MI

Accelerationof DetailedChemistryCalculationin

MultidimensionalEngineModelingUsingDOLFA

YongzheZhang,RajeshRawat,GeraldSchmidt
CD-adapco,60BroadhollowRoad,Melville, NY, 11747

DanielHaworth, IvanaVeljkovic, PaulPlassmann
ThePennsylvaniaStateUniversity, University Park, PA, 16802

Abstract

A storage-retrieval schemefor acceleratingdetailedchemistrycalculationin multidimensionalCFD, DOLFA,

hasbeendevelopedandimplementedin STAR–CD. This paperdemonstratesits performanceon predictingau-

toignition in enginesoperatedin a homogeneous-chargecompression-ignition(HCCI) modeeitherwith premixed

charge(nearlyhomogeneousto moderatelynon-homogeneoussystems)or with liquid fuel direct-injection(highly

non-homogeneousmixture). The strategies for effective useof DOLFA for multidimensionalenginemodeling,

including judiciousspeci�cationof thecontrolparametersanddynamicallyreducingdatabasesize,areexplored

anddiscussed.With this approach,it is lesscomputationallyexpensive to includedetailedchemistryin multidi-

mensionalCFDof combustionin IC enginesandotherapplications.

1. Intr oduction

Multidimensionalmodelingof turbulentcom-
bustorshasbeenef�ciently usedto improve the

designin efforts to reducethe fuel assumption
and pollutant emissions. It is of great impor-

tanceto includedetailedchemicalmechanisms

for anaccuraterepresentationof realcombustion
processes.However, directevaluationof chem-

ical sourceterms using direct integration (DI)
needsto solve nonlinear, stiff differentialequa-

tions, which will lead to huge computational
cost,particularlyfor amechanismwith hundreds

of speciesandthousandsof reactions.

Two of the most frequently usedstrategies

to accommodatedetailed chemistry in CFD
are mechanismreductionand storage-retrieval

schemes.Mechanismreductioncangreatly re-

duce the number of degrees of freedom for

the mechanism, but it usually requiresvary-

ing assumptionsthat are only valid for spe-

ci�c conditions and systems. In a storage-
retrieval storageschemecalled In situ Adap-

tive Tabulation (ISAT) [1], the changein com-
position due to chemicalreactionover a com-

putational timestepis computedand tabulated
as a function of initial compositionon-the-�y

(in situ). Its value is retrieved insteadof do-
ing a DI if a similar initial compositionis en-

counteredlater. It alsohasexplicit manipulation
of retrieval/interpolationerrors.ISAT originally

wasdevelopedin thecontext of theLagrangian

Monte–Carloalgorithmsfor PDF-basedturbu-
lent combustionmodeling.Applicationsto date

have beenmainly limited to homogeneoussys-
tems and to statistically stationarycon�gura-

tions(e.g.,turbulentjet �ames) whereconstant–
pressurehigh–temperaturechemistrydominates.
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In suchcases,high table retrieve ratescan be
reachedand speedupsapproachinga factor of

1,000havebeenrealized,while factorsof around
100 are more readily obtainable. Embouazzai,

Haworth and Darabiha[2] implementedISAT
into simulationof HCCI engines.Speedupsbe-

tween a factor of � ve and ten were obtained
comparedto direct integrationfor nearlyhomo-

geneousandmoderatelynon–homogeneoussys-

tems.However, in thehighly non–homogeneous
cases(a direct injection engine)that were ex-

plored, little advantagewas found with ISAT
comparedto directintegration.

DOLFA (Databasefor On–LineFunctionAp-
proximation)[3] wasdevelopedto addresssome

of theshortcomingsof ISAT. In ISAT, all infor-

mation,no matterhow long sinceit wasgener-
ated, is kept in the table and is only removed

whenthetablebecomesfull (exceedsthespeci-
�ed maximumsize).In DOLFA, A pointthathas

not beenusedrecentlycanbe deletedfrom the
database.Anotherperformanceimprovementin

DOLFA is that it canguaranteethat if thereex-
ists a table entry that is within the error toler-

ancefor a new querypoint, this tableentrywill

befound;thatis not thecasefor ISAT. Veljkovic
et al. [3] andHaworth et al. [4] comparedthe

performanceof DOLFA to ISAT in simulations
of a HCCI engineusinga n-heptanemechanism

of 40 speciesand165 reactionson a 1,024–cell
mesh. For highly non–homogeneous(direct–

injection and strati�ed–charge) cases,DOLFA
CPU time is approximately40% less than for

ISAT. And by theendof run, theISAT database
reachedapproximately500 MB comparedto

lessthan10MB for DOLFA.

DOLFA now hasbeenimplementedin STAR–
CD. In this paper, its effectivenesson multi-

dimensionalenginemodeling is demonstrated
on a real engine con�guration with a com-

plex and�ne mesh(comparedto the 1,024cell

in–cylinder mesh in [4]). The engine is op-

eratedin a homogeneous-charge compression-
ignition (HCCI) mode either with premixed

charge (nearly homogeneousto moderately
non-homogeneoussystems)or with liquid fuel

direct-injection(highly non-homogeneousmix-
ture).Thestrategiesfor effectiveuseof DOLFA

for multidimensionalenginemodeling, includ-
ing judiciousspeci�cationof thecontrolparam-

etersand dynamically reducingdatabasesize,

areexploredanddiscussed.

2. DOLFA algorithms

In the STAR–CD code [5] used here, the

governingequationsfor mass,momentum,en-
ergy andspeciesmassfractionsfor the gasand

dropletsaresolvednumericallyto obtainthegas
andspraymotions,thefuel evaporation,mixing

andcombustion.Heretheturbulenceis modeled
using high-Reynolds-numberk- � models with

associatedwall functions.

Our focus is on the calculationof chemical

sourcetermsin thespeciesequations.In a time-
splittingmethod,thefollowingdifferentialequa-

tion for cell-level composition
�

needsto be
solved:

���

��� � � � 	 (1)

where � � is the chemicalreactionsourceterm.

For a �x edtimestep


�

, thesolution
� ����





���

is
a uniquefunctionof theinitial condition

� �

, de-

notedby �

��� ���

, which is calledreactionmap-

ping [1].

In DOLFA, similar to ISAT, startingfrom an
emptyinformationbase,a tableis built upasthe

reactive �o w calculationis performed. A table
entryusuallyconsistsof: an initial composition

�

�

, thereactionmapping�

���

�

�

, thegradientof
the mapping �

���

�

�

, andthe speci�cationof an

ellipsoid of accuracy (EOA). A linear approxi-

mationto the mappingfor a querycomposition
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The local error for this interpolationis de�ned
as:
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where  is a scalingmatrix for an appropriate

scaling of the different componentsof � and
�

���
� �

is theexactmappingfor
�

�

. DOLFA ap-

proximatestheregionof accuracy for eachtabu-

lation point
�

�

by a hyper–ellipsoid,calledthe
ellipsoid of accuracy (EOA), which is de�ned

with thefollowing relation:

���
���

�

�

�&%

�

%

�

�('

)+*

�

���
���

�

�

��,.-/�

(4)

Given the querycomposition
� �

, an element
�

�

that is closeto
� �

in the currenttable is lo-

cated�rst. Thenoneof thethreeactionsis taken:

0 If
� �

is within theEOA of
�

�

, a tablelook–
up and interpolationoperation(basedon

Eq.2) is performed(a retrieve).

0 If
� �

is outsidetheEOA of
�

�

, a DI is per-
formed to determinethe mapping �

��� ���

,

andthelocalerroris measured.If �

,

�

)+*

�

,

theEOA is grown (agrow).

0 Otherwiseif �213�

)+*

�

, a new tableentry is
created(anadd).

In DOLFA, the time when each point was

last usedfor a successfulretrieve is monitored.
A point that has not been used recently can

be deletedfrom the database,in a “periodical
clean–up”. There are two user–speci�ed pa-

rametersassociatedwith periodical clean–up:
CleanPoint and CleanDelete. The database

cleaningis performedeveryCleanPoint queries.
Thenpoints that have not beenaccessedin the

lastCleanDeletequeriesaredeleted.Thecostof

this clean–upoperationis linear in the number

of pointsstoredin the database.Following this
process,a new rebalancedtableis rebuilt based

on theremainingdatapoints.This approachen-
ablesmore ef�cient databasesearchesand re-

ducesthedatabasesize.DOLFA guaranteesthat
if thereexistsatableentrythatis within theerror

tolerancefor a new querypoint, this tableentry
will be found. This is accomplishedby main-

taininga list of databasepointswhoseEOAs in-

tersecta region. Thenfor thegivenquerycom-
position, theseEOAs arechecked to determine

if any of themincludesthequerypoint. An ef�-
cientalgorithmhasbeendevelopedto determine

whethera EOA intersectsa region. This algo-
rithm is usedfor designinganew EOA or chang-

ing anexistingEOA by performingagrow oper-
ation.

A key to effective useof DOLFA is judicious

speci�cation of the control parameters.These
includescalefactors,error tolerance,anda re-

duced set of compositionvariables. A posi-
tive scalefactorcanbeassignedto eachcompo-

nentof compositionspace
�

andto eachcom-

ponentof the reactionmapping �

��� �

. Thus,
eachcomponentof �

��� �

hasthe sameweight

for calculatingthe error using Eq. (3). Other-
wise, the componentthat has the larger value

may dominatethe error evaluation. The error
tolerance�

)+*

�

needsto be speci�ed for the ac-

curacy of the interpolation. Small �

)+*

�

usually
yieldsmoreaccurateresults(closerto thosefrom

direct integration), but fewer retrieves, larger

tablesand longer computationaltime. In the
standardISAT algorithm, the end–of–timestep

speciesmassfractionsaretabulatedasfunctions
of thebeginning–of–timesteppressure,tempera-

ture and 4$5�5 of thespeciesmassfractions. This
resultsin a high memoryrequirementandlong

computationaltime, particularlywhen � needs
to be computedandstored. In our calculation,

the methodologydevelopedin [2] is adopted.

Insteadof retainingthe full set of composition
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variables, only a reducedset of independent
compositionvariablesthatdoesnot changewith

the chemicalmechanismis used. The subset
of independentvariablesis selectedbasedon a

trial–and–errorapproach.Here� ve independent
chemicalspeciesare retained: fuel, O

'

, CO
'

,

H
'

O and CO. Eachspeciesappears/disappears
at a differentstageof the autoignitionprocess:

from fuel breakdown, throughthecool �ame, to

the high–temperaturecombustion. Thus there
are seven independentvariables(density, tem-

peratureand� ve species)regardlessof the size
of thechemicalmechanism.Tablesizethendra-

maticallydrops.

3. Testcases

Parametersandoperatingconditionsof theen-

gine simulatedherearesummarizedin Table1.

The computationalmeshis shown in Figure1.
Themeshhasapproximately22,000cells in the

exhaustport,51,000cells in theintake port,and
17,000and 90,000cells in the cylinder at the

top deadcenter(TDC) andbottomdeadcenter
(BDC), respectively. Early calculations[6] indi-

catedthat it is necessaryto computethroughat
leasttwo full enginecyclesto ensurea reason-

ably repeatableand representative combustion
event. This is a resultof the dif�culties in set-

ting the initial conditions(in–cylinder temper-

ature, pressureand residualgascompositions)

Table1: Enginecon�gurationandoperatingconditions

Con�guration four-valve
Bore 90mm

Stroke 116mm
ConnectingRodLength 145mm

Enginespeed 2000r/min
Compressionratio 14
IntakeTemperature 380K

IntakePressure 1.01bar
Fuel n-heptane

Equivalenceratio 0.3

Fig. 1: Computationalmesh.

correctly. For all casesin this section,two full
enginecycles are computedand all the results

shown hereare from 50o BTDC to 40o ATDC
in the secondcycle calculations,which covers

the rangewhere the chemistry is most active.
A reducedn-heptanemechanismcontaining29

speciesand52 reactions[7] hasbeenemployed.

The computationaltimestepcorrespondsto 0.2
crankangledegreesof rotationat 2000r/min.

3.1.A premixedchargecase

A mixtureof n-heptaneandair with anequiv-
alenceratio of 0.3 is set as the inlet boundary

conditionattheintakeport. Thetemperatureand
mixture compositionarenot perfectlyhomoge-

neousdueto theincompletemixing amongfresh
chargeandresidualproducts.

Threesetsof DOLFA controlparametershave

beenusedfor the presentcase,asgiven in Ta-
ble 2. DOLFA resultsarecomparedwith those

obtainedusing direct–integration (DI) in Fig-
ures2 and3. TheCPUtime for eachtimestepis

plottedasa function of crankanglein Figure4.
Apparentlyhighererror tolerance( � =0.01)con-

sumeslessCPUtimebut resultsin worseresults

thanlowererrortolerance( � =0.001).With lower
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Table2: DOLFA controlparameters

Set1 Set2 Set3
ln(T) 7.5 7.5 7.5

6 15 15 150
C7 H 8�9 0.019 0.019 0.019

O
'

0.22 0.22 0.22
CO

'

0.066 0.066 0.066
H

'

O 0.031 0.031 0.031
H

'

O 0.031 0.031 0.031
All otherspecies 1.0 1.0 1.0
Error tolerance 0.01 0.001 0.001

Fig. 2: Computedglobalin-cylinder pressure.

error tolerance,DOLFA– and DI– computed
global in–cylinder pressuresand H

'

O
'

mass

fractionsarenearlyindistinguishable.Evenwith
thereducedsetof DOLFA independentcompo-

sition variables,minor specieslike H
'

O
'

also
show excellentagreement(Figure3). An inter-

esting�nding hereis thatwhenthescalingfac-

tor of densityis increasedfrom 15 to 150, the
CPU time slightly decreasesandthe resultsare

almostunchanged.This indicatesthat density
doesnotplayanimportantrole in theerroreval-

uation.A speedupof approximatelythirty is ob-
tainedin thecaseswith thelowererrortolerance.

Figure4 alsoclearly illustratesthe relationship
betweenDOLFA performanceand the ignition

process.Beforethe�rst–stageignition, thesig-

ni�cantly lower CPU time with DOLFA indi-

Fig. 3: Computedglobalin-cylinder H : O: massfraction.

Fig. 4: CPUtime pertimestep.

cateshightablereuse.Duringtheignition events

where pressure,temperatureand compositions
vary rapidly and where it is expectedthat the

dimensionalityof the underlyingintrinsic low–
dimensionalmanifolds(ILDM) in composition

spacemaynotbeadequatelydescribedusingthe

seven independentvariablesthat have beenre-
tainedhere,tablereusedropsdramatically.

3.2.A liquid fuel directinjectioncase

Liquid fuel is directly injectedinto thecylin-

der at 180o BTDC suchthat the global equiv-
alenceratio is approximately0.3. The liquid

dropletsevaporatein thecomputationaldomain

andmix with air in thecylinder. A highly non-
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Fig. 5: Databasesize.

homogeneousmixtureis formedbeforecombus-
tion occurs. This posesa challengingproblem

to storage-retrieval schemes.In thecalculation,

the maximumallowable databasesize is set as
300MB for DOLFA. As shown in Figure5, the

databaseis dynamically cleanedbasedon us-
age statisticswhen its size exceedsthe maxi-

mum limit. Variableerror tolerancesare also
used,with high valuefor the calculationbefore

the main combustionevent. Herewith control
parametersthat yield acceptableaccuracy com-

paredto DI, a speedupof approximatelythreeis

obtained.TheCPUtimepertimestepis shownin
Figure6. More testsarebeingperformedto ex-

aminetheoptimaldatabasecleanupfrequency.

Fig. 6: CPUtimepertimestep.

4. Concluding remarks

The effectivenessof DOLFA in multidimen-

sionalenginemodelinghasbeendemonstrated.
Signi�cant speedupshave beenrealizedfor pre-

mixedchargecases,while smaller- but still sig-
ni�cant - speedupshave beenfound in highly

non-homogeneousdirect-injectionsystems.The
guidelinesfor control parameterselectionhave

beendiscussed. Further directionsof this re-

searchinclude saving the databaseon the disk
andrestoringit for thesubsequentruns,loadbal-

ancingissuesfor parallelruns,andapplications
with probability density function (PDF) meth-

ods [8–10] wherethe turbulence-chemistryin-
teractionscanbecapturedandwheremostof the

computationaltime is spenton detailedchem-
istry calculation.
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