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ABSTRACT

' This paper summarises s oconprehensive wu-
serical sodel thet Tepresents the spray dyasm-
ice, fluid flow, epecies trameport, wixiag,
cheatical resctions, aad accompanying hest re-
lesse that oceur imeide the cylinder of sa in-
terasl coubustion engine. The aodel 1is eabod-
fed in the KIVA corputer oode. The code cal-~
culates both two-dimensionsl (2D) ead three-
dimensional (3D) sftuatioms. It 1s sn eut-
grovth of the earlier 2D CONCRAS-SPRAY coaput-~
or progran. Sample wemsrical calculstions ave
presented to {ndicate the lewel of detail cthat
1is available froe these simulations. These
caleulations avre for a direct fnjection strat-
1fied charge engine with swirl. Both s 20 end
a 3D enample are shown.

1. INTRODUCTION

Por soms years we have been developing
coasprehensive sumerical modele to simulate the
fa=cylinder dynesics of advanced {aternsl coe-
tustion engines. !ho ficet of these was the
2D RICE code (1,2) , which trested the pre-
aixad coatustion of gassous fuels im an em-~
closed bomd: This ocode was adly extended W
Bracco and co-workers iato the XEC code (3),
which treate 981=3D dynsnics by including
he offects piston setion. RICE was super-
oeded by CONCHAS (4), which agein troeted pae-
eous eonbustion 1a 2D but with en arditrary-
Lagrangten-Bulerian (ALE) mesh (3) that per-
mitted the pleton shape and motien to be ia-
ecluded matutally ia the cslculetions. Thie
code wes felleved by CONCHAS=-SPRAY (8), which
trosted fuel sprays in the engine cylinder we-
inC the epray sodel developed by Dukowies (7)
end later extended by 0'Reurhe and Braceo (8)
'Iuhn in pareatheses reufer tuv references at

ond of paper.

and O'Rourke (9). This paper summsrises the
KIVA code (10), which treats the dymasics in
either 2D or 3D with fual sprays in arbitrary
peoustry.

The purposes of this paper are to des-
eride the oversll capsbdilities of KIVA, to
briefly sketch the sumerical procedures that
are woed to accomplish the solution, including
more detail om thoee features that are signif-
icant improvements over CONCHAS-SPRAY, and to
11luotrate the use of the code with mumericsl
enanples. For specific details of the finite
differsuce equations and their solution, the
fanterasted resder s referred to Ref. 10 and
the refereaces cfted therein.

1I. THE WAMERICAL MODEL

A. SOMMARY OF OVERALL CAPARILITIES —
KIVA s a computer progrem which msy Ve ueed
to generste mwaericel solutions to multicos-
ponsat ahsafcally resctive fluid flow prod-
lems. The program has been developed wich
applicetions to imternsl comdustion engines
epecifically in aind, and it contains & nusder
of features teo facilitste such spplications.
Seversl engine oomcepts of current iaterest,
fa particular the diesel and direct-injection
stratified-charge (DISC) engines, are of the
fuel-injection type, 80 the capabdility to
fepresent an evaporating fuel spray has been
tncluded.

RIVA {s essentially a three-dimeneionsl
vareion of the esrlier two-dimeusional program
CONCUAS=SPRAY. Aside from the dimensionality,
the main differences in features between the
tvo prograns are the following: (a) KIVA uses
an acoustic-sudcycling sathod (11) for cosput-
or officiency at lov Mech nunber, fnstesd of
the preseure fterstion uwsed in CONCHAS-SPRAY;
() the siaple subyrid scale turbulence wodel
used in CONCHAS-SPRAY has been gessralised to
{aclude a trassport equation for the turbulent
Risetic energy sesecisted with the eudgrid
scale sotiens; (c) the epray model used n
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CONCHAS-SPRATY has boea sugmented VW & model
for droplet cellisioms snd ceslescencs (9),
which hive buen found imperteant im mmuny typi-
cal spplications; and (d) KIVA hes beea writ-
tea for the CAAY cemputer snd mahes emtensive
use of the wector salsslation festure of this
osmputer. Decause of these isprovessats end
bocouse KIVL cam be eseily specislised ts pla-
nar ond axisymmetric two-dimssusionsl flews, it
is fatesded that KIVA smpersedes CONCEAS~SPRAY.

KIVA 40 s time-marching pregraa that sel-
ves finite~difference sppreximations te the
governing differcatial equatican. The treme-
fent eclutien 1is marched et 1 & cequence of
finite time incremsnts called cycles er tise
oteps. Valuwes of the dependent variables on
esach cycle sre calculsted from thees ea rhe
previous cycle. The temporsl differeace
ocheme is explicit, with the wee of an acouws-
tic subcycling method (11) for cfficency at
low Mach msaber.

Spatial differences are formed with re-
spect to a penerslised three-diornsiocasl
finite-difference mesh or grid, which sud-
divides the region of interest imto a swaber
of ssall cells or sones. The coraers of the
celles are called the wertices. The positieas
of the vertices msy bs arditrarily epecifisd
as functions of time, theredy allewing o
Lagrangian, Rulerian, ot mized description.
8incc the lecatioss of the vertices -:J arbi-
trary, the celly are arbitrary hexahedrons.
Thie type of wssh s ocslled sn ALE (arbitrery
Lagrangisn-Rulerian) mesh (3,12), and s
particularly weeful for repreeenting curved
and/or woving bousdary eurfaces. The epatial
differencing 1s msde conservative wvharever
poseible. The procedure used is to difference
the beeic equations ia integral fors, with the
volume of & typlcal cell used as the ceatrol
volume, end the divergence terws transforsed
into eurfece integrals using the divergence
theorena (5,13,14),

The effects of turbulemce srs represented
by a generalised eubgrid scale (808) turbu~-
lence model, whosa use 18 epticaal. Thie wod-
ol includes a transport equatior for the tur~-
bulent kinetic energy asscciated with the sud-
grid scale motioas. Doundary layer drag end
heat tranofer are calculated by matching to o
wodified rurbulent law of the wall.

The muabate of epecies and chemicsl resc-
tione that can ba represented {a KIYA are or-
bitrary; they are linited enly b7 computer
tive snd etorage coumiderstions. Chemical re-
actions sre treated by a procedure that die-
tiaguishae detweea olov resctioms, which pre-
ceed kisetically, and fast resctions, whioh
are asovaed to b {m equilibrive (135,14).
Chesical rate expreseions for the kimettic ve-
sctione are evaluated by the same partially
feplicit procedurs used fa COMCHAR-SPRAY (6).
The vate coefffclents are serused to be of a
generelised Arrhentius fors. ‘he equilibrium
resctions are treated by & sev iterative pro-
cedure (16), which 1s en {eprovessat ever that
use.! 1o QONCHAS-SPRAY.

Bvapetating liquid eprays are represented

tisslly cosigast wsing & Mosts Carle sampling
tochaique. The particles and fluid interee
wmum.m-‘:w.

opatial differencing 1s based oa the ALR meth-
mooh ands wp of arbitrary hezahedrons. fOpa-

preach (3,13,14), which largaly preserves the
local ceaservetion preperties of the differea-
tial equations.

Together, the cells comstitute the mesh
with respect te which spatial éifferences are
forasd. The wvertices need mot be stetiocasry,
but msy sove in sn arbitrarily prescribed man-
wer. Thie capability iscludes the Lagrangian
ond Eulerian Asecriptions ee special cases.
1a the general cese, the cells are ssymmsetri-
cal; & typical esll i¢ shown fa Pig. 1. T™h
veartices are ecoaweationslly sumbered as shown.

The ocelle are indexsd by integers
(1,3,k), which say be regarded as c¢oordinates
in logical space. The indices ({,J.k) sleo
1abel the vertices, with the wvaderstending
that verien (1,3,k) 19 wertex & of oell
(1,5.k). The Carctesisn ceordisates of vertex
(1,3,k) are (l”.y".lln). which {n

gensral éspend on tha time t.

A goucrelised sash of the ALR type pro-
vides a grest desl of prematrical flenidili-
ty. It allovs a esaveaient direct representa-~
cion of eurved aad soviag boundaries, euch as
o seving cupped pistos. The geometrical flex-
1bi1ty 1e Lllustrated in Pig. 2, which ehown
ths outline of & wash weed to represent an en-
rise cylinder with sn offeet-bowl oupped pilas-
toa deoign. Thio type of meeh fo 4 vrap-around
sssh fermed o8 ehowvm fa Pig. ). The ether
osth eptiens availedle ia XIVA ere showm in
Pig. 4. Twsee (nslude both planar and cylin-
drical gecmetries for ID calculations, and en
utwrapped ID aseh a8 ehown (n the lover left
of the (lgurs. ’a the latter ecase, in gener-
al, the aslle need sot be square or rectangu-
1ar, o0 s variety of different geometries can
e represanted by distorting the celle wad de-
sotivatiag other eells te ferm obstacles. An
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pped moeh representation of an engime cy-
with valves is ohowm im Pig. S.

« TURBULENCE WODEL — The turbulesce
weed {a KIVA 18 & subgrid scals trame-~
uodel which is a mstural gesersliisation
original slgebdraic swdgrid scale sodel .
by Smmgocineky (17), ODesvdorff (16,19),
others. The generalisaties cewsists in
introduction of s nsw dependent werisdle ¢
the kisetic emergy per watt
of the turbulent length scales that sre
susll to resclwe ia the mesh. The weria-
q satisfies & transport eguatioan which
counteine production and decay torms sad terme

ssg;&:g;g;ng

g—; (¢q) + ¥o(pqu) = - § pqVeu ¢+ gi1%u
+ 30 - bt lM2 4 8, 38

where p ie the fluid density, g 1s the turhw-
lent gtress tensor, p 1s the turbulent viecos-
1ty, D 1s & constant of ovder waity, L is a
characteristic leagth oa the order of twice
the mesh spacing, sud i) 1s & scurce tors re-

presenting the production of turbuleace by the
motion of the fwel spray droplets through the
gas. The turbulent viscosity is given {n

terss of q by b = Aole!’2, were A - 0.03, and
g 1s velated to p by the usual Nawtonian
stress law.

The physical sssaing of the varfous teras
1s a8 follows. The term V+(pqu) simply repre-
sents coavection of the turbulence by the re-
solved velocity field. The term -(2/3)pq¥°u
46 a ccapreseidility term that represents the
turbulent anslog of pdV work. The ters g:¥y
represents the production of turbulence by
shear {0 the resolved wvelocity field, and
¥+(471) represents the eelf-diffusion of the
turbulence with & d1ffusivity of u/p. The

tars -hl."q” 2 represents the decay of tur-
bulent energy fnto thermal energy. Thie ters
appeats vith the opposite sign as a source
tera fn the thermal iaterasl esergy equatfon,
in place of the ters g:%u. The ters giVu may
8100 be looked wpon as the rate at which ki-
setic energy of the resolved motions fe disei-
pated by the turbulesce. If q ware mot re-
tained ss & veriable this enargy would have to
Se considered &s deing converted directly to
thermal energy, snd the teram g:%u would then
appear in the thermel emergy equation. BNere,
hoveaver, the diseipated kinatic energy is
regavded oo being ceonverted first fmto q, oo
thet the terw giVu is removed from the therssl
energy equation end put imto the q equation
t{sstesd. The rate of fimal convereion to

therasl energy is wU Y2, o0 thie ters re-
places g1%u 1w the thermal emergy equation.
Thus the physical pictute is that the kimstic
onsrgy of the resolwed welocity fileld s mot
dissipeted directly te heat by the sction of
g, but 1s first comverted iato subgrid scale
turbuleat ensrgy ¢, which is ultimstely con-

varted to hest by the decay ters &L“q”z.

It 15 of fnterest to wote that in the
quasi-steady sitnstion where the production
and decay terms balamce, the sbove wmodel re-
ducss to the originsl algebraic sudgrid ecale
model. Equpting prodection and decay, we ob-
tain, with D= 1,

give = o132 (6]

Assuming incompressidle flow for simplicity,
ve have thet g = “[!l' + (!.‘.')r]' where super-
script T denotes tho transpose. Furthersore,
13“ - (ul‘pb)’. We therebdy obdtain

w/p)? « § AdL'p:p E))
or

1 .,%/2,2 1/2
b= AL ' (4)
P Q@:p

vhere D = !g + !g’. This s of exactly the
same form ss the original algebraic subdgrid
scale eddy viscosity (19), and provides a
telation bptween the cosfficient A and the
original algebraic sudgrid scale coefficient
C (19). Using L = 2ax, this relation is found
toba 2 e aa¥2, or c = ¥4, 1t 44
known (19) thet C ~ 0.2, which isplies the
value A = 0.03 montioned above. Thus the
present subdgrid scale trunsport model includes
the earlier algelrsic mod~l as & special case.

D. SUBCYCLING, PRRSSURE GRADIENT 8Cal~
ING, AND ACOUSTIUC DAMPING — JNumerical celcu-
lations of compressible fluid flov have & no-
torious teadency to be inefficient at lov Mach
susbers becsuse of the wide disparity bdetween
the tiee ecales aseociated with convaction and
the propagation of sound weves. 1In explicit
schemes, thie inefficiency occurs because the
tine steps weeded to eatisfy the sound-speed
stability condition are much smaller than
those seeded to satiefy the coavective etabil-
ity condition slone. 1In feplicit schemes the
{nefficiency manifeste itself in the addition-
al cosputstional labor meeded to eolve the fe-
plicit system of equaticns on each time step.
This eclution fe weuslly perforaed dy fters-
tive techaiques.

Provided that the Mach mumber fs not too
low, there e & third alternstive which ef-
fectively combines the alvantages of explicit

A. A. Amsden, ot al.
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sad faplicit methods while largely svoiding
the dissdvanteges. Thie 1s ths aceswstic sm)-
cycling sathed (11), in which gll cerms 1is the
governing equeticns that sre mst sssecisted
with ssund wmves sre explicitly edvenced with
s Telativaly large ties otep At sixilsr te
thet of sm itetative mathod. The teres asso-
clsted with sceustic vaves (namaly the oue~
pression teres in the ceatimmity and easrgy
equations end thy pressure gradient im the go-
asntus equatiea) sre explicitly sdveaced maing
o omsller time step 5t thet satisfics the
sound-spoed stadility couditicn and of which
the main timm otep At 1is sa integrsl mmiti-
ple. This mathod elimimetes asch of the inef-
ficiency of a purely explicit scheas while
preserving the cimplicity and robuwstmess
thareof. The eubcycling plays & rele ssalo-
gous to the fteration im isplicit methods, Bt
unlike the lstter £t has the advaatage thet {t
1s oot epen-ended. That is, the msmber of
‘oubcycles s fized by the ratio of stabiliry
linite and cennot becoms wareasonsdly large,
os the mumber of fterstioms frequeatly éoes.

The acoustic subcycling wsthod works wery
well in most imternal combustion engiss calcu~
lations, where the Mach musbers are mot wadyly
low. Tha priesry disadvaatage of the sethod
{e that 4t {s wasuitabls for very low Mach
susbers, euch 88 those that occur in as engine
cylinder at very low KPM. The prodles 15 efe-
ply that the number of subcycles % = Ag/St
tends to iafinity as the Msch susber tende co
gero, and oace N exceeds 30 or eo an feplicit
schese becomes more eofficient. To extend ihe
spplicabliiity of the methnad to lower Mach mue-
befs, we combine it with the presesre gradient
scaling (PCS) eathod (20).

Pressure gradient scaling 1s e method for
artificially increasing the Mach muabder to
sosevhat larger walues while etill keeping it
ssall {n an absolute mense. This is doms by
sultipl;ing tha pressure gradient in the mo-
sentus equation by a tise-dependent scaling

fector l/lz(t). where a(t) > 1. Owe readily
wrifies that this sodificstion has the degir-
od effect of reduclag the effective sound
spacd by s factor of &. Nowever, it wight ac
fire' be aexpected to affect the solution in
othet ways a8 well, snd therefor~ to be wmgc-
ceptadle. lu particular, since tha preesure
gradient has 0 way of dietinguishing presgpure
i{shomoguneities of scoustic origia from sny
other pruesure inhowogeneitiees, s might ox-
pect to facur errors fm sccelerstions, and
heace in welocicies, that are not emrely
acoustic 1uv character. Tortuaately, snd per-
haps ourpriningly, this fear {s sot well
founded. PMiyeically, the sssing grace is that
the presesure gradients in s lov Mach smmber
flow sre affectively deteruined by the welecti-
ty fleld, end sot vice wares. The pressure
arediente sdjw't themselves to whatever values
are wmecessary for the wvelocity field to Mave
tha correct diwergence ‘vhich in gemaral {s
soasero) (21,22). The presence of the faccor

lh’mumh-m-uuhu-

larger by a fostor of ¢l 1a erder te establish
the sems welecity field.

The preseding remirks do not, of course,
provide o fire Jmetification fer the IFGS meth~-
od; they ere ssrely o plousitility srgement.

A systesstic darivation of tha mathod is pre-
oented ia Ref. 20. This derivaticn shows that
the besic emmdition for the PGS msthod to Ve
appliceble is mot that the Nach scaber be low
ﬁ; 88, Mt rethar that pressure {ahosogensi-

es Bs asgligible. Ordfmarily, of course,
these two conditions sfe closely related (22),
but the latter 1is really the more fuadsssntal
is the preseat ceatext.

WHithin the csatext of the acoustic eubey-
cling sathod, the P08 maZhod improves mmmeri-
cal efficiency by redwcing the mysbar of sud-
cycles tequired. leduction ¢f the sound speed
by a factor of & sllows Ot te ba Lfuncressed by
the some fector, ead thee the mmsbar of subcy-
cles W = gt/bt 19 redwoed by o factor of «.
The apprepriste walue of & is sutomaticslly
selected f{a an sdeptive panmar by coatinmally
acuitering the magaitude of the pressure {n~
hosogeneities that eccur ia the calculation.
1f thesa {showogeneities are emaller then a
specified toletance that the wser considars
“essentially waiforas pressure” then the walue
of & 19 incressed. 1f the pressure (nhosogen-
eities become large emough that the pressure
field threatens to becoss sensibly sonuniform
thean & {0 decressed. The details of the slgo-
richm for the sutomatic selection of & are
given in Raf. 20.

The scoustic subcycling and PGS methods
are weed ia conjunction with a procedure for
deaping cound wvaves. The souad waves are not
thessalves of fatersst in lov Mach musber coe—
bustion problems, but in esomm cases they can
distract a.tention from or even concesl othar
flow festures that ure of interest, especially
in wvealocity wector plots st a fixed instant of
tiwe. This dsnger i{s facressed by the PC3
sethod, which srcificially incresses the sa~
plitude of the sownd weves in the process of
artificlally veducing their spsed. Implicit
schenss (requently contain sufficient fintrin-
oic damping to eliminste unwented pound weves,
But the acoustic subcycling method ie neutral-
1y etable end hes oo intrinsic desping of fce
own. (e therefore (atroduce en acoustic daop-
iag terw i{ato the KIVA swbcycling procedure.
The effect of this term L1e roughly comparsdle
to that provided By the truncetion arvors in
typicel fuplicit schemse. This term takes the
form of an arcificisl pressure p defined dy

P = - ph pedsefTey - (Tewg) . (D)

where pg 16 & weer-specified coefficlent of

erder waicy, ¢ 10 the seund epeed, p is the
fluid welocity, ond (!-!)o ies the wvalocity di-
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t would obtainm in the limit of
assber (c » =). The presence of
essential, s ethervise the dmmping

|

would confised to thn sownd mwes
sloss. The walwa of (Y°p)g 1o deterninsd by
boundary cenditiens, the rate of chemical
end the rates of hest cesductioa

ond viecows mzlnu- (211,22). The ertifi-
cisl preseure p 1is added to the thermodymaxic
presssve p during t.r smbcycling.

The walse of py = 1/2 corresponds remghly

the seme aspount Of sceustic demping ae thet
of the implicit echess weed ia COMCIAS-

STRAY (6), if cthe 1icit ochens were rea
with a tiss step of 8t. Orvdimarily, of )
course, the implicit schese will wee s ssd~
staatislly largsr time otap and will tharefore
have additional acouwstic damping. The walue
of py canmot in gesera) e iscressed to match

tha scowstic dsmping of ea implicit echems,
becsuse stability consideracions limit the
sexisas sllowed pa to walues oo the erder of
unity.

It may be noted Chat fa problass without
sigaificant heat release Y:u, is often assent-

fally waifora snd the see of r' {s then simply
equivalent to an artificial bulk viecoeity

p?ezbt. A fuller discussion of the preasent

acoustic damping oethod will be giwven else-
where (2)).

E. SPRAY MODKL — The dynsaics of atom-
ised fual e9rays are represented bv s Monte
Carlo based discrete-particle technique (7).
The eprey 1is consideved to be composed ot die-
crete computational perticles, each of which
tepresents 8 graup of droplete of similar
phyeical properties. The distribucion fume-
tion in droplet esise, wvelocity, epray pattern,
snd tespersturs producsd by the fusl injecior
1is statisticelly saspled ard the resultiag
Lagreangian particles are followved as they lo-
cal’'y interact end emchangs maee, momentus,
asd energy with the gee. The sodel accournts
for turbulonce effects (7) and imteractions
between droplets (9), but other thick sprey
effects are meglected.

Extensisns of this sodal owver thoss re-
ported in Ref. 6 are the isclusion of the
droplet-droplet interaction wodel and a nev
procedure for sempling the distribution func-
tions that requires fewer computaticasl parti-
cles to schieve good statietice for the spray
dynsmice. Details of the droplet collielon
wodel are too involved to dencribe here; the
faterested reader {s referred ¢o Refs. 9 snd
10.

Very briefly, drop colliniocns themselves
sre calculated by a campling procedurs. Ve
cslculute the collisien frequency end uee thie
frequancy ia determiniag the probabdility that
e drop in the given particle will eadergo o
colliefioa with & drop im a nearby particle.
Thett sll dtnpe fa the given particle behsve in
the sare sanes-| they either éo or do wot aol-

1ide, oad ww ssv computatioms] particles are
crested. This procedure has prowen prefersbdle
to s sore etraightforvard alternative whereby
the collieiea frequency is weed to deteramine
the probable swaber of drope in a givea parti-
cls that will hawe collisions with drope in
snsther perticle; oms or more sew perticles
ate thea created haviag the proparties of the
drope resultiag from the collisions. We tried
the lstter procedure and fowsd that w wery
soca hed more computstiossl particles in a ty~
plcal application thea could be accommodated
¥y cosputer storage. In the former procedure
the >robeability distribution of outcoess s
recoversd by ensesble sversging over sany coe-
v4tatioms, or, ia s steady state calculstion,
by loag time sversging.

Particles are iantroduced into the cosmpu-
tetionsl mesh in such a way that a specified
distribution of drop sizes 18 odtained. The
oethod wa have chosen for this sasples those
portivas of the specified drop-sise distribu-
tion moet frequwently where the most drop mass
occurs. This is sotivated by the sscumption
thet thase dropg will uveually emchange the
largest smcunts of sess, somantum, sod energy
with the gas. This procedure has proven very
beneficial, especially in 3D applications, by
limiting the oumber of computational particles
tequired to achieve statistical independence
of the mumber of particles in the epray.

Two distributions sre aseociated with the
injection calculation. Occurrence of the drop
radius r at injection is governed by the prodb~
abilicy dietribution f(r). WUWe define another
distribution g(r) 1o euch & way that g(r)dr s
the probediliity that s particle has drops with
tedif in the renge (r, r + dr). The number of
drops par particle {s than proportional to the
ratio f(r)/g(r). Best resolution of the drop
eise dietribution 1is obdtained where the valuas
of g(r) are Jargest, and to obtain the dest
resolution of the eisze distcidbution where the
most drop mass is located, g(r) should be pro-

portional to the sass distribution r’!(r). as-

suming that a1l 1f{qui{d has the eame mass den-
eity. Thue, the number of drops per parcticle

is proportionsal to 1/r3. Prom this It follows
that the total droplet mase associated with
each particle {s constant. This constant is
datarained by dividing the total epray msese to
b {njected by the total nuamber of psrticles
to be iciscted. 8o the total number of parti-
cles to represent the epray event fs given &

priori.
I11. W/MERICAL EXAMPLES

To fllustrate KIVA's capabilitiee, wa
preseat two numaricel emseples. These a~e @
2D and a ID simulation of the in-cylinder dy-
ssnfce of a DISC engine. The eimuletions fol-
low the dynsafcs through the coapression, fuel
fajection, ignition, and burn phases of the
oycle. The 2D calculation 19 exisyssetric a.d
the 3D calculation is eimilar in all respects

A. A. Aseden, et al.
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wat{] the ignitica event. 3D, ignition fs
fres two locatioas fa the cylinder instead of
the “ring” igaitiea, which is mecesssry {a 2D
to represent off-sxis igaitios. PFigure ¢
shows the cutlime of the 3D cosputing wesh at
90° BIDC, when ths calculstica begins. The
wesh 1s of 20 calls redially by 4
cells saimuthally by 22 cells axially. The 2D
weeh has the ssse radial and axial rescletioa
a8 1its 3 cocvaterpart. Ar this tise, the cy-
1ioder coataiss caly pure air ia rigid body
svirl, with a ewirl ratio of 3. The eagime i¢
operating st 1600 rpe.

Duriag the compressica stroke, liquid oc-
tana fwel s eprayed iato the cylisder froms a
esingle-pulse injector en the cylinder axis.
The injection begine st 32° BTDC and ends ot
39.2° BTDC, supplying 11.6 ag of fuel 1u the
form of & 75° hollow cooe epruy. The owveras'l
equivalence ratio 1s 0.27. Pigure 7 shows
selected piots Just prinr to ignition of the
foel-air mixzture at 27° BYDC for the 3D case.
Although 2000 computationsl perticles (esch
representing soms nusber of ideatical physical
droplets) have been injected, evaporstios and
coalescences hawe reduced their oumber to oaly
747 particles at this timse. Also evident (n
FPig. 7 {s the effect of epray drag on the we-
locity field, end & cool region in the temper-
sture field dus to epray evaporstion. The
turbulent kinetic energy contours are quite
symmetric, with the high velues concentrated
on the sxis. The fuel cloud 1s centered {n
the bovl and well svay from the walle. The
spark locations are besed on consideration of
the equivalence ratio contours st this time.
Ideslly, ignition should be located where § =
1 (rig. 7).

Chemically, we represent this prodlem us-
ing 12 epecies emong which occur four kinetic
resctions snd eix equilibrium resctions. The
kinetic reactions are!

o¢lz:lo+l .

0, + A2 MO +0

2
OH + N2 MO ¢H .

The first resction is e einpgle-step octane ox-
idation reaction, and the next three reactions
represent the extended 2al'dovich sechaniee
for WO production.

The equilidrium reactions arTe

u,:zn .
02:20 .

.’:’ L]
o'-tl’Zul .
oz+zl,ozba N

*
ozowo.woz .

8 oshows selected views et 20°
BTDC, 7° after ignitica. Temperature contours
are shown through two plsnes passiang through
spark lecations, and ipdicate that the
n.- region omn the left 1s elightly larger
than the oss on the right. This three-dimen-
sional effect vesults from the stochastic ma-
ture of the spray model. The plot of octane
aass frectiom iadicetes the two regioms whete

plete the rich fwel clowd.

Pigure 9 ohows welocf{ty and temperature
at 0° (TDC), again through the plane of the
sperk plugs for contrast with tha previous
figure. The two flamse have row merged, end
theitr separate effects have been swept around
by the swrir]l to such sn extent that the over-
all flow has regsined ftes circular sywmetry ¢
a resarkable degree. The fusl wapor, which
began to bura significantly st sbout 20° BTDC,
1s bsing coaswssd at a rapid rate at TDC.

FPigure 10 i¢ & summary graph of the fuel
in the engine cylinder es a function of craoc
sngle duriag the cycle. Both the 1iquid and
vapor phases are shown. The plote are eseen-
tially the asme for the 2D and the 3D simula-
tions wntil Just sfter ignition when the 3D
case {ndicetes an initislly faster burn rate.
The main resson for this difference {s the in-
areased turbulent kinetic energy induced by
the durning fros the two eperk locations in
3D. Thie can bea seen in Pig. 11, {a wvhich are
plotted contours of turbulent kinetic energy
for the 2D and 3D cseses at 14° BTDC. The 3D
values sre an order of magritude higher than
for the 2D case and are located mear the sxis.
The high wvalues for the 2D csee are located
asar the top of the piston bowl in the squish
region. The ID contours shov essentially the
sams muserical values as the 2D case {n thise
region, indicating that the i{ncrease along the
anies 1o due to the buraning from the merging
flase kernele. Sudesequently, the burn rate ¢n
1D catches and surpasees that {n the 3D case.
By TDC wvaluas of the turbulent kinetic energy
in the vicinity of the flaas are essentially
equal for the two eases.

The conditions for these emamples are
typics)l for DISC engine operstion, But no at-
teapt has been msde to optisise the cylinder
geomatty or other engine parsseters for effi-
cient operatios.

A. A. Amaden, et al.
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Fig. 1 - Relationship of a computational cell ia physicsl (x,y,2) epace to the unit cube in logical

(¢,n,C) spacy. KIVA vertex numbering is indicated.

Pig. 2 - Outline of a KIVA cosputing wesh ueed to reprasent g diesel engine cylinder with an

offeet=-buwl cupped poston.
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Pig. 3 - The KIVA 3D peeudo-polar grid formed from a Cartesfan block of celis through the use of
periodic boundary conditions.
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Tig. & - Other KIVA mssh options including both planar and cylindricel coordinstes for 2D calcule-

tions, snd an unvrapped 3D plensr sesh.



Yig. 3 - An unwrapped ID mesh representatiocn of an engine cyliunder with valves in the head.

Pig. 6 - The computetional meeh for the ID vmample calculstion st $0° BTDC.
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Fig. 7 - Selected views at 28° BTDC, just prior to ignitfoa. Reeding acrose, from top to bottoa:
The firet plot shows tha 747 epray droplats. Tha asecond plot shows velocity vectors; the ssxisua
axial cosponent is 932 cu/s. The third plot shows fsotherme. The h coatour fe 600 K, the L con-
tour {s 493 K, and the contour iaterval 1is 2) K. The fourth plot shows turbulant kinetic ener-

gy. The h coatour {s 2.6) n 10’ “2,.2. the L contour fe¢ 3.18 x lo‘ uz/o’- The fifeh plot
shovs equivalence racio. The maximus and ainimus values are 2.64 and sero, the & contour end the
contcur interval are both 0.30. The last plot ehowe octane mase fraction. The sanieua end uini-

e valuee are 0.142 and sero. The h contour 1s 0.127, and the L contour and the coatour fnter-
val are both 0.014.
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Pig. § = Belected views at 20° 3TDC, 7° after fgnition. Upper left: welocity vectors in the plane
sorsal to the plene of the two epark locutions. Tha sanimum axisl component fs 1120 cm/s. Upper
rightt feotharms through the plane of the twy epark locations. The h contour is 2203 X, the % con-
tour {o 767 K, and the contour fnterval 18 180 K. The two lower views are overhead vieve through
the {gnition plane. On the left are {sotherws. The h contour fs 2386 K, the L contour 1s 799 K,
end tme contour interval s 196 K. On the right ls the octane mses fraction. The h contour {e
0.084, end tha L contour and coatoyr interval sre 0.009.
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Fig. 9 = Overhead vieve st TDC, agein through the ignition plane. On the left are welocity vec-
tore, with o maxisus evirl velocity of 3610 cw/s. On the right are feotheras. The h contour fa
2486 X, the 1 coantour {e 1004 K, and the contour istarval is 18) K.
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Pig. 10 = Unburned fuel in the cylinder as s function of crank angle.

Pig. 11. = Turdbulent kimetic energy st 14° BIDC. The plot on the left is from the 3D calculation.
The h coatour s 3.8 » lO‘ u’h’. the L contour fe 4.39 x 10° c-’h’. snd the contour interval fe
4.5 » 10° u’h'- The ploi on the right is froa the 2D calculation. The h contour {e 3.23 x 10°
n’lo’. the & contour te 6.33 x 10 u’lo’. and the centour tnterval is 3.74 x 10* ea?/e?.
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