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Ho AT TRADCELR.

71+ ZITTLODUCTION.

Alons v ith diceocietion cffectg, hoat losces from the
churge in a sparik i~nition cnrinc conasiueribly rouuce the
suxisum temperatures attaincd in comburtinn frocecccs.e Ao
a congevucnce; the poser output end thormal cfficicney
wie much diminicheds It han been well oricbliched that
the hout trungferrod ig lorit predominantly by ¢ couabination
o: tho throo fellowing nrocescesn:

a) Forced Convection - waich ic thc grocuss ot hnet tromo-
rer between uw filuice eml o £olid curfoee in relutive
wotion when the motion is cauvced by iorcoc other tuan
erovitys This eccounts for the rroater puit oi tho
heet loas in arn onzine.

b) Raodiation - heut trensferred by ridictieon cccounte
for e much r2eller frection oi tnz totel hect lococa.
It ic the _rozens of hoot trenefer thyro:~h ojoeee ana
tales pluce not only im vecua but uwleo thr .urh solids
and 1iduive chiien sre tranerarent to cuvoler~ths in
the visible snd inira-rod ranice.

¢) Conduction » the wechaniou or this moue o bi.ul trancier
is moleculsr @otion unu it ro.re. ciit. tiuc hoot transfor
procect throuch solid. end liiulve at rerte It dry
therefore, the methou by .iilch hoot (love thiovush de-

rosite unu the engine structure.

In uiritol conguter . taulutivne ol ongine combustion,

51 10 mo~t isporttnt to be .ble to redict cecuretoly T
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heat Cxeiu e betveen the ovkin tflulu ond itr currourd-
fir e under tue cany varl ole o ino opzsratip corgitiacs.
In thi; context, the surroumuir~r- ro congideicd to coa-
fPice thoe eylinter hoed, the pl-ton, the eylinuer walls,
th. valves,y the ue, orite wru tae liwricetin- oil., lor
roasnny of pinpliiclty, it is hero assurced tuut tlc conbus-
tion clonbopr iv free of wo 2oitp, that the velva puricecs
opC ;urt v. the eylinmucr h cd curfeec amn tiaet po heot do
i1 wo the Jubricuting oil.

& Lurthor ovurcc 91 auot ;un&rggion ehid loos io thiot
couseuw by picton friction. Jtrungel y in o Lizily ideel-

ced qialysio of ppork-ionition onrirs Co .u tisn, includvcu
o pimplificu expxecoion to allsn for therc fyiction lowgus.
ucalin, cuch effoete are ignorcd in thdle otudye.

Jany Quantitative estiqut.rc hove beon umwde over the
yeors of the overall hest logger wurisrr tht vorious phuccs
or the tpuprk iptnition onrire cyeles Thocre are fowvnd to
vury irou worker to workRor, houwever, tuich ilg only tov Lo
Cupeetou then sany Gifforont onnine doodpr. antd gpiketin g
conc iticne stuve beon uecd in the detercinutivise The im-
portunce oi ceeuwrute ootd . atee of rcuch loco.. to Uile wnel-
gtical ctucy io thet thoy give an inuicution ol The cpni-
waGes o6 the hout lonsco aurin» the ce,urute [ huecy ol the
wrodns eycle to vieden the cooputcd Yuantitlice cun be ro-
leteds  Sutoy wildly inaccurcte predietiosre: of hoct £lous
Ly Do wvoideds A condepsud litorcture roviow o1 00TC OVGR-
0ll .ot locs ooti cteg anyrins ecodiqcronion, eouiustion and
vrpatcion now folloug.

ourins comproceion, the heat cexchoime betgesn the

werkin- £1luld end the curreoundirze ic noysally -uite o=ald.

.
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30
Inuced, Lichty  has ectiiot.d it to be of the orwer of

0.9% of the hvet of cowtusticn. Thic ic not very surprising
ia vicy oi the coaparutivel; low pas tewwueratures in the
cniine ot taile tise. curins the initial stages of compreg-
cior, it ie¢ posoible for the hiat f£lo. to De from the hotter
gurroatuin; e apn to the cooler vorkins tluid. a5 the com~
precsion process Lrococud, ho ever, thw ol te.pcratures
irciteure to becoae hii~her than the currourcinz curfice tem-
pertiures unu the hoot flow ie orce nore £rom tue -or to
the wallce

durins conuurtion ens cxponcions the up tenjeraturcs
arc ul.uys such hicher then the well teaperaturcce ond th
hewt £lov ig irvariably iroo the garco unu to the wellse
Luncnecterl ¢ hae entinotid tiem to be obout 4% of the
ucut ol coabustion ggring costustion und wbout 6% durin~
expunsion. Jeac.ay ? performd a hout balunce on an 8-
cylinuer, L-hocu eng:te end concluued thuet tuc logscs are
very copinient on ongine peede Jurins both coiluiotion
iU -Xpunoion, ut roport.ou that they varicu ivom 16=255
6. tue hout of cosiuction of  hich gpproximetely w figith
or o £ifth i lost guring couwe, tion alone. nicurco
gurge cteu iigureg of &, during combuction and 75 durin:
udxponcion. Eyel ° projoncy 1loores ol 5,0 wr tue nLet of
couutction durinv combustion end 100 wurin expansion.
Pevic smd Liah suggcet thet the hiet lors, exprecceu asg
a porecntege of the heat or cesiuction, is 1450C0 and 25%99
durinT comiuntion ond cxjencion reppeltively Qhera ‘'nt' ig 30
thoe enmim spsed in revolution: icr minute. irelly, Licuty
outulmey voluco of 7w end 9% oL the heet of counaittion

guripe coruustion and cxpunsion recpuctively.
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the infl_ence that thcoe looevs huve on thc pouer
out,uat unt thermal officicrey of un on~ine de,crds of cource
on the crankensle at chieh thcy are loste wnorey lost
aurirn: eccun.uetion can be coujslctely sorgotten in co far as
any wocful work Lrswuetion 1o cuncorncd. ouccecive locsseo
gurin- thic prheoc ars very detrimcmtel to onmivic perfor.ance
thoresiorce inorgy loot curin™ oxpeneion, on tiic otheyr hand,
heg u very such smozler influ. nee on the theroal efficicney
and ,oner outpute Its [ ripeiple cffocty curiry this ;aule
04 140 C /048 wrCs
i) to recuce the tooporatures vk pPreccures.
ii) ez a concciuence oi thin, to rcterd the recuibination
rouctione .uich oceur at tais tisece. 40 cxpuaincd in
Vhaptcr 6, thore reactions can rocuce e gupplementiry

uork outgut.

7e2e PACTUAS THICH YITLULNCU HLAT TLANSFord 1T .1 277Gl

In anaclyti el doterminotion: o: the hoot trancfer vuring
oech phare of the cpoerk ignition engine cycle, the prosicm ig
ugec cone icerubly more difficult by the rreat contfusion of
varianlug :hich prevoil. dach festor knovn to influcrec the
heat uxeango is susjoct to continual chenve. Jmony cuch
iuactorg ores

a) mixturce motion.

b) chargsu tomperutures.

¢) econtuction chusber surfuce tomjeraturog.
d) couvurtion choaber surfuce aroas.

e) wall conuuctivity.

£) churse prescurege

g) chorg. viceoeity.
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h) cher . thermal con.uctivity.

1) cherge heet cazecity.

iduitionally, amany other puruseterr and oporating cone
aitions cen influcnce the magnituda of tho hiet loLceo.
Shoce includes
i) engine (any picton) cpeed.
ii) ongine size.
ii1) cowgrecsion ratio.
iv) spark timing. .
v) manifold teuperaturec ond greosurce
vi) air/fuel rutio.
vii) exheust pregsure.
viii) coolant temgerature, flow aml comgonitions
ix) fuel uced.
x) cosbustion chumber GIBLCe
®1) mctels coaprisin~ the envine ptructure.
xii) lubriceting oil Yuentity.
xiii) depositse.

Yhugy the derivetion oi u peneral cxprecsion to ae-
curstely srevict the magnitude of t..e hesat losscs et any
particuler ctere in a cycle ani wiich is applicevle to
any cavin. confifurction is coen to b virtuully impoucivle.
ALY that can be done ic to try wmi obtain an cxprccslion
which predictg ae uccurutely ew pooiible the origtion in
isat trancicr rate uith cignge ol tho more importunt oec-
sravle paromgtere cuch we gre licted in a) to i) euove.
wahy cuclt exprersicne apicar in the literuture most of
.odeh attewpt to account for both raediative cmil convective

ucut trunsfoere
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7¢3¢ HouaT TRANTFER BY [OTATION.

Tne theory oi radiant heut trannier cturts {rom the
comci,t of w 'uisck vody' i.e. onz uhiich has a surface
-hich e.aite or abrorbs e uelly . ell redietions of all wave-

1:n the, unm waich reflecto none of uny rauiution falling
upon it. It, thuu, hac en emicslvity of unity. The ruta
ot heat trancfer from one ‘'bLluck body' et tenperature T1°K
to unother ot teaneratiure Tgoﬂ sero:r s a spuce conteinin~-
no sboorptive auterial, is given by
Sops = S AAT,*=T%) calfee T
there& - is the Ltefan-soltziann constant (/.3(,”0’”&//0:1’ sec °k4J_
and 4 ic the area(cm”).

In reculity, curfuces are not 'olack' but reflect radia-
tion to an extunt vhich de;ends ugon the vav.lensth. -To
ully . sor tils deviation Zrem true 'black.body; behaviour,
un emigsivity fuctor, &, is incorporatede. nmtuction 7-1
L,.00 DeCumes

?;ﬁp = & AX (CT}4-— 7;42) e 4
LuCll teetors ure normelly expresced up ,ercentuges of the
"bleck Lody' emigsivity.

sdditionally, a 'gecmctrie’ factoxr, Fg, io g plicd to
account Lor the vurietion of the intensity am the angle ol
irclocnce of the reuiution ovver the .wriuce o1 the LUGY on
caich it i1alls. The f£iral expresnsion {or heut trunsier by
reGivtion ic therefore:

2;30 = C;i f?- 61 F&“ (:T;4L"— 7;.4,)

In the spark ignition englne, the churge tempereturcs,

. 7-3

agy wre continuounaly varyine and rutietien ip emitteu to
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the vuils oi the eozburtion clwzier cecordin. to the exe

pregelon:

9., = SAXFg (T_'f_Tw4)--~--- - T4
D

siere Tw i5 tho temperature o: the coubustion chaber wallg.
suprins tuc comprssgscion phusc o1 the cycle, it is cloar
thet the rodiation is niglicdbly ocuail sinecc the churjc
teaperaturen ere walte loywe The coumu.tion wroccroy, on the
other hunu, ropuite ln conuitione in wnich the fas teupera-
turcer are nifn eng veriloole und tho compogsition ol the com-
begtion rroduety is in e continuousn stute of cheliges This
situition gpercloto throughout the (xponsion riroke ulso und,
thus, guite a lcerge coount of heal trancier cccurs by rodie-~
tion durin: thore phoges. Tho rascg in tie ciplie at tads
tine ore very for from black as thoy cailt und abv-orb rovis-
tion vithin certuin wavelenvth bunde.
sutiction froum {lemer originutec Lrudominantly from
the tolloving two oourcuds
1) Lediutien froa nmon-luminous fleses - tucic flumes
pwie chapscterired by « faint bLIluc coulour wod ruuicte
ncut oo infra-red epergy. Only CL2 ams H20 of the
cotburticn procucte in osueh fluasg cuit any approc-
iuble wuounte Phis is ucuelly oi low intensity
except ot very hich tosporcturce chen it cen becoue
sirnificunte The cffcetiv. emioeivity in gsuch fluimce
1s g function oi the portisl prcrruresn,; u, of the
realetine constitucnts ond of the thicknees, fe,of
the iluzes In wef. U8, curvee wre piven ol tho
cffcetive emicoivitien of CUp cmd H2U at various
valuer of teascruture wrd p €, functionss

i1) nadiction froa luminous flumes = these Llooes arv
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norsalldy yellow in colowr amki ave rich in cugpented
591i¢ particlog ce7e tiw colid ipcuiucecoent ccorbon
gerticlec vhich appoer as interocdiste products in
the rich concuction of hydrocuruonse. Cuch particlcos
rudicte uo goliu baciee‘anﬂ provide e major contri-

‘Lution to rc@iant heat trennfere

It {0 clcearly unrcesonoblc to exzect to be oble to
¢eleulate uccurately the radiant hzet tranefer duriny tho
cozbuction and ex ension rhaces of the grork ignition cnsine
cycles indeed, annanda3 was reduced Yo Geteraining only
oen averare olipirical factor which recains inveriant Guring
tiwce phaseas

Alt;oughi the radicetive codponont of lvet troansfer i
chall iu comperison with the convective cocpoment, it is
ctili en icgortent conmtributory foetor to the coverall heat
lorse feker ond Lacersonla heve reported it to be ce high
oo 103 of the totgl hoet lora vherces Ehcscltlgo hag coti=-

autcd 1t to be 5% from conctunt volume boad cxperimentc.

7e8e o oT WGl PLR BY TOCCUL I TGRSR GOtV LTTICH

7+4.1e  Gill il

Cimco turéulnnt forced convection cceoounte for the Qodoer
«ort 0L the licat logses froa tho workin: fluid in an ongine,
it io concidered herc in goco dGetsil. In beoic, theoreticel
otauicr ef thio {rocors, it is ucual to corcider tho onalogy
in tubos or over flat plotese 4 dimcnpion analysis 46

pade involvin: all the rarusster: which arc concicdercd to

bo of imrorturce. Thote {ncIude:
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- @ charceterictic 1imour diconsion.

- e heot tmncfexj occfiiclent i.c. the bhoat flog
por unit tice per unit groe ¢iviced by the ooan
tegreroture Gifferernce betveen tho fiuid aml the
walle f.0. ) * '

h = _ Yeon

A.(T-Tw)
A - the thernal conductivity of the f£luid.
V; = the velocity of the fluid.
¥ = tho donzity of the fiuid.
AL = the vigeoenity of thé fluid,

Cp =~ the apécific beat ot conctunt preassure of the fluid.

On aolution, taig snelycis yields the followins eduation:
he (*P\QL_)C* (,ac €3
-__-.,.— : C_ . ____".E— .'___.....---.7_5
A e A

—a = lincgeolt Bumnbere
YL = Reynolds Lumber.
A2 = Ppandtl liuaber.

end C1, 2 and C3 are dizensionless constents which depend

on the roozetry of the flow oyoten apd on the rigize of the
flowe They are dotepmincd cxporisontolly and are ucvelly
conntant for o porticular shape of Lliow systoi. anciml
hog Ueoveloped o mstivod for Getorainin~ the everace hoat
tranefer cocfficiont in apf‘i.nternaz. ceosbuntion enginc wiai‘ch
ig bLased apon thin forced conveotion theory.

Gonerally, hovever, bBoecoupe of tho consiGerable Glffic-

ulty invelvod inm conctruetisr a complete formulotion of the

.00t _tuonsfer jrobloa and of oolving for the three copctants
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in _juction 7-5, it fc ususily Geelied ihct, for any given
Mcuiicn in dp encing, the [e nol.o Fulber swerts a ¢33 riders
_a‘bly ~peuter Loilucnte on the foreed comveetion thian Goes
the .renatl azsber. (0 this uvsais, .quetion 7-5 is yeluced
tos ‘
Nuo = C,.R’ecz"'- L T—6
Zhic az:r.iﬁed e_.rouch hiee bean uped Luccersfully in
ceny tudiep elswu at preuvictisy: everuge ﬁer..t. tron:fer co-
efricients. Qayior and 'Icongwa. for exanyle, utiliced tiide

veole mteou in deriving the folilwwin: oxpieraion

_h_axh-_.& — 04 (Re,:)""’s’T

it vdeh h,,v i: tile averege hert tron.ier coeffielant over

77

the citire cn ire cycle and & ir the engire uor: dicmeter.
Altiouc D resadto cuoll ap tide (hed lisht on the cverall

heot trensfer reter in ey ipes, no i forcation woout tiw

in tongoseons raten or nOT the comveciive h ot tremafer

cosfficiemt de onic on the ! tate of the workiny {1uld is

a. pereits Ctrdetly opeaking, the 'usa ¢f the hact troncfer

cocisietent, h, erd, consequently, eloo of the ex;rercion

G = Ak (T=To) s

Cory
15 only velic wien the hieot tyansfer cccars unGer stoady
conditiono. Ar wiil Be realiseu, co;rﬁitiuns in cigine
cyitners uie @act unsi;saey since they vary cyclicelly.
The ey, Mecbiltty of heat trancter o tiletes, buced on
WJuoction 7-8, in engioe o/ limiers 'is, thereiore, delnteable

et in Giccueced move fully doter in tide chazters

70 un.er tauns ard aenalyee the in tunteneoun hiset tramsfer

to ond £rom the ~sses in an intewnsl eecuwrtion wnglte, the

et
S )

e
e e T . o - I
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Hout L4 cem convehilenmtly Do Givi.cu dnto utechy onl Qu-
ctecdy ecl OoRLhtos ot uhy oot t.oansler &, Ceflirey oo that
taleh voeo aot vury vith tize. It cam e encily outoired
freon ¢ hout Lolunce on up enjinos. e anctecedy cog onont
ic, Lowcver, tice doperndent cnd %o, thus, ouch core Gif-
Licult to outain.

Weraye et a1193 ntteoptocu gome unstesdy hoot transfcr
curoursLinto on 8 gally four-ptroke, oerk ignition orsira.
wely cpprseoh woe to Foeord gicultoreovsly the teoporcture
tivetuctions in thc chorge ol 4o ths osovertion chodber
cupicec over a rorre of onniro operoting cmﬁi‘tioxéa- Ghe
afinlycio of their néauita 10 beocd on the remral o.thod

to bo cereribed in the meaxt coctien.

70403. Jyv ok VR REEL 1) L e @ B Doy G I G T, P

194
Dehd heo shoun thet e one=diccnsiconal £iet plote

gralysie ic veldid for the hoot tramsiexr froon e Lluid to
tho .alic of o eylinier caich io oitheor thidn-wolileu or has
2ittl. curvaoture. uince theco poCulreconto ere £roucntiy
cotinfled in tho cylinlers of T.Ce cnijices, it 18 poccible
to ccroelve of a olcylificd mouel, guch oo that chovn in
Lige ?-115.‘ vhich 1+ “aoscd on the £let plote anelyoice
1€ 1t 18 nou cocucced thet .
1) tho hoct £€lov io in vno-Gicension only.
1i) conluetisn 1o the only mode of encrgy trangrort.
$14) the vell therzal coruuctivity 1o constant.
iv) tho .01l spocific Rocut ot cemctont reccure io con
“otent
tucn tho f£anllior one~dietsivnal Fourier e.ugtlion for un-
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stocuy hiut Srun.fer in u soliu cun De gppileu to thic model

i.c. _é:'_-:_ _ o SRT A At
dt To=?
vhere o = >\w
1. Cp,,

“he "ar tesjeruture, _G, at eny ingstent in the en-ine
cyélc cen be coucldered for anslysis garporcs, to vaery
cocimcoiuaolly accordin~ to the ex,rocsion
T-g = Tgm + T.. Cos(wt) e =10
in vaich '

Tam = tho time-gvercged valuc ol thoe roo teaperature
over © comsloto orgine cycles |
Ty = the muxicue devi_tion of Tg from Tgm in the cycie.
W = ghe angular freduency. ‘
Ghe coluticn of this problem hoa been corncidered in
199 196 15
coe Ge.glld by Jakeb - 5, wvervye argd retterson  omd
the reuvler io rof‘ofma to th c¢ woris for en enlorgcu treatise
on th: nebjcete Briofily, however, the iproblea in comven-
fortly colved by conpiuercticn ol o otcedy ototec conuition
anu 6 periouic condltion et the cylinder wall (cce Pige 7-1),
tee T(ot) = T,60) + To(,t) ..o 7-48
where o is tho dictunce into the cylimier wall.
Cn goticiretion of the follcyiny Boundary conditions

fo. the ctocdy ctotc and goricdic conciderctione,
I) T(d,t) ="T. = constant ak = d (see Fig. "I--i)

ii) - Ay, clT(O,t) = I’l['rs,,, + Ty cos(wt) — T;(::) —Tp (°,t)]

i) Te ( d)
,-V> “Aw. de(o) = h [ Tam _.'rs(o)j -
the compl.ete soi‘utmn of Leuation 7-9 han boen fourd to be

Tlx,t) = Te 4—[ __T] by . (d-x)

HT T e s (;s}c*-_-ﬁf;*_ ey
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where

T;:.I = cpclent tempersture

+ - J L
o 2«

/ N\
‘7 = "‘""z:_“"—]—:\)'rwz

2
h by,

'tan"( |+|_l:_1|1_- >

L2

€

!

195
Jakob haes tabuleted come values of (Z ané €, at

b
various —> rstios. A few of theee are reproduced below:

fw
0 ' v 45°
el .. «C873 42°%- 16!
1 447 26%= 341
10 _, 505 5% 129
100 +990 0% 341

By differentietins Bquation 7-12 with reppect to >
snd then multiplying by A, en exprassion ic obtsinsd for
the inocvamianeous hoat transfer to the wall (= =c>) For

ganit ares. Thuag,

Feow — — Aw at'r(o,t)
A
- _Rw[ ~Tc _.__h_._.-l-\[_\)\w T?COS(UJ[T €t+_71'.)

T3
which 16 siso seén tu us cumMpoped osr & Steady state pert
enu o periodic part. |
vomgutations Bagse€ on kquations 7-12 enmd 7-13 using

~tyricel vau.ues in ergines show certain trevds in the team-
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filux dencity. For exasples

1) the esplitule of the ao tedzereture 1n greatly
dalped at the Jac~.all cur.cce ( x=0) intericce.

1i) there ic o phoso leg of €. (Jjuot 1e.o than 45°) be=-
tusen the teoujervture fluctuations in the ges end
tho wall (x—_- o). “hece curervetiong ere shown more
clcariy 4n Pig. 7.2,

_ 198
SE® Couri hac chiown that thio 45° phoce lag 1o spproxe

iogtely douvle that which actually exict in en engine,

i) If € 1s exactly esual to 45°, the hoat transfer
through tho curfece is cxe2tly in phose with the
tecieraturc verlation of the main body of pese. For
the cosinucoldal gas tenpercture verlation assumed,
hoviever, the gen teoperature fluctuations leg the
gur.cece heot trencfer fiuctuations by the cmall
a...c;unt ( 'E -—51-.). ’i‘his ic chowvn diaggrsageticelly in
Ligre 7=2¢ Howevef, it ic krown thuat this ;hage
relutionsadp 1o not correct cince, in ectuel crn~incagy
e Jao tem»erutufe fluciuetions locd the hoot traonofer

fluctuctions by e few logrees.

althourh this typo of analysio giver a bitter under«

stuﬁﬁin; i the anctecdy hoot transfer in i.c. cngime,
it isc very for renoved fron realitye Hence, the reculins
erc not «ircctly sppliceble. Ghie prirciple sourceo of error
eres

n) tho agoudption thot th. rag tenpercture va.iepcosine
ucoi-ally. 9hic coiyletely over~siamplificc the yroblen.
A wore cozinlote anlution cay Bte obtained 1y the [mo tedjer-

atiro 1P cxprecscd in a rcurisy uerics of the forn
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Ty = Tgm + éo K. sin (nwt> + Gﬂ.cosénwt)] ..... I-14

where Ky ami G, ere Fourier coefficiento and n 4o thé har-
monic RIODG e
b) variotions in the hect transfer coefficient with change
iv spuch parameters as mixture cotion, pregsure, temper-
ature otc. were not consldered.
e) tho boundory condition 'T;-(d) = Tc 45 only an approxi-
wation to reslity cimee Cverbye et 51193 found that
tho wall teopoeratures ot thio poimt in the cylimier
always cxcced tho eoolent toeaperasturc by a few degroens

d) bouniery layer effocts are ignored.

Proa the foregpoinz, it is ceen that tha objecticns
to the ure of Liuation 7-=3 in colculating the inotentoneous
heot transfer rates in engine cylinderg (sce Coction 7.4.1)
cen now be reirfforced by the phenomenon of the phose lag
betueen the hegt tramafer ani the pesg tegperature flnetua~’
“tionne. In opite of thils, however, it still appoors reccon-
avle to resard contiitions ao ot lcost Quusi-ctecdy. Thio
would encble inoteniercous velues of thc hot transfer co-
officient, bascu on tho ctaﬁe of the chcrge at eny particular
instant, t0o bs used in Lguction 7«8. The followinz rcaconsg
arc concluered to justify this approachs
1) tho actual gquantity of hoot transferred during a
period of crankengle rotation when the inntentancous
heat trancfer coefficient varics widely ia only a
ccail frectiop of the totel host troncferred durirg
o cycles Thue, erroro will tesd to bo wulte smalls
11) Oguﬂl‘gs nag shown the puece log between tho host

—_— —
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tretaor fluctustions umu the gao tougorctuse flac-
tuoctizpo to O (uite celle %huo, o inctontancoun

heut S10up are not ogpreciably irslu._secd by this offcete

in this work, thorefore, Lguction 7=8 1o uccd to obtain
the inrtortaoncous rates of heut trencfer when inctoentorecus
valuce ef Tg, Tw ond A ero urcd end alco when ap ropriuto
voluco of W arc ecorronnondinrly eployede.

Loay ottooste hicve been Muce over the yoeore to cc:urétel_y
sreuict viluco of the hoot truncfor cocfficient, h, grom
exprocglons which utilico the preveiling cornditions of the
vorizirs £1luid ot ony gerticucer polmt in tho eycle. This
Liue provcd Coct difficult boosuse of tho cepcngerce of h
e cuch vardovle quantitioc oo [ rerguro, teoieslture, deng-
ity, wixture ition cnd heut capacity of tho cIiury:e. iurther
cooilicutivng ure thot 1t tomdo v very mot only froo onxine
to crzine but cdgo Lrom polnt to point in the ruce oroinc.
Thic ecituztion ied am:anﬂg to gropcund thot o muct recoet
to s;uite unrcaeli: tic ciaplificoticns 4in the degriv.tion of
sech on enric.oion, the final fera of chich ourt ircvitubly
Bo cort clodentcry.

levestholaeos, cany irvo.cticotor:n have propoced Lany
creh onprecoions, coct ot whdeh are vovictain the follows
i~ eotion.

7eGe BIa - S0 . o WK L €7 W we DY T vy WG e Tl XD IME T

o« . . _I_&_i I; - :‘t ‘;f;ﬁ.

S0 £ilp.t conercte expuecoion sor thie cotl. ution o
in-tentopcous hoeut tyuBoior retor wao put forceru in 1923
190
by iuegelt o ke propoccd a forcula bogou on GEoCuUrcitnis

of hout looeos £rom tho conliction of oir:/rfﬁélr_m;::turqs in



303,

cydin.ricol besbge ERoth convective end reéictive hent tronge

iop verc corncidered. Lic oxjprersion io

7~ oes(P1y)* (1+12avp) (Tg-Tww)

LN sez[ () — (L) ]ka;/mz hr

A
2

A 1o the curfogc arco CRpOco . to hect tramofer (cotres ).

in chich

and Vp 1c thc coen picton speed (wotree/cecond).

159
sriling edjucted Lgucticn 7=1% to coircide with hig

cun wuto Op overasl hoot loccece Ihe alterotion is con-
firce vitirely to the brecketed pioton gpeed tera in wiich
tho usellt quortity (l + 1-24-Vp) is repleoced by (3.5 ¢
CelkdV,).
Thece tyo foroulae arc usnccceptcble becoures
1) the coibustion of cuicgeent oiztorco in Uugbs de in
no vay conperavle to the Lilrhly turbulent burninzo
in goork fgnition erince.
i1) <the ure of the moen plcton opecd ¢9 charccterice
the roo covement {ccico tho cngire eylinuer io
vary cpyroxiﬁata.
ii1) Lucoclt's Lacle ap,rocch can only determine the heat
tronsior by Lree cofvoctdion pince bio hcat loos
ueu:ur»;ents uwere oo.e only after cc.curtion hd
boen cocplctcu;

17
icholierg vop the Lirct te attes;t dircet Logeure-

surpte of inctontomooup hoat teanstery ratoe in a Lirie) en-
gire. Uoesuce o. thc hlotoricel iuortamce of hic forcula
wrd its corntinuin— vorld wide cppeal, it ie di-cucocd do

0052 cetuil. Cicheliortto mothed wor t6 redord gi—nltar=
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cously the instant: resuo teial suricce temperatures at o
L0int voth ircide the co.suction é-um;er o ot the corrige
yOnLin Lo4nt on the @ all-ccolant intericce. Theue ere
then analyced ecing harconic technigues to obtaln the hoat
tronsfer rote ot any intunt. Lichelverrs'y formla is

N N (\/P> & (F?Té)}"_ [7;_7;,) ecal fm b

A
S R -/
~ecpite 1t grect simplicity, many criticisze hiave been 6

lovorlcd wooldnet ite Thess inciludes
1) it ooy rot be eppiiceble to modern fast runnin;

engirec cince it yac Gerived from osasurecentos on
e) & lurge 600 vore x 1000 am stroke, 2eptroke
ergiue rumning et 100 rev/min end b) a 4=, troke,
260 mm Uore x 420 on gtroke engine runnin at 211
rev/nin.

11) the reperete influcnmeoe 0 tho radictive amd convece-
tive coagonents cannot be ettesined.

1i1) redictive hest trancfer 1¢ allowed for in a moct
unccticfuctory manncy viz. by increacins the pover
cf Tg urd docreasing tle pover of P by empiricasl
f2arge

iv) the tesperature meacuriny thersocouples employed
vefe very crude osd were ingerted 0.25 mm below tiwe
curfeccs 4Lt cuch s lcocation, the teaperatures are
rreutly Cengped (cee .cetion 7.4.3.) and eltiicugh
correction fectorr vere incorporuteu to allow for
tidc cua dnT, thece aust De regarved ao inaccurate.

v) the reprocofitetion o the qixture cotion ip the

ongirs cyiinder by the avan i ton gpeed ia not
rcolictic.
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W) annced  bhes chown tho enprocsien te bo dicensinraelly

izecocurote.

In 1951, i'flaum  attexptcd to cvercoss cole of thoce
obiectiors oG Qi cozz testo on o 15 cm Lore x 19 co ctroke
pPecc.lSustion chiciibor enine. He amended tho preed dependont
tora inm cichalberpg'o forcula aéﬁ ayplicd corroction Luctors
to cezount for varioati.ue in the intoke manifold preocuro end

in tlie h.ct £low to differont partc of tho cerbuction chezbor.
Hig foraula 1o:
= AK)AR) £(%).(p7)" (5- T)c/-//fsec
incvsteh L 777
Vp 4: the ccon picton opeed (£t/oce). 5
A ic tho .urfcoe area oxporc. to hcut losces (£t )
ﬂﬂ?;)is e tcra intcndeu to cover heot Liow varictionp to
wifforent fertc of tho co.Luction clhariber.
A7) 1o on espiricel facter to roprecont the effucto of
induction sanifold rrooource.

ond '
(\4’) = 3.0 2-57[[—-exp 1(1.5—0-127 VPD

vhere the pocitive vigns erc for Vp greoter then 11.8
£v/o0e enu tho negutive cigns orc for Ve lego than 11.8
fv/cce.

201
Licor Lateiued the woele Lliclolbor epproceh in

cvaluctions of t.¢ inctuntomeous hcot truncfer in 2-ctroke
cne G-ctrolo clecel ermino. with wuch core sefincd inctru-
Lontotions Ueling disensionol ennlyoic, tho folluwli]y re-

letioronip wes obtaincds

%
No = 65 (] +——-—-) (RePr)*. .. 7

where As 1o the mcﬁeme in ontropy 1oy unit maro froo the
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sturt of couzprecsion. Suir expre:oion provi.ec c~ood LEree-
ant sten e,ilis; 1o two-otruks en—irnes Lot [oor efreesent
for four-stroke enginea.

Chirkov wnd ternmvskiaoa in 1998 prupoped s ruther
theoreticel relutionciiip Cused on s Aiusnsiunal analysis
0. th. convective [art only of tie heat trunsfers This
.we the form

Nu = CONSTANT. x bSA? (Qe>o-25. e RIS
unnmdaa haz oriticiied tule Icrmuls on thes groums of ito
Giwenpional dncorrectne s,

198

in 1960, vguri expericemncd ith true surface therno-
coaylug on & cmall, four stroke, e.ark i;nition erngine. In
the snalyeis of hiio re . ultc, he eue, tew the Gfasneional
a, .roach as developed by Llser end fina.ly errived ut the
folloving formula:

% 0
Nu = |.-;5'(| +-‘§:). (RE.P')") ) [:;24- cos (@- =0 )] Set o 7-R0
where As hee the came pignificence ag in iquetion 7-18 end
& 1c the crerkengle £roma T.i1.Cs ‘The drzcketzd temn
[ = +Cos(e—20°)] iz an atterpt to regrecrent the variutiuvn
in 3,1ctjn creed with cyarkancle,

In 1960, wezbdys et all‘ 3 re,orted on sumc detuileu
t..ts tuey .triormed on the groblsm of unstesoy hest trans-
ier. Thece .ere CconulLciey on & smail, four-gtroke,s,ark
1-nition cnnine and a so:t refireu Benaercky tieruzocouple
ug tieu fo. thy curfsace temperature mesrurelents. wotored
&.. welil eg fireu sngine cycler wire anslyzed usinrg . ichel-
vey '. bapic epiroech at e variety of inteke manifold pres-
rurese. %he eveilsDility of an electronic cuiputer grsétl&
iroreuscy the ccope vi the experiuents since it enabled
more Getuiled harmonic anelyses of the test messurerwnis

_to be_sade. Dectuse of the wide fluctustions in heat trane-
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fer cocfiicients turoughout the enrine cycle wny the phcse

lt 7y wverdye et al were Gi.courdgsu {rom ex.ressing tieir
Zugure.cmts in ingtuntinecus et truncier cocfficient '
ter@gs. Uhoy uiu, hovever, propore an emlrical formule

tor motorcy evime instontireous heut truncivr. Thiy is

95 _ (SV CP) 2026P _ 025 |x107%
2600A A Tg, CR. P
4+ OP _ 6.02 chu/ft’sec. .. .. o
Z1E chu/ 7-21
where -

S 4ir the stroke of the engins (ft)

R 1is the turtuce area (£t2)

A ip the thernal contuctivity (cehou./ftocecol),

Vp ic the mean pistun sieed (£t/-cc).

ﬁ ic the deneity of tihe chsrge (1b/Etd).

Cp ic the (pecitie hoat of the £luic at conrtont pressure

(Cohotts/1040C)
and the subseript {1 jesera to comuitiond ot tie intuke
wuniiold.

Thiu-ek;msnion lwg Peen eriticliced because the wall
teoerature, T,, douws not e;cear. Gverbye amu his co-warkers
surpeeteu thet cgtioeti-ne of hi.at tranc{er ietes in fired
orniner be obtaised by multiplying ‘g’ in Euuetion 7-21 by
thé mctio 0. the uifference betueen the res and wall ten-
geretores for the fired anf motored ceses.

Curonvlogically, the néxt isiortant L at trensfer ex-
preceiof. to Le puilishec vug that of annend o Hawover,
gince thie in the one ghich s uced in this study to obtain
i:hcz in, tantuzeoue boot £lowsg in the wenault e:pine, itg
vupivation und degeri;tiun ds left unmtil the ond of this

PENELIS e - : e e = . e —
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203
In 1965, occhni rudlished the recults of his work

on heut trencfer £rom conctlent volute bosbs. KRe ¢id, in
190

120ty Dyyent Tucegelt's techinigue but with much improved

intruscntations “herees, however, Fu:selt estimeted the

ot oot el the lpt Law of Therasodynamics in differen-

tial torm.
e, .__—t" ot At
vliere

Qv 15 the hsut of coumuuution.

E i, the interial cnergy.
ui @ ic the hest trancier.
~opeinl utiiiced mpichelbers'rs techinigque of measuring the
voriotion L ith tine of Uie rall surfece ts jeralurer end
Lein: 2..3 to colve the Fourler diffsrerntial cquation pteted
in Lquetion 7-9.

vodn o the ssuic TureeltereynolGs Rubcr cxirecelor in

.quition 7«6, he deriveu the following: relutionahip

h = 'c,,!_c“"). Pc,,. U 5 (075 — 1-62¢cy) kca//mzl"foc-
where b lv & churccteri.tic ufiit of length (metres) and U Rz
i the lecil cvsroge cap _velucity'in the cyilxier (aedres/
ncc).-

20 ub upproaisotion; the velocity is exprsused as
U= bW

a.xrin 18 ecevenging periou whers B. Ge.elus un the flaid
ki, comadtiont. At t.i stege 0i the er ine ¢ycels, “.oschni

gumie. te thet tie in tintureous h.at lors cen be sptimated

firom

A — llo[{_—o-? Po.s (b, VP>°.8. Té -0.53] Jeco,l/m"'h“C-

AlT5-To)
and
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varirg comdustion and expansion, b, was foung to be-
2..3 reflectinT the Cecreese in £1luid motion during these
phecap,  LGuever, woschnl consideres thet tie nixture motion,
U,at this lime, iy aupplerented by come flame generated
turiulence, U, . Thue,

U = bV + Ue .

e varlstion in U, ie obteincy from an epprezizution
to the fcut rclevpe curve gince thic source of turbulence
irereacec ro.idly frow zero ot the beginning of ce:bustion,
reecheg 8 caxioim and then Jdeccye apprecicbly curing expan~-

sion e8c doer the heat release. Its magnituue ic zstimated

from
¢ Uc. = bZV-GI _(P-—'F?,)

where
bz is a constant.
VYV 1is the instantencous eylinger volume.
F end Ty, are the known states of thw charge at the
referorce volume V, (e.g. at inlet velve c¢losure),
ed P 1o tie gas pressure in the cylinier of the correce
Soruins motored crpine.

Timo, wering cosouotion srd exgension, 0.8
P)j

o-8 -0'S3 AV;(P'—
% oLt T"[""* =

A(Tg-Tw) (o173)*— (o) j
X w, ead Im?ht°C.
. * 6—[ (Ts Tw) /

724

amd by = 3.24 x 10 m/sec.°c
ang ¥ = 0.6 (determined only for .te&dy diccel flimec).

roschnl'es work egpesrs to be pubjest to seversl corit-
icisng. For examplets

1) Tile finel meat loop exprercionc only aprcer-to-be o —
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Girectly upplledble to epibuotion o.uuder geomotrics
oi cinlier fors to whut on wihich his work wes cone-
vucted.

11) no inlovastion on the compatibility of hiec formulee

to spark ignition ergino cotbuction is givens

iisssan receinized the importence in hest transfer
wCri 04 actuel measurscents of the gas velocitier in the
coluotion clagber. Uslno e hot-wire anemometer, he was
-1 t0 oltsin suoh Gquantitlies in a opccially decinncd pre-
conlu.tlon chamber cnginre unfer motoring conditions. In-
Jtantuneous gas tauperoatures, pregsures ani vwail teopersa-
tures vere olsp gmeasured, %he computed local Furcelt end
tie nolus fumbers wers correlated on the beosis of £1ut plate
hout £lux relstions.:ips. The exgerisental reculto £itted
a relutionsnip 9f the Zorm _ _

Nu = ¢ . Re°® .................7-25

chers C, veries between 0184 ani .0276. Ao vith ~nechnl'a
¢xprecoion, hocever, leccan's only ceemp to be pppiloable
to enpgine coslbustion cheubers of the geme fors as wae uged

in hic work.

A9 _otet G proviously, the hcat transfer exirecsion of
unnunﬂaj in acosd to ectipate the ingtantareous heat flows
fron the working f1luid in the Lenault cngiie during the
couprecsion; coxtuption &nd exgansion phaces. Annand aet
out to derive Liic own heut tranziep ukprecsicn after review~
ing the greviouo work in thic f£islG and concluuing that ro
forruls satirfied ail the reguiresentss The formulee of

iucgelt, oichelberg, wriiinog amd Chirkov amd -tefanoveki
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e Cul. Juexau to we unesldc sle beoccure 6L wl encignal in-
coriectnesras. LG,y tuey cerrot be extra; 2leteu to Lreiist
sttt trureier potos unuer oAt = S0P 1. et frou b LIS
cL fsC Cev api.onte an wnlch they ware beced, Fe foults the
wureilee ai Llger and Wrurd bevuure oi the inclueien of
snervect tord: shilet wwerbye's ie eritleissd beesuio the
L aad tewpercture variation is not ailoweu fur.
eaosalizin” ths ligitetine An attesjtin, to inelude
gal v % 5&3‘&%’;3!‘;&‘: which can intluence Liewt tron: fer, e
eolrlueran the fullowin, Tegqulre.ent: to e ot rige im-
P2t ¢ 1
1) the vonvastive am redlutive co ,onents choale e
clenriy Gistirpulciiel elnce ootil e oi.o.ted %o
vury not ondy froa envine i onerine bat (300 in olf-
fevent larto of the same ungire.
ii) in canvective heot £low, the L1flu 06 cf t.a .ran.tl
Nwuber In byuition 7-5 i cou letely ewmange. Dy that
07 the "aynolds Yudber. 'l"hus, .4,. waticn 7-5 ig re~
Luteu to the Soerm of LQu: tion 7-6.
111) thut riGlenmt hert loene: shoulu Be wooowntou for by
e femilior cxjrecsion
QRHD = €&..R. (_@4 - Tw4)
uiiere €, = 6 x8* Fg (zée . untion 7=4). uuech volues of
e, should be giproprieve ti the Litferent vyjeo of curiuce
el goae. of oot tiun alch exist.
Iy arow the consiuerufe_s.uns, AN ‘L.rapusuu t..at
. totel eat ilux coulu ve reprc.uite. By en sjustion of
1he fori

7 - c,.__?_g_,(Re)Cf (TQ;TW)-I—‘eC(’I‘;—- Tw4)........7..26
b

—

I suteds the o-mrtunts ¢, und C3 in thils &X; Péc=lon,
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201
thc ceoarurecents of cleop wero susjoctod to ro-exaning-

tion. Cofurlgoks wore also couce witu ths zxcc:-u?émontc of
vworbye and tichelbdorg, tith goce 1locel hent flux omasure=
wcobte in cpoik dgnition amd cozsrecpion innition cmjinos
cnd with @oan overdll Gicat teancfeor datas Theco appreisols
dod annund to sugomect tho L£oligwing valuce o4 tho conctonto
in seuution 7263

ca = 047

¢1 = 0.35 to 0.8 for nornal cosuttion. ¢ irercoses

with imcrcucos in the intenoity of charge motion.

P
[

= 0 during ogmgreaaion.

- 2
€ = 1.03 x 10 _ cal/cn Sec°a4 for sperk ignition cnrines.
e = 0777 % 10 cel/em seck? for compresolen ignition

erinno.

Fhic annard formula is uged to previct tho instontane
cour h-ot £low retog in thicp werk Lsewuce it satioficc coro
o the begic thooroticol requircmerts more colzletely then
do toat oi the ther oxprosglons. It lg alco dicmionally
corrcct wnd can be gpplicu to any codiuvtion gpuce peottrical
vegigne wirce,y hotever, tho loysnpldo Taluer hes to Le

cpticotec froo

fo\ﬁo b Ny A
Re = ———F—
AU

it cuffero £r.a the vewe weoknoro of charactusrizint thoe mixturc
aotion by the mean pleoton apeed wo do co.t othor formuloe.

woantitatively, tho usc ol tho ean piston oiggﬂ in this
contont cay not bo too inaccurcto since olchonov hce

ciLoup thats in on~ipec with no larpo ccole swirl cotion, the
~ao velocitior iusecletoly after inlot velvo elocure 4.frox-
1ratc elocely the mwan pioton opoeds

sowe irvortdpetorc hove cugzosted tue uce cf the insten-



tenaouo picton coceu Lo rpeic. et thoe oisture oHticn.
siilg i not comicero. to o u ucoful ceritcrien, Lovover,
gircc ot or noor top deod centro vihen the hoct loosog ere
creotorty tlhic cpoed 1s either zZeoro or very lowe Lhe reverse
gitustion applive at old-rtroke.

It ie aypuront from thoe forepoins thot there 10 @
rrott noed for Lundorontel meosurcacnte of fas cotion in
e ox7ins eclcaontion opoec froo tho vicupoinpt of bcat

trancfer pre.ictionge

PeBele iz o Foli 00 i, 1t T SO TLR_LR L COTCIL G AT

p i o b A X Thavi b QLD S TG [ nDhae

annard'c cxpregolon is siiven in sauotion 7-26. In talc,
A 1s the in tontencous curicec cree acror s which tho hoat
£4iGU cCCurs (cma)
1; 4: the iactontersous charge tegorstore (OK)
end T, Lo tho mean wall teuporature in tie enipe ot an

in;tent of tinme (OK).

The vaivc of e3 woo chosen te bo 0.4 bocauce the totol
Loet loncco, orprocscd ad e perecatase of the hogt of com-
vagtion, witis thie voaluc werc fournt to coincide clonoly
Gurin colsmction - ith thoco obgoervcd Dy ecvoral werkers
in tuc iitorcture. 1.0. about 6705 (poo (cction 7.4.1).
It cloo duuicatcr Quito o low domrece of cisture motion ao
Giht e enpceted 4n the seloult beticplorical cotbu.tion
e uoeore  The fizen _irtun g .ced tord, aced to roproeceet
{1lew voleeitics in the loynolas Tucvey rrougin (Lo Liue-
tivn 7-27) ic outouinud from

Vp = 2.5,11/(90 cm/sec

theie S 1r the cnpine otroke in contin treds
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In a1l hest trancier coleulotions, th: combustion
chepber volil tonperatures ere basic fectore. In proctice,
thoece vary not obly frem poimt to point in the coasbustion
cieeber but elao from ocne inciunt to ancthier. Allowence
for all thece inldividual effects maites hecat logs caleulg~
tiono unnecescsarily confucinge In thig work, therefore,
the coobustion chember curfece is subdivided into three
gain zones cech having ito own charecteriotic and conetunt
temeroture ag followss

1) the aree of eylinder hcel curiece involved in the
heot £lo. at an instent of time, AH, at e tespera-
ture, THs of 4200K, .

11) the sres of pioton curfsce involved in tihe hoat flow
at an inctant of time, Ap,at a teopersture, TP, of
5200K,

111) the erea of cylinGer vall rurisce invelved in tho
heet flow st en instont of time, &0y at a tenper-
ature, Tq of 395%K.

Thoee teugeratures T, TP anl To worc considered by
Johr:son42 to Vo typicel of thoue exia'tir:;‘ in spark ignition
ongires. uven if these ere in error by & 25% C howcver,
the insccuracics in heut loos coticetions are only of the
o er of £ 25185. This 1o uue to the hich cherge telper-
aturc s ymvuiling éurirg moct of the ergime cycle. |

In annend's foroula, Ty cen be calculeteG from

T, 8g % + Ap Tp + Al TH  -eweeem 7-38
clicre A
A

i

Ao *¥ Ap * AH

Lurin” conprecsion end expension, thece eroas ore riven
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ap = e/, (ec?)

Ao = TTR.Ye (ea®)
and 4 = 630 e
vicre Yo 1o the dictence (4in centimctres) Srem tho inoton=
tancoun pictosn pogitlion to the top of the eylinder bDiuvcke.

surin thc cozbuctien perisc, hovever, u flome is

Fropesutins acroog tho costustion chusber and the Guentities
Agy &7 omd Y in eontocet both vwith the burnt and the un-
burnt frection: of the chorge, ere continuwously chanping.
ahore arcer wre funotioro ¢f two [araccteras

1) the @istcnee of the flane front from the cperking

clige (ces Pige 5—4)'.
ii) the piston pocition. (cce Vige 5+4).

The method used to culeulote there surfcce areas io
buged On tue came techiniwue as wes ucou to obtain tho burnt
volucoo of the charpe ot th. verlouc fleme front ond picton
pooitionc (oec Chepter 5)e Tho curfuce arcas were, in fact,
geterplrcd ot the ceme ticic "ao tiwe durnt wvolume Lotlictions.
Tlug, recultr were obitafned of the curfoco arecp oi the
rioton, oylinder vall and cylinder hicd in comicet with the
‘burnt' volumo: of char~e at all ten flame front poaitions
efd ot all slecven piluton poodticns (cce Pige S=4)e

Flote vere then conctructed ofs

i) Ap e cinot flome front pocition at oll eleven picton
pocitions.
$1) Ap egeinct £lace frort position at all eleven piston
peaitions,
$11) ag ogoirct £lose front position - only one plot was
reeted here since AY does not very with plcton goe-

_ dtion.
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volynolial eluntlons were fitted to Gach of there plots
thercby allovin, ectimations, by Anterpolstion, of Ay, 4p .
ani ag et intermediate flame front and picton positions
betyser thase for chich actuel asarureamnt> were mefes A
1itin: af there dsrived polynomiels ic ~iven in SUER&B?IHE
13%i-A4 in the complete coaputer program listine 1in Agperdix 8.

The gae-progartiee involved in the hcat loss calcula-
tiong ere evalueted st the preveiliy~ instentenheong temﬁer—
ature; o pressurep of the charfe. 41l thermodynamic tate
an (o8 projeriies regulred er. given in appendix 7.

an sduiticeal point to note is that no lwut exchargs
‘ie alloveG between the unburnt {raction of the cherpe snd
the curroundings dﬁring the combustion rrocesge . This io
consi ered e good approximation to rcality bescsuse Livengood
et 31205 suggect that any heet loss from the urturnt charge
at this tize ic offset by an efual hcat trancfer across the
fieme front from the burnt gases. Consesuently, the un=-

burnt gas ig acsumed to un&ergo 1sentropic changas of state.

This may not in fact be strictly true since it 1s difficult T e
““‘7 to visualize how heat can be transferred from the burnt / : ‘

combustion products -across the flame front to the mass of

unburnt charge away from the close vicinity of the flame

front,
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CHAPTER 8

ANALYSIS OP RESULTS AND DISCUSSION
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CHAPTER 8
ANALYSIS OF RESULTS AKD DISCUSSION

In an actual, firing spark ignition engine, whenever
one particular variable is altered to observe its effect
on, for example, cyiinder pressure, flame travel time or ¢
emissions, the direct influence of this variable is com-
pletely obscured by variation in a great many other factors.
Thus, if spark timing is retarded, one uoﬁld expect the
engine to react not only to this but also to the secondary
effects such action generates, e.g. an increased mass fraction
of exhaust residuals in the fresh charge, a higher charge
temperature at inlet valve closure, a slight @ecrease in
engine speed, etc.

The computer program which has been derived in this
work, however, enables a parametric study of the effects of
certain variables to be made without variation in other
quantities. Although this tends to detract from the realism
of actual engine combustion, it does nevertheless give an
indication of the trends involved,

Thus, the computed results in this work refier to an
investigation of varying each parameter in turn keeping all
the others at specified values. The following parameters
were altered during a aerieq of runs:

1) equivalence ratio
ii) charge temperature at inlet valve closure

11i) 4ignition timing




iv)
V)
vi)
vii)

viii)
ix)

321.

engine speed

charge pressura at inlet valve closure

compression ratio

mass fraction of exhaust residuals in unburnt
mixture

rass fraction of injected water in unburnt nixture

fuel type, i.e. propane, iso-octane or benzene

a)
b)
c)
d)
e)

£)
g)

h)
1)

The specified, reference values ara?
equivalence ratio - 1.2
charge temperature at inlet valve closure - 173%
ignition timing - 30°B.T.D.C.
engine speed - 2000rev/min.
charge pressure at inlet valve closure -~ IATH
compression ratio - 9
mass fraction of exhaust residuals in unburnt mixture -
G.06

mass fraction of injected water in unburnt mixture - zero

fuel type -~ iso~octane

Any dewvivations from these reference values are \

stated where they occur,

Detalls of the Renault engine which was used for

the combustion simulation are given in Appendir 9. All

flame travel time (FP.T.T7.) values refer to the number of

crankangle degrees it takes the flame to propagate from

the sparking plug to the position of ionization probe

2 in Pig. 4-41 (i.c¢. a distance of 6.85cm).

Before any computed results are given hovever, it

is considered desirable to teat the accuracy of the
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computer model so that, if any large scale discrepancies
occur between copputed and experimental results, these
are well noted and the limitaticns of the model fully
realised, Such accuracy determinations are considered
desirable in regard to thres evaluations:
i) comparison of F.T.T. values to the position of
ionization probe 2 in Pige 4~41,

11) comparisons of computad and experimental pressure-
crankangle diagrams under identicil engine
operating conditionas.

iii) comparison of tha;#miaﬂiun of castain exhaust
gases, in particulér CO ard NO.

COMPARISON OF COMPUTED Am g._x_gn:g;mm &.S‘ULTS
i) yVariation in Flame Travel time with eguivalence ratio

Pig. 8-1 shows the results cbtained when 1so-cctane

and benzene were the fuels. The techniques involved in
expérimental flame travel time measurements have been
referred to in Chapter 4. It is noted that the agreement |
“is falrly goed for benzene up to an equivalence ratio of
about 1.35 whereas, for iso-octane, the agreement only
appears to be acceptable up to an equivalence ratio of
approximately 1.2, After these points, an increasing
divergence between computed and experimental results is
apparent.

For both fuels, however, the equivalence ratles,
for minimum F.T.7. (computed results) are in marked l
disagreement with those for the experimental rasults '\
which do not appear torhave%reached*thsir?ﬁiﬁiﬁu&fb&igggmm? J;x;
R 3 3 | \
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over the equivalence ratio range tested. This fellure to
indicate a minimum value was unexpected since Harrow and
31 and Sale and Vichnievskyaog observed a pronounced
minimum value in thelr tests at equivalence ratios of

approximately 1.34 and 1.25 respectively. Of course, the

Orman

possible repeatablility and gccuracy of all these experimental
results must be treated with a caertain amount of suspicion
owing to the difficulties in obtaining average values of the
flame travel times dua to the prasence of cyclic dispersion
and the probable variations in residual exhaust gases from
one equivalence ratio to another. Nevertheless, théy do
give an indication of the equivalence ratio at which the
P.TTe iz o minimum with vwhich the computed results can be
compared.

The most probable rcason for this discrepancy between
computed and axperimental results is that a surface model
of turbulent flame propagation was used to determine burning
veloclities in the computer simulation, This means that the
laminar burning velocity is the basic, determining factor
which is then multiplied by a term proportional to the degree
of mixture motion in the combustion chamber. As explained in
great detail in Chapter 4 (Section 4.2.5) however, turbulent
flame propagation must mot be associated with laminar flame
propagation. Laminar flame theories tend to pmdict the
maximunm burning velocities at the maximum burnt gas tempe=
erature which occurs slightly on the rich side of stoich=
iometric. Thus, the discrepancy in Fig. 8e1 betwcen
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equivalence ratios for maximum flame speed was not entirely
unexpected, It is propeocased that Af a Volume turbulent flame
propagation theory could be developed (see Section 4.2.4),
the agreement between computed and experimental results
would be much closers

Reference should also be made, in this contaxt, to the
maintainance of constant conditions of the charge at inlet
valve closure over the entiro equivalence ratiomnge for the
computed results. In practice, it is safe to hypothesize
that this is quite an assumption since fuel evaporation
effects, exhaust residual variations, etc., are bound to
exlst from cna air/fuel ratio to another.

A further possible reason for the dlscrepancy botween
the camputed and experimehtal results in Pig, 8«1 is the
assumption that dﬁu&%ihrium conditions are maintained at all
timeas in the burnt combustion products. The influence of
non=oquilibrium effects are, however, most difficult t> gauge.

In the computed results, a certain amount of scatter is
apparent in the curve plots. This is especlally noted
within the ecgquivalence ratio range 0.9 to 1.2 (see Pig. B8-11 for
a clearer indication of the scatter). Unfortunately, this
is the range within which the equivalence ratio for minimum
P.T.T. OCcCurs and, as a result, it is most difficult to
detail accurately where, in fact, this point is.

The cause of the scatter is assoclated with the makee-up
of the Semenov laminar burning velocity cexpression which is
given in Equation 4«47. It has been noted that, when using
such an expression to obtain the changes in burning velecity
with equivalence ratio, certain approximations made in the
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derivation of the exprassion are not consistent for the
region nsar stoichiometric. Such inconsistency is shown
graphically in Pig, 8-2 (from Dugger and Simonl%7) gor the
two fuels pentane and ethylene and it apparently results
f£rom assuming that the concentration of the fuel, qs’ ef€?
is much greater than that of the oxygen, c°2,ef£’ or vice
versa in the derivation (see Section 43.1).

To faclilitate reascnable results in the reglion of stoiche
iometric, therefore, it was necessary to make certain
adjustments to the Semenov expression. Dugger and Simon
suggest averaging the burning velocities between equivalence
ratios of 0.95 and 1.05. This is not considered a very good
criterion, however, since the equivalence ratios at which
the inconsistencies arise appear to be a function of fuel
type (see Pig. 8-2), In this work, therefore, it
appeared morce reasonable and accurate to assume a linear
increase (or decrease) in burning velocity betucen the
equivalence ratios at 0.9 and 1.1. These adjustments are
made in SUBROUTINE BURNVEL in the computer program listing
(see Appendix 8).

The computed results (Pig. 8=11) indicate, as scatter,
the errors which still persist in the modified expression.
However, although the equivalence ratio for minimum flame
travel time is not very well defined for each of the three
fuels used (see Fig. Be11), it is clear that it is consider=
ably in error compared with the experimental results (eee
Pig. 8=1) and that it occurs within the range 1,0 to 1.15,
i.e. in the region where the burnt gas temperatures are
highest, as expected,
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A certain amount of the scatterin Pig. 8=-11 might
aiso arise from very slight errors in the execution of the
computer program especially with regard to the accuracy
to which the iterations are taken (see Chapter 3).

il) Comparison of computed and experimental pressures
cran le diagrarn

Such comparisons were made for both iso-octane and
henzene over an equivalence ratio range from approximately
stoichiometric up to very rich mixtures, Ths resulting
plots are shovmn in Pigs. 8«3 to 8«8,

All the experimental results were obtained with a
Farnboro' Indicator so that a certain amount of scatter
was apparent on all diagrams. 1In each case, a I@an pressures
crankangle plot was constructed.

-Once more, with regard to the computed results,
difficulties were encountered in the inablility to accurately
set the initial conditicens of the charge at inlet valve
clesure. This was especially so for the charge temperature,
pressure and mass fraction of resldual exhaust gases.

These values were in fact held constant at 373°K, 1,12
atmospheres and 0,06 respectively.

Fig. B8=3 shows the plots obtained at an equivalence
ratio of 1.05 for isowoctane combustion, Quite large dewie
yations are apparent in the comhparison early on in the
combusticn which can be attributed to errors in the setting
of the charge pressure at inlet valve closure and in the
probable inaccuracy of the Farnboro Indicator when operate
ing at low cylinder pressures with high pressure calibrate

ion springs fittaed. The comparison otherwlse seems to be
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very reasonable since the rate of pressure rise and peak
pressure value agree clogsely.

At an egquivalence ratio of 325 (sce Pig. 8«4) with
iso~octane as fuel, there is obscrved to be imuch better
agreement between the charge pressure at ignition and also
quite good agreement curing the remainder of the combustion
and expansion phasege

Howaver, at very rich miiture combustion (see Pig.

8-5 where the equivalence rétio is 1.42), there is seen to ba
& completa breakdown in the abillty to prodict, with
rcasonable accuracy, pressure-=crankangle diagrams from the
canputer medel, This is a direct rosult of the divergence
between the computed and exparimental flame travel times

at very rich mixtures for isowoctane combustion as noted

in Pig. 8-1, FProm this latter figure, it is apparent that
the reasonable agrocment botween FP.T.T. computed and experie
mental results at oqguivalence ratios of 1.05 and 1.25 is
manifested in quite accurate pressure-crankangle diagrams

at these ratlios (sec Figs. 8=3 and 8-4). Horcover,

Pig. 8«5 corroborates the results in Filg. 8«1 for rich
mixture, iso=octane combustian.

Tuming next to somo corresponding diagrams cbtained
for bcnzene combustion (Pigs. 8-6, 8~7 and 8-8), much
better agreement 1s obtained between computed and experlw
mental results over the entire eguivalence ratlo range
tested. This is a manifestation of the comparison shodh
in Pig. 8«1 between the computed and oxperimental P.T.T.'s
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for benzene, However, in Flg. 8«8 when the equlvalence

ratio 45 1.44, there 1s a distinct indication of lower computed
cylinder pressures throughout cocmbustion and expansion. This
opsarvation is in keeping with the divergence of the

P.T.T.'c fcr kbenmene at rich mixtures (Pig. 8e1),

It should bo well noted that such camparisons between
computed and experimental pressurce-crankangle dlagrams cannot
be consldered entirely reliable since thecomputed results
depend so much on the ability to correctly exprass the
conditions in the unburnt charge at inlet valve closure.
Nevertheless, they do appear to bae indicative of the trends

involved.

111) Comparison of €O and NO exhaust gas emissions

Carben Monoxlde, CO

The varlation in computed CO concentration with
equivalence ratio 1s given in Fig. 8+9 under three scts of
conditions:

a) at peak cyclo tomperature,

b) at the end of flame propagation..

¢) at the ond of expansion, i.e. at exhaust valve opening.
Additionally, since CO 1s primarily a function of air/fucl
ratio and varies very little with other conditions of
engine operation, some oxpcrimental results from the work

of Huls et a1’

wore used for comparison (see Flig. 8«9},
Thaese valucs argo obsorved to lle between the camputed CO
concantrations at the end of combustion ahd at the end of
expansion tending, at equivalence ratlios greater than 1.1,

to be closer to the values at the end of combustion.
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It ihué‘appears that continuous equilibrium is maintained
at gﬁch nmixture strengths for CO to at least part way down
the expansion stroke which observation agroes with the
kinetic results of Newhallas. The crrors in asamhing that
cequilibrium exists in the burnt combustion products at all
rhases of the engine cycle are ¢learly in evidence .

In the ensulng results for CO given later in this
Chaptcr, the concentrations are given at all thethree
points in the engine cycle noted above.

Nitric Oxidgo., NO

Unlike CO, NO is greatly affected by virtually every
engin=s operating parameter (sae Chapter 2). Thus, the
possibility of cquoting some experimental concentrations from
the literature over the equivalence raiio range is fraught -
with danger. No moasuring cquipment was avalleble for use
on the Renault enginc. DNovertheless, it is considered
desirahla to at least indilcate, with full redication of the
inaccuracies invodved, a typical NO concentration variation
with equivalence ratio. For thispurpose, the wvork of Huls

at 3157

was again utilized. These workers ran a CFR engine
at 8:1 compression ratio cn iso-~octance, at 1000rev/min and
at 309 B.T.D.C. spark timing. Their results are indicated
'on Pig. B«10 together with the corresponding computer
rosults at peék temperature, at the end of flame propagation
and at exhaust valve opaning.

From the camparison, 1t would appear that the frequently
quoted prediction that exhaust gas NO concentrations corres-
pond closely to peak cycle temperature calculations under

equilibrium conditions is certainly approximately valid at

~~ - equivalence ratios richer than 1.05. However, at mixtures.
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leaner than this peint, no such correlation exists any more
and it appears that equilibrium 1ls a useless criterion on
which to base results and conclusions (see Pig. 8-10). Once
more, it must be emphasized that all the écmputed results
refor to constant conditions in the unburnt charge at inlet
valva clcsure.

iv) Concluding Remarks

It i5 evident from the foregolng that the computer
simulated combustion model heeds much mo;e development with
regard to non-equilibrium, kinetic considerations before a
relisble tool for the prediction of obnoxious exhaust emissgions
can be obtalned. What it can do, however, in its present
form is to predict trends in CO and NO formation.

With regard to F.T.T., and pressure~crankangle diagram
preodictions, the model appears to be reasonably accurate over
the cquivalence ratio range from weak mixtures up to about
1.25. Thereafter, errors craep in which, it is considered,
arc the direct result of basing turbulent flame propagation
on a laminar flame propagatlon theory. Non—equilibrium
effects may also be important.

Operation of the ‘digital engine' at an equivalence
ratio of 1.2 is considered to be pessibly the most accurate
point in so far as flame travel time, pressure=-crankangle
diagrama and CO and NO emisslons predictlons are concerned.
This is the reason why it has been chosen as the specimen

reference value for the ensulbg computer runs.
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EFFECT OP VARYING ENGINE PARAMETERS ON THE COMPUTER RESULTS

~ Equivalence Ratio
Pig. 8-11 48 a plot of the computed flame travel times

against equivalence ratio for propane, iso-octane and benzene,
It is apparent that benzene is a much faster burning fuel
than propane which &5, in turn, faster than iso-octane.
No'experimental tests waere conducted in this work for

propane combustion but a literature search appears to confirm
that the order in which the computed flame travel times

occur for the three fuels is correct (see Pig. 8-11).

Pig. 8-1 certainly shows this to be so for iso-octane and
benzenea.

In Fig. 8-11 also, an interesting observation is that
the benzene curve does not follow the marked "falls offs“
in F.T.T., at very rich and very lean mixtures as exist
in the isc-octane and propane curves. Phillipps and

' Ormanig, in their computer simulation of combustion have
likewise noted .this effect to a very small extent and their
experimenfal résults'certain;y show this sort of trend.

The explanatbn for it appears to be that the burnt gas
temperature doas not decrease so greatly at very rich mix-
tures for benzene as for propane and 1ao-octane.- For
example, at an equivalence ratio of 1.5, the burnt gas
temperatures at ignition for iso-octane.'propane and benzene
are 2115°K, 2125°K and 2284°K respectively,

Pigs. 8-12 and 8-13 show the trends in the computer
predictions of the C0 and NO emissions at peak cycle
temperature with equivalence ratio variation. The influence
of atbiéhiometry is very apparent.



332

Initially, it was most surprising that the €0 concen-
trations for iso-octane were slightly higher than for propane.
However, close scrutiny in consideration of the stoichiometry
of the three fuels revealed the explanation, This i1s that
the stoichiometric air/fuel ratios are 15.6:1, 15.05:1 and
13.211 respectivély for propane, iso-octane and benzene.
This means that:
for propane
1 part of fuel combines with 15.6 parts of air by weight.
for iso-octane
1 part of fuel combines with 15.05 parts of air by welght,
for benzene
1 part of fuel combines with 13,2 parts of air by weight.

Thus, in terms of equivalence ratio plots, a slightly
‘leaner' type of combustion is obtained for propane than
for iso-octane which, in turn, is leaner than benzene
and this gives rise to the plots shown in Fig. 8-~12. This
1s a good fllustration that the 1nf1uenge of air/fuel ratio
on CO formation is much greater than that of temperature.

The NO emissions at peak cycle temperature (see
Pig. 8-13) with equivalence ratio variation for the three
fuels used are, on the other hand, seen to follow the burnt
gas temperatura varilation. It should be noted that all
these computer runs were conducted at constant ignition
timing so that, at a given point during flame propsgation,
the mass burnt, and thus pressure rise, 1s greatest in the
order benzene, propane, and iso-octana. The influence
of pressure on equilibrium NO concentrations is clearlj

seen in Pigs. 6-9, 6-24 and 6-39., The higher pressure
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levels for propane combustion at rich mixtures might,
therefore, be the recason for the convergence of the iso-
octane and propane curves which effect probably pre-
dominates over the temperature effect. Conversely, one
might argue that the temperature effect is the stronger
for benzene (see Fig. 8-13),

Charqe Temperature at Inlet Valve Closure

Flg. 8-14 shows the large reduction in flame travel
time (F.T.T.) with increase in charge temperature. The
same sort of trend was obtained by Phillipps and Orman19
and is the direct result of the increase in burning velocity
arising from the gains in the burnt and unburnt gas temp-
eratures.

Such in;reases in burning velocity are manifested
in very high rates of prassure rise as shown on the _
accompanying pressure-crankangle diagrams - see Fig., 8-15.
From these, it is apparent that a knocking condition prob-
ably exists at the higher charge temperatures. The increases
in initial charge temperatures result in corraesponding
decreases in the masses of charge in the cylinder at the
inlet valve closure when pressure remains constant at this
point. This 1is reflected in the constancy in the peak
cylinder pressures at the higher temperatures.

The effect of increasing this parameter on CO

‘concentrations at various points in the cycle is shown in

Fig. 8-16. The expected increase ia obtained due to there
being more disscciated Q0 at the higher burnt gas temp-
eratures. Also evident is the tendency for the peak temp-

eratures and end of combustion concentrations to merge at
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high initial charge temperatures., This is due to the
burning velocity being so high at this time. The concen-
trations at the ond of expansion are constant cwing to the
assumption that the combustion products are frozen below
1600°K.

The expected variation in NO concentrations at peak
cycle temperature with initial charge temperature variation
was obtained - see Pig. 8-17.

Ignition Timing

Pig. 8-18 illustratez the computed effect of ignition
timing on flame travel time., It is noted that a pronounced
minimum occurs at an ignition timing of about 33°B.T.D.C.
under the stated engine running conditions. Advances in
timing beyond this point tend to result in lower flame
speed values. This i3 possibly due to there being quite
1o§ unburnt charge temperatures at ignition with consequent
loéér burning velocities during the initial stages of
combustion. The effect of a retarded spark is also
Clearly seeﬁ.

The corresponding effects on the pressure-crankangle
diagrams of fgnition timing variations are shown in Fig. 8-19.
As expected, the rates of pressure rise and peak cylinder
pressure levels increase markedly with spark advance. The
plots for the higher spark advance on expansion cross those
for the lower spark advance because, at the point of cross-
over, the lower spark advance diagrams show combustion still
taking place,

Pigs. 8-20 and 8-21 plot the effects of ignition timing
on CO and NO emissions. The increase in dissociated CO at
high burnt gas temperatures (i.e. at high spark advance) is
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evident. Also apparent iz the divergence between the points of
peak temperature and end of combustion at retarded sparks.

The pronounced effect of retarded ignition on peak
cycle NO concentrations is clear from Fig. 8-21i. This is
again primarily a temperature effect.

An additional observation of note is the increase in
burnt gas temperature at exhaust valve opening when the
spark is retarded. This effect assumes significance as a
possible means of reduction of unburnt HC and CO in the
exhaust manifold and pipe (seec Chapter 2) -~ Pig. 8-22.
Engine Speed

The graphs ¢f flame travel time - v - englne speed
and cylinder pressyre v - crankangle at various engine
speeds are shown in Figs. 8-~23 and 8-24, There is observed
to be an increase in P.T.T. with increasing engine speed
which is a computer manifestation of the fact that the
degree of turbulence in the Renault does not increase
proportionately with engine speed. Hence, the necessity
to advance the spark. Additionally, it was found that, at
a given craikangle in the cycle over the engine speed range
tested, the mass burnt (and hence pressure rise and burnt
gas temperature) was higher at the lower engine speeds.
This resulted in higher burning velocities at such speeds
which effect was offset slightly by higher heat losses,

Phillipps and 0rman19

presented computed results showing
not such a great dependence of F.T.T. onengine speed as
was obtained in this work.

The increasing rate of burn is reflected in the

pressure-crankangle diagrams (Fig. 8-24) where maximum
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pregsure rise rates and prassure levels are graater for the
lower engine speeds. The plots for the higher engine
speeds on evpansion cross those for the lower engine speeds
because, at the poelnt of cross-over, the h;gh engine

speeds diagrams show combustion still tak?hg place. The
expansion part of the diagrams 4s higher Eor higher

engine speeds becsuse combustion is completed later in

the engines cycle and because thare 15 less time for heat
losses to cccur.

Pig. 8-25 shouws the computed varilations in flame

speed with engine speed at various crankangle positions
throughout combustion. The large jumps in flame speed

just after ignition are the result of the transfer of

the burning régime from laminar to turbulent due to the
"houndary layer® effect close to the combustion chamber
valls (see Chapter 2). Another contributory effect 4s the
flame propagation pattsrn developing from a spherical

form just after ignition to that shown in FPig. 5-4. The
very uneven propagation rates during conbustion are the
direct consequences of certain inaccuracies in the tech-
nique of determining burnt gas volumes by the ﬁlastaruof—parts
method (see Chapter S5). These should not detract from

the adcurecy of the results, however, since they remain
present for all operating conditions. Additionally,

they might be consldered as giving an unexpected degree
- of reality to this computer mcdel since 1t is most probable
that combustion does, in fact, develop in this manner, due
to inhomogeneous turbulence considerations.

The genaral appearsarnce cf the flame spced over the

combustion phase seems to reflect the experimentally
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observed trends, i.e. of a '‘delay period?, followed by

very fast burning and culé;nating in a flame speed 'fall-off!'
due to the expansion of the newly burnt gases taking place
mainly in the direction of the already burnt charge (see
Chaptexr 2),

FPlg. 8-26 is the variation in CO concentration with
engine speed. The very slight decrease at high speeds is
considered attiibutable to lower peak cycle temperatures,
In actuag engines, such variations with engine espeed are
completely obscured by changes in other pérameters.

According to thi equilibrium combustion model, the
NO concentratlons at peak cycle temperature decrease with
increasing engine speed. This trend (see Fig. 8-27) agrees
with some ﬁoted experimental observations and a discussion
on why this should be is given in Chapter 2 (.‘;iection 2e2)0
Charge Prcessure at Inlet Valve Closure

Tha Semenov laminar burning velocity expression
(Equation 4-47) stipulates} that pressure has no effect on
burning velocities., Thus, in these computed results, any
possible influence which pressure has on the F.T.T¢ in the
engine must arise through its influence on other variables
in the charge.

In this context, Fige. 8-28 shows the computed F.T.T.
plot obtained with inltial charge pressure variation. To
obtain an explanation for this, it 1s expedient to bear in
mind that three main factors (baesides turbulence levels)
determine the rate of flame propagation in the equilibrium
computer simulation.

a) burnt gas temperatures which are affected by pressure
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lavels and heat losses.
b) unburnt gas temperatures.
c) the extent of the expansion of the newly burnt volumes
of charge ahead and behind the flame front (see Section 2.1).
The unburnt charge temperatures were found to be
constant at ignition and generally unaffected by varying initial
pressures throughout combustion for all the computer runs
in Pig. 8~28. Thus, this influence can be eliminated as
a possible cause of the F.T.T. trend noted.
The burnt gas temperature effect, on the other handi
is much more relevant since it was cbserved that the'"’
following peak cycle temperature values, and some other
corresponding valuas at the peak cycle temperature point,

were obtained.

Initial Charge Heat Loss Cylinder Peak cycles
Press. (ATH) Rate{cal/2cA) Pressure(psi) m.
0.5 '

0.181 212,7 2545.3
1.0 0.288 439.7 2570.5
1.25 0.300 508.5 2565.6
1.5 0341 615.7 2569.1

From thia table, it is clear that the burnt gas
temperatures do not increase in the same proportion as
the pressure. To explain this, it is necessary to consider
the effects of pressure on dissociation. The graphs in
Pigs. 6-3 to 6-47 predict the trend of less dissociation
at high pressures and vice versa. Less dissociation corres-
pondingly means higher burnt gas temperatures.

Applying these arguments to the plot obtained in Pigqg.
8-28 and to the table listed above, it is apparent that,
at the low initial pressure of 0.5ATM, dissociation
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is :elatively high which effect reduces the burnt gas
tempera&ures. This explanation is inh agreement with the
peak gamperature value in tﬁe table above. The heat loss
rate ét th%s time is comparatively small,

When the charge pressure at inlet valve closure
is ra&geﬁ to 1ATM, the cylinder pressures throughout
combustion are more than doubled, (see Pig. 68-29), This

::Zularga rise in pressure restricts the dissociation

ph }nniémn_in camparison with the previous case discussed
above and, a8 a consequence, the burnt gas temperatures
are much higher even though'the heat loss ratids are
increasied (ses the table listed abovej,. h

Purther increase in charge pressure at inlet valve
clogsure to 1.,25ATHM gives higher cylinder pressure levels
throughout combustion as exppcted (see Pig. 8-29) although
the increases above those at 1ATM initial condition are very
much less than the increases from 0.5 to 1ATH. As a
result, dissociation is slightly less than at the 1ATM
condition. This effect, combined with the slightly higher
heat losses, produce the noted trend of marginally lower
burnt gas temperatures than for the previous case and a
longer F«T.Te (oee the table listed abous and Fig, 8-28).
The greater restriction to the expansion of the neuly burnt
gases at very high pressure levels (see Se