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ABSITUC1’

sin- iwpub]lcroleuln 1985 tho KIVA
computsr prvgm.m hae ‘tin uti lid /or tho thn.
depandont analysis Of chom.kslly reacting flOWS
wltb sprayx in two tnd thrw space dirnonslonm.
This pa~r d~rib ~ of ho Improvmnents to
tho original vom.ion that have boon mad. -Inca
that tlcno. Tho now ado c811cdKIVA-11 Is plmncd
for public roloa.m In early 1988, KIVA-11 improves
tho omlior vomkm In tho ●ccumcy and dllcloncy of
tho computatlorml promdurq &o sccuracy of tho
physhm submdah and In vomstility and oasx of
u-. Numor+cal Improvomonte lncludo ho UM of
tho ICE aolutlon procdurs in place of tho acoustic
suhcycling m.othd uid tho Lmplommtstion of a
qussi-~and+dor-s~ urati concoction mhomo.
Ma or oxt.onslons to tho phyolcal oubmodclo

/inc udo tho in Iu.elon of ●n optAonal k-c turbulcnco
modol and sevoml additiom to tho sprs mall,

{W. Iljustmk xomo of tho now eapabl Itlso by
lnmns of m.alllplo mlutlon,.

INTRODUCTION AND BACK(3ROUND

Tho Iu-cyllndor dynmnica of ●dvtncad
ln~nml combuat(on angtn

%
wch ●S tho dlmc~

i~on atratlflcd-cha~ (D ) onglao, Involva
a numk of complex, clrnly oouplcd, hydcal and
chomlcal p~ JThen Includo o trxnciont
thmdlmonslorml dynam.lca of ●vm rating fuel

Yspmys IntsractJng with flowlng mu ticornponont
gacao undsr in rnlxing, I ition, chamioal

r!romctlonq an hem tinsfor. # ● WA coda (14),
h~ tho abillt to calcuk such flows in onglno

Ycylindora w th ●rbitrarily oh-pcd piston
goornstrks, Includln tha ●ffcch of turbulonca ●nd
wmll heat trmmfori & rocponoe to tho nesds of a

user eomznunlty md to recent dovolopmon~
k % o floldt of numerical fluid d namlco and

rIntmd combustion onglno modol n , w. havo
KIruplonmnti many lmprovomon~ to IVA since

Iti publlc rtl,a~ In 1985, Tho chsngoc ●rc
Into rati in ● now vomlon of tic crdo, called
KIV~II that wIII k roloamd In ●arly 1988,
Indod, #.IVA.11 builds on tho capabllltlet of KIVA
●d 10qulta ximllar In otructum, Current userx of

WA will find tho transition to KIVA-H to he
XMghtfollmd.

An ●w t from Rd. (1) ●x Mm tho basis
under whlcb &f 1A wax wrlttm: “ irm KIVA was
dovolopcd witln plicationa ta inhmal combustion

J
i~ nos in mln , it contxina scvoral features

r
.d b facill~ti such applications. Howovor,

the ●dc cod. structu~o is modul[ r and quiti
gonord, ●nd mat of tho m~r opUone (chemical
roaotlons, sprayo, etc. ) c~n b. individually
●ctlvati or doactivatd by settin ●ppropriate

‘1values for ho ~iati inru! swi:~ a, The cd.
1s thoroforo tppllcablo to s wide variety of
multidlmoncional pmblorno In fluld dynamics,
with or without chamlcsl maJtiGns or epro w“

&Indd, I(.NA has ban UCA for numorcw stu e.
boaid~ lntmml cocnbuntlon ●nglnos, including
cold flow ●nalyseo In compllch~d gaomctrloa,
continuous spray combusmr., Bunsen burner
tl~, nonroactlng sprays, and hydro~n-oxygm
flsme pro agatln hi long tubes, to nama Just ●

ft?few, It 10 mpmc cd to clti ●ll such utudigo hero
Imcauoa of tlio wid~pi ‘ad distribution and U- of
tho & in indux~ and udvcnlth, For Inhmal
combustloa maginos, b.ddao tha ctudios of th~
D19C engiaa thathavt ban cmrhd on atCheral
Motorg Russmrch La boratorlot, Princeton
Unlvw’mty and Lox Alum, Ithas been ueed OS
tho bash /or numsrical Invootlgatlono of dlascl
onginox (4-6) and tocoal.fired dioxoIs(7) ho WOII,

Fmru s historical ~~tiVO, WA-II Is tha
rlat4 in t -Am ofmul dh,mwlonal codoGthat w.

lmv~ rduced clnm w. bgan work on tiumerical
tolmu ●tlons ~f Intorna; combustion ●n Iros 12

Llnn&
%osrx ● o, under tho aponsomhi In w nt has

Ee o Dopationt of Encr@ CUT ro~am.
1All of thorn ●re multldlmormionsl (lnl@. Iffarenca

codoe that wlvo tho ~nmlont squat.iono of motion.
Th@flrxtof thesx WCSth RICE codo (8), RICE W8B
a two. dlmonslonal Euloricn codt that uti!lzed
metsn k computing xonos for Its mesh, eddy

$“dlffho vlty to motiol tho turbuhnco, Arrhcnlus
klnotica with an arbltrwy number of mactlons nnd
opwioo w mpre~nt tho che.mictl klncticx, and o
parthlly implicit trmtmsnt ~ thlcl~ntly treat the
moustlc tams for low Mnch numbr IIOWU,ttrncco
ot ●l, at Princeton mbly m~lllod RICE and



produced the REC code (9), which included the
effect of piston motion in the unresolved third
dimension of the calculations. Another two-
dirnensional Eulerian code. APACHE (10),
followed KICE. This had the capabilities of RICE
nnd the gonernlit

Y
of arbitrarll shaped CCIIEI,

CONCHAS (11) fol owed A-PACHll md It likewise
utilimd nrbitraril shaped cells, but offered the

i“eature of an ar itrary Lagrangian-tiul erian
ormulation that allowed the computing zonos ti
follow the piuton motion. In addition the
turbulence ●ffects were included in the
calculations b use of a au bgrid scale model.
CONCWSPkAY (12) re laced CONCHAS, Au
ita nama implies, it includ J a model for the upray
dynamics, a statistical representation that
accounti ~or a spectrum of droplot sixaa and the
effects of evaporation. The turbulence wao
included by me- of ● subgrid male model that
included a trans

r
rt equation for turbulence

kinodc energy, an a law-of-the-wall treatment for

K::l%:x%n:o?n’:l%’ $% c:%!:? :’:
equilibrium reactiona. WA (1,2) then followed.
in addition to retalnlag the capabilltios of
CONCHA943PWY, [t featured tlm ●bility to do
either twm or thmedimanaiord pmblama with the
name cd. F:fiomom, ithad M ox andad opray

t’model that trtmted COIIMOMand ma mntx. ArI
acoustic subcyrllng mathod was dopti to pnmlt
~oowofRciont computation of low-Mach number

l’ha following ouctlon will ve ●n ovomisw of
tthe changet ahm tho relema o WA, A ~lecti

aet of thae chan~w will than be daacribad in more
det.dl in avbsaquont acctionc.

IhfPRO~hCENTSOVERVIEW

TIM improverno,ati w KII’A irc IIatid [n
‘Fablo 1. Thaaa fall lLIto tbur gw ml catqphs:
computational 9md.iic~ Imyovamonta, numsrlcal
accuracy improvomentm now or hnpmvad phyaied
submodolo, ●nd Improvamez’tz ~n ●-f-uaa ●nd
Volm.atility,

TABLE I

1. Computitlonal Efflcl.ncy !mprovomonta

● ICE mothcd with conjugato residual
Itamtlon

. Suboyclad calculation ofconvedon
e Sb3cbaatlc spray particle rnovor

u, Numarictl Accuracy Improvonmnw

ICE method with conjugst~ roaldual
ita-atlon,
Optional qussl-mcond-ordor upwind
convactlon achomo
Oenorahd moab dlffuolon al rlthm

rMdhod for computing turbu ●ni dro lot
fcll-paralon when At oxcoodo turbu ont

Cormlatlon tlmo
Convect.lon of length aual. In plnco of the
turbulonco dlael ●don ra~ c

rSlmpllfled VOIWty bounda~ conditions

. Stmha.atic spray artic!e mover
r. Spray particle sp it~r

III. New or Improved Phyxical Subnmdels

● k-c turbulence model
● Model fordroplct aerodynamic breakup

W. Irnprovementa in Ease-of-use and Vematilit:

●

●

●

6

●

●

6

●

6

Nonflat cylinder head option
Inflow/outflow boundaries
Simplified velocit boundary conditions

i’Alphabetized epi ogue Iiating FORTFWI
variables and their definitions
Oravi-htional tarme
Eulerlan and Lagrangian o tionu

1’Librnry of thermnphyaica properties (
common hydrocarbons
Initial Beesel function swirl profllc
Continu.oua or single-puhe spray injectiw

Aa ● result of the com utstional efflclenc
[improvomenta, K.lVA-11 is ● lo b perform man

calcula~ona over a factor of two fa.star than KIVA
The numorlcsl accuracy of the code has bee)
Improvad in ● grmt number of waya. Two ne~
phyolcal submodelo hsv, been added to th

In ●ddition to the subgrid SCSI
%%%&a mcd of KIVA, the user has the o tiol

fti u- a standard vo~on of tho k-c turbu enc
rndol (13). An ●ccompanying pa r (14) In thl

rconforcnco details the now mo .1 for droplo
●orodynmnlc br~akup. Thit breakup mnde
fmthor lm rovoo one of the strongest phyeica

fsubmahla n tim code, tbo spray mwiel.
The im rovomon@ U3 tbc cuds’a easa-of- US(

!and vomadl ty ●ra numorouo. Most of ches[
changas ●now tho ueor to run a larger variety o
probloma using Nand*rd Input. Thl- hac been h
reapon.u to many unum, both inaida ud outild(
tho aubmtotivo ●ngfne design commur~ity, who ●r{
uah tho code to calculsti staady and unstead)

~com uot.lon problems, to explore ●lternatlv{
combuator daalgns and fuels ●nd to lnverntigat~
fhndanmntal ●quatlonc In fiama dynamics nnc
s~ctum. A now ●lphabetixcd ● ilogue ●llows th

rucor to ●ashy find t.bo doflnlt ons and uses 01
FORTRAN varlablam With.hl th coda.

TIM major Improvomonta ain~ KIVA are the

w& tho ICE method (16), a s.~clod convection
re Iatimcntof tho acouatlc fiubc cling method ( 15]

●lgorithm, a gcnomlixad moah dl uaion algorithm,
tbt ●ddition of ● droplot braakup model, tie option
to hav~ inflow nnd outflow boundaries, a nonflat
cyllndor hmd option, and an o tion ta um a quasi.

/’aocond.ordor upwind ccham~ or c(l!’vectiun. With
tho axcoption of tho droplot bratkup mrdel ( 14),
then Im rov~mm~ will now be doacrlbed In more
dd.all. ! n ● mparato uectlon we toll of throo
impmvamcn~ to tlm upray modal: the utochanttc
spray paticlo movor, tho s ray pnrticle splitter,

$nnd th method for compu n turbulent droplet
idlsporslon whefi At oxcee s the lurbulcnt

Correlation tlma.
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TIIE IC14 METIIOD WITI1 CONJUGATE
RESIDUAL IT’EkATION

One of the biggetit differences between K.lVA
and KIVA-11 is in the method for calculating
prcsaure wtivc propagation. Whereas KIVA uses
an accustic-eubc cling (15) algorithm, KIVA.11

&uses the ICEme od (16), There are two reasons
“or this change. First. our test calculations
‘cvcalcd eomc dcflcicnclas of tho acoustic

subcycling method as it ia implemented in ILPJA.
Second, a method cnlled the conjugate residual
(CR) methcd (17,18), has hn found that acdveo
et~c&tl the lrnplIcit ● uatlons of the ICE

L !this naction w- eacriba and illuatrata
by means of an example calculation the
deficiencies of the ●ouatic-cubcycling methcd ●nd
why the ICE method elkninati them, For more
decaile concerning the implomantation of the ICE
method ●nd ● ahrwt introduction @ the CR method,
the reader is referred b Ref. 19,

The acouatlc-oukycllng method Is used @ im-
prove tho e~cionc of comprwniblo flow com utm
prograrru when d e ●e ●pplied ta low

d
h ach

number problem+ an compmaaiblo !lOW codes
{re uire ● cornputitlons Ume-otip At that must

isa sf’y tho Courant eound speed mtriction(20)

a
~%1, (1)

whom c Is tho spad ofaound, At tho tlmo.s~p, and
Ax tkm compumtional cell size. Thuz tho acouatlc
.mcdo is Iwaolved b thoaa de.. ~n low Mach
nurnbar probloma, & is Is indllciont IMCOUW flow
foatumc of lntim9t usually va on a tlma acalt

7much Iongtr than tho times or mouotic wave
propagation a honomanon that h usually not of

Yln~raot., Tkiodot ofacoustic suhcyclla~ in to
difhrenco thao tanna ●datd with tho amuatlc
mod. ox Iicltl ualng a timo-ttep 8t that it a

J’{rnubrnul plo o the tlm+oto At umd fm tho
Jrerna.lnlng tarma in tho qua ma. T%. smuatlc

mod. timns ●re calculated, or subcyckii, AU8t
them for ●ach time-tip, or c@., Tho ramainin
tirma tre then Incramonti uah AL ‘TIM ama

&
u

timo-stip I!Jtis still bound by tic umnt mndItion
(20). Often tho Is

T’
tlmwta At is dotanrdned by

Yctablllty motrict ons ●aoc *tad with ●xpliclt
CIIfl.rwdng of tho cmvmtlvo tanna:

IIN
—-1, (2)
&

whom u IS tho fluid voloclty, Thuo wc have

A/cl-D -m-, (3)
lwlbht

where M is th Mach nurnhr. Equation (3)show-
that when M <<1 tho WOIMUCsuhc clln mdmd

Hc~n ha idllcian~ UU1OWIt is corn inc with m
method tlmt acolos up tha Mach number (21), ss (s
dono in KIVA.

WC deacrlbe two posslblo ways of
implcmanting acoustic uhcyclin~, Cwwldcr tho

presoure and velocity
component viecous fluid:

Dp
—+ PC%..:
Dt

and

equations of a single

(4’

(5

In these equations, D/Dt is the subntantiul
derivative, p the density, s the entropy, p the
prenure, o th vkous atreaa tensor, and

h
the

acceleration duc to gravity, Typically in low ach
numbar flows, the tam on the right-hnnd sideo of
Eqa. (4) ●nd (5) ●re the slowly va~ing (W) tarma,
whilo those on LIMleft-hand sides are the acoustic
mode (AM) u-. The SV tenna are evaluntod
once ●ach 1

W’
Ume-abp AL In one ●pproach

which w. Ma Method 1, the computad valuea o~
tho SV tmmaare multiplied by At and ●dded ta the

reuum and vdodtiea on the fl~t subcycle. On
Laaquent subcyclwi of tho current cycle, only the
AM h~ma are calculated and tiect the preaaurea
md v.l~tiaa. in an alwnmtlvo ●pproach, M6thod
IX, b valuaa ofthaSV tmna ●m calculaud and
stored. Each subc cl. ofthocurrent cycle, theme

dam multiplied by ● arrmll tlma-sti 8t and added
Jto tho mmum and volocitles. M. od LIrequirm

more A raga but Is more ●ccurata.
Method 1 wu 4 in tbo ori~inal vemicm of

KIVA, but on. of I* doflcioncioa aeon became
a
A!r

ak When an SV tam noarl~ balancts ●n
term, thlo cannot I* calculatd ~y Method I if

At > 8t. For ●xampla, if the pmnure is nearly
spatially uniform and not va Ing in time, E , (4)7 1Impk that tbo divergence o the velocity flo d la
dotmrdned by

(6)

Tb w. havt ● balanm betwoon ●n SV term and
an a tam. This balamw cannot bu cmlculatad by
Method I (unlen At ~ 8t) becauaa tho effects of the
SV tarma ●re onl felt on on, aubcyclo of each

Ycompumtlonal cyo.. For the remalnin subcyclos,
ftho twoAM tmnaua It datd b ba ●nco. Thiu

%dofact wat corractcd for q. (4) In an Im rovod
rvcmlon of KIVA (2) b ualng Method 1, but

6Mdmd Ilsctlll used for q. (5).
On. mlution to this problam is to uae Methud

II for dlfkncln Eq, 5). This would require only
tfiminor madlflca ona o KIVA, but a dlaadvantage

or this aolutlon ia that throo additional arm s
{would k neaded -- on. for each compw.~nt of t c

Sv t,rm of Eq. (5),
Anottmr a preach Is to ua.a the lCE method,

tPIn which, afhc voly, tho @rmo pcW ‘ u and I/p ?p
in Eqs, (4) and (5) tre dlfforenccd im licitly uning

7thaaalaco tlm~.step At. The Im Ilclt d fferencing 10
Y f’to stabillzo the Inite. difference

a proxlmation when the Courant condition iu
rv olabd, snci tilncu all turmu partlcipatu in Lhe

equatlrm balanco on each tlmo-step, we cnn hnve n



baia.nce between AMud SV ~rm, a~ is required,
for example, when ? . u ia given by Eq. (6) in
Con.sta.nt reaure flown.

A drmdvnntage ofuting implicit differencing
equationa haa been that iterative procedures for
Lheir solution urn often Blow to converge, Recently,
howevfir, relatively faut tind efficient solution
procedures have been develo~d, nnd one of theee,
the co ‘uga~ res.iduai (CR) method, is paticula.rly

3attrac ve becau~ of i~ low ab3rage requimmenu
and because the computsr logic amociati with it
io veckmiznbl~ for UN on computem of the Cray
fsmil ,

$ 0 illustrate the deflcienciea of Metbcul I ●nd
how then m miti~ti by the ICE metkd, wo
p~nt results of calculations in which a slowly
varying term, tho s ray source tarm in the
momentum quation, k q. (5), is balanced by the
e.cw.atic mode Mnna. Ln this idedizsd problatm a
slug of liquid dropleti movoa axiaily in s tub of

r
The dro am un.ifonn.i clhtributd within

r i’e dug, wb.ic ocmpiea on. ● ghth of th leng&b of
th tuba. ‘l%. dmp chplacc a n@~i~l:;&um~
tbo

%
in tho alu . Initially tho

tbo p v-loci ?
k

r●4000 d&w ‘Chcnmespond,
toabhchnu.m rof O,lha.dontiogumund
Spead Puiodlc boundary Condiths arc impnud
at tho b md bottom of tho tubu, and hoacw, tha

E
fu - cmtua M It acqu.im’a Lh, ~w la’t

y ‘ho CbOph On Hunt of dmg fO~.
Ln tbo calculations be tub9 was mdvd

with ● maah of 16 uni}onn COIISin the axial
dii fion md tha Counnt numbsr cAt/A.x was 10,0.
Flgum 1 givat vtlocity wctir plo~ ●ftm Lb, flint
cyclo from tho a.olutions obtaln~d using th~

‘pklc’in? ●nd ‘;r’t’ng c“’’”” ‘he ‘“’U”on o tho S.IU of dropiob IS indcati in tho
gum. Tbo plots mm tho subcyaling cd hav~

l~rgc volocit v~ri~tiona, In contrsot, tho
Jvaloclti~ ob ad by tha iurgdng cd.a am nc.ady

un!fonn k spaa u would ho & ~ U tha flow
WON incmnpmasfblo. Both AU co-m Iinm.r
fmmontu.m, but both adutiona havo nu.mded
emom. ~o plot of b aubcyoling do MIUUOB
Ihowa that tho gas Vokitla at tha kttom of tho
tuba, whoro Lho droplot, H k)csti, sm noU]y
mm, l%. momcatum ●Ichan d htweon tho

L“X%’W%.!?A”.$$’3 CR%%
C~U~ by &o mdhod (M Shovu) Usad to
Ca)cubu tha s

r
y mammtu.m sourca tire, wh.ic.h

isan SV tam n tic gas voicbclty
Y

uation. Sinoo
tho spray is coatinuoualy giving up t8 momontum
to tho gas tho gao no~r tho drops should bo
movln . ~n tbo otbor lm.nd, tho it.ar~t,lng cd

7-It o inaooura~ bun at th~ ctrly tinm

x
cmnprsdbih ●ffti tiuid ba Impoti& and
tic Volocit

lln.i?
cld should ha mnunlforrn. Tho

noul
L/

onn voioclty floid of tha Itiratlng cod~
mlu on it ti~ raault of implicit numorictl crrmw
that daxnp mCOtiC p~lU8 WtV09 (22)

In Lbio oxampl- tho Qrrom of tho subcyciing
vaaion am mom w-low than thou of tho it4ratin
CA basun tho flow io notrl inc-nmptiblc, an

J
!

tho mbcyling cod. baa in ucad unphyticai and
tk)wiy da.mpd pl~UIW W~VOS,

OHIOPJAL QUASI-!3ECU)NL) -01{1.)ER UPWIND
CONVECTION SCHEME

A pair of in ut coefficients in KII’A
fpermitid tie uw o the intarpoiated donor cell

dlfferencinq, which Is accond-order nccurntc In
Bpace and time on a uniform cneh, donor celi or
upwind differencing, which [Bflmt-order accurntc,
or any amount of u wind differ encing between
tbeaa two extrem~. L is choice was made a priori
for Lhe entire mesh for every time-step during a
particular computer run, lntcr~lated donor CCII
differencing introduces undealrable dispersion

$
emora in M ons of sharp gradlen~ in the mesh,
Donor call fferencing msemea monobmicit but
is mare diffu.h, there t

r
rrearing tin grad ents,

A difforonce schemo or convection has the
m.cmotollicity props

Y
when the following is true:

if convoctod quan ty p is such that pln iies
betw~n pl.in and PI+ in in value and xl” ~ I lice
batw~ xl.in and XI+ In, tbon plo+l lion between
pl.ln~d i In.

b ~VA-1.1, wc hava ●dded a.notier o tion
tiatcombinea tho kc featuruofinu~la J and
donor call diffuonci

%
Ln particuk, this option

provid~ a tnaa.nc Of0 tiV@ly calcu]ating tho two
con!rolhu coo fllcionts In a space- time- and

Jdi~tlon •~ndmt fashion no ●s to maximi~ tne
amount cdLnw-@abd donor all differoncinfl and
mlnimlm tho donor ccl) whilo retalnin

&
the

monotonicity
?

r~psrty of the latter, hcn

-s
w~volon o tho computad mlution aro iong

m th.c mash spacin tho wham. mducca
b inbrpolati donor all. $/ hcn tho computed
mlution ha-a wavo@@b.a compuabio to tio nioa.h
spauln~ ‘h tihune Au- to donor ceil, which
strongly dam s th~ shortor wavaiongth

Pcompnnonts and o monotono,
‘1’h.omddcd W. um io mm.diflcation of &o

!dea.a propod by Van kr (’23). Van bor givoo ●

notosaary but not sufficient condition for
monotoniait of m certain claoo of diffcrenco

dacb~ for ● eonvdon oquatlon, his condition
giva ● pmmrlpt(on for Iinddng the gradient of a
convoctod qu~ntit .

i
By ●do ting a napre

P
aggT8nivo [●nb mitir than o pm~s, w.
havo &l a dams Mat hm givoD UPmonotino
rwultahl dl our tastcalcuiadolm

‘h illu.shta the propahiaa of tic oid cnd
now convection ~ch~mcs, w. celcuiuto tho
convtion of a

‘1 J’
uamshnpd m on of uwcieu 2

through a rncs.h d quart mlloo Cmiw MCUplod
by s

Y
as 1. ‘1’ho gooaatry snd computational

rbw ti of thlk ~xtramo oxamplo are shown In
Fi , 2. Spmh 2 it initially Iocnti in the Iowcr

1i~ oldo of the computational re on, Insido the

3
$um.ra+.hpod rs~on, whw -i ●s havo len@h

x, tlm m~~ frsction of c oics 2 Is ! 0 nnd
routsido it is 0.0, T%. m on s cunvcctd at . 45”

::tit;fl%. %&%fl:k%L”LYX%%bd:
whom u is on. cornpormnt of the velrmity, At this
L1-, tbo .xAct mlut(un is tho translation of tho
a.qti~ra ofmatiriml exactly the iength of i~ aide In
each cocdinau dimcLion,

Contollm ofcnnstnnt mnm frocdon from the
InMrpeiatd donor coil wlutlon ●m uhown at ths
uppar right, In tit wnko of the qunro they ~hnw



‘he cilsperaive ripples bat me characteristic of lbe
interpolated donor OCI1echeme. The mnxirnum and
minimum calculated mans fractions have the
unph~dcal valuea 1,41 and -0.3S. The donor ~11
aolubon is shown at the lower left- Because the
donor cell scheme is monotone, there are no
diaper~ive ripplec, and the maximum and
minimum valuea of O.8.3 and 0,0 lie btween the
original mnximum and minimum rnau fmctions.
There hno been conaidernble numerical diffusion of
9 ciea 2, however, so Lhnt the ori inal quam
r fape isnow neuly circular. Final y, tic uti-

Imecond-order upwind mlution is shown It the ower
ngh L The maximum rind minimum ma-u fraction
are 0.87 and 0.0, evidence of the nmnotonicity of
the scheme. In addition, there has been
consldermbly Ian numerical diffusion of rnatmial
than in the donor call calculation. To quantify the
error In each 8olu Lion we calculat8

‘ \’ (l-y )?E.d —
25 : (J ‘

whom Yl, is th man fraction of material in cell
(i, J) and &o sum ia over the twenty -flvo COIISfor
which tht erect mlution is Y = 1.0, ‘Th values of
E for tho donor cell, inti

T
lati donor co]], and

8
uui-~nd ordor upwin achomm wem 0.532,
.411, nd 0.958, ~~tiVO1y.

Ona paya a price for tha ●ccuracy of tic
quasi-second-orrlor upwind ochemo; in test
calculatlcns, u- of tho method required flfbon b
fifty pormnt mom compumr time, depwding on
tht nu.cdwr of convutivc subcycltc. For this
reason w. hvo Inciudcd it w an optJon to tho unr.
‘f’ho declolon @ um qumi-~cond.ordor upwind
difloroncing will dc nd on tho cell Raynolds

rnumbora in one’s ro lom (20) and tho pup of
Lha calculations. L on ●ll -Ii R8ynohh numbm
Rqm = pu8dH am I- than two, thn cm should
usa tic old cmvdvo diffomnclag of KIV&t~:
it b,caun tho hydcal vitityls m I

?f ‘7’numerical dl usion of ovon pum onor call
dlfforonclng wIII b. domlnatod by ph SICSI

JdlfYudon. It would h ● w- of oocnputm MO ~
ua.g t.ho now achorno, When Roa z 2 then a
psslblo ●pproach Is to urn tho old &cno ~or f-r

calCU]atiOIM wh- p- is to obtdn quautativt
!low festum and &anda and b uu tho now cchema
whan on. wuts to obtsln tho -t ●ccurab mults
pcdblo for ● glvon rncah aptclng.

m k.twRwL.mcE MODEL

A stindard k-c turhukm nmlol has bom
inskllod In KfVA-KI. Tho opLlon ti usx Mo subgrld
scalo (S09) turb’~lonco mod. ] has -Iso been
rotslrmd. ?%c cquit.ionsoftho k-c mochl arc

and

= : CL,(O VUJ + v’ (pfl’ocvc)

(8;

With the exception of the dluipation term, the
turbule~t kinetic energy equation is the s-a-me an
the SGS turbulent kinetic energy equation. In
particular, the forms of the momentum otresa
Krmor o and mpray murca @nn Ws am the same.
An ●dditional Lransport equation, Eq. (8), is now
mlvec! for he dissipation rate c. The turbulent
vitity of the k-cmulel is given by

ha
pT = cup -

c
(9)

Vh. nd=o (10)

and

(Ll)

Tbo v-r n-,11 Is tic unit normal ta tho wall.
‘Tho bound-ry condltlon on c is applled at the
cantim 0{ compu~tlonal colla adjacant to walls
and whmocanhmmd.lctmnm y km tho wall.

l%. production, dl~slon, ●nd decn tonns
{am dlffomncod in Phase A of KIVA-I in an

analogous fahlon to tho difforencln
!

of th~se
terms in tho SOS turbulence mo .1. Tho
comption (r I u) tinns ~m dlffcronccd In PhaM
B, and tho convoctlon tirms am calculated In
Phan C. In numarical comparlums with analytic
mlutionc, wc found It la mom ●curare ~ convact
Iangth ~lo L = k3/2/c rather than c. ‘rhls is
bccau~ tbora am nomml]y ltr~

r
ad[onta In c

slntic - l/yaoar walls. Incontmot -ynearwalla
and Llsthus aunootbarvariabla than c.

THE SPRAY MODEL IMPROVEMENTS

In thla t-xtlon wc describe thmo changet to
tho spray modol that Improv. its numerical
accumcy: tho spray partlclo spllttar, the ~tochaetlc
spra’ particle movor,

A
and an axten~ion uf the

met od for calculating turbulent droplet
dlap~raion. When the mass asaoclnted with a

7
~:,mp(~~~onal apra psrtlc IQ exceeds LI reference
m~.jt, which Is tw c- th~ mast of an injected



Eltitle, the splitter routine replaces that particle

J
two particles compoeed of drops with the

i entical properties, but with half the number of
droplets of the original. ‘The two ncw particlea
then follow different trajectories bacaua.e of the
mctbod for calculating turbulent dispersion of
droplets. This a litur ik effectively a meu ofm-
wun~[ing ~rom & e droplet distribution function at
d~wnstrc~ locations. lt improves accuracy In
c~lculacions where there are frequent droplet
coalescence, and becautie the method for
calculating coalescence deletes computational
palticles, & ●re may be large ttatiodca) sampling
cl-mm.

The otihastic pm-title mover allow one to
ut.e tirne-shps that am !ar

r
r tian the tlrne-otip of

the Courant condition aced orI the droplet
vel~ity. Th10 mnd.Ition is hat ● dm let CM travel

rno mom thn one Compuhtional co 1 in one time-
ster ~nd was nuums.ry in KNA nJ that dropleti
co 1exchanga - rncwn.entu.cn,md one with

Yall cells along tholr trajwto~. With tho 9* utic
puticla mov-r, the mm uhtiona.1 puticle position

rIS ati]] hdvmd by tkm O~Ula

ntlx =I; +am&,
# P

but unlike tho old ●lgorithm, whora tho exclmngw
ofmam, cnmnontu.m, and energy wer9 wltb tho COII
conhning “tIon xfl+ 1, the stochastic pudclc

rmover h- w oxchanga Ming pka in the COH
con bin~ng the @tJon AP wham

and R is s rsndom number equidhtibutd In tho
intafva] (0,1). Thu8, on tho ●vorago * pardclo
exchangw mm, momontw ~ wmgy with ●ll
culls along~ti wry, ovon though it moy tivol
acrou many coils {n on. time-tip,

T%. stochastic partioh rnowr is uc.cful in
atasdy-ctata spra calculations or whom tkmra a.ra

Juml-ohady m orw in tiruo-dopendont calcula.
?t ono for which tho dro lot volocitioo greatly
excd tho @x WMLI.8. $Ms lsofbb h. rm.ra
sprsy InJ-r whom dmplots havo Im-ga I

Y
don

volocitim cad srw @ill not In volodty-quil brlum
with th gas, Farther dowmtamm of tho Inj.t.cuw
whom tic tipht VObciLicS fMdy

7
Ua! Lhalx o}

tho -s, ho condltlon UP6V’8X < 1 w-II IM mstidlod
bacaum this condltlon Is an forcod for :ho gas

+
veldt ,

he oxbnclon of ho mcticd for calculating
turbuloht droplot dJsp@mlon Is Iatmdod to tllow
for sltuct.ions whom tho cornpuutional tlmo-oMp
tlt OX- tho droplot turbulent corrolatlon timt

%
No nllowmmc WM mad. for thosa Atus~Jons in

‘o KIVA ccd~ and as ● result when 8t > q Isrga
unph lcal turbulent dlspomlon of dropltts wao

YC*ICUstd. Tbs problom misst IMcausa s droplot
“H” mom than on. lurbulontgmvglcdly u’, ●nd
an ● rooult, mcolvm mom than on. random chan~
~ 10 valoclty in ona tlmo-otip, In th~ now m~thod,
wh, n 8t --~, tho partlclo pcwiticn and vcloclty aro
upihtod uoing

un+l n
-u

P P w’
=A; (u; ’l-un’l)+g+ ;

!5( P

and

~(+ I
– Xn

P x’
=U ‘il —

51 P
~( ,

where u~+ 1 is tie advanced-time ~as velocit at
Jthe posibon of the particle, Apn is the particle ra

function, g it tie acceleration due h gravity, an i
x’ and w’ are turbulent position and velocity
cha.n ea that are rnndom.ly chosen from certain

%proha Ility distributions for these chnngeo. These

L
robability dimtnbutions, which are derived in

f. 24, de~nd on the time-step 8t, the turbulence
correlation time ~, and tia droplet dra~ time
l/A n. Becau of the large range O( these times
ths~w. have ~n in our cpray calculations, ❑o
*tcdve suum tioru ●re tie concernin the

J I?relahvc magnitu eaofth~ times i~ KIYA- .

SUBCYCLED Convection

Ln ma-n application., the tine-atop At in
~~ o~~na] I& A WM lidbd by convection. This
wu pardcularly the cas4 in high-swirl en ine

Pgmmotrlet, wham for ● conalderable pordon o the
calculation tht convoctivc limit was far more
restdctivo ban the diffusive lirniL

‘1’o tlloviato this situation, KIVA-11
mbcyclesthe +aIr ofsubroutinos that calcula~ the
flllxcs of

Y
mocnontum, md energy. Thiti is

mcompllohed y rem-win
Y

the convoctiva limit
A

k
as s chob in tho cm culation of the new At

Q*U c cl.. ‘l%. number of f!uxlng subcyclea
NFLUk 10 then cdcuhhd as th ratio AVA&n
rcundd up ta tho naxt intagw, conatiuined w ●

minimum VSIUOof 1 and MO msximum value in
tic ran~ 5 @ 10. A IIm{t of 5 is mcm-n.mended for
trtnmiont cslculatiunc, much am inter ntil
combustion engin~ whilo m limit of 10 Is moro
dlkl.ritfor stsady.ttsti cslculttions, where the
flOW fio]d changes
;~::8:::yA#;;g2y:r:i:!rn:&p :;:?

1 c an exam 10 of tho tff!cjoncy that can k

h
sind though SU L

r
clod eonvoctlon conuldcr tho

A calculatlonJ o tho UPS292-k onfiina (25).
Until ~pray ●nd combustion com.rrmnca nenr TIX,
swirl vQloIcIdH ovar 6003 c-mh controlled tho timo-
Sta .

I
Tho pm-don of tho calculation from fVC nt

11 “ B’TDC to 39” BTN originally rquimd :404
compubtJonnl cycltiin about lh 24 min CP[J time
on a Crcy X-MP, When ra Qetad with the

f?subcycled convoot.lon of HVA- , thoo.e dropped to
528 CYCIOUin 46 m.!n, t mcluctlon to 22% tIMrnnny
compu~tlonnl cyclti in 5S% at much CP[J time,
running at the limit of 5 subcyclea virtually
throughout, Desplta such ● grcnt dlffcrcncc in
c cl. and At hlstary, &o rttiultm do nut differ
i’s gnlflcantly btwotn tho tworuno,
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GENERAIX.ED DI.FFUS1ON

The diffusion subroutine in the previous
version of KIVA wasdeaigned to take advanta e of
the area Projection armys that are ab J for
calculating viscous atreaecs and pressure
accelerations. Thin wau efficient from a
:alculational standpoint, but would only ive
corrwt Raulta in a truly otioqonal “d. Wtu!e it

Y’is deeirable to construct grids w tb aO much
orthogonality as

f
ractical, this is clearly

impoauible in mode ing curvilinear ~eometriea
found in many ●pplicatiu and for wbch tie ALE
concept ic ideally suited.

Accuratecalculation of diffusion requires
the uee of actual ditieax between veticea, rather
than dirntancea pro’ected in the x,y, and z

tdirectioru. To aecomp id this, KIVA-U contdns a
generalized 19-point diffusion scheme ‘-hat
emp!oy8 a net of g~tric facm H oa true
Climta.ncsm

To illuatmti his differene, ccmdder the
nonoti~nd mah shown in Fi .3. K w. imp
an adiabatic wall condition an i a tern

r
rature

dimmntinuity, say T = 400 K in the left W and
T = 300 K in tbo right half, th previouo vemion of
KIVA given Lb. bqnmture rd. at nMM law

Ftime u shown by the x’s In ig. 4. In con-
KIVA-JZ givu tho profllo ahown b the ciml~ in

XKcloa.e a~ent with an appro mati analytic
wlution for tho heat diffusion, shown by tho did
line. ‘Th ●glwement is ucellent exa at tho loft

8boundary, where the cfftct of cli ●rent w-M
bounduy conditions for th a.nmlytlc solution 10
manifti. Whilo tho code in cotind to make
dT/dx = O, tho ma] c mlutlon

P
~LhatT =

A(H3K is inflni~l u away, and la a.symptoth.lly
dheadin bwud at value.

f ho genoralixed achcmg in lLIVA-11 was
futier M In a varloty of multidimensional
curvilinear gaomotrios, with ●nd without
combustion. As lndlcstad by tho abovo heat
diffusion m tho tioa of ~ ●ntha.lpy and
turbulence ●m Hkowfn rnara Qaculmtdy Ca.lculttd
for nonortho~n.a.l grids in th now do.

LNFLOW AND OUTFLOW BOUNDARIES

Originally, KIVA was dcvolopod with
applications to Iatcrnal combustion englnos
sp+cificall in mind, and w. tictd b. cda b

{confined ows with s moving bottom bounduy to
tiulati pitin motion.

An tho code bcamo more widely uoud by
oumalv~ and otiora, many divo~ ongino and
nonongine ●ppllcatlons emor . Otin, thoa.o
a ~MtiOCU hava

l’r rt’” ‘?:2%.so ntlow snd ou ow boundwk
cal. optima that would allow any p-don of any
boundary to tM rigid, Inflow orouU’low, Whllo this
sounds ●ttr-ctivo, tha sd&d complotity is not
pmcdcal for a roloaM cod. vcm.ion, Accordingly,
wo offor aom.c I.i.mltd options that will guido UMm
in ●da Ling thocudo to thlrown cpciflc nedo,

L addition ~ retiining the buic conflnd.
flow rncah horn IMfom, KIVA-11 oflem tn optional
inflow bctttim boundary, and optional outflow
boundtrlua along tho top ●ndor right aJde of tho

logical mesh. For an inflow bottom boundary, t
user speciflea the inflow velocity and densities
the varioua species. For M ou~ow tmunda.ry, or
an appropriate fla requires specification,

fAn added eature for outflow boundnri
hat the user rnny apeeify ia the int at which L

cambient pressure is applied. T “s may be on t
boundary itself, or mme dirtance kyond. [n L
latir case, the boundary more readily abaor
acoustic wav~ bus reducing any tendency [
such wav~ to be reflected back in. ‘l’his featu
has proven ua.eful in establishing steady-ata
flows, by reducin

f
ktb tie problem time aud L

average numbero prw.uure iterat.ions required p
cycle.

DOMEDCYLLNDERILEAD

Originally, lLIVA apphcations focus.ed c
DISC and ditmel engine designs, whose geometi
are cha.mcbrbd by havio a ditinct bowl In U

7pistM fhce, ●nd n flat cy lnder head, A met
goncrstor was included in the code thf

!Oton gOometr ~ ● nconcentrated on the
ffaimplifled Lhe ti ofda ning iti ahap. 1L

the use of tibular jnput dati, the uwr deflnea ~

C
intx ●long the pixton nilhoueti, *

Y
at u

WI ads and ending ●t the cylinder wa 1. ‘IT
ailhmtb may am- ● Imwl or ba flsL Ln ● 3-
-, the bowl d- is than romhd ●lmuthdl:
~ng tlmt &a E WI is circular ●bout ib ow
ula. U ckaird, tha bowl cmuld be aubsequentl
ofibt from th lindor mx.iain a 3-lJmes.b.

While d s gmerator haa proven umful,
●a.sumoo ● flat haad, however, ● number t
dedgns for combudon chunhum *M distinguitia
b cylinder haads that am archmd, or perhap
d~stlnctl domed. To meat this mod, the gcnermtc

KIn KIV -11 has boon ●xt.ended to include a
optional ~nd tabla for nonfht heada.

Although w. pmnntly still conatiain th
piston bowl to ho rotationally symmetric w
provid~ for head dom- Lhat ma

i’
depart ~rom

rw~t~onal aymmotry, An exunple c ahown In Fi
5,in whiah tha d.wna ls not only offsat b one ti #
bug when vlcwed from above, is wan to b partl
circular and pad elli~idal. Again, options
tabular Input 1?●ta provldo the neceasar:
In.bmtion for Lb. gmorator ~ make thirn uhap
adjumztwnt- At the Imttim of tho mesh Ifi thi
ex.unplc, the pioton milhouoti dttm are um.edin tlm
prw~louc manner, Here, we define a sllghtl:
domod hton top, which coincidentally mat.chol

Ethe ●rc in tho cyllndar head surrounding th{
doma.

NUMXRICAL EXAMPLE Ok’ A KIVA-1
CALCU~TION

b an owllor ME pa r (25), wa prcscntcc
rmn aamlyols of threa - im~nslonal K1V4

calculations of tho spray, mlx.lng, and comhuatlor
in tkm UPS-292 fiatifkd cha.rga engine for thm~
dlfierent operating conditions. We rc~rtod thnl
presoure historian compared well with
exprimentil measurernmnw at the hi hcst lona

rcondition, and that computod wtill heat owes werx
approximately two-thirds Of the measured VFIIUOQ
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for all test conditions. These earlier calculations,
using a mesh of 10,000 computational cells,
reqmred approximate tirec hours of Cra X-MP

J
{com uter time b3 run mm lVC at 118° IY& , out

h 9 OA’TDc.
Subaequcnt to the publishing of that ~apcr,

we have rerun CW 3, using K-IVA-11. TIus was
the lowect-laad cmse, and tie one that exhibited the

r
ateut discrepancy with ex~rimental preu-sure

ata. Tbiscnsc had the Iatmit Injection of the three
caaes, and as a consequence the spray, mixing, and
combustion events cccurred cloeer ~ TDC than in
the higher-load ca~. We by@henize *-bat thie
case would therefore b the most sensitive of the
three b any error in compression mtio. Accord-
ingly, m L4ve made slight ●dju~tznenta to our ap
prcmkation of the piotan gem d

?

bringin our
comprea.sion ratio down from 1 !;44 to 1 .04,
matchin the expetinhl vslue of 13.0. In addi-

fLion, wo ave in~ our wall heat 1- coeffi-
cient b 50%, a.salggwted by theearliorwrm

k
%

m 6 ~V- Lho UXllplltd and -hsumd
P~ “ mriu fimm C- 3 and includu tho
curve fram tho new WA-II calculation. Ln ●ddi -
tion to aping fawrabl with the ●xperimontil

tcu.me, Lhe newremltefil itsa ronounmddm in

rk r
Jtie rate of prea~ rioa du.rin I i do~ ea

a atmng incream in the mu o riM, o 11d’ting i -
r!nition. Thic effect ia ●lm appumt in Lhc q -

mentil cu.lwc ●lthou
c

]- ~kdy. A @blo
ex@.n4tion /or this Imvior ix that during tha
iqwtion pariai, fuel evapomtion is c-cmlin Lho

r
F, the MU ofchendcal bent rol~ is smml , and

e mti ofprusmtre rlw dm~ kauc the up-
wa-rd mob-on of tho ictm is dewing. ‘Then A

!i4jection Lllorg is a ~ incma.n In the mt4 of
chemical heat reloan,

One of the principal rmults form our ehrlier
calculat,iono remains unchmngod, howevor, Md
hat is tho pmmnce of h d~

{
on the cylin-

der walls ●t92” A’1’DC, i tudmhwl by b. @mpom-
tura and fuel vapor u frudou contour ploto of
Fig. ‘7, Ln all our calculsticms of@ UPS ●nginc,
tka combustion omum In two ~ a &h pm-
rnixd bum durin wbkb ● ~1 frmedon of tho

?fuel lo mmwrned, ollowd by ● longw dlfidon
flnms phu. T’h flamu an not *UO , but

Yam convti around tho combustion chun r by
tha drl, ●nd into the quh.h roglon as tho piston
wlthdrawa Lfcombuszlon is Inmmplete, unbunmi
fuel will b lsfton thocytir walls,

T’be rerun of Can 3 with KIVA-11 M’qUiMCi
1,77 houm on ● Cr8 X-MP In com rlen with

f3,32 hou-mfortboeti ler~A run, +%. duc’tlon
~ nearly ld.ftlu h 10duo mainl to tiubcycLin

{ fth convective flux submutlna, wh ch dm.matlca .
Iy onha.nca ●f’lkloncy In high. swirl ●pplications

&
such u tho UP9 en no. T%. rerun wu made with
putlal donor-cdl oronclng, u in tho original
run. T~@ Indicati bat tic uaai-wend-ord~r
upwind d.lfformmlng o tion p

E
d Ucti ~irtually LiM

samo results In t 10 ●ppllcatlon, but 10
nigniflcsntly slowor. Tbo conjug~to residual
pmnura Itmmtlon In KIVA-11 is shout 10% slow-r

*’n *“ ‘mudc ‘UT”Y “*’ “r””r *VAruns for t.h UP9 spp Icm on, ●t least at early
thma, This 1- lU far outwdghd, howwck by tic
mors .Mclmtccmvodivc fluxlnaln KfVA.d.
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