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7 • ~. Xl i'II,ODlJCTIOll. 

(rr -,- , "t' iu J • ..:;.-, 7. 

Alon,'~.·.ith dit'oociotion offocto, hODt lonceo from the 

clwrge i.n a spirit l:-:'nitlon engine cOllf.liU:cr~.bly l'cc..uce tho 

",u::tL-;um temperattlI'eO attainoti in co~bu:,ti!)n rr:Jce:cc:::o. AD 

a eonoe.,ucnca; the po-c;cr OUtl'ut end thermal €ffic icncy 

',1'0 much dim! niehed. It hao been t;oll G~' tdll idlCG that 

tilu 11'0 ut trunoierrol.l iD lor.t prec3owln:mtly by 0 cO:ilbination 

O.L ti10 throo fo11ot1l!!lE I,rclcoDoe 0: 

e) Pureed (;onvoction - ';;.11011 i~ the f,roc(';co 01 j)c.t.t tl'Ql'.D­

:.or bot<:;ecn u fluiCi Ln:I u colitl !:ul'h:ce in rolLtivo 

liIotiOI1 when the motion 10 cun:::t,cJ by l'Jl'CUC other t"on 

[';l'UViti. Tnio oeoollnto 1'01' the ,.I'cat(;r .. ·ul't 0': the 

hCi1t 1000 in en on.::ine. 

b) Hu(iiation - h01:.t trundOl'red by I·(_uh.tien !.CCOi.!l:tc 

for /;l ffiuch c;]!ull",r frt:.ction of til2 totel Ill-et loc!'co. 

talwc tl1uc(; not onlj< in vacua but .. 1('0 thl' .u~'h ooliuo 

and lhjuiul.) '.:ideil erc trol1£11.o1'Ont to ·;:uv_lcr·~thn i.n 

the vioiblo and iOira-reG rUf\,,\c. 

c) ConoU{.:lion - the , ..... chan101.1 Ol. lilb 1iI0UO 0 ... '" t.1. trunci "'1' 

io moleculbr m:>t!on uDO it r(.: •. 1'o.o:.t. t;i8 ll:::..t trunoLl' 

llroco~'u throu!':'h 1)011(,. L nd li .. ul\Jr :::;i. 1'<) 't. It le, 

thel'''lOl'e, the m~tl'o ... '0; .. ;I1cII h;';ut 1.10\':r. tlll'OU~_h uc-

[,.0:;1. tt' Ul1\l tllO cfl[ir.o otruc ture. 

In u11:1 tul CCI".l.UtCl' • i,·JuJ.L.'t 1';nc ol. .... ngine CO:;ll.lUot:ifln, 

t~ 1c rno;-t il:l!.ortt.nt to . .jC; •. 01:.. t:J .l.rcuiet (.:c:,:ul· .. toly tllC 



toril"t. tu::; cyHn(ier lr~t.!.l, the pi'"ton, th,· cy1i.lTuor ',7011s, 

tll_ vulvas, the ut.. o~,1tc ur ... t!l:" l:.luri.cllt.ln.~ oil. For 

rot1I1~ll'lc of r il.iplic Ity, it if 1101'0 CfHlUC<.;tJ thut tl;IJ cOIJbus-

tion cl;cl1.t>ol' i., fl'Go of ~c ... :)[)lto, thc.t th_ vt.lvo c-ul'iLC::;S 

tll'V il'l't ~" thl.,; c.1lill:C.lor h cu ::,urit.:co /In.. tLwt no ilLut iD 

.i.o.t tu tlltl luu:dcuth~ oil. 

h. ~urtil(,r . uurcc ol i.lc.ut ; <,:""1''- t'!'un Gn-J lo~'s in tl,c'i: 
18 

c(.u(.: .. u by l'iCtoD friction. ~;tr;}n.te ,in hil~ i.:l.:;;lly iueul-

i~ou 0;:01.1010 0:1 f:'t:urlt-igr.:l.tion 01\:';,1;" co "u, ti!>n, ir;clu';'cu 

Cl oi:!lit'11ficli e:t1A"C:::oion to t,l1l;~; for there Xx'lction lOElSu::;. 

!~-:oin, fueil ef£<.:ct:: Ol'e 'l:;r.or0c1 in tl!ll' otudy. 

';ol'\Y q<lontltativc cct1'll!.lt_c hl.l\l(" 0000 Illt(Ue over the 

Y'-Ol'O 01 the ovorall heot loculic' tAur!,,'! th:: vUl'iouo phLlr~s 

vur.)' troLl \'IorkDr. to ..... 'Oritur, hO\,ovcr, t~i.ich la only tu 1..0 

port,",rlCC ()l. Gccw.'ute onti "Cltoc of cuch lO!;D~. to tllio :,nal­

~tical (·tuuy io tLf.lt thoy Civ(. un im .. ic(,tll)n 0': the :·;Cf:ni-

I..I{ :l.r,;: cye 1<.. to v,hie!l th<.l COOf.utcti ':iuonti tiCD c:)n \)0 ro-

l.lit.CI.cion no\') f01lo.,l). 

J.'lUI'i/'):; oorr.p'o :coion, thE) ll~ nt OXChOl130 bot,'loen tilE; 

wt"l"!;;t1'!o~ f 1u16 t;m t.h .. ·!'uf'rOlin~i~4'n io nUl".iJully ~"ui.te o'--ul-1. 



~o 
Im1(;cd, L.ichty- hoo e("ti.-~t_u it to be of the ort.!t3r of 

0.5' .... of tne iluat of CO:Ill:.iu~tion. Thi.o ie not vcr.'! Durprisine: 

in vi,,':: Ol; the cO;';JparutivelJ 10" [,aD tuu.:;;.lrtltUl'bD in the 

<.r.>~IlO at thic tine. wrin:: the initial GttlB(;>£l of compres­

cior, it it! posoJ.blo for the r:, ~t fl0 .. to be fro::> the hotter 

curroulluin<T enu to tho cooler \-;orkir..-c 11uiU. .lID the eom-

i.ro~' OiOl1 vroc60D t,-t'ococt<o, ho. ever, tlw . U3 te .. iJic l'utUr€O 

ir,el'cure to bcco:ro idnhe:r' than the "ux'rom~uiD3 ,urf.:ce tem-

j,.eI·~tur.;:o un", tl:e h<..ut flo',1 ie oree wore frofiJ ti,l, ~'or tc> 

1 11,. "ullc. 

a .. " "l':.u.1o much h-t,,-her tlitlfl the ~;all ter.l1:erutur,,(" orrJ tll',; 

h(.tJt ~loi; :ic irN8i'iab'" {roD thL nar.CD un:.! to the \,Inlls. 184 ...., ,; 

LU;ccu<!('ter hac cr·t 1";atLu t:.em to bo ouont 4% of the 

u..;r:;t 01 cl'abul'tion liuri~ co;:;l:uut ion !.lnO tloo:.t bib uti,rin ... ' 
18, 

l:xr.uJ1Dion. Jc.nc,.uy perioX'UXlt; a hout baluncc on an 8-

cylfnuel', 1.-110£:11 en3~1:e end concluued th(;t tHe 10:3oCO ure 

ver:/ «,j,.\;nUont on "n:jir..e (.lrced. .Ji.lrin:.: 'oath coa"tuotion 

t.ru.i _xi, ~noion, ,,0 l'()~Ol·t~" that they vuriLu 11'0::1 lb-251.> 

0" t;.IC 11(.ui: 0,( cOu;'"uctior; ot . hi-ch uvvro::dmc.tc:J..y fj fourth 
101 

or I.l i 11 th io l()f't (Juring Co:'J .. U, t ion alone. i.iol:lf'Clo 

CU."'6-' ~,t(.u :i 1r,u1'o[.; of OH during co:rillur:t ion om 7/.) <.iurin:: 
18b 

fJ X;,: unc ion. ~ye proj,.OHG,; 100C'IlO oi ,,; u .. ti.c ,,',ut OL 

CO;,)l.luction (lurin;,! cor.luu::tion and 10..., !Juri!:',: exr.c:moion. 
187 

DllvitJ onti u,uh ou~ecct that tile h~lot 10('0, ezyrecceu as 

u jfcrccnte50 01 tr.e l1e:.:.t 0>.' cot;,';;uction, iD liQQQ tlm 22000 
n n 

durin'" coc:ti.Ouotion cnd c}(j,.anC'ion l'C£tFCJtively ,;ilcre 'n' iD 
30 

l:il.:all.y, '[,ie'! ty tllo oflr;iv..;. oj:.::.eu in rcvolutiun.; ;;.c;r m1.lmte. 

o.;tuin;..u vuluwo of 7;:' urlCJ 9).; oi the h;"l.lt o£ c,,::.-..UL tion 



-----------

on th(.. OI'antl:e!z:le et ,.1110\1 they arc 10Dt. c.n~rE:.:I lost 

ourir;:.: cO:J.~u('tion can be cO'.;.~l(.tcly ~or<:otton in co far 80 

any u.'cful work ~rouuct ion la .JuncorneCl. ~wcr.:c:l.ve 10:::0(.;0 

~90. 

,",urine thic rhaoc arc very aotri:.::c ntfll to onz1',o p;rfor:·.onco 

thorefore. L:.ncrgy loat c.iurlr<: oxpc.nr.;ion, on tilO other ho.:'IU, 

hfll) u very much slilo.:.lcr influ, nee on the thcr;,:o.l ofZic ioncy 

I.lf!ll t o\,;ur output. Ito ;rir:oiz;.lc cff".Jt l c'urit';:: tilic j;.;II:i;;C 

O.&. hlo cjc.1e .. re I 

i) to I'CWUCO the tOGlI"oI'Llture £' tlrL pro('cuI'Qs. 

ii) a::; 0. conccC,Utmce 0:1: thio, to retol'(.l the l'ccu .• Jbination 

rooctionc ,:ilich oceUI' ut t.lir, tiJ;c. jUJ cxp.w.iJl(..d in 

'.!hul-tcr 6, thecc r'l..&d.ion::: can ::rot:uco I:l rrlli>vlcflcnt;..ry 

r;ol'k outj;;ut. 

7·2. ~Tvi.;G ".men IIWLUdJCl> lihia ~~"FLl! In s.r. i.iT .. CIn .... I;..~. 

In analyti 'a1 C;utcrminatiom' OL the hc.:ut tron['far uuril'\;'~ 

occh j:hare oi the t"1JLlrk il!nit.i.on II nr>ir.c ,- cycle, the .. rooJ1cl1 i,G 

; dEKK, C onric.el'<.lbly more c.iifi'icult by the rrent C011fuoion of 

vllriaol"o ~:hich ~rovoil. ~!lci1 ff\~tor knor:n to ir.fluOI cc the 

heat tix6.ango ill runjcct to continual chor...-"e. i.:1I0n.-"'i' £uch 

luctorD Or(H 

a) mixture motion. 

b) chore\.; to~orutureo. 

c) conl;uctioll ciluulbel' uuriuce tcm),erotuI'Oa. 

(1) cow;..,urtion chamber r-urfocc arc as. 

e) \'ioll conuuct ivity. 

f) clwr[j0 j,.l'C(lCUreo. 

g) ChOI'S~ vl~c()oit.Y. 



h) ch!.!r.; theI'fJa! cor.:..uct:l.vity. 

1) ch£l'ge hl:ltlt ca;;ecity. 

i.(j(.iitionally, GJany other parosetc:'c- cnd o~oratin3 con­

ciition[l can influbIlce the lllaenitude of tho h;.ut lOLcoo. 

":h;) cc in<: lude I 

i) exulnc boo blicton) l:pGed. 

11) ol'l[J'ine !)i.Z6. 

iU) co:r.~l'e('oion l'utio. 

iv) o..,ark timing. • 

v) manilol(l tedyoroture o n:1 ~rc ('ouro • 

vi) air/fuel r~tio. 

vii) exhauot freoQure. 

viii) coolant tEl8I-0I'utUI'O, fl07; urU com.t;o(;ition. 

ix) fuel u('&d. 

x) co~;bu!:'tion chumber OOlElf:e. 

xi) metal£) comprioin:: tl1e on:!in; DtructUI'c. 

xii) lubricotir~ oil yu~ntity. 

xlii) deFosito. 

'i'hUD, the derivation oi 0 renerul GXI;recoion to uc­

curl.ltol,y ';l'l:Iuic't. the filof,l1itude of. t.,£) h~at 1006;):: at any 

vorticulcr vttl;::e ill a ovc10 om ,;Llich iE' Gllpl.icaiJlc to 

~91. 

any cn:"ir.:. co::f:i.curf.tion iD coen to \.)0 vl.'tuully :imj~O~)Dli)lt). 

All that can be done io to try unl obtain un (x.l--<l'Ocoion 

,':hich freuj.C to ne UCCUl"utely f:lu !Joo!) lulu th0. Ql'iution :1n 

iWut tl'tli1,;lOr rote \J:ith eil()~O 01 tile more ia:~ortunt 1:lCC­

:':Ill'~"le f.I:i;.['eJI,eterv cueh I.!f: Urtl li;;tctl in a) to i) QlJQve. 

f;.1I:J cuel! cX1-'l'et'oic:nt' OIJ1-0~l" in th\l litol't:ture mont D1 

... 10l1 £ltte:,J1-t to account for both x'auiativc r.oo c(\nvective 

it(..ut tI'anPlcr. 



7.3. Iu..AT T~"'.AN;",FER BY IU.:.n ... TIGN. 

'l'fle tht>ory 01 radiant heut trannier rtflrto from the 

COIlCI.. ... t 01 u ''>.Lbck uooy' i.e. om ".hich hao El surface 

·.·.hich 6.,11 tc or abcorbs e;.ua1ly ., ell rudletioll!) of all wtive­

l'~ll.tho, iJfl\.. y;ilicn reflocto none ot uny ruuiution talling 

ul-,on it. It, thuu, ha, aD cilllcEJivi.ty of unity. The rbte 

01 t."ut trun::1er iI'Olll 0111l 
o 

'blue It oody' at tC:13l'crature Tl K 

110 uu.:orptlve 

v,here6"' iD the 

o 
T2 K aCl'Ol'S I:l. oJ.'uce conte1n1n~ 

liJbterial, io l3iven by 

0. R, (T,4-7;4) ca//~ec .......... 7-/ 

~tef an-doltzaann c ono tent (,. 3G.)( IO-1'iI ca. I /cn.~ sec 0J(4 ), 

and A le the oreliJ. (c,.,.,:tJ. 

In I~Dllty, curft.Lc~o ore not 'ulack' but reflect I'uuio-

ticn to aF. extt.nt y,hich Cle;-ondo u~on the o3v· • .ie o,,'th. To 

(Jll() .... 01' titi:J devio.tlon trom true 'ble.ck. body' behaviour, 

un emiuoivity fuctor, ~) ia illC01'POI'otcu. J>( u ... tion '1-1 

..... - .. ·7-Z 

;"UCll lector:' ... re nOl'Jlally OXilI'tJCC\;;U lIO ~(,rcent:..g(;9 of the 

'bluck body' eoicsivity • 

.I.,<1c1itio:;lilly, a 'eeouJ6trlc' (octal', Fg, ie u;,}lliI..U to 

account .. or tilt,) vlJrlution at the int"nsity am tl~c 811g1~ oL 

11~ciucnce of the r/...tdtit1on over tilt;; ,w,'ll.4ce 01. thH uoO.I on 

.. deh it :..&lls. The fhel eXi'rs"r,10n 101' iltwt tl'lIncfer by 

l'Ltiit.tion ia therefore; ) 

't = 0. A. {). F3. (~ 4- - -r;; 4- .... . . . .... 7- 3 
"MD 

In thu f1l'ark irnltion unglnc, the cilurf,c temj,iCl'aturco, 

'''S' W'G continuously vlil'yinu ond 1'lJuiutic>n is emitttlCi to 



tUG \';(j..i.~n oi th", c'ubu::-tion c:ltl~.:iJc.· L.ccoruin' to tJ:JO ex-

'tRIID 
= 

....,...... A v L (T:~ T. 4) .............. 7-4 
<->, . 0, rj' !J - W 

"i,al'O Tw iD the teGl!-'Gl'tlture Ol the CO;;.tuotion cl'LGlOOr wall!) • 

.uurin:: tile cO:~I..reDoion i-,hllDC 01 'the cycle, it ie clol)I' 

th ... t thu l'L.tiiution 10 n~Bli.ribl,y o'JuJ.l oinco the chuI'uc 

tOUll'<':l'otur:..o ere 'luitu 101:'1' ':rh..: CO'~lJu_ tion !-l'OCCf:O, on tho 

turcp Ill'e .o1pI Gnu vw-il:.lJle und the composition 0:" thr..: Cc;.!,l-

lll!ction I-l'Ot,)Ucto iD .in e. continuouo otutv of cllE .. l1f'c. Thin 

IJHu~ tion j,:'ert'ifltD throur.:hout the cxpcnsion ctrol<e uloo un.!, 

tnu6, 4uitc u lU'e..; G.:lount of hr..:at t1' .. n,:l:er cccuro by 1'::ui8-

tion JUroill:·. th''JI'O ?;ilaooo. Till) ('3DOO in tile crr-'t;,E;. ut t:do 

t ir.::: arc very for from blacl: an thoy emit un" ai.'"orb 1', .• :iu-

iiou iution .tr()r.l n.l.!llJt. l' originute C l-r:.:<lo:.ninently t rom 

thu tollo·.~ir..:< two OOUI'CU.H 

1) f.t;uiuticn from non-lulJJinouo fJ.w;;eD - the. le; flt:meo 

hcut ~\O int ra-red cnerflY. Only C(.,2 U!lU H2U ef thu 

coc ;burt ien Iroc.!uot l:' ill. oltch flu'll><: IJ (,f.Jl t any u~P'vc-

il<ble ti':.lOunt. '!'hio iD ucuully 01 law in't0r.nity 

o;xcclit t!.t very h!;::il tCi·~l.orutu.l·c:· dlt!n it cen bcco:,!o 

10 a function 01 the portial Fl'C,l:UreD, p, oi thG 

rw.dutir--f{ cOllstitucnto ond 01 the thickncr.D, ie,of 

the ilu::;e. In i\cf. lea, CU1-"LC LAl"- citen Ol. the 

cffccti.v(; emicoivitioo of CG2 am H2() at vorieuo 

vGluee of tooy:;rutul'O brLl p. Pe function:;;. 

ii} !.uuietion fro:7l luminoull flufilOO - ths:;;c ilouer, aN 



norccd.l"y yello;, in ool.our ami arc ricb In C"uClj;eniJc:.d 

Doli( partialilo c. n • tllil coliU iOO(;!Hlccoer..t ccrt)oJl 

~Qrtic loe ~h1cil eb-~or OD lntcrcx:diete irrooucta in 

the rich co~:""Uction or hydrocuri:.!orJEJe Cuch J;;1lt'Uoloo 

rc(JlctG uo 0.:111(.; b:.l\Jiec ana provlue 0 major contri­

·uutlOl'.l to rc<l!ont heat tl'tlllofer. 

:?94-. 

It tu c100rly unrouoonotlo to cxz;ect to be able to 

colou1ato £!ccurotcl"y the roQiUtlt h::ct trunDfer Qur1lU tOO 

cc::.tuctlon and c;c~.oMion ikloC6n of the ot:Qrk l.:;;ni tion orlc1ne 
23 

oycle. !nl1eel'i, AnDanCi VlOO rcauccQ to (leter.:illni!lB onJ.y 

Alt •. ougll the I'e£lia.Uvc cocponont of h~ot tronaf'cr 10 

I'JClal1 ill cOlilpl:!rlsoD ,,!th the convective cOCL:o~nt, it iD 

ot!ll en lwkortont contributory teetor to tho overo11 heot 
289 

lorG. ~ker oncl ~accrDon hav.e reported it to be cS hiGh 
190 

00 10;3 of the total hQut loes V;hereElD l:UcQclt hao c~,ti-

O:J.tcl.l It to be % from conctl1nt volwre bco4l cxp:rioc;nto. 

Odi.. i·ill .. --
[iree tlJrbulont forcc(J convection cccounto for tile f.lOjor 

~ art o! the ileat 100000 fl'QO thov.ork1rc fluid In an c!>aioo , 

it 10 conc;i(lero(i hero in cfJL:C (iett>11. In basic, theoretical 

:Jtutiioc of thin .. roCOI'G, it 10 uoual. to co:-:!'iaer tho onelo&,y 

if) tuboa or over flat r.lateo. A di~noion e.nalycl0 io 

os,ue il,volvinc: Elll the For!l:i1Ster;:: uhich aro con.:U1erod to 

bo of lr.;~ort",nCe •... 'i'bore lnerucre, 



L .. Q charc.oteri;.'Uo 1ineur cUoonsloo. 

h .. tl~e heot tren;;fer ooeffioient i.e. the h3at £10>7 

PCI' unit t:lc.e vel' unit o.t'(](l CllvlCoa by the mean 

tEio:,er'Otul'Ql aUf'erenoe bett;oen t!lQ fluW ari! the 

h = 'ltcorv 
A.(T-Tw ) 

::\ - the ther:Jlll col'1Juot1vity of the fluW. 

~ - the velocity 01' the fluid. 

"f... tilo GOll;!lty of the fluid. 

P - the vlccodtJ of the £1111<!. 

Cp .. the tllXIclfic heat at cOI1;)tant proOCI11'O of the fluid. 

\,l11ere 

hi-
II .. tiUvoolt Uucnber. 

-f'4 L. C iReynolds ii\.unl;)er. 
,a 

"allCp = J'rarot.l Humber. 

cntl Cl, C2 and C3 are diaenoionleoo CODetv.ntn l.'Jhlch depond 

on' tho coo~lCtry ot: the flow oyotoo oIXi on the r6C;1-:;O of the 

£10\1. 'i'hey Il:t'() (lote:"ud,nca q:;eri::wntall\;Mtl ore uouallg 
191 

cotlctant. 1'01' Q );;ortioulor Gli€!pe 01 flao ayotom. yinkol 

hac (iQv(!lo~ti El ~tt,oa for l!etcI'Gl1n1nc tho 6VOl'USC !tout 

troncfer coefficiont. in aAj.nterr~l co:::;.~uotion «:mcinc w'!ich 

10 balled upon th10 forced comreotion theory. 

Generally, hotrever, OOi:OUQc 01 tllo conoiQcl"oblo ul£1'lc­

ulty involvoQ in oonctf'uctir;[,' 0, comploto formulation o~ the 

~£!J!' ~tl.·onsf~()l:' Jro~lo(J ond of o~~:l:vi~ £~!' ~ile tllI'ee con:::tllnts 



in ,-;,u:-,t;Lcf) 7-'), 1.t. le usutilly (;ee1~~eU ~!k.t, t(ll' Sf\:{ [ji90n 

lG~Ltil.:r. to t:t1 Cln~u. the ;') • .;noL.i£) rUL/ber 6:l!'erts 0 c:;'.":.~ider­

Ob;&.v :~uter t".:f1:lcn.-:~ O!) the fl')roeU eomecti~n tilQn c:it)eo 

the "l't;I~~ltl - tW!J3er. (.0 this US:9is t ,~uct1t)n 7-; 1.s l"eUuce(i 

to: 

Nu ::=: . . . . . . . . . . . . ..... . 7-6 

'lhit' ~ iUeQ 8_,;:1"Ot-ch llim been uoe~"'lleeeC9fu!l,y 1n . 

uQj :.tutlieo cdIi~t.< at ..,.l'el.licttrn &ver..gc hec..t tJ:"..!l1. 'fer co-
192 

eh. l::ients. '.itl9'::cr am 'I'F;ong , for exn:.'Jl'" ut:lllteu ti';ia 

'iiuol1c: Itr.-t:.lOO 1r: cilSrlvil'{'l tile follOOill:; O;l .• ,1"6(,9:1on 

hRv,ir 10,4 (Re)O';S . , . , , . ,. " , ,,7-7 
~ -

if; \~dch h"v 1: tt.e 8ve1'e,ge hiH .. t trL;ll,il'lr coet!!eient uV6r 

\Ju;: (n.tir-e ('!i~ir~~.c'ycl. 800 17 1{ the eJlf!itlS tor~ d.tUllilter. 

Al'tt':.ou.r:,iJ l'f):~;!lt;) C'"Oil eO t"iv ~hed 1i[1ht on the oWI'all 

W':Lt tl'Gn:-i'e1" rt:;t~(' jn er,illCG tooL iorr:.llt1t!1'i ciJout tile 

coetfloicurt; ue;:.tuttc O!J the : tllte of tbl! :vorkinr' auio ia 

Q~ i&t'C':t.. Ctrietl:/ :::-I;eakir"h the use of the me,t tl'c .. rwfel' 

CG<.i:t~:t6nt, h) enat conl!C~uclltl.Yt also 01 the ex::.'re:-eian 

~COIV - A, /" (T - TIN) . -' ' .. -- -- .. -- 7- 8 

1::; onl.,Y .. '/:>.11 .. wnC!!n tile beut u'ansier GCcurs un(,;er r.toaely 

c~:::d:f.tior.o. AI' will be l'el!Ulle-.i, cO~ltiU!,;9 in '-r;e1ne 

cyl~lY_:el'o ure maet ~ee(f,V s:t.nc:e they vary c,vcllcel13. 

ilhe a~.1icd)UttiJ of heat tl'snc'er 'l~ tiaiutee, buseu on 

..qac.tion 7-8, 1n E!l;gin& o./11r.uerG is, tltere1C1l"e, Oetll1teab1G' 

t:Ul in UhCUflcsd 11IO!'C £1.\113 l:.ter in tililC chtii...,ter. 

'4'0 UT .... er, ,t!.I)j una amlycd tile in.'tbnt~neOUQ il61£t tl'fttHIfsr 

to onU from the . ti(\i~q ;!.p ~.intftLm6:lot)<:n:l!}f'tion·-.mp'1!' 'tlie 
--------------



hCtJt i'l.~;; cc~ convciJicr;tl,J \)0 QiV'a;c'-l i;-;to (ltCL(.Y ori1 0.1-

otecD:; CC{;irOn..Gtoo ... t~(;.u~ iLLt t. <:: .. o~er !~, Gefi\1?C~ (lC t;lOt 

o~.lch \1ouCJ <lot Vi..lry oitll t!':oo It eon be Elcollj' oiltoiIieB 

.fl'tn Q "Got tolLooe on on clUir:o 0 'Z~,o un2tccdl COiil.:Of',ot.!t 

ic, ~.cLc\"or, t~ aCj,:er.Geflt cnu 1£l, thus, Ouch rnl'e dl:f'­

;(1o:.l1t to oi.ite1n. 
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l;vcl',il,y6 et 81 ottC.'Ji;t",-. SOIlle,unote06,v hoc.t t!'aroicr 

~9/. 

lxceuN",cnto on 8 fJ::::al.l, fOUl."-otl'Oke, overk 19111tlon or,(;1oh 

'ii';.cii' oi+~:;COll woo to rocol'd (!icult~f:cOillll.y the tOO,l:Ol'CtW'EI 

tluetuctioDI) in the cbar.::;c 000 10 th;i C().2uu"tion olla::lber 

0U~~CCC ovov Q rC~G of OftC!vo ovorot!r~ c~naltiono. ~h0 

afmlyoiD of tt.elr ~u .. lt() 10 ooo::.w on the [;f.lllerol fil',tl1od 

to to ,-c,crlbeG In the I1Gxt ocatlon. 

",:1. r' ~', 7.j n? 1. • c. !iij;{lJ X\\ji<J • 
194 

Dahl. 1100 OM-:7n thElt e one-uiamnlonal f1£.t ylate 

t1.~alyol0 if' VElll() for tt.e hoot trOtlll~Cl' fl'oo £l flu 1<:.. to 

tho ,.u.tU 0,( 0 c,'IUnJer \"~ioh io oithcr ti,in-.. oA.letJ or haG 

littL curvature. ~;incc theco l',;,,-uireJ'.Jnto tl.."'O fro.;.ucctl.y 

cotinHcQ in t!lo cyl1n1ePO of I.C. c~;1i:Oo, it 10 t:o"oib~e 

to oc;':ociv..; of fl o10iflUict.i mJ-.iel, ouoh on that "h\l;;n in 
15 

I.'ic. 7-1 ,- dl!oh 1" ~Clr.c(l on too fl&t plctc anelyol0. 

't~ 1 t :All rur.J cCC'.lcr:ctJ t~1at 

1) tbo hoot n,c;J 10 in l)no-enGendoR onJ.y. 

11) oon:uet~n 10 the only a;o~o oi eoor~ tranDfort • 

111) too \:~all \,OOr:.:a1 CQwuotivt ty iD constant. 

iv) tl.o ,.011 Oi-0cif':lo t.cut at con;'tont L rac-cure :1.0 con-

otcnt 

t~Qll too itJ,.'J1UOl' QOS-Q1;::t>LOlooo1 i'oll1":1Gl" el, uot1on 11:01' un-



otoruy h"~c..t t.r"n..z.er in u (loilu cun be Cl1-Pilcw to title ffiouel 

i.e. dT ----- - 0( d~-r ........ 1-9 
dt - d:x.:l 

~oore Aw ot = 
-Pw CPw 

';he ,'ur te:-:.l.el· ... ture, 19, at e.ny inct.w<t in tile en.::;in, 

oycle C!:l.n be cOl:c1Cereu) for ans13ais !,U1'I.::o;:c.;O, to v0r:Y 

eodnuc:>ic:;ol13 Qccor8irr to the eXL:l'ccsion 

TS - '3M + Tv. Cos ((.Ut) ....... 7-/0· 

in \,3.licb 

19"" .. tho t::l.GE-aVel'l..![j6u value 0 .. tho roD te8perature 

over 0 com;;loto ore:!.I'<o cycle. 

Iv .. tt.a tlloxiGlUQ) uevLtlon of l:g from TgM in the eye;w. 

W c 'tlle angular frequency. 

'rbo C:llUtioil of t.hia p'oblElm hoa been cor~-:-it1erou in 
19; 196 15 

CO!;C (.:0 .ail by .Jal~ob ,vvcrb~e onU i-otterson om 

the reu·;jer iD roforroQ to th, co :-:or;.:o for an enlorr;;u treatise 

on til~ !')ubjcet. Briefl.y, llo •• ever, the i..robleCl ill conven .. 

iontly colvoc) to.; conoiuo1'"t.lon of Cl ate suy state con:..:i.t ion 

000 t.l poriouio condition et tile c,Yl1rr.ler t'lUJ..l (coe Pig. '7-1). 

I.e. T(x,t) = Is ex) + If, (x> t) .' ... '" 7-/1 

w!,ere x i~ tho 1'11"tur;oc into the cyl1mer .-;all. 

Cn coUr-ir:etion oi thG £ol1c.;;in.~ bOunVory cor.Oltiorll) 

fo ... · tb~ ('toed.)' ctatc and ~rlcUlc cenci(;ert1tionc", 

i) T(d,t) ==Ic. == constant al:::x::= d (see F',g.7- /). 

ii) _ Aw. clT(o, t) ::= 

d..x 
ii,) Is (d) == Tc 
iV) -~w. clTs(o) = h.[ 'SM-TS(o)] 

dx:. 197 
tllt.1 com.elete oo.l.ution of ... "uation 7-9 l1ao been rou!1d to be. 

T(x,t) = Tc +[19M.~Tc]:.~.,Jd-x) .. 
~ ___ .. _. '~~_'~'" ._...., ,(bhd+l) · .. ·······7-/Z 

+ Tv .7-.;:.:r-~~ -co's-(c.u~'-.-t ... ~.-:.:£~r 



where 

"fe, := coolant telll{>el'eture 

j~ 
\ 

-r- -
W -

7 = ! I \ 

1+ :? -r "" 2 + ::<~w 
b .. 

r tall-' ( 
I 

I+~ 
(p 

-t-h == 
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JakOb hos tllbu1ateti vome valueo ot 1. am et at 

varioue b" :;:- l'atios. 
tu 

A few of theca ere re~roauccd belOWI 

~ 1 
3'o£~ 

1""" :<-rr 

0 0 41' 
.1 .C&73 42°_ 16' 

1 .447 26°. 34' 

10 .90; 1'- 12' 

100 ·990 0°. 34' 

Uy differentiet1ns Rquation 7-12 with renr.~ct to ~ 

onJ t,OOn multipl.Yi~uy A.W ) en eXVNG9ioll 11; obtaioo;.! for.' 

the in'"tsnto.neous h';e.t transfer to the "e11 {x =0) ~r 
unit area. ihus, 

'teoN _ - A.w . dT(O,IJ 
A - d.;c 

::: - ")..w['9M-Tc J(ht.~+') ~fi'. Aw:tw Tv.'? cos (wt-Et+f ) 
........ 7-/'5 

which 'iD a.Leo ","oU "1.1 U6 CiJml-occd 01. & steady state i-art, 

er~ u ~6riou1c fort. 

~omput8tionG baosu onJl.'-luations 7-12 arXi 7-13 unillS 

o •• typ1~~~ "OlulilG in englnes sllow certain trel'da in the tem-
-~--~~~~~~~~~ 

']eX'btul'e-d1otti.llllHQI!.. t~ou8bout ~tlf«~8U~anel~in~.the !l,§.l!~~~ 
--~~~ 



flux tier.city. For eX8G~le. 

1) tlw e:nplittUe of the no teovcrGture it:> greot;V 

UOw"l'll~ at tIle ;:'oc-:..all cur;..cce (:x:.= 0) interl: ace. 

11) t~re 'le; u phooc leg of cl: (juot le~o tiirul 4SO) be­

t .... en tile toOi-el.'<.Iture fluctuations in the gas am 

tho t'/all (x.= 0>. 'ihece oilr.erva1l1(J!lS are shown oore 

clcorJ,y in Fie. 7-2. 
196 

uguri hac ci.own that tllio 4,0 ~hoce leg le 

300. 

ioutely Qouule tllot wllich actual1;1 Elxict in an ecsina. 

i;;) LE €t Is eXllotly .... usl to 4SO, the heat trenllf.;r­

through tho ourfuce 10 oxa~tl.V in P10GO ';,lth the 

ter':i,erBtUl'uvarilltion of the "!lein body ~ 38S. For 

the coslnucoidel guo te~~Grature variation eSG~a, 

ho\..ever, tho 8110 tecq;eI"uturo fluctuationo leg the 

our_~cs heot troD:,fer tluctU!ltiolW by the cmllll. 

a. .. ~unt (=!f - CI:.). ihlc ie choVJJl d1earSl..meticalJ,y 1n 

It'le. 7-2. Uo-~over, lt iD known thut this i.hill'le 

rclutiQno~lp 10 not correct ainee, in aotual cr.-loco, 

tut.), 00 teiJ1-I)%'i.>ture fluc;,uotl·ono loca the .h::ot trDDofor 

fluctuotioDD by 6 few Cecrees. 

AJ.tJ:ouch thio t.Y~ of anal.yoia liiv.v 8 b;;tter umer­

otun'ii.,;:; 0:" the un:;t<H .. -<ly hoot tronoier 1n 1.c. (..tltjinoo, 

it lE) ver./ f(;1r re:1oVtlll froQ roality. Hence, the rcrultn 

!.Jl"C DOt .. il'cctl,v Cd:11cou1e. 'ihe ~ri!"clple ooun:.o of error 

ore. 

8) the oflou~t1on tbGt. th~, r:80 t.:;~rvtlJl'tJ vru.-ieocoein· 

UGol_al1y. 'iil!c cO;:l.;.>lctely ovor-Giropl'ifioo tbo t:robleCl. 

A wore co:::!:lrte OOlutiOD way to oi='toinoQ 1;.. the caD te,Jl'or­

attit'O ie CAV ... ·"'Csc(l in 11 :'(;urier ,;&rleo rit.hc ferm 



ohore 1<." aOO G-n are !lourier ooefficiento aw n iD tbo bar-

Clonic 

b) vorlation~ in the hoot trenofer ooefficient with cho~e 

in ouCh parametero as mixture Clotion, preGIlUre, tempo%'­

stUN otc. were not cOZloidercd. 

c) th5 bounaary con:iition Ts Cd) = Tc 

oat ion to reality cinoe Cverbye et 

io only an aPvroxi-
193 

61 found that 

too wall temr;erBtureo Elt thio point in the oylirtler 

olwllY£! oxcoed the coolant temveraturc by B few dC8%'Geo. 

d) bounJery layer cffocto are ignored. 

~roo the fo~coin3, it iu eeen that tha o~jcctiono 

to tho ucc of i;~uGt1on 7-3 in ooloulatil\3 tho inotantolleous 

hoat tralUlfcr rateo In cfl[!ine cylinlera (coo ~cct1on 7.4.1) 

cen no\~ be rclirt'orcod blthe phenomenon of the r;;hooe leg 

bettoen tho hellt tram fer anil the GilD tem,peratul"El fluotua-' 

tlono. In o~ito of thl0, however, it et!ll nppearD ~ooon­

o.v10 to ro.::!o1"J contiition" OD at leQnt qutl.oi-ctocdy. 'Ihi/) 

~ould onubIe 1nutsntanoouo valueo ot tho heot tran~fer 00-

301. 

of f 1c io nt, baocu on tho ctato of the ohc.rge at eny part iou1or 

instant, to be uoed in 'equation 7-8. Tho toilowi~ rC!loono 

arc cOl1ci"ore(j to juotify tllis Il[;prcaobt 

1) the ootual quantity of hoot transferred durl~ a 

verlod of cranlwngle rotation when the !notentanoouG 

heot trancfer coeffioient varieD widely 10 C\'ll.y 8. 

ccell fraction ot the total. hoat troDaforreCl u:lriq;t 

'mue, erl'OI'Q will teoo to to '-d.ultc small. 



tI't..~(';i.or fluctuctior:o .. nti the cuo t:';~,!-Ol'GtU);'C !).uo­

tuutl::;IlO t::> ~ <,;uit.~ ,-cull. '.Un!o, tho :1.1~tnntMcollO 

h{i!.t rlQ';;D arc not a!:p'ec:l.tl~ly 11" ... lu:.r.ccQ bJ thio oitect. 

In thin t'X>rk, tl~cl"ofore, Bauation 7-0 :1.0 ucca to oiJta1n 

tilO in:'tc.r::taneoul) rateo 0:£ [\Ol..t ti'cncfor tjl'tEln !n:tor.tUt~oeuo 

vcluoc of -r;) Tw and A OI'O uccQ an:; elco tmen op~roL'r!(;lto 

'h' vc:luoc of arc cOI'r~Or;or,{i!~l,y e:J.7)loycd. 

30:<. 

L OEV ottoc;:,tn hove teen m!.lCO . over the ,veer;] to cc~urQtely 

-'1'O<..oict v:..ll1oo 01 tile hout trtln::for coof1ic!cnt, 1" from 

(lltlll"OL'oion:; nhich utll1co too prevoUing o)T.~Ht1ono 01£ too 
\~'Orhil0 fluiu at orv pu'U.cu.:.or r:oint in the evok. $;h10 

l,UD l,rovcu GO(lt. o1£ficult booelu;}o of the <tep::nCer.<lo of h 

Cl, .~ctlvorL"le quant:1tioc cO.~.l'orauro, tc~.ei'!...ture, dens­

it;;, lllixtut'e cJtion Q~<l hf;)ut CQj;uo1.t.'l of th:: cllul?[o. ;:'uI'thcr 

cO':'L.licuti./l);; U;;:':" tiwt it tC!lUO ~() 1101'.7 Colt 0:113 fTom Of\l."51ne 

tu olclne l:ut 0100 !.;rolil point to 1-'oint in the :-uco or;::;:tno. 
23 

'i'hlc c.itl1c.:.tion lod L1IUUlnti to Pl'Ol;cunU that orr: lllUct r;:'; . .';,l't 

to ,uite Ulll'OoU:.t1c oiCJplificutiono in ttro ()er!v~,ti.on of' 

[1;011 CfJ c..tp'C .oion, ttc fir..!ll fOr;;) or ~I;ich ClU::t ir.r.vi tLbl;! 

bo mo;t clo:~ent(.rv. 

Covos·tooleo/), ::of\V ir:vo. 'ti~tor:J hove r;ror::o~c(l early 

,U::ll 0"£.1'0"01000, co~·t of. (';i;1ich uro roviot:ailn tllo follw.;-

... . :,,1· i, 

' .. ha ~ :lI'. t COllCi'cto C'tr.;:r.'CC010fJ '&01' 'tl:C cct:L~;t tOl) Ol 

in:t!:itcc!...C\lO h(.;~t tl'(..ficfcr rut;;c •. 1.10 i:ut iOI':'.or... in 19d3 
190 

by i.u('colt • ·1:.0 r-I'Cji.'1l:'c(J 0 iOl';:;ula 1)1.:000 on (i;CCCUl'cconto 

ot hOLtloocO(; "i'f'omt1t:.1 'cO!:1ttlr'tion of air/fl101 :Ji::turco in 



1 

303. 

101' \",()l'(o cor~~1CorcG. Lie: clIj.t'c("oior. iD 

_ O· 99 (P2Tg y/~ (1+ 1.;?4Vp ). ('3 - TIN) ... .. 7-15 

+ 0.3(,,2 [ ( ~)4 - {-:;;)4] .kcol/mil-"", 

in "ilich 
2 

A 10 tile aurl.'c.:~o QTOQ OXi--oc-o. to llec.t ti'QooffJl' (cotreD ). 

o.nd Vp 1:: tile QCflD 1I10tOD D~eed (oot1.'es/ceoonu). 

199 
vri11~ adjuotoo Lqucticn 7-1, to coir.o1uo tlth biD 

cr.n ,,(jto OD eVCli'D!l hoot 100:;6c. AhG oltoi'otion 10 coo-

fir-cu ,,1-tlirol.Y' to tIle br&okctcQ viotoo Siieccl ter:!l in \';tlich 

the ':u!';cc..ltCj.wr.tity (I + /.24-Vp ) io replaoed by (3.5 + 

u.ll4 Vp ). 

~t~(O t~o for~ulce ere uflGcceptcblD ~CCOU~.I 

i) tho CO;;W\1c'tion ot ~uiccccnt O~:!turcD in l;:"'$bo 10 in 

no <;:0:1 CO:1Vtll'Oole to the ;l:L["hl.1 tUl"oulent burnirco 

in fJ.I'urk ignition cr.;:;lncoo 

11) the 1l"O of the moan r-i:::ton Df,:(3ciJ t;) cnarc:ctori::e 

tho I:CC cove:;;or.t lc.::ico tho onciro cyltlAAer ie 

very Ci;i!rmtioat(h 

iU) Lllcoclt '.' t)aoic oJlt,.rocch con onl,;,r l.ietcrmine the heut 

tr~r.d:or ~:J £l'ee convoction CifiNl IJiu hcut 1000 

LIOL'CUr~;~ento vOf-e QU, e Oill,v after co ... uC't1on ljcU 

17 
~1ch::lli:ierB ::.0(1 tte ftr~ t to t.ttcc;t Ciract w::,ocure-

[,.;;:;nt(! of in:'tcntcroouo 110llt tx'cnflier ratoD in 0 ~ii'lr;~ t;n­

£1r.e. lJoccuco o. the ti1ctol'ioal 1.!J:,..ort(lflOO of hie f'or~la 

Lr"" ita cor:.tin~in_-: "orla wi<le aDv€;ol~ it io Qi"c'looca in 

00:;.;, uetail. llictelto%"3'1) motho(l \'lOC to i:'c(foro Cf::Jlltc;:;-:"" 



304. 

oousl,,:r the inot3nt: r.ewo GCtl.ll curLuce tOOl".,;erotureo at Q 

~.o!nt i,;t.)th 1t!~':We tho cU".JU"ti'!m C .WJi..el' coo at. th;.; corrl..G­

b-oooiZ".:: t·a1r.t or. the : Qll-c~oln.nt interic..ce. Th:)"o '(".-ore 

then anal¥c:cJ ucing hur ... -:onic techniquos to obtain the hont 

tror.sfer reto et El1\] !n •. tc.nt. .c;1cllEllliera'u formula is 

-} = R· 1 (Vp ) Y?. (PTj) Y2. (-r; - Tw ) -kcal/m2-h.,. 

--·-7-1(0 
';e!.'1-i~c itc grent D.lT.~l1c.itYt Clal'\Y criticio::m l.ave been 

Lve ... leQ L<!::cit;ct it. '.i.'heSG 100 lu(le I 

1) it oay r.;,t be 8j:;ol1ceblEl to mooern feot runnin.:; 

eng1r.ec cinoe it ,,£le GeriveCl from oeucuremento on 

8) El It:rS8 600 mm i;)ore x 1000 mm stroke, 2-0troM 

orB':'lio runnil13 et 100 rev/min ana b) t1 4-;,troke, 

280 GriJ uore x 420 mm otroke engine runniru ot 211 

l'i:V/Cl.ln. 

11) the cepcpete influcrx:oc 0;: tllO raaiutivc OW COllVIi:C­

UVel c02~or.ento cen"'lot 00 attainEd. 

Ui) rCdiative hoat tI'o.n::fer 10 Qll.o\.'l~J for in a. moet 

un~·ctl:'£(Jctor.1 munoor viz. by increllcin::; the pO'';:E:r 

of 'rg u.ll dOCI'ElflOir.g the l;or.;er of P by eopiricQl 

Iv) the tec:perflture meaGurlng thermocoupleo em~lQyeu 

\,IWe very cruQe om were inoerte<l 0.25 mm below the 

cUI'fec(;. Lt (,':.Ach El :Location, the te:Jllieratureo are 

~utli C~~fcU (c,ee ~ectlon 7.4.3.) end,slthougb 

correction fcctorc 'Uc:re i~:coJ'r:O?(;tc\l to allow for 

tl: le '"t,;,;.:l~10Zl t theca w::t be re/Jartied 00 inaccurate. 

v) tile l'e1-l't)C'ot.'ttlUon of thE) mixture Clotiull in t·he 

ongil!e cylinder by the /tOaD ~.lLt.on ol'eed io not 

1'(;ulic.tic. 
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23 
~ ilnri::lOO hoo C"!OWD tho anL.rOooiOll to be (lJ!.conolm."!fllJ.v 

inCCCUl'ote. 

200 
In 195'1, 1-'f1aum attea:pto(J to CVOl'C:X:O c;,:'e of ti~ce 

oi;)jcct1oE!J G!lU (It" co.:e tecta on 0 1, cm oore x 19 ca otroke 

.:i'CCc.~;;::l~·tion Cill;l:JU01' eJ"Tlr.e. [to £l.:ilCri..lcJ ttlo o:ced c.ler;endom 

tor:J in l..ichO lberfl' (] formo1a ('ml o:;pl.icu correction foetax's 

to cceo;"'ilt ~Ol' vorii1U.>1Ic in tho 1n~oke onnifold pro;)CUI'O on] 

in tl,<;; h~ct f10\7 to diffeJ'()ot J.iurtc 0"' tilo co;.iJuction cZJ~bor. 

Ilio lOl"!.Llo 10' 

} =- /(kL)'/(fl). /(Vp).(PTg)Y>l. (Tj_r;Jchu/lf 2
sec 

in t,il1ch ... - - - .. 7-/7 

Vp i: the Geen ~1oton o~~od (~t/occ). 
2 

A 1f., too ,uriccc orOfl Clq;O;'C •. to hCGt losceo eft ) 
tf~)ic 0 tCl';;J 1ntcnaeu to oover heot i'lCR lIorilltiono to 

l1ifforont l,:01'to of tho eo.tuction ciu:unber. 

~~~) 10 an e~irical factor to rcproGont tt£ effuctc of 

1OOuct1on ::::on:1foUl r:ro courc. 

OM . 

I(Yp) .= 3,0 ± ;<.57[1- ex.p ± (,.5 - 0'/K7 Vp Il 
t:"horo the p02itivo ci[lro arc for Vp grooter than n.9 
ft/Doe c.nw tho nocutive cleno arc for Vp leol) thaD 11.8 

ft/ccc. 

C\?'jlu(,ti~m.: oi t.c lnot.t!ntoueOUfl tl,(;ot trun"fer in 2-rtroke 

LIi;:; 4-rtl'ol:o c;1ccel Ol:0ir.O. ciU. c.t:cil coro ~'()filiCt.I i"ctru­

LicfltCLtion. \.:olng dimonoiollol oool:loic, tho £01b\'1:11<] re-

11. t.i.o'.oll1p 'O]CO outvir:cd I 

Nu = ...;;..c.~~ __ ), ( Re. P-r:)Y:i. ___ . _ .... 7-/ff 
:? p 



ott..rt of oorup>ecsion. 'iLdr 'u:l-re~ !lion j;r:wl'IU" ?~()od .. pree­

;,ent '?,i::.en E".llfl.: to twO-r,tl'(;lte efl"ir;cE:' ~t .,001' ep'eell";ent 

:for four-stroke engine •• 
202 

Ch1rkov c..nG tf;tellOvt'kl in 1958 prupoeed 8 rllther 

tilSGr£tieel relbtionch1p O!..s.(! on fi d1t.:iensi{Jna1 anal,yo:io 

o. tn, oonvective I,:Grt onl;y of Cle h~et trt.nsfer. 'In!s 

• <"1) thil. for.1l 

30b. 

Nu 
SAa fr )O.~S 

CONSTANT.... b . \.....Re ........ 7-/9 

23 
..n1lttfXl hes o.!':Ltic1~I." ~k icr1!h.lls. on the eroun'.ls of ik 

(ll.uJnl)iollal lucurl·.c:tnecs. 
198 

In 1960, ...,gur! exper1tllentl>d 'dth true ~tact. ther.oo-

CO.lbilvC on Q Cl!i~ll, tour stroke, ej"ark if;111tion er:rlns. In 

tho analyde 0:0 hin rtl~1.I1tc, ht ~iJo.,tcli the l;~::lC~~Cnlll 

ft • .,roach a8 developilu by Ll.el' en; fir.a';'l,y erl'iveti tat the 

£oll~Ning fOrMUla: 

Nu = 1.75(1 + ~:). (r~e.P1")~ [~+ coS (a-ROo)] ... , '. 7-Z0 

where As hac the ceune e1¥nU1c8ooe sa 1n iquf.ition 7-18 11100 

e .t& thG crar.keogle f.:.'ODI T.D.C. 'lh. "br!!ck.&Ud term 

[:< + cos(e-;c!oo)] le an e.tterpt to re.t:J'enmt tbe voriutiun 

in !,ict.::m ~!-eed w1th Cl'l1rk~le. 
l' 3 

In 1960, weroye et III re..,ol'ted OD GUIle detuilEO 

t. ,·to tl.ey yt-r1:ol'1J1ed on the ~robbm'of unr;teaoy but tl'bQS-

ie:r. 'IhtiCCl~"H C;)OO\.Ci:liiu on a fillall, four-stroke, Sl>tlrk. 

1;.-:n:tion '-~1r;e una a 1IIO;·t ref i060 Uenciereky tl1eruiOCOULile 

\tHJ tiLe .. 10. trr, Lurinc. temperut.ure lIIEiSNlN:cents. ..,otori;d 

/:l,. "",.1.1 as fil.'8l1 er.gine cyob,· ~re anslyzeu :os!r-&; .1chel­

oel'~ ,~. bade &hl'Otlch at • variety of 1ntake manifold .,reo­

fureo. {hI: bVUil61)l1it:l of tin c.lectronic cUll!'uter ,::t'ltatly 

ir,ereue"o t.he ccope ul. the ex;;eri..litmts sil'lCe it enabled 

!D01'8 uetu1led h(;rtr:01'lic ailel.ys's o! the ·ter;t ~I')surel;lfjnts 

. to. be_!1ade. Il<tol:use 01 the '!>tiae fluctllettons in h~l!It trane-



fer cO'..;!f l.{:ientc turoughout the; eJl€'ine cycle t.nj the 1-li<.:se 

It ~', 1.,vel'il.YEl et al ",ere Gi.:courllgetu irom &xl.reosL"l,£ t;.eir 

::;;':'Jr .. re: .. ento in inotWltt.rl()OUS 1t(.l.t tl'Wlder cot:fficient 

'i'hilJ is 

307. 

·O~S ) X 10-
4 

+ 0·' P - 0·0:< chu / £t.ll Sec. 
eR p. 

t';l1ere 
. .. ...... ···7-:<1 

5 ie the stroke £:f the IBl'ISiro (ft) 

A le the Gur.h:ce ta'ea (ft::!) 

i\ iD thl. thermal cOl1(,uctlvity (c.h.u./ft.teCOC). 

Vp ie the meEln i-iston Si.cad (ft/t"ec}. 

f io the dendty of ti.e coorge Db/it3). 

Cp ie the ~ t:-e{!1iic hctot of the flUie:.- et eon.:terlt t-'Nlosure 

(c.ll.u./lb.oC). 

anti the Gu;,ocr1pt 'I' l'el;era to coooitior;o ut tilE) il~t ... ke 

<~unll oW. 

'rh1!)' t>xJ,.1't1oo1on 1:'.uo been crit1clced becauoe the wal.l 

ttl'.:.voroture, Twt do...s not 11;;:;:el11'. Overbye anu his co-WU1'ktilr's 

6U[C(.ot6\i tilat cetiCl*'-ti:.ne of" iLot trarr.!er "6t80 in fired 

EJr.S!l1xw be olitainecl by 1llU1Uply.i.ng (~\ . in il:':I.uction 7-2~ by 

tho fi.tio 0;. the t:'1!ff5rer:ce bl!t,-,;e~n tIle rl;;;:" aOO wall tef.l­

~ef'atu!'E'o tOl' the fired tlro motoreu cssea. 

i,;,lronuloj'Jica1l;J, tbe nGxt 'illl'J,-ortant it at tren,,!er ex-
23 

p'e:;-eiof. to UQl 1-1,li,11!!lleL \:iliS thtlt of JUlnand • Howovel', 

oince tl1:i(1 il'l the O!1e ~,tllch le ut.:eo in tilio study to olite.in 

tho :i.n~tant(J:.()OU0 bC"lot flows in the i\el'jll~1.t e:.['ir.e, its 

uul'ivut.ion tlOO oe1:crij t:lor) ill left unt 11 the criJ oi tl'iio 

-------~ ---------



203 
In 19b5, occhrl! x;uDlioheO the rct"ulto of his work 

on h\;(,;t trLlU'lel' frail conr.tent \101u~e bo::lbtl. lie dlC1, in 
190 

L~'..!t, Nl:todt ::U;l(!elt' IiI technique but with much improved 

:l.n:. tr .. ,ocntution. 'bercso, hov.ever, fu: s81t eat imeted the 

~.L(.t loco I.Od.r;;-' the 3.D't Law 01 Ther."llod,vllallico in c.ut(.ren­

tial torm. 

,·.e. 
v.lltlre 

cJ.c_ 
ott 

E i.' tne 1nt_r::al el'lel's,y. 

uno Q 1e the hebt trtlru:Ler • 

.. o(:cnn! t;tili:.cd lI.'.cbolbtll'C' C tecLmtque 01 l7'e6DUril1? the 

v~l'lution ' .. .it11 tiL.'fl et the wlll1 .:ollrfac\. tlll·6I'Gturee sw 

t;tin,.' 'L'~:!I to colve the t>'oUl'1or oi!'f'sr~::U!ll cquotio:; {'toted 

in .. ",!..-ution 7-9. 

u;:in:" thtI :)tiuic' HuceIo.1t-'·.eynol(j/i r;U';Jl:;cr cx.;.rcGeion in 

308. 

. CjU:.U,on 7-6, he derivelJ the folloVlift9i reltltiorlciliy 

h 'L(C:"-') c:. Ca ,.,-(0"S-t.(,2C,,) ,. 1/ :l/ri-°c == c" . P ,U . '9 Kca m ' 
'" " 7-~:C 

~llel'. 1. if: IS cl1ttr"ct.eri, tic $t vf' ler€th (I!l<.!tI'eo) and. U 

ic t!k 1cc. 1 cver...r~ <-i'lL' vcl()..:1ty:tn the eyUooer (!Ile~resl 

nee) • 

u = b, Vp 

(l' • .ril" tC.EI flCavlHll?1nc tif)):'io ... t!here b, <se",euus un tht.. t11110 

i .tu., eN", i t!\\:'lt·. At. t .i. ntt;g& 0:;' the t;!~ine c~c1e, ' .. oschn1 

11"0111 

R("'9-rw) 
ana 

b, = (".I~. 

110 [Lo.~ pO.8 (6, Vp)o.~ 19 _0,S5J .kco.l/mll/n-oC. 

'" '. ". 7-::<~ 



oiUl'!q:; eOI[.j)uGtion unJ eXfSJ1sion, b, waD founO to be 

2 • .:8 reflect1:::-, the Cecreese in fluW motion durirw thelle 

309. 

pi1!.<;.:lQ. vQ",ever, boechn:l. cOl1ciclere~ that t,-~ mixture motton, 

U) at thio tim.!.:kl llUJ,;plel!!entctl by come .flame genel'ste(. 

tUI'"ul~ooe, Uc . 'ihuo • 

. U = b, Vp + Uc .· 

Tile va1"1~tion in Uc; ill O\.)teincu fJ'OID all a,"l'rcxi~~tion 

to tile ;,ct.t l'clecoe curve since thic SOUI'CE> of tUl'bulenee 

ir.m'G.:l!:(.c rb •• idly frolll zero at. tht. bes:l.nn1"B of co:;,bust ion, 

re &0 he 0 8 c:;wcill'lUlIl nnCl ttlll1l <J.eo:!f: a~~reo 1uDl,y 'urin0 eX1:an­

sion Qc UOtiC the heet relesse. Its msp;nhucie 10 -;;sUmatEd 

from 

wbere 

blOt VTg, 
P, V, 

b~ Is a cone~ant. 

V is th.tru;tantaneouo cylirx.Jer V:ll.UI!lC. 

F: etXJ 19, are the known 9tates of thu chaI'ge at the 

refercr.ce volume V, <eog. at inl£t. vulve Cl.oocre}. 

end ~ 10 tl'le e;ao ~reoaurc in the cyUn1er of tL~ COl'reo-

and ~ = o. b (clete:r'min~(l Olll,y £o!' _ tef.:':;y tlio!:ol tli..ll!el!) 0 

,,06ohn1' ~ work t.t:teer, to be sul)Jcet to f;c,veI'tll crit-

ie 19:iJo 0 i'or Qxa:nple I 

1) t.tr;f'tner-oeat 100D e1!pl'V. s'iOm: on~ a~¥er-t'(r'be' 



clirectl,v tij.;plicl.!>le to eo.:;bu,:. tion c .. Ur.:liJer geoOlOt.rico 

01' eiraUel' .form to \lltlt on whlcl'l his work weo con-

tluctod. 

11) i~Q ir::o:"illbtion on the COllr..,attbility of hie for1llllee 

tu El:;'&rk J.goltton e~lno co:;bu~t1on io given. 

204 
roecilni.z.eu the il!l!tortenee in hest tI'llna.tor 

wer\; oii aotual mellGurelr.ento o~ UtI') cas veloc ltie!:' in tllo 

COQ~u('ti'.)n ctamber. U&!n:: e hot-wire enemometer, tw waG 

a"k to oi.Jta1n suoh quenUtie.o in a opeciall,y dor:i:;n:.<l pre­

Ci):-,W_ tion chamber cngil1e under motOl':i.ng (wrilitlonso 1n-

,tont!.1180uD ga9 tel.GfJ'lIrLltures I ~r.a5ure 0 /ln:; v;all tOfJp:lra-

tlU'GO "CJ'O uUlo meaoured. Tile conu;utec1 local !:un:elt EUlC! 

~;eJn\),h,D :iurnners wers correl~ted on the bunto of f lut r,~61:e 

i'lcvt. flux relatiooo"iplh l'he eltJ,.'6rio;entul reculto .fitted 

8 rG1LtIo~D~1p.~t tb~ lorm 

310. 

Nu 
0,8 = c,.Re , , . ,7-:<5 

,~herr:; c, varieo between .0184 !lOO .0276. A!J c!th ':occhnl'tI 

""I-rdcoion, hoc.:'6Vflr, .Haec-on' a only seem!' to be tliJ£:l1oab1:!! 

to 8Z¥JlDa co:,\)uotion chambers cl ttlo oam0 forlll I1D 'VI!le uoed 

in hi() work. 

·.il.D etat<..o Pl",ViOIlG],y, the heat. transfcl' eXf,I'eeslon of 
23 

nnwnJ io .h:;;Q to cc.ti(".utIJ the inota!ltanIllOU() hoat flown 

fr;).J) the "o1'1l:11'.g fluid tn the Ger:ault cngl:.e aurIng t!le 

cOi:;~recfI1~ln I co~uotlon end 6Y-j::ar.sion i;.heces. Annand <let 

out to UGl'!V(; :.:Li,1 OW11 bedt trul1:31er ox~rccolon atter review­

.ine th~ ,t>l"€tV:lOUO ~loI'k in thlc fisl':' anti conolulAing that r.o 

f?r.:rJla DtlUrUed all the re~ulI'e,r.entG. 'rhe formulae of 

al;'oelt I •.• :lchel.ooJ'g, tlrHicr:: £Uld Cll:l.rkoy aoo _tGfllnOvskl 



c:. ti.c c;", a!,~ . .c;ntc~n wllteh they were ba~cH~. fle tc;ulte the 

"c,rr.i.il",eli .. lcer tu~ ~uri bt.:l.1U,-fC ot tlw 'IllC1u(!ion of 

;").;\lI'",;;ct 't\;t·;r.~' wh:i.lI't I,overbye's it'! critIcised 'tK..oa..tLCr t!.~ 

\ 11;'1 tet.tl",ertoture ""arl&tion is oot allov.t!".J 1ur • 

. ,.ao[.~l.1ztn' ttut li.tJii",UcJf:> :In attli~" ... tit>,:: 1.0. include 

!h1 'G '" .;.a.'wAte!'& which can J.ntlllttnce hel;ot trt,[l:. !er, ile 

(!o:,'t: .. er<lll th\.. !o..IJ.low".r ..... N"ulre .. .ent: to OC 01 ,ri,tle im-

l) ti,t;; r.:~n"e::!"Cive ~n.. rtlt:.l1otl,,--e co , .. 'Itx:ntc lll>Oillo 00 

e l~r.rly aist1l(,'uiciuu;' t:!r.CI;. I.iOtll fi1'1> CoS! ..... _ t£o to 

v<..r; not ullly froi1l &l1<'lne t·; u'{,ir." ,lrut (1,.,0 j n ,,1.('­

ff.rent. i.~to Cif . the II/l'ltt IIIll£ifilih 

. . 
0'. the :o:;n~1tis '~'u.:lber. ThuG, ... ,Wltlcn 7-5 10 re-

I..~ct.u to 't.lw {;..raJ (it .~G.u, tien 7-6. 

U:I.) thlit I'/.ot.m. he(~t loe"',: shouL be t;CC~UlltUJ tor 1)1 

\(.4/ temi liel' t:xl-rttf."oion 

. (T,: 4 T. 4- ) 
'tRI'ID = ec.A. 9 - w 

\';ilere ec.:; 0. x If x Fg (a ... -'" w.tion 7-4). i.>UOh values of 

eC. sho"ld b" 1$1·Vt'ul!rit:u: tu the ~l1tel'(;l1t t:JV'r! 0:£ ('uriuce 

l:nJ r.l'.~e .. af COl.A,.U. tiun "dch exist. 

I.1Uf, "ro. .. th~ (. consl .... el· ... U.:JnG, Jt.lInarti l-,r()~·u$t." t •. at. 

t{ •• ~ tote:l m • .,t 11u.l( coul ... tie reI: l't t.\.nte, D:/ tm «"Ilt:t:l.on of' 

31/ 

.. 

q, - ( . ) (4_ T. 4) _ 19 - Tw +ec 19 w·· .. , ,. , 7 26, 

A 
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201 
t.ho dlO;:Ul"CC.onto of L,L:or ",era DU.:-.,')octoa to rO-Elllo:nina-

"'VOI"'i.>ye 000 l:>!ohcli.>ol'Bt cUh ODCC local beot flux moaGure­

:.:~Dto in C~l't;. ico!tion 000 00:;::-'l'O(:010n i.'}nittOD oi\Jir;oo 

cml I:::i.tb CJ,-tlO oV6rull lJ:.ut ti'on;:cior ~otQ. 'ihoco Qi,:i;rtlloolD 

lcc.l lilll'lt!rrJ to nue::cct "flU i'olUm1n3 VolaO(1 o~ t1r.l con,t.unto 

in ~~uuti~n 7-201 

Cl = 0.)5 to O.a £or n~~al c~~tubtlon. Cl ir.cruODGO 

,~ith il'lCi'Ctlcoo in the Inten;):l.ty of choree r.l:)tion. 

o cJuril\'1 OOriljfroooion. 
-13 2 

1.03 x 10 enl/clD cecO&4 for !:lpork ienition cn,r:;ines. 
-12 2 

0.777 x 10 cel/cm oec01S,4 for oom;;l"eoolon 1vnt!on 

cf';f?lno o. 

5:bic ~ f01"mula 10 unoa to ~reliict the s'nstentor ... 

ooue h:.oot fl0'.1 rutoo in thlc ,lark U6c(lUL:e it CQt~ofiGC e.oro 

0.( the bu::;ic UlOoroticol a·cqulrcCilOrrt.a more CO::J1lGttlly than 

cJo [lOot 01 thoJther OJI,!):ro0010fllle It 10 011.'0 (l1~~on:)1onall,y 

cor&oct L.rltl can be (Iil~l1c\J to ef\7 co;:;;'uvtion 0vtice ['oouotricul 

uociBn. ..icee t lloc.,vcr, the f.o/nIJWc r:UGoor hen to l:lc 

t'lt!ti:::otCl.: from 

Re = -PVp b 
...,a 

, ' .. ' , , . , .. , ... 7-;<7 

it l.:UH'61·O £1''':0 t~~ .-c:o \~ookno('"o ef cliaI"Qctol'i7.i:l:1 tho mixture 

~;:!}tion by the IJOan l?if1ton et:ee(l cO Go ClO;,t othor forJIUlae. 

~uantitotivelyt the ur.o ef the Qenn platon a.ceu in thiD 
109 

eonte~t't (JOY not be too 1noccurcto oince ':.!>lchanov hOD 

01.:3>7D 'UlOt, in on:-,1nc, ,11th no lor[':o [cole G~J~rl c:otioll, the 

Coo vel'Jaitioc iCJ.7.0uiutoly aftor inlot valve clocure o:,P"ox", 

1!JtltO cl~r.ely tile (Joon ~iotOD 010'060. 

:70:;;e il'\vO>t't!r,wtoI' ... llovo cuCu0t:;t9(l t;lC uco ot tile ieotan-



tE:n~ooo vi('t~n CoI.:O;, to J'cv"'C. 'O&t tho c:)btul'O C)tion. 

:'i,ie io rot cor.. it-6t'c. t;; LO u ueoi'ul cI'itcricn, k.O·;;ovcr, 

01'-00 et or noDi' tOil ucca CGntI'() \";tlen tile l"act lODGOQ ore 

'·'h.utOl't, t' .. ic q.ocu 10 oither zoro os' very l.cw. ';be roverae 

cHuution I:ll-illivc et CJIQ-~·t1'01se. 

It io a:;~r,:nt fi'.J:i! tilo fOI'C13oil1.'1 tilot thero 10 0 

r:i'C( t rr.;eu for ~urx1o!:".ontQl moODUi'C:'1cnto of 1]00 C'.:)tion in 

tu" on.,-;ino co::",aotion ,,~::co fl'o.] tho viotT);.oir.at oi t10Gt 

tl'Wlot'or p'O.iotio[!o • 

• mnaro' c cxpreoo10fl iD Riven in ",,;uotion 7-26. In tL110, 

A 10 tho in. tontcOCOUQ ouriL.cO cSou aci'o:o \~llicll tho heot 
2 

ii.u-u CCC\ll'O (cm) 

19 le: tbe lnctoLta~ouo CMIDO tcciorc·tl're (OK) 

onU -r: It! ttiO mOan \1011 tc-.;~O.·otUl'() in tiIC en~:lne ot an 

ln~tc.nt of t 1me (OK). 

'ihc vo~c of. Cl ,iOO ch!):en to be 0.4 toOQUCO t!lc total 

~.oct looceo, ox,!;rccscu DO 0 Ircl"ccntaco o~ tt'.c u::ot of c:;;a;­

'.;ucti017, "UtL t~11l' value wrc foun; to coinciue cloooly 

UL;l'!r;-' cO'~",urtion :·.ith ti,oco o'Qc:orvcd by ocvc1'ol ,;Ol'kerD 

in t~LO l1tol·~:ture. 1.0. uDaut b-7)} (coo Lcotian 7.4.1). 

It 0';'00 :I..,u1outcc qulto c 1<r.:i Qo~roo of r-ixtlll'E:l ootion 00 

m1:'i.t ~o c:(;:octc<.l 1n t;lC LEl~aul.t h01J:l.rl.::..oricol C080U .. tioD 

C.,-c;s<;or. 'j,lhG tc:Jon _,:ktt#n O.l.cea tor;], uco(J to l'OfjrcC0r:t 

:;;lc., voloeitioo in tho:GynJJ.(;D·1:uc:ll'-1~' [l'OUl,in~ .. (:.:co Wua­

tiuil 7-"d:.7) 1(1 O\itllir:",G ~rom 

Vp = :<. S. 'Tt /6,0 cm/sec 

31'3. 



In nll heot trun~ier calculations, th~ oombuotion 

cbGffibcr ~o&l to:u~eroturao ore basic fectors. In practice, 

thoce vurjJ not oola frem ~lnt to 1-'Oint in the corubllOtlon 

Ci.~bel' but olDo from one inctunt to anotller. AU.lowence 

for all theca lr.Dividual effecto Illaites heat 1000 calCul£-

tiollO unnccElocorily confu(l1q;. In tbio work, thereiol'El, 

tho coobuGtion chCli'lber curf6ce le Gubdivi<lea into three 

Qain zonao uach hovin[j 1to' own chul'octeriatic and conotont 

teo1Alrtlturo eo followsl 

1) tho urea oi cyl1nt.ler hee-O cur;,;ru:o ilivolved in the 

Mot flo .. at an inotont o.f time, ~) at G tIl!Ol~era­

ture, 'llt, of 420°&. 

11) the area of p10ton c:urfsce involved in t:-.e h:::6t flow 

at an 1nctent of Uroe, Aft lilt a tomr.e1'6ture, 'rp, of 

;200 K. 

i11) the erea of cy-littler \'jell r,ur.i:'ace involvc(;l in tho 

he et flcvl 8t ell instont of t 1:re I Aa, at a tc@ver­

atul"', Te of 39,aK. 

'lru:.ce t,,,Illj,.fJl'Uturea Ta, 'l'p an:.! To wore consi(lere<l by 
42 

Johr.oon to be typical of! thoue exintil'(' in ElJ:6rk i~niti\)n 

o~1n;e. 1>VCn if theoa ere 1n I.lrror by t 2,0 C howcvel>, 

the inuccuroc ieoin llOut 1000 ootiaotiooo ere unl,y of 'the 
la, 

0;\ er of t 2.. • '.rhio 10 uu\. to t;'~ hi(;h cherge teoper-

utUl'\..C' b-rovuilinz uurirG coet 011 the e!'.a1Dil eycle. 

In JIfJtle.nt." 0 forClUla, Tw can be celcu16teC from 

Tw = !c '1'0 ~ 

.. !lore 

Ap . TU . "" 
A 

A =Ac+Ap +1111 

------- 7-68 

{;ul'inz cO'll~recll1on Gro Gxpansion, the 06 ,areas are rivGn 



315. 

Ap = TTb2/4 (Cl}) 

Jic = ",""tI.!le (om2 ) 

ana iln = 65.0 oaf2 

\;'.CI:'8 '1e le Ul:l uictcflce (1n centimctroo) irQQ tile lrotcn­

ter.eoUD i-lict!ln ~dtlon to th~ tOl) ox tho o,vlirXier bl!i>ok • 

.;uri~' the oo::buct1on j;.,cri~"" hcr.;ever, u flame io 

prop6...'1utlr.:-; uCrQ,'O th!J cO::;L;:1::;tloD ch:;d)or anQ the qUllntities 

Aot An 000 Ap' in e::mtcot botb dtb the burnt ana the un­

b~nt fraat1on~ oZ tho ohDrge, 01'0 continuo~o1Y ohenning. 

'ih::l re Ill"OO:: ;"1'0 functi orc of t\70 r!lrooctere I 

i) the cU::. tcr:ee 01' ti";e f l£lne front from the Ilporkir.n 

vluG. (cee F~. ;-4). 

11) tile platon lfO01t1on. (coe Pig. ;-4). 

~be metucu u~eo to c~leulate tbore ourfcoe areao 10 

l:l:...ot:u on tt.a cume tccimi.."uo ElO wen ue;,):.; to obtain tho burnt 

V01U20C' OL th:.: ehorce ut th~ vGrlouo flame front ono p1£'ton 

~ooit1onc (oee Chapter ;). ino curfuoe areco were, in foct, 

'ctermii:cd at the came UCJc 'QO tilo bUl'nt vo].o.l~ ~ct1,:Jlltior:s. 

':i.'i'UD, re:::ultr vttlre otltaJncd of tho Gl1rfGCO arcOD 0: the 

i,ioto!'!, o)l11r;t.tsr >.all onD cyli!Kler hc-ca in c:?ntcct with the 

'burnt' V\llUIllO;' of chorr:e at all ten flame tront pooitiono 

cfiJ ot, all 6levon ",tuton I-o;;:lticr;o (coe j/iU. 5-4). 

li'lot(' 'i.~ere then cODotruoteQ of. 

1) Ac B.".u1not flome front pooition at 011 eleven picton 

pOD1tlons. 

11) Ap egaiDat !;lfC6 tJ.'or.:t pooition at, all el()ven platon 

poaitiolls. 

111) Aa oeoiP:;:t f 1a:-~ front };ooition .. only one plot waS 

melicc1 hOl'e since AH c1060 not very wltil r,.ioton t:0a­

_______ .lUon. 

I -
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j.'ol,yno;::iul. e;uDtionn 1:1ere fitted to Q8cb of thero plots 

ther"bv ellov;lrr eot ,!f!lathns, by lnter[rolotion, of All' Ap 

unu ~ et intermeoiate fl~~ front and picton ~ocitiono 

bet:¥eer.: tho.:e for t:bich actual IMCCUl'ement:- wore meae. A . 
11;"U,,: 01 the". derived p!ll,Ynomielu 1c' riven in :::U!llCUTIrlE 

L11l:A:I In tile cOJlplute CO:.:lVuter t'rogrlUl lIetiflE' in AllpernUx 8. 

The gec pro~ertlee involved in the hzat 1098 celcula­

tiono are evaluated ut the prevl'lll1t"" ll'19tenteneouEJ temper­

Eltllre~ LOO c.recsurev of the oh8r(6. .illl thermodynamio dbte 

at .... LtlS p'oi.,.o:e:.ies !'Cl.J,uu'ec1 a!'v p'lven in .APJ;eoclix 7. 

An 6uuitlor~1 ~oint to note is t~at no t~8t exohange 

ie ullovicd betnen the unburnt iraet10n of the ch~r{!e Dnu 

the rurroun(li~G <lurin[, the CO!1lbuDtion p'Oceos •. '.i."hie iD 

CO~lt1. erea la gooU approxiUll1tion to !'<..ality because L1v&ngood 
205 

et 01 8ug-gect ti~at any beat lOBS from the unturnt charge 

at tllin time 10 offset by an e'.;ual. hcc.t trenr!et' dcrOBS the 

flame front from the burnt gaose. Conse~uentlyt the un­

burnt Bee 10 eeaU!ll6J to uroergo l.ecntroplc clla~s of state. 
----- ---.-~-----.-- - ~ ---- --_. 

This.may not in fact be strictly true since it is d 

to visualize how heat can be transferred from the burnt 

combustion products ·across the flame front to the mas~ 

unburnt charge. away from the close vicinity of the flame 

. front. 

- --~- ---- - -- -----.- .. 

--
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CHAPTER 8 

ANALYSIS OF RESULTS AND DISCUSSION 

In an actual, fIrIng spark ignition engine, whenever 

one particular varIable Is altered to observe its effect 
, 

on, for example, cyUnder pressure, flame travel time or f! 

emissions, the direct influence of this veriable is com­

pletely obscured by variation in a great many other factors. 

Thus, if spC!£'k timing is retarded, one would 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 decrease 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 reaUsm 

of actual engine combustion, it does nevertheless give an 

indication of the trends involved. 

Thus, the computed results In this work reCer to an 

investigation of varying each parameter In turn keeping all , . 

the others at specified values. The following parameters 

were altered during a series of runs: 

i) equivalence ratio 

1i) charge temperature at inlet valve closure 

111) igni tion t1m1ng 



Iv) engine speed 

v) charge pressure at inlet valve closure 

vI) compression ratio 

vU) mass frnction o£ exhaust reslduals 1n unburnt 

mixture 

3~1. 

vii!) Qaaa fraction of injected water in unburnt mixture 

i:<) fuel typo, i.e. propone, iso-octane or benzene 

The specified, reference values are: 

a) equivalence ratio - 1.2 

b) charge temperature at inlet valve closure - 3730 K 

c) ignition timing - 30oa.T.O.C. 

d) engine speed - 2000rev/ndn. 

e) charge pressure at inlet valve closure - lATH 

f) compression ratio - 9 

g) mass fraction of exhaust residuals in unburnl: mixture -

h) 

i) 

0.06 

mass fraction of injected water 1n unburnt mixture - zero 

fuel type - iso-octane 

Any del1i~at1ons from these reference values are 

stated where they occur. 

Details of the Renault engino which was used for 

the combustion simulation are given 1n Appendi;: 9. All 

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

crankangle degrees it takes the flame to propagate from 

the sparking plug to the position of ionization ~rObe 

2 in Pig_ 4-41 (i.e. a distance Of 6.85cm). 

Before any COlllpui:ed results are given ho\;ever, it 

is considered desirable to te~t th~ ~ccuracy of the 

.' : 

\ . 
. ' 
'-. 1 

'1 • 
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computer model 80 that, it' any large scale c11ecrepanc1es 

occur between computed and e:tper1niental results, these 

are well noted and the I1m1tatlcns of the model fUlly 

reaUsed. Such accuracy detez:m1nat:ions are corusiderecs 

desirable in regard to three .valuations I 

i) comparison of P.T.T. values to the posltion of 

ionization probe 2 in Plg. 4-41.. 

11) c:ompar1sona Of computed and e.",perimental pressure­

crankangle d1agramD under 1denticU engine 

operating con41t1ona. 

111) cOlIlplU:'ison of the Giil1ao1on oif certaln e:maust 

gaGes, 1n particular CO GM NO. 

COMPAlUSON OF COMPUTEO ANI) E9?!:RJMBNTMt MSUL'l'S 

1) xadaUon in Flame Traysl time with equivalence ratio 

Plg. 8-1 shows the resUlts obtained when iso-octane 

and benzcmo \>zero the fuels. The techniques involved in 

experlmental flame travel time lDea$urements have been 

referred' to in Chapter 4. It Is noted that the agreement: 

'ls fairly good for ~~cne up to an equivalence ratio of 

al'lout 1.35 whereas, for ls0-0ct:ane, the agreement only 

appears to be acceptable up to an equivalence ratio of 

approximately 1.2. After theae points, an Increasing 

divergence between co~uted and exper1mental results Is 

apparent. 

For both fuels, however, the equivalence ratios, 

for minimum F.T.'l'. (computed results) are in marked 

d1sagreement wl th those for the experimental ruul ts 

w~ch dO not appear to have reached thelr~m1ti1muin cvaiuos 

- - ----

I 
\ , 

\ 
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over the equivalence ratio range tested. This 1'e1lure to 

indicate a m1nlnmm value was unexpected 81nce Harrow and 

oman31 and Sale and Vlchn1evslcy209 observed a pronounced 

m1nimum value ln their tests at equivalence ratios 01' 

approximately 1.34 and 1.25 respectively. 01' course, the 

possible repeatab1l1ty and accuracy o~ all these experimental 

results must be treated wlth a certs1n amount of suspicion 

owing to the ~flculties 1n obta1n1ng average values of the 

flame travel times due to the presence of cycllc disperslon 

and the probable varlations in residual amaust gases from 

one equivalence ratio to another. Nevertheless, they do 

glve an 1nd1cat1on of the equivalence ratio at which the 

P.w. 1. a m1n1mum with wh1ch the computed results can be 

compared. 

The most probablo reason for thls discrepancy between 

camputed and experimental reault15 la that a surface model 

of turbulcmt flame propagation was used to determine burning 

velocities in the cClIIpUter s1mulation. This means that the 

lam1nar burning velocity ls the basic, determ1ning factor 

which ls then mul tipl1ed by a term proportional to the degree 

of m1xture motion 1n the combustion chamber. As explained in 

great detail 1n Chapter 4 (Sect1on 4.2.5) however, turbulent 

flame propagation must BlOt be associated wlth lamlnar flame 

propagation. Lam1ner flame theories tend to ped1ct the 

max1mum burning veloclties at the maxlmum burnt gas temp­

erature which occurs slightly on the rich side of stolch­

iometrlc. 'l'hus. the discrepancy in Pig. a-1 between 



equivalence ratios for max' l'11\11D flame speed was not enUrely 

unexpected. :It 1. proposed that 1f a Volume turbulent flame 

propagaUan theory could be developed (see Section 4.2.4), 

the agreement between ccmputed and experimental reaul ts 

would be much cloSt!lr. 

Reference should also be made, in thls context, to the 

maJ.nta1nance of constant conditions of the charge at inlet 

valve closure over the entire equivalence ratiol2lllge for the 

computed J:'esulta. :In practice, lt 15 safe to hypothesize 

that this ls qulte an assumption since fuel evaporation 

effects, exhaust residual var1aUons, etc., are bound to 

e2d.st from one air/fuel ratio to another. 

A fucther possible reason for the discrepancy between 

324. 

the computed and experimental results in P1g. 8-1 is the 

assumption that equi!lribrlum conditions are ~talned at all 

times in the burnt combustion products. The lnfluenc:e of 

non-equilibrium effects are, however, most· difflcul t t':) gauge. 

:In the computed results, I!I certain amount of sc:atteJ:' 15 

apparent ln th& ~ plots. This ls espec1ally noted 

within the equivalence ratio range 0.9 to 1.2 (see Fig. 8-11 for 

a clearer indication of the scatter). Unfortunately, this 

is the range withln which the equivalence ratio for minimum 

P.T.T. occucs and, as a result, lt ls IDOst difficult to 

det:a11 6CCUJ:'ately where, in fact, this point la. 

The cause of the scatter ls associated with the make-up 

of tho Semenov lamlnar burning velocity expresslon which 1& 

glven in Equation 4-47. It has been noted that, when using 

such an expression to obtain the changes in burning velocity 

with equivalence ratio. certain approximations made in the 

j 



derivation of the expression are not consistent for the 

region near stoichiometric. Such ineonsJ.stency is shown 

graphically in Pig. 8-2 (fran Dugger ~d S1mon147 ) for the 

two fuels pentane and ethylene and it apparently results 

fran assuming that the concentration o£ the fuel, Cl, eff' 

is much greater than that of the oxygen, C02,eff' or vice 

versa in the derivation (see Section4i3.1). 

To facilitate reasonable results in the region of stoich­

iometric, therefore, it was necessary to maIce certain 

adjustments to the Semenov expreasion. Dugg" and Simon 

suggest averaging the burning velocities between equivalence 

ratios o£ 0.95 and 1.05. This ls not considered a very good 

criterion, however, since the equivalence ratios at vh1ch 

the inconsistencies arise appear to be _ function of fuel 

type (see Pig. 8-2). In this work, thGrefore, it 

appeared more reasonable and accurate to assume a linear 

increase (or decrease) in burning velocity between the 

equivalence ratios at 0.9 and 1.1. These adjustments are 

made in SUBROtJ'l'INE IlURNWL in the computer program listing 

(see Appendix B). 

The computed results (Pig- 8-11) indicate, as scatter, 

the errors wh1ch still persist in the mod1fied expression. 

However, although the equivalence ratio for m1n1mum flame 

travel time is not very well defined for each of the three 

fuels used (see Pig_ 8-11), it is clear that it io consider­

ably in error compared with the experimental r:esultll hee 

Pig. 8-1) and that it occurs within the range 1.0 to 1.15, 

1.e. in ~ region where the burnt gas temperatures are 

highest, as expected. 



A eerbin amount of tho sc:attcdn Pig. ~1.1 might 

also arise from very sU.ght errors in the execution of the 

computer program especially ~lth regard to the accuracy 

to which the iterations are taken (see Chapter 3). 

11) Comoarison of SO!!!!?Hted and e!peJ:'imental pressure-

cranlsangle diagrams. 

Such c:auparleons were made for both iso-octane and 

benzene over an equivalence ratio range from approximately 

stoichiometric up to very rich mixtures. The resulting 

plots are sho\-n1 in Pigs. 9-3 to 8-8. 

All the exper1montal results W~8 obteJ.nad with Q 

Parnboro' Indicator so that a certain amount of scatter 

waa apparent on all diagrams. In each case, a mean pressure­

crankangle plot was constructed • 

. Onco more, with regard to the c:omputed results, 

difficulties were encountered in the inability to accurately 

set the initial conditions of the charge at inlet valve 

closure. This was especially so for the charge temperature. 

pressure and mass fraction of residual exhaust gaues. 

These values were in fact held constant at 373OX, 1.12 

atmospheres and 0.06 respectively. 

Fig. B-3 shows the plots obtained at an equivalence 

rQtio of 1.05 for 1.so-oc:tane combustion. Quite large delit1-

.ation:J are apparent in the cocparison early on in the 

combustion \-hllch can be attributed to errors in the setting 

of the charge pressure at inlet valve closure and in the 

probable inaccuracy of the Parnboro Indicator when operat­

ing at low cylinder pressures with high pressure calibrat­

i.on springs fitted. The comparison otherwise seems to be 



very reasonable since the rate of pressure rise and peak 

pressure value agree closely. 

At an equivalence ratio of 1.25 (sce Pig. 8-4) with 

iso-octane as fuel, there is observed to be much better 

agreement betwen the charge pressure at ignition and also 

quite good agreement during the remainder of thEl combustion 

and expansion phases. 

However, at very rich miflture combustion (see 11'1g. 

8-5 where the equivalence ratio is 1.42), there is fleen to be 

a completa breakdown in the ability to predict, with 

reasonable accuracy, pressure-crankangle cUagrams from the 

cQlllOlutcr model. 'l'h.i.s is a direct rosult of the divergence 

between the computed and exper1mental flame travel t1mas 

at very rich mixtures for iso-octnne co."!Ibustion as noted 

in Pig. 6-1. From this latter figure, it 19 apparent that 

the reasonable agroement betwGen F.T.T. computed and e!q)ori­

mental results at: equivalence ratios of 1.05 nnd 1.25 is 

manifested in quito accurate pressure-crankanglo diagrams 

at these ratios (see Figs. 6-3 and 8-4). Moreover, 

Fig. 0-5 corroborates tho results in Fig. 8-1 for rich 

mixtura. iso-oc:tano combustion. 

Tuming next to somo c:orresponcl1ng dia.grams obtained 

for benzene combustion (Figs. 8-6, 8-7 and a-a), much 

better agreement is obtained between computed and experi­

mental results over the entire equivalence ratio range 

testod. This is a manifestation of the comparison shoah 

in Pig. B-1 bet\..reen the computed and experimental P.T.T.·8 



for benzene. However, in Fig. B-8 when the equivalence 

riltio io 1.44, there is a distinct indJ.cation of lower computed 

cylinder pressures throughout combusUon and expansion. This 

obsorvaUon is in keeping \"ith the divergence of the 

F.T.T.·~ fer bcn~cne at rich mixtures (Pig. 8-1), 

It should be \/011 noted that such ccmparisons between 

cow~uted ond experimental pressurc-crankangle diagrams cannot 

be concidcred enUrely reliablo since thscomputcd results 

depend so ouch Oil the ability to correctly express the 

conditions j.n the unburnt charge at inlet valve closure. 

Ncvcr~~clco~, they do. apPGn~ to be indicative of ~~e trends 

involved. 

111) Comparioon of CO ond NO exhaust gas emissions 

Carbon f1ono:dde! CO 

The variation in computed CO concentration with 

equivalence ratio 1s given in Fig. &.9 under three sots of 

condition:;: 

a) at peak cyclo temperature. 

b) at the end of flame propagation .. 

c) at the and of expilnsion, i.e. at exhaust valve opening. 

Additionally, since CO 15 primarily a function of air/fuel 

ratio and varies very little with other conditions of 

engine operation, soma olCpc:rimental results from the work 

of Huls et a157 wore used for compar1son (see Pig. 8-9). 

These values aro obsorved to lie between the computed CO 

concentraUons at the end et: combust1on and at the end of 

expansion tending. at equivalence ratios greater than 1.1, 

to be closer to the values at the end of combusUon. 



I. ~ 

It thUG appears that continuous equilibrium 1s maintained 
l:,i' 

" 

at such mixture strengths for CO to at least part: way down 

the cXO'ansion stroke which observation agrees with the 

k1netic resUl ts of Newhall86• The errors in aSslllb§jfj9 that 

oquilibrium exists 1n the burnt combustion products at all 

phaG~9 of the engine cycle are clearly in evidence. 

ID the ensuing results for CO given later 1n this 

Chapt~r, the concentrations are given at all thethree 

points in the engine cycle noted above. 

Nitric Oxirlg. NO 

Unliko co, NO is greatly affected by virtually every 

engin~ -"perating parametor (see Chapter 2). 'I"'ollS, the 

posnibllity of ~oting S~~ e~erimental concentrations from 

the literature over the equivalence ratio range is fraught 

with danger. No moalnlring equipment was available for use 

en the Renllul t 6Ilgine. Nevertheless, it is considered 

desirable to at least indicato. \11th full reiii~ation of the 

inaccuracies invo~ved, a typical NO concentration variation 

\~ith equivalence ratio. For th1spurpose, the ":ork of Hula 

et a157 waG again utilized. These workers ran a CPR engine 

at 8:1 compression ratio on iso-oetanc, at 1000rev/min and 

at 300 B.T.D.C. apark ~ng. Their results are indicated 

on Pig. 8-10 together with the correcponding computer 

results at peak temperature, at the cnd of flame propagation 

and at exhaust valve opeoJ.ng. 

From the comparison, it t~ld appear that the frequently 

quoted prediction that er~auat gas NO concentrations corres­

pond closely to peak c~cle temperature calculations under 

~qu1l1brium conditions 1s certainly approximately valid at 

- -equivalence_ratios ri~er than 1.05. HOwever, at-m1xtures, 



leaner than this point, no such correlation exists any more 

and it appears that equ1l1bri~~ is a useless criterion on 

which to base results and conclusions (see Pig. 8-10). Once 

morc, it must be emphasized that all the computed results 

refer to constant condi tions 1n the unburnt charge at inlet 

valve clCisure. 

iv) Conclucling Remarks 

330. 

It i5 evident from tho foregoing that the computer 

5irnulatcd combustion model heeds much more development with 

regard to non-equilibrium, kinetic considerations before a 

r~liable tool for the pred1ction of obnoxious exhaust cmis40ns 

can be obtained. 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-c:rankanglc dilllJJram 

predictions, the model appears to be reasonably accurate over 

the equivalence ratio range from weak mixtures up to about 

1.25. Thereafter, errors creep in tlhich, it is considered, 

arc tho direct result of basing turbulent flame propagation 

on a luminar flame propagution theory. Non-equilibrium 

effects cay also be important. 

Operation of the 'digital engine' at an equivalence 

ratio of t.2 is considered to be pessibly the most accurate 

point in so far as flame travel time. pressurc-crankangle 

diagrams and CO and NO emissions pred1c:t1ons are concerned. 

This is the reason why it has been chosen as the s9ccimen 

reference value for the ensuitg computer runs. 
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EFFECT OP yARYXNG ENGINE PARAMETERS ON 'l'HI!: COMPtJTER RESULTS 

Equivalenco Ratio 

Pig. 8-11 is 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 is, In turn, faster than iso-octane. 

No experimental tests were conducted in this work for 

propane combustion bUt a 11 terature search appears to confirm 

that the order in which the computed flame travel times 

occur for the three fuels is correct (see Pig. 9-11). 

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

benzene. 

In Flg. 8-11 also, an Interesting observatlon ls that 

the benzene curve does not follow the marked "falls olfs" 

in F.T.T., at very rich and very lean mixblres as exist 

In the Iso-octane and propane curves. Phl11ipps and 

Orman 19, in their cOmputer simulation of combustion have 

likewise noted ,this effect to a very small extent and their 

experimental results certainly show thls sort of trend. 

The explanatbn for it appears to be that the burnt gas 

temperature does not decrease so greatly at very rich mix­

tures for benzene as for propane and iso-octane. For 

example, at an equivalence ratio of 1.5, the bUrnt gas 

temperature at ignition for iso-octane, propane and benzene 

are 211SoK, 212SoK and 22840 K respectively. 

Figs. 9-12 and 8-13 show the trends in the computer 

predictions of the CO and NO. emissions at peak cycle 

temperature with equivalence ratio variation. The influence 

of stolchiOllletry is very apparent. 

-- ~- - ---- -- --- ---- -- --~.-



Initially, It was most surprising that the CO concen­

trations for iso-octane were slightly higher than for propane. 

However, close scrutiny in cons1.deration of the stoichiometry 

of the three fuels revealed the explanation. This Is that 

the stoichiometric air/fuel ratios are 15.611, 15.0511 and 

13.211 respecti~e1y for propane, iso-octane and benzene. 

This means thata 

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 weight. , 

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 lso-octane which, in turn, is leaner than benzene 

and this gives rise to the plots shown In Fig. 8-12. This 

is a good illustratlon that the influence of air/fuel ratio 

on 00 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 variation. It should be noted that all 

these computer runs were conducted at constant ignition 

timing so that, ata given point during flame propagation, 

the mass burnt, and thus pressU!'e rise, is greatest in the 

order benzene, propane, and iso-octane. The influence 

of pressure on equilibrium NO concentrations is clearly 

seen In Figs. 6-9, 6-24 and 6-39. The higher pressure 

- ~ -- ~ - - - - - -- - - ~ 



levels for propane combustion at rich mixtures might, 

therefore, be the reason 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 Pig. 8-13). 

Chafge Temperature at Inlet Valve Closure 

Pig. 8-14 shows the large reduction in flame travel 

time (P.T.T.) with increase in charge temperature. The 

same sort of trend was obtained by Philllpps and orman19 
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and is the direct result of the increase in burning velocity 

arising from the gains in the burnt and unburnt gas temp-

eratures. 

Such increases in burning velocity are manifested 

in very high rates of pressure rise as shown on the 

accompanying pressure-crank angle diagrams - see Pig. 8-15. 

From these, it is apparent that a knocking condition prob­

ably exists at the higher charge temperatures. The increases 

in in! tial charge temperatures result in corrospondlng 

decreases in the masses of charge in the cylinder at the 

inlet-valve closure when pressure remains constant at this 

poimt. This is 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 dissociated CO at the higher burnt gas temp­

eratures. Also evident is the tendency for the peaJc temp­

eratures and end of combustion concentrations to merge at 



high initial charge temperatures. This is due to the 

burning velocity being so high at this time. The concen­

trations at the end of expansion are constant owing to the 

assumption that the combustion products are frozen below 

16000K. 
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The expected variation in NO concentrations at peak 

cycle temperature with initial charge temperature variation 

was obtained - see Pig. 8-17. 

Xgnition 'riming 

Pig. B-18 illustrates the computed effect of ignition 

timing on flame travel time. xt is noted that a pronounced 

minimum occurs at an ignition timing of about 330 a.T.n.C. 

under the stated engine runn1ng conditions. Advances in 

timing beyond this point tend to result in lower flame 

speed values. This is possibly due to there being quite 

lo~ unburnt charge temperatures at ignition with consequent 
~;~ 

lower burning velocities during the initial etages of 

combustion. The effect of a retarded spark is also 

clearly seen. 

'rhe correspondIng effects on the preosure-crankangle 

diagrams of ignition timing variations are shown in Fig. 8-19. 

As expected, the rates of pressure rise and peak cylinder 

pressure levels increase markedly with spark advaac:e. 'rhe 

plots for the higher spark advance on expansion cross those 

for the lowet' spark advance because, at the point of cross­

over J the lower spark advance diagrams show combustion still 

taking place. 

Figs. 8-20 and 8-21 plot the effects of ignition timing 

on 00 and NO emissions. 'rhe increase in dissociated CO at 

high burnt gas tempera~E!S (1.e. at high. spark advance) is 



evident. Also apparent is the divergence between the points of 

peak temperature and end of combustion at retarded sparks. 

The pronounced effect of retarded i9ni tion on peak 

cycle NO concentrations is clear from Fig. 8-21. This is 

again primarily a temperature effect. 

An additional observation of note is tie 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 He and co in the 

exhaust manifold and pipe (see Chapter 2) - Pig. 8-22. 

Engine Speed 

The graphs of flame travel time - v - engine speed 

and cylinder press~e v - crankangle at various engine 

speeds are shown in Pigs. 8-23 and 0-24. There is observed 

to be an increase in P.~.1'. with increasing engJ.ne 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 crankangle 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 orman19 presented computed results showing 

not such a great dependence of 1".1'.1'. onEngine speed as 

was obtained in this work. 

The increasing rate of burn is reflected in the 

pressure-crankangle diagrams (Fig. 8-24) \1Ihere maximum 
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preosure rise rates and Pr3ssure levels are greater Eor the 

lower engine speeds. '!'he plots for the higher engine 

speeds on e:v.panslon cross those for the lower engine speeds 

because, at the point of cross-over. the high engine 

speeds d1.agrama show combustion still takd:ng place. '!'he 
., 

expansion part of the diagrams lshigher for higher 

engine speeds because cqmbustion is t:Oq)leted later in 

the engine cycle al'Id because there 115 less t:1me for heat 

losses to occur. 

Pig. 8-25 shows the cOlI;Iuted variations in flame 

speed with engine speed at various crankangle positions 

throughout combustion. The large jumps in flama speed 

just after ignition ere the result of the tranafer of 

the burning r6g1me from laminar to turbulent due to the 

"boundary layer" effect close to the combustion chamber 

walls (see Ouipter 2). Another contributory effect is the 

flame propagation pattern developing fram a spherical 

form just after ignition to that: sho\~n ln Fig_ 5-4. The 

very uneve~ propagation rates during combustion are the 

direct consequences of certain inaccurac:1es in the tech-

nique of determining bUrnt gas volumes by the plaster-ot-paris 

methol1 (see Chapter 5). These should not detract frOlll 

the a~curllCY of the resul to, however, since they remain 

present for all operating conditions. Additionally, 

they might be considered as giving an unexpected degree 

of reality to th18 computer model since it is most probable 

that combustion doee, in fact, develop in this manner, due 

to inhomogeneous turbulence considerations. 

The general appearance d the flame speed over the 

~~"9!'1 p)!~lS!! E!E!_~ ~:~t !,~l~~ t!l~e~J~~II11~ntal.ly; 
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observed trends, i.e. of a 'delay period', followed by 
'. 

very fast burning and culJidnating 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 

Chapter 2). 

Pig. 8-26 Is the variation 1n CO concentration with 

engine apced. The very ~li9ht decrease at high speeds is 

considered atttibutable to lower peak cycle temperatures. 

In actua~ engines, such variations with engine speed are 

completely obscured by changes in other parameters. 

According to thiI equilibrium combustion model, the 

NO concentrations at peak cycle temperature decrease with 

increasing engine speed. This trend (see Fig. 8-27) agrees 

with some noted experimental observations and a discussion 

on why this ahould be is given in Chapter 2 (Section 2.2). 

Charge Pressure at Inlet Valve Closure 

The Semenov laminar burnillg veloc1ty expression 

(Equation 4-47) stipulates, that pressure has no effect on 

burning velocities. Thus, 1n these computed results, any 

possible influence which pressure has on the P.T.T. in the 

engillo must arise through its influence on other variables 

in tile charge. 

In this context, Fig. 8-28 shows the computed F.'l'.T • • 
plot ohtained with initial charge pressure variation. To 

obtain an expl&nation for this, it Is expedient to bear in 

mind that three main factors (besides turbulence levels) 

determine the rate of flame propagation in the equilibrium 

computer simulation: 

a) burnt gas temperatures which are affected by pressure 



levels 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 ell~nated as 

a possible cause of the P.T.T. trend noted. 

The burnt gas temperature effect, on the other handlj; 

is much more relevant since it was observed that the-

following peak cycle temperature values, and some other 

corresponding values at the peak cycle temperature point, 

were obtained. 

Heat Loss Cxlinder Peak excles 
Bate~calZoCA~ PressureSesi 2 Temp.~ K! 

0.5 0.181 212.1 2545.3 

1.0 0.288 439.1 2570.5 

1.25 0.300 508.5 2565.6 

1.5 0.341 615.1 2569.1 

Prom this table, it is clear that the burnt gas 

temperatures do not increase in the same proportion as 

the pressure. fO explain thiS, it is necessary to consider 

the effects of pressure on dissociation. The graphs in 

Pigs. 6-3 to 6-41 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 Pig. 

8-28 and to the table l1tted above, it is apparent that, 

at the low initial pressure of 0.5ATM, dissociation 



ls re1atlve1y high which effect reduces the burnt gas 
~ . 

temperatures. t'h1s explanation ls In agreement with the , ' 

peak ~~~ture value In the table above. !he heat 108S 

rate 4t this time 1& comparatively small. f When ~he charge pressure at Inlet valve closure 

1& raised to tA'l'M, the cylinder pressures thMughout 
f 

c~StiOI!1 are more than doubled, (see Plg. 8-29). '!'h1s 

verb larg,e rise In pressure restrlcts the d11180c:1ation 

p~~~n ,in comparlson w1 th the previous case d1scussecS 

above and, as a consequence, the burnt gas temperatures 

are much higher even though the heat loss raUe are 
' .. 

increased (see the table l1s~ed above). 
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FUrther Increase In charge pressure at inlet valve 

closure to 1.25A'l'M glves higher cylinder pressure levels 

throughout combustion as oxppcted (see P1g. 8-29) although 

the !increases above those at 1ATM lnitial condltion are very 

much· 1eu than the Increases from 0.5 to 1ATM. As a 

result, d1ssociation Is slightly less than at the 1ATM 

condltion. 'l'h1s effect, combined w1th the slightly higher 

heat 10ss8s, produce the noted trend of marginally lower 

bUl'nt gas temperatures than for the prevlous case and a 

longer F,.'l.T. (see the table listed aboa and Flg. 8-28). 

The gl'eater l'estrlction to the expans10n of the newly burnt 

gases at Vel'y high pressure levels (see Section 2-1) mJ.ght 

also be making a contrlbution at th1a time. 

At an Inlet charge pressure of 1.5ATM, the higher 

pressure level. app~ent throughout combustion further 

Inb1b1t the extent of tha dissoclation reactions occurring 

In the burnt gases so that one might expect a COl'res­

pending galn 1n the burnt gas temperatures. However~~ 
- - - - -,"-. -' - ~ -- -
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the corresponding increases in heat 10s8es wl th increase in 

pressure, as dictated by the Annand expresslon (&qn. 7-26) t 

once IIIOre restricts the bwmt gae teq»er:at:ure levels 

obtained (see the table aboVe). Add1 tionally, the extent 

of expansion ~fect of the newly burnt gases is most 

probably again significant at such high cylinder pressures 

(see Pig. ~29). 

'l'hus, from the foregoing discusaJ.on, it appea&'s that all 

the factors i~luenc1ng burnt gas temperatures (noted 

previouely) are non-linear. The manner: in which they have 

interacted to produce the computed r.aul ts presented in 

Pig. 9-20 is certainly complex. 

Pig .. ~29 shows plots of the corresponding cyl1nder 

pressure - crankangle diagrams. 

Pig. 8-30 illustrates the very small decrease 1n CO 

concentrations at peak cycle temperature with increaBing 

charge Prttssure at inlet valve closure. fhls appea&'s to be 

an effect due entirely to the ~9b!:h19her cylinder pressures 

(see .. Pig. 8-29) since peak cycle temperatures are very 

simllar. At the end of combustion, on the other hand, the 

lower presGure levels end tempc.ratures result in an almost 

constant qo concentration throughout. 

Since it has already been noted that the degree of 

d1B$Oc1eUon of the burnt combustion prodUcts decreases 

with ~ncrca8ing pressure, it comes as no surprise to find 

the NO concentrations, under: equilibrium. conditions, to be 

s1lr!1lar:ly affected.. Pig. 8-31 shows this trend. 
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Compresslon Ratio 

The graph of computed P,T.T. agalnst compression ratio 

is shown 10 Pig. 8-32. SUch a plot ()))Viously requires some 

explanation. The SBIIIe considerations can be applied here, 

however, as were used in the plot of P.T.T. against inlet 

charge pressure .(rig. 8-28). Thus, the flame speed 

determining factors, viz. 

a) burnt gas temperature (and the manner 10 which this 

is affected by pressure levels through extent of diss­

ociation ~fecte, unburnt gas temperaturea and heat 

losses). 

b) unbultnt gae temperatureso 

c) the extent to which the newly burnt gases can freely 

expand (influenced by the pressure levels in the cylinder). 

are again at work and it is the interplay of all these non­

linear effects "'ich has resulted in the plot shown in 

Pig. 8-32.. The following table shows the peak cycle temp­

eratures obtained in the computer calculations over the 

compression ra~o range tested. 

Co!!!2r !sslon Peak gcle 
aauo temperature (oX) 

5 2534 

7 2560 

9 2570 

11 2609 

14.2 2615 

Tb. temperatures certainly bear out the trends noted in 

Pig. 8-32. 

At compression ratios around Sat, it would appear 

that the Nl!tive~y low unburnt gas temperatures and the 

.. ------ ~-.---
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relatively high degrees of dissociation are the main factors 

involved in establishing a fairly long P.T.T. When the com­

pression ratio is increased to about 711, the unburnt gas 

temperatures become higher and there is less dissociation 

taking place at the higher pressures. From Pig- 8-31 and 

the table above, it appears that these effects have a greater 

influence on the burnt gas temperatures and flame travel 

times than have the increasing heat loss rates and restrict­

ions to the expansion of the newly burnt gases. At around 

911 compression ratio, the slight increase in the peak 

cycle temperature over that at 7.1 (see Table above) must 

result from the higher unburnt gas tempecatures and the still 

lesser degree of dissociation. These effects seem to 

slightly counteract the greater heat loss rates once more. 

Purther increases in compression ratio beyond 9:1 

give the entirely unexpected trend shown in Pig. 8-32. In 

terms of the above considerations, this is most difficult 

to explain unless non-l1nearit1es have a much more pronounced 

Effect at this time and the much higher cylinder pressures 

(Pig. 9-34) reduce dissociation effects considerably. A 

further possible cause could be that the ignition timing, 

which has remained constant throughout, is ideal for this 

particular compression ratio (see Pig. 8-19). 

With another increase in compression ratio to 14.2 

(the highest to which this computer model could be taken), 

it seems that even though all the above effects which 

influence burnt gas temperature are apparent, the restriction 

to expansion effect of the newly burnt g8ses is the most 

significant. 

----- .. - - --- -- - --_._- .. _-



This conclusion is drawn because theClOll1puted reaul ts show 

the burnt and unburnt gas temperatures to be highest at this 

compression ratio from which one might reasonably expect 

the shortest P.T.T. 1'he only factor which could prevent 

this occurring is the very high cylinder pressures restrict­

ing the newly burnt gas expansion. 

Plg. &33 is a plot (taken from the experimental. work 

of £111son, Harrow and Haywarc5164) of mean flame travel time 

against compression ratio in a C.P.R. engine under the 

conditions stated. It will be observed that the same trend 

of a marked c5ecrease in P.T.T. with increase in compression 

ratio at the lower cc:::press1on ratios Is apparent 1n both 

the experimental results (Pig. 8-33) and In the computed 

results (Fig. 8-32). 1'he similarlty persists at the higher 

compression ratios since a further large decrease is 

apparent in P.T.T. 1'hls Is consldered to be purely 

fortuitous, however, since knock was induced at this time 

in the C.F.R. engine experimental results whereas the 

computer program contained no knock crlterion. In the 

actual engine plot also, the 'late burning' phenomenon 

(i.e. the increase in F.T.T. at very high compression 

ratios in the computed results (Fig. 8-32» does not exist 

since knock always precludes this condition. 

Thus. it seems that, even if progress in fuel tech­

nology could ac5vance to produce a fuel which does not 

knock at very high compression ratios so that progressive , 
flame propagation exists at all times, engine power output 

would still be restricted, at the very high cylinder press­

ures generated, by the 'late burn' phenomenon due to the 

newly burnt gas expansion being Inhibited (-see Section 2-1 
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and Pig. 2-2). 

Referring back to the plot of F.T.T. against charge 

pressure at inlet valve closure (Fig. 8-28), 1t appears 

from this that the cri tical cylinder pressure at which the 

restrictive burnt gas expansion effect becomes really sig­

nificant is about 42A'l'M (see Pig. 8-29 where ~ inlet 

charge pressure is 1.25ADH. However, with compression 

ratio variation, this pressure appears to be raised to 

approximately 53A'l'JII (see Pig& 8-32 add 8-34). 'l'he discrep­

ancy between the two values can be attributed to the higher 

burning velocity values with compression ratio increase 

(due to higher burnt and inburnt gas temperatures) than 

for 1n1tial pressure increase where the gains in burnt gas 

temperature were vezy much smaller and those in unburnt 

gas temperature were virtually nil. 

P1g. 8-34 is a plot of the corresponding cylinder 

pressure against crankangle diagrams at the various com­

pression ratios. The progressive retardation of the crank­

angle at which peak pressure is attained with decrease 1n 

compression ratio is clearly ev1dent. 

The computed CO concentrations with compression ratio 

variation is given in Fig. 8-35. The inverse sort of plot 

is achieved to that in Pig. 8-32 which reflects the 

influences of burnt gas temperature and pressure. Experi­

mentally, the variation in CO with compression ratio change 
>, 

is obscured by exhaust gas residual changes, etc. 

The same type of curve is obtained for the NO concen­

tration variation (Pig. 8-36) for the same reasons as were 

given above for CO. 

-------



Pig. 8-31 is a plot of the burnt gas temperature at 

the exhaust valve opening point with change in compression 

ratio. The trend is in agreement with that noted 

experimentally, e.g. Davis'O • 

MEA NS OF REDUCTION OF CO AND NO EMISSIONS 

Exhaust Gas Recirculation 

The allowance for the presence of varying quantities 

of exhaust gas residuals in the unburnt charge can be 

considered tantamount to recirculating a controlled flow 

of exhaust gases back into the induction manifold. This 

has been proposed as an effective means of keeping down NO 

and. to a certain extent, CO emissions (see Chapter 2). 

Newhall has shown that the temperature of the recirculated 

exhaust has very little influence on the effectiveness of 

the decrease. Thus. the mass fraction of exhaust residuals 

in the unburnt charge was allowed to vary from 0 to 0.2 

while the remaining conditions at the point of inlet 

valve closure were kept constant. The following observ­

ations were notedl 

a) the flame travel time ~creased appreciably with increase 

in exhaust residuals as shown in Fig. 8-38. This Is 

due to decreases in the burnt gas temperatures (see 

Pig. 8-39) as a result of the exhaust gases in effect 

absorbing a portion of the chemical energy released 

during combustion. 

b) increases in exhaust gas residuals,result in very 

large decreases in peak cycle pressures and consa­
I 

quently in i.m.e.p. values (Pig. 8-40). 



c) the computed variations in CO coneentrations with 

change in exhaust gas residual fractions areshown in 

Pig. 8-41. As expected, the reductions in burnt gas 

temperatures (Pig. 8-39) reduce the CO formation ten­

dency. 

d) at peak cycle temperature, the NO concentrations, at the 

particular operating conditions stated, are reduced 

in the manner shown in Fig. 8-42 with an increasing 

presence of exhaust residuals. Again, the decrease in 

cycle temperatures is cited as being primarily 

responsible. 

e) on a-percentage basis (Fig. 8-43), it is noted that 

the presence of only 6% of rosiduaia accounts for a 

S6~ reduction in NO emisaiona at pealt cycle temperature 

conditions. A decrease of 10% in i.m.e.p. accompanies 

this. Such a large decrease in NO is er.plained by 

the fact that its formation from nitrogen and oxygen 

is an exponential function of temperature. 

water znlection 

As the NO emission problem has become more acute, 

the suggestion of i~ting w~ter to mix with the unburnt 

charge has been frequently proposed. Some computed 

results have been obtained to test the validity of this 

proposal. 

Pig. 8-44 shows the decrease in P.~.~. with increase 

in mass fraction of injected water. ~i8 decrease is 

once more attributable to the diluent water absorbing a 

certain amount of the chemical energy released during 

combustion and, in so dOing, reducing combustion tempera­

tures (see.Pig. 8-45). 

---~------ - - - -- - -



Pig. 8-4' shows the pressure-crankangle diagrams 

corresponding to the presence of various quantities of 

injected water in the unburnt mixture. 
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The CO decrease is given in Pig. 8-47 and ~s entirely 

as expected because of the decrease in burnt gas temp­

eratures. 

The NO reduction is plotted in Pig. 8-48 at peak 

cycle temperatures. Two possible mechanisms for this trend 

were considered. 

i) reduction in burnt gas temperatures due to the presence 

of the water as a diluent. 

ii) reduction 1n the unburnt charge temperature at inlet 
f 

valve closure (and hence in the burnt gas temperature~ 

due to water evaporation effects. 

This latter mechanism was, however, found to be com­

pletely overwhelmed by the former mechanism. Results from 

the computer runs, for example, showed that tlith 10,., of 

injected water, the evaporation effect resulted in a drop 

of only 2.87oK in the unburnt gas temperature whereas the 

dilUent effect represented a drop of 4800 K in the burnt gas 

temperature. 

Pig. 8-49 illustrates the percentage reduction in NO 

concentrations at peak cycle temperature and in i.m.e.p. 

with variation in mass fraction of injected water. For 

given reductions in NO, the drops in i.m.e.p., seem to be 

the same for both exhaust gas recirculation and water 

injection under the operating conditions used here. 

Concluding Remarks 

Prom the limited computer runs, it appears that only a 

very small amount· of exhaust gas recirculation or water 



injection is required to obtain sbbstantial reductions in 

NO. Higher amounts, although having the desired effect 

of reducing CO and NO evenfurther, indicate that the 

effect on engine power output Is unacceptable. 

Ml:SCELLANEOUS RESULTS PROM THE COMPUTER PROGMM 

Fig. 8-50 shows plots of the typical development 

of burnt gas temperature, NO and CO concentrations 

throughout combustion at the stated running conditions 

when equilibrium is maintained throughout. It is observed 

that the peak NO concentration does not occur at peak 

combustion te~~erature in this particular case - the 

effect of the lower cylinder pressure shortly before the 

peak cycle temperature point is the dete~n1n9 factor. 

The discrepancy, however, is very small. A similar 

conclusion can be drawn from close scrutiny of the CO curve. 

In Fig. 8-51, the variation in turbulent burning 

velocity, UT' and turbulent flame speed, VT, throughout one 

particular engine cycle, at the conditions stated, is 

demonstrated. The turbulent burning valccity increaaes 

continually as combustion proceeds up until just before 

the completion of combustion when it falls off due to the 

decreasing burnt and unburnt gas temperatures. The flame 

speed plot has been explained previously - it is higher 

than the UT curve because it includes the expansion 

effect of the newly burnt gases on the unburnt charge. 

A typical variation in heat losses throughout the 

flame propagation period is given 1n Fig. 8-52. The build­

up of losses with crankangle is clearly evident as the 

burnt gases attain higher temperatures and pressures and 
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cover greater areas of the combustion chamber surfac es. 

The tailing-off effect at the end of flame propagation 

is attributed to the decreasing temperature and pressure. 

The rate of heat loss (cal/ocrankangle) appe~s virtuall~ 

constant (corresponding to the linear portion of the pl~t) 

over a considerable portion of the propagation. 

The computed variations in overall heat losses 

(expressed as a percentage of the heat of combustion) 

with engine speed during the combustion and expansion 

phases of the engine cycle are given in Fig. 8-53 under 

certain specified conditions. The values pertaining during 

combustion are in the region of those predicted by various 

workers experimentally (see Chapter 7) and show the expected 

variation with engine speed as was noted by Janeway185 and 

David and Leah187• The reasons for the losses being higher 

at the lower engine speeds are clearly that the burnt gas 

temperatures are higher and because there is more time 

available for heat losses to occur. These factors have a 

greater influence than the counteracting trend of reduced 

flame travel times (see Fig. 8-23). During expansion, on 

the other hand, although the overall heat losses again 

show the expected variation with engine speed (see 

Pig. 8-53), their absolute values are well in excess 

of those predicted experimentally. The most probable 

explanation for this is the assumption in the Anoand 

formula (Equation 7-26) that the degree of mixture motion 

(represented by symbol constant c1) remains unchanged 

during both combustion and expansion whereas Semenov's 
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turbulence measurements (see Chapter 4) have shown it to die 

down as the expansion phase is approached. 

Pig. 8-54 is a typical entropy-cylinder volume diagram 

pertaining to the compression, combustion and expansion phases. 

Although some heat transger was included during compression, 

this is seen to have a negligible influence on the entropy 

at this time. The combustion process, on the other hand, 

is observed to be highly irreversible. A large increase in 

entropy is apparent during this phase, even though heat 

transfer was allowed for, which tends to decrease entropy. 

The heat transfer during expansion introduces a further 

decrease in entropy. 



, .. - . 

351. 

~ I .. I' r I !' r .:' I~r rr~-:- ~. (. ,:~; .' .. ;1:, L::.\.:L; .:\. ." .. : ,;;,,'--:~:! 
I , ! . ':'!~ I.; . ..,. ,''1'-' . '.... I . ..: 

" , . , 

. . I . .., ":> ' .". . ~ .... , I 
.... . : ~ :.!I .... Ilil '" 'hi"'" ,'" ··il\ .: .. ·.il .. ,,'::' I"".. . .. : :' .. C;' .... : I~ ~ 

, .. ' .... ),:',., ;,.! :' ... '" .t .... :' 'E"'':':'' u ·il· ".' 'IIH."..· f=' 
',H,'''''' ,; , ' . .. , . .... '.H'· .. ' r:' !.1.l!.l.i..:.1! !!! : 

I.t .. ! 

, " 

'1 ' 

iHffifE 41; ,,!.:;. -: . 
111 . 
".' "". :~:" d:;: 

., f:ITIl i ',;; :",. 'j'fmHlj" ';" " .• : 

. , .. :::' ;ITfillffi'· .'~m-~ . . :"'" .. ..... :I=±:I .... ' ~.' '. ~ .. ']J ..... . .. ~. ~~ ;', .':: .. ,-, ,,:' -: 1 ... ;: t' '. tEtil 
;;. . , 1· " . ". 

" ., . ~ ..... 

I~i "';'::,'"';,,, .... . •. '.... . . .". I. . .' :' :Q • 

i '. '" . '.... •. " . , ,. ,.". .. 
,." ...• , " '.' . .' ,. ,·1 :'" . .' ;".: : - . •.... . ... 

. , ;t: ,. '. """. . ",,,' , :';;. I" ,;. '. " .'.,,, 'Iiti! .' . :: ' ''i:il'' ...., ,. Cl:. , .. ,. ," ... :. . '" • . •. c:.. ...... 
:: I~!:.f!~,:~i· . :"!i .:! '>" ':i. ,if ;::1 ' .. ' ,. ".Ii§ ',:, ;: .. i-', ' . '. , 
:1, -;' ','1\111:: :1' I' :'1:;: I.; :!" ;.!> !j. U:,'I\ ; i 1,,1 "f/!'31 I ' ., i l.:r;;.. j ;" 

",', ·.t. . " .' ';. ·':1 i: . ,. ,;. III • " '" ,., ,.', iI;:'," !. I'", , . ! 'r:ll;;,,~. ' 'I: : :- . t I;::' .• :;1 

'i; ", .. 'ft";' 'I'H'! '~jiit't"d" 'i:;; ~.!!!:Ii: ::,1:' 'm'~n . :.,.: I: iij{j' j: • • . :l:: • 
.. 'I'" . '.:."'.' ,.,.1' I' , ' ' l' FnJf ," ., '1:1 '. I!. . •... :'."; I';! ... , "'''. "Wo 
.:ii.ll:: ;: i,'i:. . ~;. ,:t. id i:,' " 
" ,. .. I:,. . .; . .. t· i! t: it· 1\' 

I' .... 'I: i .:.- ·'·!~;;,U; 

; :. '~L:' 

I. " .. ",' 
"", .; t. 

. .. \l! 

t' i .'i! : ,,' ,: ,! 

! " 

, .. ;. 
:. '..;:; .. 

9.' •. 1"::.'::' : ..... ;:.' .. "'.:.':.' ~.:: .. 
- ,.. . .,." I~ 

"; ~ t=.:. . ' .. i.'.: .... : 
. ' , t··, " 

: ,', 

, " ".ii. 
" ,_: ,'-It 

lli@ .. ',," 

.11 

~h pop~l- Wher.--rird''''-~iig p-ieo$"-e- quo-h- -P-fefix_CS.,_CB~_J~ _01_ TB _fl2i.lo_~~~ ~Y Gr~p~ Refer.nee ________ . 

;mm. £rTo. Pr~.!i~ fi Cor",dge pOpftr prinred Sepia f..!!!~ Cartridge poper 'printe-d- Brue 

_ 5005 

)mm cm. !i.i!i!. -2..5 110(lng -POP'H pril\tllci-~.pja ,.r .• li ... rn, 1_,oci"9 __ pO~flr_pd"+f\d Blue 



~~ 
mm.-10mm­
mm,.lOmm 

~" ----~~----~-~--c--.-"'_""',c_c_-~----_,_----"~._ "'-1> ' .... ~io' •••• -

35;.(,-

5005 



',~"""""",,,,,,;--,,,,,,,,,,,,,,",, .... ,,,,. ,~-~ ·"tl''''':;.--'''''11~· 

35~' 

, 

5005 



-~,~- - - --~ 

'g54 

I ' ! 

. , . 
': 

.,' :i. "! '; ('" 
Ji 

~ h i ~". '., :. :.:.' .', 
iT: . cf.: 

I. 

• '._',. '"'i§ 
J± . ' . ' B.·, ,,", "n 
co . •.. • • 

;:: : .l I.' • 

,1 1 
• I ' ''' 

:.!i 

~-PQPEiry- ---wh-tlni;fr'tttori'ng- pl"iCfi-.- q-vole-----pr.fi£ 'CS~ ·CB~-TS'-Of -TB--rolr6-'wed--bY--Grapn Ri"eren-ct! ~_-_~~_-_-_-_=-~ -~_ . 5005 -- . 
Imm <:m f:reli,. _ ~ Cartridge pap'" printed Sepia Prefi ... CB. Cortridge poper printed ~'ue 



-

'.' ~'.~ . i.~'.,;.:ii t ", , , t· 

~!'.1:··:'1 ": ' I 
. . 
'. . 

" 
" 

, :i: , 

" , 

~- -----~--.. ----------. ---_ .. _. - ---- - _ .. - ----- --.-----

355, 

I", . tit, 

:.' eo' 
!~, 

.:.: 1': 

500!' ;~p~~:;t -_When_ orde'--'--n_9_.pLe_o_SIL q,~ot!..... p!..!f~ C~. C8, ~s _~r ~B_ ~oll~~ed by Graph Referentlt ___ " ___ .. ____ ._, __ 

,-- p~ .. f:~ re ·("""t-jrlnf! ["ml"' ",;nled Sepia !,rj!:Li~.:.~.L C~r;,iigt'pop.,r--p~i-;;t.d8jue-- -------~--- ----



h, pop",) 

rTlm.l0mm 
mm. Wmm 

5005 



I', 

"1 . 1." 1·1 

1 '::i 
, I i " 

I 

:1 

it: 
.) I i 
,: i 

h pOP"'~ 
mm lOm-m -­

rom. lOmm 

..... ,' . =" 'T,- '~~_!- • 

357. 



t.. 

".! 
I. 

: :., 

. " .. , .•..•.. 
·t, ., ... . 

, ". ." 
,.. ,,' ..... . .. ,' 

" ," t ,. , 

:.. ' '11" 't·,· . . ! 
. ,: q It ! ;' , ; 

• : l! i 
,I . 
:: j '; ." 

., , 
:IF·· 

,:! 

+.. •. ._' ..... ,.:.i , I 

III - ... 

, . 

! ' 
t· " 

" 

I.,· ·r·,: 
" .. ';i! !..'.i i. I.· .. ,',,, " :.;' I' ' :!:' ';toil 

, . i . .:, t : 1. I· , 1 >. .!. ~. ; 
'! '~1' '" , .;.: .. ""8" is!l' ~,',:t' hi, ;if'#C, 

~ t ~ • 1·:-: ~ 
:' •.... " ,." '11:,,, :!; t ;.' : •• -

.> • • :,1';. "I I·!; L 

: t:, 

:' "'i 

';"~~., 
. ;, 

; :"',,, ;:, 

,I + 

" , 

.!' , 

: ...•. ·"·B'.·· ,.. .,.' 

, . . 
.. ,. 

'~""··"'-c.~< 

g5"8 . 

• •• + 

i, 

: t. 

I', 

~h_~:.~~ _______ _ _ _____________________ . ___ 5005. __ 
.!Tt"' HIm.." 



1 ~ -r _., • : - t" i· 
I ,i:: I 

i ! 1 

-.'1' 

359. 

r"'~T~~"r~ "j -~---. .' .... !,.. ;. i.' "JJ: T .: .. l H 
I . I '" 

. I ., , 
", I... 1 .. "". ',--"" •••. ;- i-- " .. . . . ... , 

I:: .'!' I' .•. I.. I, :,,', ", .. '. ..'" .: ,.... ., . "1" . I' 
.1;1":"H,;I:It:':'; ~:'!:\'+'''I'':+·':.'I ' ·wfi.J! ,1 01 ": I.:; :q I,: I" .. " ,,": .i \:,;. 'I, '!., .4 ;,+;.:,;,.tTh(L. •. 

.. ' 

.. : , . "',\;. 'I:'. ' .. : . ,I. ''''. : :'i' lill . i .,. i," "':'. ::'." .. :: ... ,: ,'~.;, :i', ",' " 

•. . 

". ";, '.i< '::.11;·. "il '"~I :.'" . 1 ",:' ,,' :,,;,'." ,',., '."." .:. ,:;t,' 'I ' to· 
•. ",... .. t, -...... ,. . Jt. Lt " :': . _>, 

Ii ", \ . " 1 H' I rrmn "" ,,,i! ! L'4 ": ';' ;i, ;.: u.~ 
:! , ! 'j : ::l, ~ ilW, !l~" : ~;: ;:j': t .: 

.., •. 1IIfU ... ,.~t 

~-~-;~ Whfl" ord~fi"g pleOH! quote p,.fi", cs. CB, TS Of TB follow.d by Graph R.feren(e ________ .~ ______ . __ 5005 

,mm. cm. -Pf'!'f'~ Cortridqlll paper p-ri'nifld Sepio--

:mm. cm. Ple!~~ l'''('''~ paper printed Sepio 

--. Prefix CB.-Cortridge-poper -printed-8Iu •. 

~TB. Trodng poper printed Blue 



""'---:-~,..- '-"',",",-~ 

3,"0, 

. -", -. , . ,:. ... I" •. 

1 ,-' -, '- '~.--.-'-.--I.'-;-"'+.-' .,';C-:-''''-. .:.... .-.. ,: ... L ,.,-:- .. , .. r-""" . _:._ - : :. . .... , .1 ",: .. : I. '...,..' 

,'., '." .# .. ~ :;: ... ' .. , ...... ·.i .. · .. '", 
r:C'::~ '" . :::;. 

, . -, 

I:; " . 

" "11 . . It: ,. '! ,,:: ;: 

It " - " 

" '. . 
" '-'J I 

1 " , .' 

!~II "; , 

;C' " 
1:: . 

. . 

,:11-.' .~~ 

t'1. " 

iE:ffi~" . '~nS' . ~ 
'''; 

, I·' 
. I;!: 

. . . .', . ,I; . 
, , . . 

':' , ! 
•

' ".' ~' .. :;;/.':"'._.'_.l!. I:!',.,,;: 

: ;.: :s.:! , ,to ,: '. • 

.. 
, ,I 

, : 

" 
" ! 

. -,' -' I 

.,.~, ::.11 ':f; ',' "", ,;.'" 

nffi. cm. 

-:tm, ~m, _ 

~~£§., Cartridge pope' prir',ted Sepia PrefiJl CB, Cartridge paper printed Blv@" 

-~l~ lJ,odng .paper~ printed-S.pia, - - -- -. -!!!'.!i.!.~-Trocing -poper 'prrnte-d B-Iv; -
.----~--



, . 
p . .:; --; .. 

- -- - - -~ --- - .-~- ----
~;o;;;): when o,d.d"u pl.cH. q\loh ",.11 ... C), Cb, I:' tJl 'D 1 .. lIu ...... .1 I"f O'9ph A.I.,.f\I._ 

;mm. cm. P;;fi~ CS,- CartridU.- paper printed S-epla- - -- -'p~fi. CA~-CDrI,jdOD-pu"",L. P!Jflfl!~ I't.hl_n 



p~~~ Wnen ord.ri"Q pleo •• quote Pr.fi .. CS, CB, T5_or T8 fol1owt'~ i?y Grop~ qeler4!rlf;e ___ _ 

eyr.!'!$ !.~.!~ Cortridge pOpE" o,i"ted Sepio 

1nl. err., Prefi. -TS. Tro";n9 PQper printed Sepia 

P,eB,. C~ Coftririge paper pril\'fld !If". 

Pr~'i ... 'rn, lrocing pOpf'f printed B.lul'l 

_. 5025 



... 
. :' : : ' j, . 

':i ; ri ' . 
........ ~ . 
. ,., 

• " + '. 

',!' , I~ 
,'" -, -, 

i; ; 
~;- . ~,'::' 

.1 

I. 

I',' " ~ t !: , . 
t·, _, ' "j-' 

. ,. '.'.1; '. "1' ,,, , .• , hil'.· 
..; ;-i r:.: ~. , .1 '_::. ; 

, ," g .. ,,,. ' 
'" . 

. 
.~: ' ,. i : : I; ,. t ,_, 

;.l., , ; (~-.;, -. : I:. :, : .. ,,:. 

: I.: it . :, :; i 
., ! ., .'-., 

. .:: ~:: ; :. ,. : . 
, ,1. " 

,', ··J~i·;:.' 
:';;j ';Iit!:' " I .. '" , 

":1 . 
r'·;: •• , I 

~. " .. -," .••. ill I.'++': :. "I 

!"'!'." "', 
Ii;' ::iW~, .,' 1 ,; , 

", 

hP-{]P~ when o((Jaring plea~" quo!e Pr.fi;w. CS, C8, TS or TB followed by Graph Re/eren!;", ___ ~ _____ " . _~._. ____ _ 5005 

llrn:--C-; - -P~~!'~~~-C(]'tTodq ... - po'pe,-piinfed- Sepio -- - - _. - Pfefi;w.-CB:- 'Cadridge- pope-r- prinle-d-'Bhre --- - - - - - - - - - -- - - ---



': ' ,: ,I ~I:i': ,:i, i,l; :I! ,'I' I!;;' i'::' H;" 
1 ~ ! 1 I ... I' I I' .' , .! I: I! ; "'I ' ;, 

, il ' , I I ~ " 11 " 1 1 , " < " I ~ " I ! I I I ,I I: 1 : . I 

~ii ' , , W' .. ,/ : ' 
, i'l , ,. 

" I, 

, '.' i I ~ • 

, " 
, ;'! 

, -,' I1 •. ' li 

" ;]. 
,I" , 'I 

1 I'.!' " 

I' 
", : " 

, " 

I: .1 

" I I ! :.,1 
; I, . , jI I 

" I, 

'. 1 'I ij - . I . ':l '.)' ;: 1 "; 

" t' , 
, , 

; :, , ., >t 

',i, 
. ; :.1 

" ni'''':;' 
I' 

, ,,,,, 

" 

I l t 

. ,.;:l 

i,',. ",' i"':!'c~ 

'" 
I ,!' 

~--:.""".".:' _Lmm 

•• 'I 

',., 
t" ." 

. >1 " . Il:i, , ,. tj :: 

: ,"1' • 

.1 : 

, ;. 

, , 1 

':- + • 

1 ; " ' 

pcpe!1_ W_la~ o-,"~:..r~n~ _ ~1~<:s_e_9~ot~ _P~~~ _~S.:.~B:._ T~_o.r_ T! -.!.~I~:>~~d __ ~~_Groph __ II:~eren~~ __ --_-u-·_ -~ -_- '.:--~.- =-_-_ ' __ ~t?~~ __ ~_ 
m. cm. Prefi)( c~ '::"l!lridge pope' print~d Sepia ~L!!i-!-.S.! Cortridge paper printed 81tJe 



[ . - .. -. ~T -'--'-'r-~' .- y·--:r-l-····- ,."., I" ', .. ", '''''-1' ---, j-C-, .. :".--. . '<I. . 'I" :'i, ': ' "'.' ". . 

.1 I' .1 .• L· ... 1'··· .' °t' ., " '~:':'.~ ••. ' ... :~,';J,':.' .... I.':.'. •... i;! .~ 
! .'. .1 .. ;::, '.,. ' .. . - .: .' I '1 t-~· I .• l ... 

" .' I' .11" ' . , ., "-:1' 
" . ' H I' 1 I . ': :Ii'" ,. I" i, " " .. : I' "I ," : " :. '::1'·: 'I' ., , 

'.'1 ',-: .. ,' I :.' ", i. ;:ij. "I;' ... " ,,,I,' !, ", I . '., ,. 

: t! "''',' '1' 'I'" ;':1',,: , .. ,,,~,,:,. ';", 'I:: I,. I'. i';' . " '.;: '" ""I"i' ,'. Hmil;::" ".' ,:" .. ' .. "'., : ::;. : ,i'; :,;' , I ,;"," !P, ,;:'1 ,,:H! :1' 'I' : :: i:" ;;,. :"." . '. ,,:'L:i t,;'::! " ~:: .,,: 
U!ll'"'IH,;.iP!!!!ifl~4iliklilli'·'~W·"ji'~ ~t,lj: , : , "." . 'Il I,iii', ",' , ,:;,; '.': .. 

E,:... "'·ilil'!J.l.l:l'll' I±'liH"~:;:~'lli'~' .. ": ::" ' " . . . 11'1 " : ~~"m .•.• ·.,~ • 
.. : IUI' "'. 

it; '. 
I", '" :: ~_ :[. ~.~, I! ':']1 "if 

. . " , 
I: ',,' ; 

: t • , 

,.)!! ; .; 

::7:' I·,i ", 
I' 
" 

';, )' 
, . 

: '11':; 1,' , ., ., "'" . 
'.' .i ,'I' . ,. I:" ,I • 

tt 

:: .' . Er: ,~fr~,I":I!!l:'i: ';: :'! 
in' ' ... 

i.'.: :.:, '1, " ,.' . " .... 

. ,tll, ,,; :,:: , . 
!. 

.' 

ii:r.".:. ",. '. 'l~' ·U in: I ,1": ,.;t~~~;, " 

1-, . 

" 

, :', r' 1'lIIt,. :' . ., "'~ ;'1' .. , " "', ,WII 
l',·, ,j' !rflf r, ,! !< 

, , 
n: i' 

:~;I·~ HtfHffiBfW:: ::m··_;;f"H+t~t !BM 

, 

i'.-., , 
, , 'r 1, . 

• 
••• 

., 

. I:: ,'1/ H:; T' 

. '" , ' '~ 

'd 

, .' . " ';1; , 

" :,' 
, n' I:;;: 

.. " t,· 

It!, i::i 

--.--~ ---_ .. _ .... - .. _--_._------_.-.... _.- ---.. --.- ... _._ ... __ ..... .. - .. ~---. 

5005 l_J~ap~!l .. _ -- - -- -- -- -- ----- - ---- -- -- - - - --- - - - - - - - - -- - - - - - - -- -- - - - - --
"1"!I.l0mm 



--
, 

I,':~.~:" 
'::. ,I··: - :~lt~~~~! It::, j l" 
'! , ,. I, ' • - l. 

niffim1 
~ 

H"I ' " , j 

I ,t : I ; i' " 
" 

, 

, 
, , 

, 

, , 
" , , 

•. ,0, 

" , 

Itl'; 
~' 

" 

, 

, 

, 

" b:i k 

l:ti I:'" '; 
I 

1ttr 
.. 

When o,d .. ,,"g pleose quote PIsti. CS, CB, TS or TB followed by Graph R.ef.rence __ ~ __ .,__ _ ____ .~ __ . 

~-r~f_ij .. ~~~ ~oflndgi'l -p<TP"r -p..-irrtfld -5.p;(I - _~r.fi~!:- Cartridge paper _plint.d __ Blue __ _ 

Pr.fi .. TB. 1 tocing poper printed Blue 

',:tii 
i :-! j~~ 

, 
:: , ':' 

,: t' 
" 

\: 

',' 

.. -
5005 



; '. .': "'. ~. d T :. !~:-

~~~:g " 
: ty od' 

" .. , t't :., 
", t·, 

. " 1:;"li:;:5 ::IIS'" "·,'.D.ii ~:.'~:':::I' . ,:," ~ 

.: ;.1" . .-; : • ", . 
. , , . . '" . , 

" " I, J:.'q. . ; 

'::,.' , r',,: " . , 

~::' :!,H" I;'::; ..... ~~ 

! [':~:. ': :';:,:C(::" .. ', < , i' ,[' 

::1· '" " " 

.:" , , 

. : ;c" .. : I;: :i: : 

" '. I::" , t· ... I' • 

imm. cm. !!..!!T~-,=~-Cortf;dge'!"p'Jpef-p(;nted Sepia 

imm. em. ~eli ... T~. Tfocing paper pritlted Sepia 

t· .. 

Ill
·: 

, . E," 
. . ••.• ' 
, . 

, " ,. 
l' I ;, . i 

"., :- I! 

'! t 

.• ··~lfri~:;P:! ',,5'.+'·1 

"-'" Il ,:; , t. " •. 

':.1, 
.:1 

. , 
" 

:~"""'''''' ' •.... ':illii,ili!' 
., ,'. . , :!TIEET:f~ : , . 

, ,.t, 
:' >'?; 

,,,: , : 
j' .. 

.'~ '1 

Prelix CB. Cartridge paper print.d IHue 

P'efi ... TB. Tracing-paper print.d-Blue- - ----

.... ,., 



! 

" ... ,. . 
"j' >, 

, , 
.. "'I ' . d .. : I !:;:. ~ I , ! '" 

T :!ijjJi' !"o i ,:1',' 

;',' ,'I 1.'. :111 
;.' .. , , .,. , 

, I ,. , 

., .: 

!ll! le! 
, :: " 

~: 

:," 
;:-

, , ... , 
I:. ,l, .! 

t!t ,. , 

.', 

Ill' 
.~ 

"' -. '. ~-.-.-

, 

;:.c 1'-.,' ,:: 

"';: 
:,' cl"~ 

,"~: 

!',ii, " 
, ,,,, 

I , ' 0:: .0: 
, . 

, c' 
, ,:, 

'T', :" 

." 

""::,~;;::I -~:;;~ 
!; ., ~. ",':>1 

.::-" I 

_p_a.p_.d._~Y(h." _<lr.shuing_pJ.gn-~Quol.-Pr.fjx-·CS; -CS-;-TS-or- ·TS- follcj'W.a by ~C;rapn~ -Reler.--;-ro-~ _~_.:_~-_~- _ __ _ ___ '5005 
m cm P'~!~9_ Cartridge paper prinTed Sepio !...!:o'ill CB Cartridge paper printed _ BI~fIo 



I' 

" 

'" 
, . 

'::: 

p~F!] 

m.10mm 
m.10mm 

, 
,',I 

, " 

. ,,' " 

., 

3(,,9. 

T} 

~:.,~ 

5005 



I, 

! 
I, 

I·., 

~ PaP';} -- ---
mm 101Tl1ll 

itm,lOr1m 

., 

", 
" 

!' 'I 

.. ' 



'37/, 

when on.h"'''9 please Quole p, .. fi:f CS, CB, TS or l8 follo .... d by Gro-~h R~fe;.nc:e __ --_- __ . ~-_:.:: - -~-=-----S-o-es- ----
,m cm. 
m. cm. P'ref~~ !fOt" nq pope I ,pfinled Sepio 

p,ofio'l CB. _C_o_n~i~ge "po~er_~f~n_te_d_ Blye 

:,.'"Ji" __ I!: Trocing poper printed Blue 



I',' 

. , ,. 

"111' 
'-', ' 

'. 'I • , , 

:'lTIlnt],.., .' 1illilim., . 
, .. ~- :. .... 

. " .,';:, .. 

. ;',.M:,: ...:t;I,;,: :,'1.~~B ~ 

. 11. :'1":' ".!:: I:: . ,;;i-it~~ 

.B 
.• jI 

. I ,t:·· 
::1 .,,:!;: 

~," tm1f. 

I 

" 

iIITGsg!:,~" . 
,.~ -Jm# '# 

I '.;;; i. ':;., '. . . 
:::1"'1',,: '" .":l,!! ""ll) :,:'''i·.,·:' ':: ::·1:.' :'l ::", hi ::,.;: :'. , 

·I,.t,,·.::: ',:, p'. ," ,." ":'~ 'Ii" ',1.,1., .• ';' .:.:,.,., •.... , .. ':' . ,,, .• , , ,. I'" ,,,"n" . ,;," 
,., 11.:'" ~,.II .1' ,. '11' :. .! 'ii,''''':. ,·;ll,,,,: 

POPB~ __ W~~~ O!~~!in.9. pil1l't1u __ qvo+e---Prefix-CS,-n-.-TS- ~-;--rB-f-oO~",-~d by Gloph Reference _____ __ .: n_--_-_-:...-:.-•. .5D05--
m. cm ~,~efiA.~ COf·,jdglt pOpt'· printed Sepia !_.!:!!.!~. Cartridge 'f3'oper -pri"hteo- BTult--



.. ..,_ ........... -,s. 

373,' 

! .!; ::::1. . ':: '.,' , ' 'I' :, 1.1 ':1' ' ' .. ":' .. :i.!:." .. ~ 
I'! ';i:IL': .. !!:., ",.' ,·':i'· :. i;t: 
! ' ", :::i i tll+¥; :TI', ,. " ',:: ::', .' ::: " , :;, . ;fnll:, ,. ,::, 

'" . ''''1 , . .fl4 , '. "" . '" ., " ",. r.f!if ili!!' .. 
, ,I ,. ; I .: • , " !': ' '"' ,.' .:. :.. , ,. ..' . : 

",,11: ' ." .. 11' "I' " "... "., 'I ' , fB'd, ,rEt;fl 
::.I~I~ I' ''1:i;1 'H'L' 'i' ,',':'.' d( .. ' ,·:·t;.:: ;., 

t .• :' 
",I. 

, " 'I 

, 

.' , '" •• ~ ! ., 

" 

, , , '. 

l' 

", , ,;.&,-it!*1if.lf.Shl'-:f.+nti:ii* :~! ':".1 ,.:. . : 1 i'.;! < jdj ','"[:' :r; 
'. ',i.i',' "'Hi·"If!!H, :r,: , ;1 Ill, • , ,,; ;;'. " 

,11; .;: ,,!; . ;,.', .!!.!-!; 

. ! . 

, ! 

, . :";" , :;Ih :: H:, ,!'" . :111 ,; ::1' !:, !i.,~.,it,; ~,~~~:'" ,"', ,.':: ..... :,:,,: 
:'iI::;. " ' : :,'",',:, :',',', :,' 'I I ' ,. ,~, .. "" c, ',,', ,,:i!',,~" ~'. ' . . , . ::: '! 1: 11 I: ~ '.~ l' ., , ! it· " "'.~, Wft' ,,; '~j 

~'<;i'.'I'.·~ ';:::::,: "'!I'. ,11'1' " " ';:. '~,::, 
If. (. :J!: iL' 'I'!:r ' ." ;',., 'I; : ,. :.;;:: .• , •. ::. 

11'1':11 ,.Hf.tt 1;', :." , I· j, , I' .,,' ," .... , I '.'.' ........ . ~ij' , ,I' :;;, :l:' ,. t' ,j .: . 

. ':::'Ii". "' >'" ;~! ' :~:'t 'i::,' . ;1;; '" :,'ii::"r5;!"": :'ic ':: 
,";!'Iii: '·'·:·;t: ;Ii I, . in::,,: .1:, 1,"1 " .,I~;:,· :'T 

'" em 

When ordering please quote Prefix CS, CB, TS or ~B followed by Graph Refere~_ce_=._-=---___ ;_,.:. ___ -=--:::_=:_ 

PreTI", cs 'Ca~t;jd e oooer Dr;nt~d--S.pjo - - Prefi .. CB. Cartrid e paper printed Blue 

!i.(tos _ 



374-. 

" 

; 
"' .. 

, ' i',:, ::!J I.'.!: r'J:!' !; .H :~~. 

, ,',", ':1 i , , : ,i,' ',I "i' " " :; ,p :. i, , . ~.:, , !. H 1. 

d '''',~!:, i I ,I, ':: 0-
" • ,. I , I 1, I. ! . t , r::msr ' 

1"'1. ' " ~llt*' , ' , • ", , .i- ,I " , I, d " , ,," , :,.::" , 1'7.itilffittbfF:hthiiri6H4l:" 
to ql '! ,j, :,.i I-if! l' :~ . 
• 1 :1',1: .'! ,,," t

l "';:'.1:1::::: 
,,' i I Ii'll ':11' I' " '; "!:'jjji: 

''1'',,' !" 
, ',' , 

'~~: 'fu~ , 
Ilmtllllim " , 

, I" 

i'li:'! ,,' ,'48~ .. ',i" 
. ':"::h:-;:~~ ,:: i~ ~,': 
• ,:" '<t,t ~iHDlfu§! , : " ' ~~ill 
. !.' I:. .. -. : ::~ 

!il 

',:'Ti$ , ~ , 

" 

:' '7t: . ' , 1.-=, Ix 
:: 11 'itfrt.!ffffi ~ , 

:" , : 

III 

i' , 

~;;' I~, ,'! 

When ordering pleo5e quote Pr.fix CS, CB, TS or TB 'ollo,"".d by Gropfl Ref.rence ___ ~_~_. ___ .. _ 5005 
t.-r.m. P.,.fi" cs.--COffr;dge paper- prin'ed Sepia 

I. cm. Prefix TS. Tracing pOpfl'! printed Sepio 

-- - P-raf',. CB 'CQrYiidge poper printed- Blue 

P,efi .. TB. Tracing paper prinhld Blue 



, -, , ., ' . 

.! ILl':," 

t·" • 

. I'; .. < I ... 
,,,. I', 

.,. 'I ;,rii •. !i' 

1] 
I I 

T· 
i I , I i r 

. -'~i 
, i-, 

!\ ' ;Pf ' 'i!,'! " ,; .. " +, ,. , !,: Ifi:! ,. :!:i' ~:, 

:II:II'!.:.' ":';':1::":: i •.• &.· .. ;:.:·.,.!.:.':'1::.; ... ; 
, , " ';ir. . " " I ~} • 

. ;'.' ';;1 ,. ":.'.' I!, I" 1 i. 1 , •• 1)1111: • . tll I. ,-" ,II\';;! "d , I. " ''''.'1):;; . "'1.' ,. 11' • 1',' ." '.1 
j Hi;,!:;i :'~-*+r~' ' ': ), , " ' . - Ill' '.' 'I:,,'· I 

.. i' ",'H!' 1\, I"," : ' ".,' !'; ..•. 
.' :.' t ;' :'i! I:' _:. ;-;' . , . , ;: t." ::~ 

. ii. :".' 
., ... A' ~i, ':' ; 

. i,,, 1'10. " 
"--!' 

i' 

" "\' 

'. t-,.. 

l' ; . 

. : . f~ 

>mm ern ~~~.f£!~ Corl,idge papfllr pril'll .. d Sepia Prefix CB:... C~rtr_i~g_ .. _ PC!per Juin.ted_,Blue 

P;;'fi; -TB. Troting papllr pri,",l~d alue )mm. crn. p~,~.~ T'_o,'i_r'l_9_,poper.. ,pr-inted Sepia 

, 

i 



,. 

lrn. cm. 

·/ 
/ 

! 

, •. ' '. , , , !' .' .:;,' .i'1i . 

Pr"fix CB. Cartridge pap"r printed Bll.le 

__ flel; ... TB. Tror:;ng poper-prtn,~,"d' Blue-

37(" 

•• 1 •• 

----- t---

'-7 t··_" I ., -r-
I , 

,. , 

;, i; I>:;f" ...... 

, , 

" / 
T" '.';;:i' 

.. :,': '?;~ 



.. , 
I mill! , , r 

1
,.',,:' 

;;,1;,%',., ' ": 1" P 

"; Ii '-H' 
,I, 

r -

,,' 

: ,,;:: 
.1 -, 

k' ..... 
: :'1," 

: ,'!:~, 

. :. 
H 

--p~p;;] When ordering pleou quo'e Pr.fi,l CS, CB, TS or T8 followed by Graph Reference 

,m.cm.- - ·Pr.fi" C8.--C-ortrldge-poper prinle-d Blue- -

m. cm. Prefix!..§:. Tracing poper printed Sepia Preli.o; TB Trocing poper printed 811i1ll 

377. 

,- , 

!E 

,: 

___________ 5005 



,- paper]. 

Im,10mm 

, '.~ '11, 

378. 

5005 



'. 

-ior-~j 

'T!.. lQf!J.rn __ - -- -
TC. lOmrn 

~ ... ".~ 

379." 



, , 

f i, ~ 

, "I 

tit 

I',. 

pop;ij 
.OOmm 
.1Cmm 

.-. ;,., .... _-

;' 0::.;, ·::i! 
TI:: ~;'.;' 

: :' ,j .." . ::: 

;il ~:. iF . 

I , 

'1' 

I. 

,. 

I 
:: 

.. .bi. 
l! t· . .1 '.'. 

"'.';2 
'.' .. 

,,; 

soos 

T 



I ' . ! ~1 ; , ~ . . . ' I 
I ::' ":." : .. 

! ". ,.: 
,.,. • +" ). • .• j. 

+'~ - •. : , I : .. .: .' .1·· I 
, . 'I' .:. ',' 

" 

.. ,.. ..- 1·· .. ;- ~.' ·•· __ .l-,'-·_!·· .. · ... _I_":' .. _-j_-"~"I-:·_,·::·++,,·· r'" -+··:-+'"'+-,..'!·--+4--·+ 
"'.:.: . " .. :: · .. ii. ,. .,":. .1 . ..~. , 
:'.>,; :' '. ::J ::y:;:. :"k ~;i ';;' .. ,:. " •. : ': ... rf.~': .. ''''''1 ill.' .[ ,L' ),' :"" " . -';t-,. .. ; .;,*,,71 . , ;' . -~-:..: 

. " !! t, ':":, 

'" ':'.' ~:i' 

t·.' '~t~~~ 

;'. 
:: 
i' 
.' .. ' 

I;: 

tflt;~.~ ···;s;~. . . 
~" .. ~ . , , ., 

" . , . 
• 1 ;".-', 

I 'j "I 

'" 
", . 

; 

" 

":';:1.'. ' . 

i=:.: '; 

.. t ;! ,'- 'I: 

:, 1 .1. :.:.1 1:, ' .. " " -, 

.. ,~ 

~~ 

~ .. 

• ,~ / 

a,1 

=c: 

. - '~~: ;. 

pop;J] __ ~~.!~ o.~d~.!j~.L.?I.!_ote __ q_uot~ h.fi,.;_ CS._CB._TS __ or __ T8 __ lollowed -by-Groph--hference- --" - ___ - -+ - 5005 - ---
n. cm. Preil. .. Cs. Cartridge paper printed Sepia Pr.I;/!. C8. Cartridge poper printed Blue 

Pr.I; .. -TB. -Trocing poper prinledBfufI --



--- - -

. ·po-p;~l--wh;;'--o~.-;IIHJ "Ieo!ll! quote Pr.fi,; CS, CB, rs or TS h.,llo"';ed by Groph Reference _._ . . _. ___ ~O_()5 ___ . 
~ _!.!.'il.D~_~L S'~"tridg~ p_ope} ,printed Sepia ~~~ Comidg'" -poperpdnted-aru.- ~ - ----

Im. cm. E.!_~..!2.:. Trc,ei'19 pOp.H printed Sepio Prl:lli .. TB, THleing pop.r printed Slu .. 



.. , 1 
,. , 

I 
paper, 

O'lrn. 10mm 
nr'I'I 100111"1 

, 
" 

'I ' . i! 

1,,11 11 

" " 

" 
.. 

-'--~'r.-,- ',·--'---1-
J : .... , ' 

" 

, I ,. 
:: I:. , 
> 11, 
.". 

; I!.! j :' 
1, 

:\1 
ill 

,1 

J 
'j 

5005 

" c 



.... 
384. 

, " '; , '"I''' .. -'-, '1'- .,. i:' " "".1 .L·, '. ::'.: 'T'-;-.-; 
" i i :,.' ... ,; ! ., .' .. :''''r ,;' .. : ,~. i.,.;,.: ':"'." .:.""';'--"'j' .:: 

."' ...... _!- "1--"r··--1 • -::-;---,._._. r-t-· . .. . : '. '; -+ .... - I .. t .. · , 

, ... ' , .. ;.;.::. , .. :;., ... ,... . 'i,,'·.L .,' ,i; .. : .... :"j. .'. .:".1.. 1 .... 1 ," : : 
. ":;,; ,., " ';': :!;~; ',"" :i:;':: ,: :' ., '. '.:. :, :::-:' Hi" , "1 :;1 ',1'- ',' , ... I....c.' • 

'., ".',,; ',; ;""';i,"'" , .. ' I'. ,."',:,, ':'.::' 'Ii ~ '," .: '·'mr:,'+t~'.t,'," ':-,1 " '.': '" ':"" .". ' . ' ,. ,,:: ." ,. . .. ,.1 ',!. '"",,',;: 

:' • ! " ,"j • l ••. 

• ;')t 

, i , ~ i ': j: I') " , 
• I" .':".,. ",,;. 
, , ,·.'-LR 

., 

j ,; 

;:'. . " "'~iII1 ' • 

,,' .!,'.." ",. ,., " .. ". ,;' ." 
!, ' : !' .;- " I, • • ... :... '~.,' 

i\ll' ' 
lit 

, ,j' :l';!:"'. I:i: .i>' !:d,:', "11" 
i' " ',. .,! ";:'. ,":' ":''1'':'; r ":~' 

, ,\., j: ':::1' I',:, ':': .. ' , : .;' . ~, 

'B 

.. ;-~ 

'f :. i .. " ::: :""ii,'; .i: ' '''= ' , . ;,' .: .. 
.. ,':: ;:::1" if; LL,!! . .' : :' . I' 

,; 

_,',1',,' ~ .. 

. , 

'.:iil'iJ, u"t.~"I:·.:L,,,,_"'­

,;,;""': 

. ~~_C!P~ _.Who" (tLde..ti.n;:J~_pl.on_ Quote- -Pr.fiJ;~ cs:-cs.---rs- olT8 'fCiiTow-;cr by G;~ph R"';;~-;c; ~_._ .. _-_______ .. _____ 5005 
~ ~~i!! 9.: en,fridge pope! prinlo}ci Sepia ~rtlfj • ...f!. Corl~idge ?~p8r print,!d JI~e _ __. _ _ - +-~ --

rn,. ~m, __ ~efi)\. _fS __ I.locif'g- pooer- printe-d 'Septo ~E.~TB.- fracing paper printed Blue 



. , . 
, :; 

.1 ~ 'ijfffi 
, :. ; I. 

.. I !'I 
.. . . 

,:,i',. '1 

" .... 

.. 
'i'~ 

" - l' b~H~HrtfmH 
, .. , 

. 
_·t· - · ___ i_<· 

: 
I. 

, 1 

h'" 

I: 
I' ;: 

i' , 

: 1. 1 .; 

1:.' •. , 
:t:! I.' I t:;r., '., :. :i: 

:',.' . 
,I' . I.i I:' 

; I;';,;:' 

\--D~-~~- -;"-h;n- -o7de~~~~ p-I~~s~ ;~~t~-~r;fi .. -CS, - CB,- ,-s -~r ~TB- lo-lIow~d -by - Graph -R~f.ren~.-__ -~_::_--:~~-~_-__ ~-05- - ---

~~~ __ P'en .. cs COflridge p_ClP':.' ~rinl,!d Sepia _Po,eli .. CB. C~r!ri_d.g!.. ~~pe~ prin'..ed_~lu_. _ _ _. __ _ 

M11. cm. ~..!!~~ Tracing paper prinTed Sepia Pr,,';. TB. Tracing poper printed Blue 



• 

: :.;. lii~li I "*. mt,-."*,.. *i. • "*'q *"" 
I 1iflili '::1' ! 1 " , I,,!. 

! I' i : I . ;-.i !;: l' " ,\, d ,-. :jl •. 

:j', I 'B' ,it .. ..E . 
';';'; ~"" I,!" ' .. 

'1 '" .• ', . 

... : •... . . . 

. , 
, ,:; . 

, 1 

11. 

·· .. F iiB . 
. : ,: 'mr' ;~'; , I '0' . 

.. '~:Vr~ .. 
, .,' , 

·~·:II····· ~ • t 
. I .;. " , 

.. ,;;. ,; 

. , .. .~ .. 

1 : 

- - --- -
~~er]_IJ{h.&n __ orde-,i"\1 pl.~~e_quot. Pr.fi ... CS, CB, T5 or T8 follo ..... d by Graph R.f.~.n~.--=-~~~-.~-=- ~_~~_-_ ·~SOOl)--·-
Tlm. cm. ~_reli. CS Cc.rlrldqe puper -p-,~nlf!-d Sepio- - .- -·P,.fi ... -C&. Cartridge _PQPc!L.p!int.~ 81':'8 

Pre!i ... TB. Tra(ing poper printed Slut 



387 . 

'.' ...... ·glmm .. ,~ 

,.pope~L_ ~he~ o..:..~e~,~g pl_eQ~e_~.uot. P_r~i'_ ~S~ C8: ~~ ~r_ re. .foHoVlt'.d by. Graph ReIere-nUI _. ___________ . 5Cs05 
,rn cn,_ Prflfi" CS C,,,t,iJq'l pop~r prinh.d Sepia - tI.!.!i!c;.!.:-Cortrid-g-epoper-prin-ieO'"SIu",- - -- - ---



............... ~............ . 

I ! ' \ I"'" " 'I I , .. , \ "" I' ' '\ ' I' I T, I 
, ,I : :i I'·, :' ; i"I'I',!:: ,', I"" , 

". . I " ,," h""" ., +. '" !.:.~ "I""I"l:"I"+~i;'''il ' .. : I··, ".; .. -: : .. I"'''!~ 
c';';,,';;", " "':Tli:~"li'::'::':::' ",' 1";;1"", I:' ,,,,,.,:;. ,.,1" i· ... , .. :" \:'; ,::;' I ,I: 

., .' ;:,: ,11, ";', ", " ',' ,'" " I; .' " i " , ,i', " ,'::":: " 
l'lt' 1,1',,: :,' 1"il'I' .. ,.1", I', "1 I.' '\1:, Pi:' \,'.,' " I ti ' " 
,:'~: ::"1: 1',' I': '" iI, , ".''1 : '1 1,,;1", :"', "' .. '"I;, ,iT' 

:;;' ",i,' 
',i' ,:..,,,,. 

:: :;:. !i!L· ""' .;,'1..': .. " tt'., ,-,:,,1',: ;;;_~ - :,; t'; ~;, . t , , ; , ' : ~:, ,'! 

~ i: ,; ::'1 ,::: J~, ';,:';f;' :i'i'::. i, i: ,C, ,:.>,~ :!~~;c:;~~."f.E' ih:';:1;c;:!~r,,""':o,> ,': b:" 

'EJ~,; , ,",:::'):: rjfi , " ',',,;";;' " 

, , 

,I" :~_: 
" ',' ,! "! 

;?'::oc .i 

, 
- ------- ---

~--;G;8~.-W.hen-U-l.cLtrr.n.g-pteal8 quo!_ ?r_eli .. CS-'- CB, T_S (H re _followed by Graph Ref&rence __ ___ _ _ . SOO 

--- " .. ,...' "--·,'_;_~n "'~'\'" nrin' .. ,; ')eo;o Pref;,,-g. C~r;,id-g-8 ~a'p;r p~in~~d--BI~f!-------------------



---sii!is 

.,--

"I 

Iw· .... l"'n'w ,,,;fi T,,,,·-;,,, 
t~:"'':';~''~-:''';~~'';:~+-;';· : >-.,:.~ 

'f", 

'CO.8£ 
,,:; .. L. ',_ 

",1 

r ~ : ; .. 

;!" 

iI 

in 
'! " Id: 
i'l' ,!.: j 

; .. d:' 

. , 

WWOl. ·WY 

- iuuJOt-u.w 

__ F;_~Od -I 

.... 
.L l~ 



" .. !" 

'ph;~:,~rl 
SII'If11 lOmm 
SmfI'I. 10ml'Tl 

-:::~":'-.. . . : :" , 

; .' : ' 

"'1· ""7]": ',e-J . _ ... :'. ' ... . ';.'- . 
' , 

" 



.•.. ~ 

'.1 

•

' ';, iF" ::; ;" " ,:,.,:« '::: i', ," :·itj;r ;'Ii: 
" , ,« : '; , t~ .. ,.; '.; ".;~'. . .. :: ::; .. ;. 't· :-.~,!.'S!!j 

, ;; , .,;:, " ... ,., ~ 
.. - ., ;.-: ! . ": .;: . "-',' , . 

, , 
. ,. " :ai ,:.;c" " , . 

, i~;:' " ., I,:,' '" , " ,'I .,i;l ' 

3~1 

.-

,!~r2 

i'o: ' . 

iplL-P_Cl~. ~hl7~ ordering plecH quote Pr.fi", CS, ca, TS Clr 18 1~llo-"';e~r b~-- Groph--ffeforen<. -:....:_- ~ __ ~ ____ -= __ 5005 
5mm.cm ~!.::f; ... cs C:ort;,dgl! pClper prirrhtd.-Sepio_ __ !(.fi)t~ Cortridge poper pri"ted P,lue 

c:,,',..... ,,"'!'\ P, .. T' .. T~. T".le~ poper prinll'd Sepia ~.eli;--rB- -T~odng-p-op-.rt'rinted-8-hte ______ _ 



g: ", " " :' ,. . "'):,, .:" '. '.' ' 

D· 'I'." • .! 1 

I" i~ ,,,.' . , i'," :::;,'.; ! 

j' ;;1' , 
! " , 'I ' 

:1 

, 
" t' , 

, 

, ' 

" , 

.~ .. 

.il 

'1 

." , 
1·'. •.. .,' . . ' .. :;:, .' "",", " .:i' 

;"1 ,t~," 
, , ;~;; . 

," 

" '. :' ,', I· . 

. .. "'.. ~1' . ;., '. :1.1.,; . , . , . . . 

i' 

, :~r :Hi ':11 :.,1 " la ", : 
,: 
'?i' ,:',. 

~ ," ' .. ", .1': , ,:-;' '''',. "" ", I' 1:1 'I.' ;~,. " ":, '.::' . I·· . , ". ,," :"', .:, ,,',' , ,i,.';: . :ll: .1 .... : ' ili! L:.·, :I I~' <1' 'I;; '"11,' ,.::.,,-:, :<',d . ',l'! ",' 
, :'11:',' 11.' '.1 :1 Id l !, . i' ':,., :''1.'''' ",'1""" . ,,' '::':' I', ,,' c""Ft.;;;::.' ':"'H"", . . . , , :c. ,I I" " ,11 1 .. , . ,'i'I:", :. . " •. :".' ~. I" Il, !.I.. " 

:i ".' U!:t '" " hi, ~ A.>' .. ,,' '',;.'"'' It: ' , n' I~~~"~" ~" f'~~~f~'7~' ,~c£~'.:o.~,-~,·t}~ ~I~' ~~~ 
~li;' '. :I:!!! .,' '''.' '''' ,., '.' :: . ," ,:~ ,,_.: "I'" "',;., J" ""~: :::! .:. ,. ~ ",. ~ " ,IT '::: '." ,~ ,'" 
;" . . " ,," ;':: :, ;ji:t, " ,I:, ' " . :,t. ~:::. ":"',i, ." .. 

. '. ,". ." 'i. 'i',:',,' "", , '1:' . ~:,;:. . 
~::: :i; ::'. , . . ., .• ; ::f.1 

----- . - --- --~- - - -- ----
piL-pc..p.sr.J- . Wh-en---or-den-ng'---pteos-e ,-q.'If"oliJ P"Telr ... --CS, c.B-, -TS-or-iS--I~ilow;d - by-G r~ph- Reter en ce __ • .. 5005 
5mm cm !.!!f,x. cs Corfr;dg~ poper printed Sepio _ P_refi:or. cs. _Sor.!.ridge _p"og"tr--p_dllted_ SlI.l_e __ -- - - - -.--

Smm-..-;m...-- -~!...~~~ -hlJ"'cmg paper printed -S-ep:a-- Prefi ... 18. Tro'ing pop.r p~inted Slut' 



, I 

I 

;, f ; , .~. ,',I .. , 

.. ' .. t#TI 
" .' .' i :: ' . 

. ;:. 

I: " 
j " I. ," :ji . :i";!' 11

;::.: 

,.: •. L I :,", 

':1;+"t1+:,; ., . . 

.. ' 
·.:':'::')'m;" ,0 , . , 

:i .... : . ,-': 
, , , 

., "',.: :, ..••.• Hil 
, .. , 

. " , . i:' ':'. 
. !: ::j;'j I 

", ' 
" . 

. . . , ,';:< • 

, 
rhu;xtpe+ --W~· oTd~.,.in-g -plllJtue- "qlTOfe- Pr.fiX" C-S.-CS;- TS "01 'Ta~ -foitowed-by -Gro-p"h- "R-eieiinc.-~ -_. __ ._- ___ -~ - -- ,- ~ _ r:T -- -
,mm. cm, .!'.-r&!~~.-f~ Cortridge poper p';nl~d Sepia !.!efi .. CS. Cartridgt' poper prinled Sluo 

~mm-;-r.m;- - 'P"'!~_l?_ l-roc-rng p-opn p"finntct-Se-piQ- - - - - - YuillJl"lB .. -r;c)cln-g-po-per p'irlf~d -Slu-.- - - - --



t-
!. 
,.~ 

(!l 
M 

" 

.", 
:g 
:", 

I;l~ ~ 
I ~llb 0 o .- _ 

\: :~ ~ 



---, 

, ' .. :!. 

" .: rH: 

.1 

I:~ :."!~ I :, 

&I 
'I":.: 

, .... Ld !.lJJ±l;,fl W"i!;j 1:li':1~:~:L!!:·.:'.:; ::.:~ .. , i.' ,.! 

.... ~ 

';: i:, 
'IM'" ',::; " :. 
. 

:: '., , . .'.' . . . ';,: 

. !l: l - " :: . .. 

I.",,", lOmm 

395 

"I"'· ': : ' , 

. , 

" " . 
" 

, , 
: :1 
t I,! 

I: j , .. 
, I 

I' -. 11 " 

.. , . 
.. I' 

" 

, , 

... '. ~ :;'r;t 
Eo. ':;::':;" 



I P"P.~ 
,m.10min­
lm. iO.mm 

• N4 I • Q9 

. 5005- ___ :1 



397 . 

i;·f.' f I. 
. 1. j ;; . . 

~·:~;:;r 5005 
imm .. J.Qrnm. 
Imm lflmm 



h paperl 

"rn, ro-mm 
'I\fIl.lOmrn 

, 

, ,,-

" 

i 

I : 1 ~ 
tt" 

on , 

1: : 
, 

: i: 

, , 

:" 

Lli , 

_0 1 ° ~ ; i 
,;j:, 

S005 



•• ~ ..... ........... •••• ,"' -'"$. -'"". ,-,.-.... • 

I I '1 I I i . : : i' !i· .. ;··. i I I 1 , 
I· , 

I " , 

I· li! 

.. t ., 

.. 
I " 

, 
1 I . 

. 
I .j 
I . 

,I r -I I· .. 
I '1 

.. 

;-tr"l'a-p.T}--When- "OTdllTT-n--g-··ph,onr--Ql)ote-·Pr.fix--(;S. €B-;-'-T5-or---TB-lollt't_~d_ by- Groph-R.f.l.jH:.e-_=~· ______ . -~.=:,- -5VOS- ___ 
)mm. cm. !~.~ CS COftndglll' pop., punted Sepia !.!.!!~~ Cartridge paper printed 81uII 

imm: em. - -Pfi.!'!~-rs. 1"roa-n--g p-OpiH print-ed- -Sepia - - - . Prllfix- rs.- T-rocing--popeT--printlld B-tue-' -- - -- - . - - - - - - - - - - - . 



400 

~: r :'Fr~' r-'i-";':;:":' ;",.. 'd;I"I:L'\L .. I,,·t :,::i:,.:··' ::.:\. : u.J~"-C-; 
, I'~" ,..... ,. , '\ ',,,i i, i -- ~. i 
" !., ' ",' I,' , " ' " • "" I ....... ' '-- " .!, I, 1 ':: " i, • .. " " .Ioa. ';Cl!"~ "!,',,,. "," .. i .... . .! .• ,' . ",..... ,._, " ." .... ::: .. ,'" ". I' '. !. '. .~~ ~',~" ..... 'C";', .. ,.' ... r I." , I' " , • ,', " .... '0 ...."" .. -

I
;; ~fll'::" ,! '''i. 'f ':;L:~ : :. '::I""t)+. ,.,,~.,.,; . 'l; .;;~ . , , :...:..'/1": :: ... "'. ::'::"::i 
'. ,,: ':: :;, 'r,:li!;!' !!. :8' •• ~' ·~lii.'~~ ,,' :'1 ··''':-j;i 
!;, .' .... ;::.:: , ';"<. ~ ::;~. ;rr;:'E]' '.,1:.:: ... ':. c' .. 

. ." '," ...... ' ,''' ,. .: ,"" '. , . .' . ~:: :: 
".' I::: :; '.;;! /. ;r' ':;i' ~:, • _ d- ,l':: ,- j 

. . '" ',! . ''', :;:: " I' 

'. ~["lil! ,; ! '. '::'l'. ;,: ;:: .:... . ai'[;l\' ,I;", .';:.ilIill. 1<'':; 
. ~::! . , i': .. ,:;t;;:tt: .. ::liilip~'" 
".1:'" !::, ! ': " !C., .'; :: . 

.. ",i": ... ::: :Lt;, , 

.'~" 
, , 

j ~ " 

,,';"~ ~~ 

"" ... ,' ~:~ 
.. ,';:: 

,s. 

" ".' 
", j, 

- - - -- --
~;J _ W~en_ or~.~i~g _please quote Pr.f", cs, cs, TS -:1 -T~~-foll:w~d by Graph -if.Teie~c.-_-:- - __ - .:..--'--'_-. __ 501;5_ 

Tlm cm ~._!.I.:, __ ~ C(lrfridg~ p-op';;- p,Tnfed Sopro- - - - _ freli" CR, ~~rt!~dge paper printed !Iue 

mm. cm. P..!~~J'?'" Trac.ng paper pfinlofld Sepia Pntlj .. TB Troc:ifl9-pc-per- prTnt';-d 131ue-

I , 



r' ., . , . 
, !,' " 
, , 

I·· ." 
, ,;, 

:1' T: .. 'IT' : 1"1 I I' i 
' ! I<,r ". :!' , I .. 

... ..··1 .. ··'·.., ·-r .. _· l .. 

l,;; ..... ; " " I, i" ". 1-"': : .. 
"" I':'I'~" "'1: i ":', ''':: " 

40.1. 

., I I " 
I"'" I 
I ,; .",. ·t .. ~-
, • 1, 

. -:; ::. j.. '''-', 
. • - I 

·.IIIIIi:' ......... ·"BIII' ffi ":j;.~.:": 
, , .• ' . . " ~; '. . l'r. 

, .si ' 
,. ., . . 

J~m,~' 11 
H' ~~ 

, , ' 

.±" 

, 'I~' I'; I' '1" , 'Ii '" \': "" ":; , " ;" 
I, ~J,~ i" , ,I:, :::~"'i' ':: :,[' " '[:: " '."" I. "",,:: ", '.,"[ : ',,; .. ',' ,:,1,:,: '~, .. <,: I ['" . ,,,~ ,,:,' ", 'I:'" " I .. ;!" ,," "[' , " ", I,,! ;., • ,: ::" , t:, :,' ,,::' I '" .,',''',' :,: '''' .. ,'I:. ,':i, . , , 
',: ," "t'! "l ,'I' ':, '; , ,": :it ," ~~~' :~:;cl! ", 
", ::; 'I ' " ',,:' ' " , , , ' , , :' : ; '; " . . :", ',' ',' ," , ,I ,~, ,,:11, , 

, ,'::!! ' :.i: ' . ' ':',:-, ::: :.': ';'i':;'~:' , 1 

,:" r:.": ,>' .':,': ;:i;':':1' ',,,, "" 'j, , ':: I 

, ",;. : :I~~;::" ,.:' l" ::'!,!, ' ,i .,:t, :;, , U.W*~ 'L".:~.~ .', i::f2l2 r:: ':!;;:~(E!jS';; 
. :;:" . ' :1~li::' t:,,, ,:, ,. " " CO",,; U+iliii ·."'F.1.'1 :~"2; 

~ p-;;a When o<dering pl.ca quot. Prefi,. CS, C~. TS ~o~ _~B JoJlo~#!'d __ by __ G,oph Reff!nn<~ =-~--=- . 
m~ --:.m.. __ --.!!""'lj~.CS_ Cn.~.:-d-ge-p"{'lD~7 pr"T!'!eo -S.p:fa i'!.!IJi!.-CB. Cartrjd9~ poper printed 81ue 

mm. cm. Pf'!!i.!....!~ lrocing paper plin,.d Sepia _ Pre!! ... TB~..:r-focing-"a-pt;r print~d--B!u-;- - .-

SI}O', 



, , 

" .. 
I ! 

, 
, 

,. ! 

40;<, 

I , 1 
I ," I ... , , 

; 1 .; , 
I 

'f 

.. "" .. ;"/, .. ,, .. 1 ",;"!', , 
I I ' ' ,I, 

, , ,i :', ' J;' 'I 'I 1 

, "; >: :,' ',!l" 'I .. ,!""I-;',::"-!h,ftf'-;tj." ,. ,',," .. +--:",.,;;.,,,'. '::' "d": ',,:1;;. 
.... , ":' ,'I I '!i:':1 ,:' . !ll.ih 'Hi;' .'ii" " ,'. ,I" .:i1~l"~:", 

1 I,' 

i: I i i; I I ii' :!!, 
i. I:;;, , , 

: I,. 

i 

'H!, 

,: It: 
" 

'j " . >1. .. ' 
! I" 

, ':'! 
I!': ., 

. , 

I "1,; , 

j"! ,:I:'~~ 
" . 'r[if;:: 
:;: '!!!!. '" ." " 
. ::: i .. ' .: : I " 

: UL<, 'ii'::; .. '.i::'~\n;' iT." ' " , .. I'; .', ,. " 

!, ::, .:;: " 

j" 'i', ;:,: <:"1 

:;; 

, : j :: it;;"~ :' ~ffilliiH:'j";p:'f."_'~':tf::'t:l·i':;j'j"furt*' ",')il~ 7 
lit' ' " .. I , . , :',;, 11" IP; 

"""-
, . , ! t,:: ' " .! 

" , 

j' " 

: ';~~ "!, ~ 
,.':: :*re~l¥ 
. " , .. 

1: "':, 

hi b::> 
t, "r L 

, . ':::,i+ ,: . ,:'l'~" 

- - - -

500S 



~-P~-
m.10mm 
m:-+Gmm--- -

• 'I. 
.11 

1" 

• 

'0' 

0, 

" " 

40s. 

T 
.• t ,j... , 

'1 

.,,-, 
:,1 

,. , :' 

5005 

I 



f'h=-.f..~.a-
5mm 10mm 
inun:-1Gmm-

., 

S005 



405. 

CHAPTER 9 

FU'l'URE WORK 



CHAP'l'ER 9 

FU'1'URE WORK 

40lD. 

It is conlf.fderecS that the main drawbacks to the 

computer simulated combustion model as presented in this 

work ere the inability to accurately predict 

i) the flame travel time variation over the complete 

equivalence ratio range especially with regard to 

the equivalence ratio for minimum fleme travel time. 

11) ttje concentrations of carbon monoxide and n!-tric oxide 

appearing in the engine exhaust. 

As has already been mentioned. the former inaccuracy 

appears to be the direct reoult of asauming that turbulent 

combustion is associated with and similar to laminar combust­

ion. The development of a turbulent flame propagation 

theory based on a Volume or Three-dimensional conception 

(see Chapter 4. Section 4.2.4) is proposed. ~ this end, 

direct measurements of some turbulence parameters using 

hot wire anemometry techniques is being conducted. A 

relationship between the scale and the frequency of the 

eddies primarily responsible for the propagation of the 

flame in various typeset' spark ignition engine combustion 

chambers is required. Also needed is the variation in the 

relevant turbulent parameters with angine speed, piston 

motion, throttling and compression ratio. 

The inability to accurately predict CO and NO concen­

trations in engine exhauata is directly related to the 

assumptions of chemical equilibrium in the burnt gases. 
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A more accurate model would consider the effects produced 

by non-equilibrium cmditions. This, however, would involve 

dete~nations of specie concentrations from formulae of 

the kind 

where 

CA is the concentration of specie A(moles/cc) 

CB is the concentration of specie B(moles/cc) 

Cc is the concentration of specie C(moles/cc) 

and 

k is the reaction rate constant (cc/mole sec) 

To evaluate these equations, numerical integration 

techniques would have to be incorporated into the ana­

lytical model. Although this is not beyond the realms of 

possibility, the amount of computer time then required for 

a single run u~der. specified conditions would be prohibitive. 

A more convenient, though less accurate, technique could 

involve the utilization of such a computer program as was 

devised by Newhal186 which considers the kinetics of engine 

• generated 00 and NOx during expansion. This would be 

modified to cover the combustion phase as well with all the 

required data (e.g. temperatures, pressures, burnt gas volumes, 

etc.) being fed in from the equilibrium simulation in 

this work. To facilitate a reasonably fast computer 

execution time with this ~ethod, a much faster numerical 

integration routine than the· Runge-Kutta one (used by 

Newhall) needs to be available. 

A further area in which future work I!IoS.ght .be .brought 
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to bear 121 1n considerations of the heat release in the 

uDburnt charge ahead of the flame front. Xn this conneetion, 

the evaluation of a knock criterion might be possible. 

The work of Johnson et 8142 and Kar1m211 is significant In 

these considerations. 
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Al'1i"E!1DIX 1. 

~1Jw\TI()M OF Tllli CO:'P03ITION OF TIlE mmUlUIT C1IARGE. 

The unburnt churg_ if' rc!.~uroe:tl 00 Q homoecneouo mixture 

01 cdr, (loceouc fuol !:lnd I'C("iuuul oxhaul:It &OGoo. In the 

fol.1.o\7io[\ cul.Culutiono, :Lt iD uooumod that ury air at Ofolti 
100 

l~v~l hu~ the follo~i~~ com~ooition I 

Per 100 moloo of dry airl 

02 20·99 

112 78.03 

A 0·94 

CO2 0.03 

H2 0.01 

It appears :.'eosonoulo to adu tho conco ntl'ut :loro of 

aI'Eon, cOI'bon dioxide uro hyurogen to that of nitrop;cn 

anti uc-surnc that thoce thl~C o~ocioo have the Dume thorQOdyn­

afJic tJl'oL.ertioo ao nitroeen. ThuD, air iD assumed to be 

con~ocou of 79.01 ~arto o~ nitroRon and 20.99 parte of oxy~n 

by volume in tilis \"Iork • 

.a. general hydrocarbon :fuel of composition Cm lIn is 

co: oiucrcd uncl the o •• uivu1enco rutio io l"iven the oymbo1 q,. 
l:ho otoichioiill.'tric c'Juution lOI' tho combuotion o~ thl0 fuel 

in 

Cm Ho + (4m + n). 02 + 79.01. (4m + n). N2 = m. C02 
( 2) 20.99 ( 2 ) 

----------- A.l-l 

un 6. \~(;it1ht buois, tho c.tolclllomotric air/fuel rLtio 

in obtuiufolU from conGi<1er!.lti~n(.' of thl.l lllOl2culor ~Jcip,hta 

of the :lr;tlivi<1ua~ cOIl!ltit,ucnts on the loft hand aide of 

thio- e~uut:lon. ThuG, the otoich~oF.ICtj;~1c .ll.iI'/i-'ucl Notio ::: 



(4m + n). 32 + 
( 2) 

79.01. 
20.99 

(4m + n). 
( 2 ) 

( 12.011.m + 1.008. n) 

which cun be Oifdp1iiiod into 

28.016 

(66.11 m + ------------ A.1-2 
(12.U11 m + 

Thc IJctul.Il u1r/1u01 rutio can no\~ be eva1uuteo from 

the e;Juution 

;.;toiciliolOGtric Air/l·uel Ratio --------- A.1-3 
rp 

The par,s frllction" 01 thc residual exhauot gUGeo is 

denoted by I'll" In practice, the valuE,) of thin (,juunt:lty 

is mOl't difficult to uefine accurately ai.riee it de",ondo 

00 much on the overatine conLitione ot the cn~lne c.e. 

the ignition timing, the throttle pooition, the oegree 

of vulva ovorlap, the COG1.L-r,ODOion rut 10 etc. 

Aod! tiOllU1J..y, the mUDS tract ion of in,;jocteu I"Jater in , . 
the unilUl'nt Mixturo (0;0 U llltlunG 01 controlJ.inl'! certain 

ol>noxioua omisaiono) iD eiven the symbol \"lvJ. Vllluco of 

this quantity can normally be ei.tlG1utcu quite accurute J..y. 

'rhus, havirg cotab1ichCcJ vc..lueo for \'II' und ww, the 

j,IO(lO frltctions 01 thu air, wS' uIld thG fuel, wf, cun be 

calculvted troml 

wa = (1 - wr - WV/) / (1 + Wf/Wa)-------- A.1-4 

wf c (1 - wr - \Vw) / (1 +walwf> ------- A.1-5' 

The composition of the rGnh,uul cxhlluot gUc.oo muat 

439 

nowJ bo lIetermineo. It io ohovm in Chapter b thet the aaoump­

tion of chemical e\Juilil>rium io 'luito a gooa apI!roxi.mation 

to uctuality lit l1i.ph temv"'ratur~o anJ 1,roooureo. i.e. when 
85' 

___ t!le I~l>ct10~ r(;f~_CO . u~ ~high-" _ .ll"o\;e~er,_ man:.' "?~t'l~0.r0 have 

; 

shoVln that a ,-'Ul' mixture v.ilicll haD b(.;on r"oJ.-idly coo1\.0 hos " _____ , ___________ .....:..:.l-: _______________ . ________________________________ • 



44-0. 

a cOffi:!Jodtion corroo",on. i~ to o-Juillbrium at flome hir:her 

tVffi,liurature. Thio effect haD been lounl to vury \71 th oach 

ru,"ction (soil Chapter 6). In thb ,;orlt, hcmovcr, it I!' 

aovumeo th~t gao mixtureo ~hich huv~ boen coo1eQ belo~ 

16000 K hovo a compooition corrcOVondin~ to o~uilibrium 

at tllat temperature. 'Ihe composition 01 the reddua1 eXh&Uflt 

floece 10 governed by thio criterion and io oetermineti by the 

IiDtho ... acocr'iiJc(J in Ciloptor 6. 

. . 
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/lEFiolIIDIX 2. 

Till rluRIVATION JINl) AfPLICATION TO BUIlHlm V"iLCCITY 

CAL(;ULATlu!C OF THE \;ALt.AlID IiJID ill CI1AT.c,LIll1 TilliOHY 

LF l'.r .... ,I,·:Afl FLA!!E PRt.iPAGJlTIOt1. 

ConciOC;I'ire th" ctl'ucture OL thu burning zone of 0 

flwoo «(Jee 111!}. 4-37), it ia convenient ioz' anulysin to 

cOl1::iuer it to UC ~;tl:ltionur'y riith the ur.:oul'nt 330 flo'ling 

\1ith velocity 0 in th'" dil'ection ot the podti'Je x-oxio. 

';.'00 t01i1i,(;l'atUl'(:!' Ol th~ burnt and the unbur'nt f:u;::c D !Ire 

ODSU~3d to be 7b ano Tu reopcctively. 

Utilising the concept of an "i{;nitioll teml)Orature", 

Ti, it 1,) p.o; .~1ble to aCCUI!i'';; that, at u tiui"inlte ,l.'uint in 

the burnin:::'. zone, this temporoture if:! reacllcu exactly. 

!l!(> freoh GOo to the left of it (oee Fig. 4-37) io aooumed 

to be; h"ato(l tc.. '1'1 by conduction whil!>t the c~l;l() to the 

right of it is thought to be burnt svonte.neously by ci,ami-col 

l'edctiClIl unO. tivef.l off heot'to the unburnt gonee by conduc-

t.ion. 

Thuo, if -f Cp io the hoat capacit,)" of tho fro(lh zos 

P~l' unit volume, then the ~:uantity of heat tlnich is tro!il:;­

forr,,11 J...cr unit timo by hall't conduction in oreer to l'ui:.;a 

the unl.!urnt 11(1(, tompcrot\lre, TUt to the ignition terJ~ort.i.­

ture, Ti, iD 

foe.,. U. ('1'1 - Tu) --..... _--
It ie X'Ct:lcor.ai)lc to ouppoce that the tcopcroture c:.6crot.;~'e 

ut '1';t iD proportional to (Tb - Tb) arrJ, th/:;rcfoI'C, that the 

Mot f J.O'w io 

-------
t71101'6 k io proportional to the heat comJuct iv1 ty end :i.nvercely 

l:l'oportionalto the diotciice in \7i\lch tM temperature riros 



from 0.\'1 to 'Lb. 

:...ince L~uetiOIlD A.2-1 onl A.2-2 each o&>ply at the 

ignition l-oint, 

'f.Cp. U. (Ti - Tu) = k. (Tb - Ti) 

and 

U C ,k. (Tb - '1'i) ---------of. Cp. ( '1'i - Tu) 

\7ilich can be further mocJiiic(] to 

A.2-4 

A io the thermal conductivity 

d is the diotence in \7hich the temperature r1.oco tr'om 

Ti to 'i'b' 

h'lUtl.t ion A.2-4 lu the oltpre~olon £'01" the r:'a11ard and 

Le Chatolior lrunlnllI' fll:lme l-'l'O!'S8utfon theory. 

In calculution:! unin;:>" thlr; fortnull1, Fhl1liPl,o end 
19 

"rOtin fourn it nOCOC(1S1'Y to aoculOO that the fo110\7in£ 

conl2tunt vuiu.on pertain In orcier to oLltain Dome Ntilictic 

0urning vcl.)citieol 

1) e. con~'tullt thorilla1 conductivity value, AI of 0.0001 

445. 

col/cm DeC Dr.. 
166. 

li) 0 con.:tant roa::tion zone thicltr:eea, d, of 0.02 cm 

iil) a conct~nt ignition temporature, Ti, of 9500 K. 

In m}oition, the phy~iclol aO:J thermo<JyooOlic pI'orA"ll'tico 

of the unburnt mixturo t101'O takon to be. iJantil1D~ to tlwse 

of air.. 

(Jc ing there above conn:tcJel'ationo,· it in pv(wiblc to 

oiJ\;a:!;!'i "or.,... bUl'nine veioe·ity values. l."ol'~ftlptlne-6;tr"'~-

..... 



.... 
4-44. 

UI~i:.I:iT G.&> b11["1!l' GAD IlfJilIJlm V~LOOITY 
TL:.:I.,Wt.'IU1a:; f.r;E.1.:~:l.i!.TUi~ ( cm/Dele) 

OIL OK CALCULA'l.l.!.i) JJ1Q', ;,/I":"'ll"!'ill, 

302.0 2251 35·6 41·5 
366.0 2280 48.8 56., 

422.0 2305 63·0 bo., 
477·0 2330 80.1 86·5 

533·0 2355 102·5 104.0 

616.0 2392 149·0 137·0 

700.0 2429 229·0 



tUNO, OIHIU;Jin;.r un c'1uiliurium i 18.10 to:"IiCrt1~Ure of 22510K 
.- 10"1 , 16ti 

at on UnbUl"nt ~u:: te..JpcI'oturc Ol 3020 Ii. ana aleo 
107 

;UO;-'jfilinZ t.llut ttl~ fo110"ins rolotior.chip Oltioto 

-----------
I.",hero ~'!'b i: the C;ltAOr;e in Tb l'Coulting frod a 6'!'u chan."e 

in 'iUI tho I".Jc:.l,t" • ho\'1O in 1'01l10 i .. 2-A \'Jcro ol)toincd. 

Lirt\..u u1GO Ol"¥ £'OIo,C cOulp6rativ€ ex~ori .entol volul,o froJJ 

Lot. 2,. Tho()o!:lre plotted in Fi[\'. 4-40. 
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"' i.U.,,'l,u.y vI" '.ry'~ ll..;ulV1a!On 01.7 11;';:' '.i'£Il''P{j'l!J AI:'!) i-'.,;;"'"::,, ~)IF--
H:. 'I:.rI TL"dY tib' J.i, 'lPAi-"; m ·N::. r!~'.;;;N'· .. TtOH. 

139,140,141 -----
Tani'ol-Q enl : Clace -equate.Cl the Il'~ount 0:( 

i.r-ouuet iormed in tho cO,'Jl.iuf1tion zone by (J DcconU-Ol't,er 

rt)Gction llet':lClen fuel oolcculce !.lOO byul'Ol3en atumo (or other 

Qcti'll<.; t". rticlco oucll U(J hyt;roxyl l-uu:!.c(';'l .. : 01' oxyeen ato,T.o) 

to tilL o;.;ount of l..r;)(,;uct l:OI''-lCU at the fJ..UCi;; .:fl,:,.,t by con­

version 01 th" fJ'G!lLI gas, ellforeocclo in tOl'; .. :} of initial 

cuc"itlor,,-, ana flume velocity. '.liu::!r oj}vroxi:Jute fJolution 

101' 'the £lcr;o velocity from t:l.i[J equatio!) io 

U,.. :: ---- i:h3-1 

Cm = the totul ccncenti'ation oJ:' eo;, at crr..:an co::tu!"'tion 

zone tempOl'eturo (molecules / cm3). 

Xl. = UJolc fraction ot fuel in unburnt !leD. 

X = mole fraction or yotontiol cOQbur.tion prouuct in 

unbui'nt E;8S. 

Srn = rutio of mean I\,Qction zon;; tcnperutul'o to inititll 

no ::; total number of ['lo1cculco of 1120 uOO C02 in iJI':Juucto 

of c:o:Jbu~ tilln !:-o1' l.lolcculo ot fuol ~y otoichio;ootrlc 

equation. 

ki = 6f£Cific z-\Joctiorl r;.lto co~. to,mo ior rcC'ction between 

i'ue:L f.l~)lccu.k0 unu i'th GCtiVCl ru!-t:l,clc ( cw3/t.;olecule 

(loe) 

Pi ::; f;;\Jl'J truct:lon of 11th s!:ti,e porticlo in burnt ('CS. 

Di = dtffuoiClIl cCloificient of i'th e::tivc c{ccien into 

unrnlI·nt eGO (cm2/flSC). 



Bi = teriil rear unity ori!', in,:; fro::1 raoic(;l roc~fJi)irlZtion. 

147,148 
,Jum:::or unu ;:;1'10n DU[iiJt)st threo ct3thoGs of eval-

uuti!1:-; th;:) .,rc';;ictbno or. till:: e,.!uetion. 1."01' 011 three, 

tt;o iollo,;iliS cclcullJtionll ID'O tho came, 

a) tho burnt [60 te:,:pOt'uturcD, 'iB, "ncl w:tive particle 

concentr~tiol1n I Pi, o.re culoulut~d o90UJJill,G o.Oil.lllOtic 

thermal ol.luiliurium. 

b) the [:.::on co.:ibul1ti.on zone tc',lpcratUI'e iD oeoUIllctl to 

be 0.7 TB· 
c) the diifuoion ooofficionto, 01, arc calculated from 

Di = D298 (0.7 l'B/l'29S)J.·6'l VJhcl"C iJ298 iD tho cllffuoicn 

coc£1 :toient at 2980K colculuted tlY tha ~:tefan-~:a){\';ell 

c,.ul..ltlonl 69 • 

(I) t,lG rcco:nbinotion {,I,;ctor, Bi, 10 calculated by tho 
139 

e~thou of 'I(lniorCi for the 11 atomD anu 10 o90u:ilcd 

to be Ul11t,y' for en tint< u. 
e) t1.e I'(ttl0 Cm Xl ne/X io cai.culatcu £1'00 a monloure 

aj; the cvorall oxidution l.rocoDo (.!rItJ the ~.nitiol con-

c0ntrations of TCcctanto. 

~he three octilods of evuluation d:l.ffor in the calcu­

lotion 0;: Iti. For the firot 8:JtlloU, only ()n:; cilain OIlI'l':ier, 

H, iD l~onf'i\,cIV(i Uo:l kH value!) arc colculotcl froQ 01:-;-:1e 

point flom0 velocity ueterm'tnut,ion:: by L"llc.tion .\.3-1. 

FOT the !;'econu (ll(;thod J H, 0 uno Or! arc concic.ierad to 

110 th~ c110in curriers and 

44-f? 

1.67 
(0.7'.1.'13> 
( Tu) 

.-------- A-3-2 

In thh· QX£-I'o0oion, ka io the t1·&iJ::hte<.l mean ki :L01' the 

tllrc.e.llctivQ [orticleD, r., 0;"; (;lnd 0 eech Tvl.lct1n~ dth fuel 



filolcculeo. :;in, ·le pOint lea VOlU'-l' u. e cul.cllluteu .trom ElX-. 

i. ..... riti~ntal flume velocity dcter3ireti'lno. 

'rue thi.rd wethod u::;e::; an i.rr-ncniuD typo tem;s.crature 

(icI:encience of the rLto conc.tent ka. ThuD, 

ka = \Ja Za exp (-15a!TI(o.7re1> ) --------~---- A.3-3 

in vhich 

;J(1 = average value of tllU c.toric factor Cl for the thl'OG 

active particleGfl, OH and O. 

Za = averoge value of the C0111oion number Z for the 

three active particle::;, H, ulI (.\Du O. 

Ea = avel's1!.c value of the· activation energy l:> for the 

three active l-articl'Jo fl, (,'l! uro u. 

'the accuracy of prediction io ereutent for thtc motho<l. 

--------______ 0 ______ ------------ • ________ ._ 
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W[IUAR li'.lulf."]:; } J.:CJ=AG~:J.'I()N. 
27 

k;·.'io Llnd Von ;"'·100 obtainod tho £0110\7in3 momontum 

r"u-t.icnchip cct~een the flul.i:6 velocity un] the i-I'CDcUrc 

Cll'OP 8cro::;0 e ~ltl!!o I stce.dy-otute flame front. 

Ur = ... ("fH oAp ) 
(--- . ---) 
(fu <fu -fa) ) .. _-------

\,horo Ap if" the J.lI'C coure driJp (atmo:::phe re 0 ) • 

143 
~':anoon SllBecotcd tl1ut thio Duall p.·eoou~\;) urop, A pi 

co ... 1", be cuueot! by tho ),Jl'oj<:lc"tion of hytlro["en tltOffiO into tho 

unburnt gea. lloctluse the: cc t000 to reco .•. b;;'nc t 0 h~rdro[7Q n 

!:tolc.:ulcr. tlt the unool'nt sac te!Di-e1'uturc,..o. p wao aosw;;;;d 

to 1,)0 one-half of the oqu.iliorium hyurof:en utOr.1 prc90ure 

I'Cuucou to thi:" tCinfC1'ature. i.e. 

Ap -------... 11.4-2 

""iii 

.451. 

t;here PR 10 the partial Pl'O!JDul'e of the H atom concentration. 

~p nae alGo boon c"ti;')atcd fro:n con~ldcl'utionG of the 

l"i'OJbction of the active }:ourUclGo 0 und Oil into the unburnt 

[; a in £luuition to tho p'ojection of 1: ctO!,i(l. i.e. 

6p :; 2 (PH + 
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.J. ,:Ct;ri~rIOr~ vT! Till:. W./~~Wt£n·r.ATION U ED TO -'lACILITATE THE 

In Fi!:',. 4-41, ~pel"kil<:;~ plu;:-c .,~ro uc~d fo.- tho ioniz­

.ut:l.on ",1'00<;£) d, 3 ona 4. ~hl!.' ' .. u£l beetlu!:'\) they ul"C idoa11y 

cuit"" .1.01' thio l'urpor,., tiOO bccuu;.;c the I;enau1t cO!,lburtion 

c huGJlJer \-,UD Cl.;uiV!=-s<,; \:;1 th q,(lrlti rr.:; Flu!;' hole c ut t heee 

._ointe. .·'or ionizution jCroo:J 1, ho,~ov~r, 1JO(,~;) ~cpToo of 

oH.i. iculty \'it.G uxy:.rieneed In iJlGert.in:~ U f;rouc cloD<: enoueh 

to th~ ovorkill[! p1ut:: in 01';.6r to e lind note thll varying 

(;L:ccto 0:1.' the 'delay 1;"r10(1' from the f la,'O(;l 'travo1 t iCJle 

.:it.eKct t.!lU tIlt. overhead valve Glltlchaniem on top of the corn-

!'>uotiun c:i!ar.lbor. Ho~ort \~no, thuG, cvuituully Ol.!LC to t.ile 

1._1ucc 0 ... (;l.luipoont chot'in ulagrlSfiUlllticelly in ,71e. a.5-J" 

JU1 18 Il'dll tl~rcudoCJ plu~ rlaa iobricutcu to fit into tho 

oi,nr!t1r-::; piu:" hole in place of the ucual 18 mm thrcuc.1 npark 

plu::; at this l-oint in the cO:Jbuntion chuGlbel'. J~ 10 mm 

uia;,Ktcr llol<l \'i!i<l uriU.uu in till£) ;:.1~ to t:ceo.aoo-.atc u 10 

Cil:) thrG(~Cl Ol.-urk f-lll,'3 ,;hich servad ito normal function oi 

!;roviuin_ tho r:l'lJrk to ignite tho chcrec. !Jot;n tho .'iuo 

()i till,' 11010 \'Iur 61'111ou Cl 3 mm diuiiloter hole, the L)UI' .. ,occ 

o.\. \'.aich ,,1..0 to tt.i<c a emell ionizul. ion 1'1'0;'-,", (('00 

i". 5-Ji). IlIiu '-,0[1 000100 to tho fubricuteu plue by G quantity 

01 'autvG'tiu' cc.TIcnt. 'A'huc, the ionization I robe 1 (ooe 

j,.'ir;. 4-41) .. ~o tinall,y pooltior.ed ot 5 mm i,roe the IlJtilrktll3 

o:i'be o!.lsin of evonto \'),11011 enOUOD in tho fr'ocotoi!': of 

El pur'ticultlI' l: ionol .for vicwill£': on un OC'C 11lorcope Gcrcon 

pill rr.:l\l ~ uescriboCl. A 90 volt d.c. voltu.c io a~'i:-licd 
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ecrOLO thu ioniztltion esp 00 thtlt t \7hen s .1:laGC fi'ont JicfJl3ec 

the Gap tho IGttor iD ionized un,. !l coa11 sj.enal ir. genoratccJ. 

'l'hio io ~D.OCoU throu~!l tho circuit ono.-m in PiC' ..... 5-B where 

it !:: Ol<""jl.:ctou to $ 

aJ on cGli.tter follO',~er \-,;.lch iD, in effect, an ilDyctlcnce 

chl.lllEer. 

b) a zenner diodo t tho lOurpo('c (If ,.;htch :i,n to troD,forr.J 

the nienal VElve fOI'm into a D~uf.lre6 t)c:vCiOl:'!!h 

c) El L;onoDtaolc trif,[tor circuit I'ihich htl~· the offect 

cilO\'JD in Yig. A.5-B on the ci1:nul wave f 0I'(;l. 

Cl) El Ciffcrantlutor circuit \Ih:lrc a rapic: rice ami Q 

yrrJlongr:.d fall-off in given to the dgnsl. '1't110 10 

l:ocollElary in order to give 1;1 cluaI' i~.clict1ti.on of the 

ionizution on the o~ci110acoj,>o DCI'een (oao l"i;!o. 4-43 

anti 4-44). Tho fall-oti' ytll~t of thE) o..J,ullred -,;/lve form 

ie r~{ilovo(l b,{ the <-iode 8C642. 

'I'll!!! final tliffoI'l1ntiuteu d[~nal wuo "icplu,y"od on the 

ceroen of a 'l'oelltronix'jtora~c I,;ccilloceove. A r(;;;fercooe 

oi[~Lul \';U(; p~ov1uotl by ~he o;::.:rti:ln.? jilug it:clf on alP encnnel 

ofthl0. ";ir;n&lQ froCl the rcwai.nin'· vl'obco co);lr.; be <Jiop1aycu 

o 'luultcn::ouol,y. D.Y calibroti.on of th:JCO .iith th~ tifJe bace 

of tile occilloccOI.e, the Clelaye bet.OBen tho c.pork firin:] 

untl the Pl'OCO £laps baiI13 iu.r;izou by Ci flawc i:roitt coulli be 

jf.CCOUl,,:.! lJy tilo ui;:i.~necc bot,,':;cn the cirnalo on the oce1110-

t'COPEl DC1'eon. 

-_._-
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'l'he re:..del' i~ l'eflll'l'eu to 11 text on CllCClical e~ill$eI'·-
18 .. 

in;' thsl'modynamics (a.g. LewlQ l1.nd liand",ll ) or on au-
183 

vtmCE::U Gr.ginecr'.ing therGlodYllBmics (c .g. Henoon ) for a 

wore COIllr,-lete treatl'1'!nt of this suoJect. 

If ;' io the molal free ener£y ot U OUbt··tlHiCi2: in any 

c:l.vIln l,tate oi. temperstul'c aOO p'eDsurc an; 1"0 iD the molal 

free ener;-:y in the otan(/(ll'd ('tate (i.e. at 8.l\Y piven re­

action temltGratur.:.. but at unt t e.tmoapher·ic prGt3Gure), then 

F -F o - . A.fD-1 

In t,;i1J e'J.uut;\'on, 'a' it; the .tugacity in the e1.ven I]tt.tte 

fUFec Ity is an net lv1.ty term which io relflted to the tem-

porature, :s;rec;sol:'e am COIDI_osition of the systec. It 1.0 

Uf;tJu to reprercnt devietio1l:; from iueal gas low behaviour. 

Cot:;:icerinc next the chomicel ree;c'tion 

n C + "0·1) ........ R.f:J-Z c· 

v,hel'S the; ,;YGloolofY le the sumc as in l...,uation 6-2 'in Cha.v­

tf:lr 0, it tjj !l!:oumed that tbit1 ie in e-iu:J.liurium at the 

l"(;Qction tOI1i:Frature, T. 'rh:! activiti.er.; 01' tl\s Al il, C 

tively •. 

The ci.cnE.;e in iree enerc:'Y for tj',in react.i.N; in tram;-

fort::Ji!),"~ nil. moleo of A e.nu Dd G")leo of D from th(; ntar.d~rd 

()tuto to the C\iuilibr ium stute io 



oi C tlOO DJ.} molee 01 :u fr:lfu the e~.:lki.liiJl'ium ~tI:.te to tile 

otonduru stute iD 

Lnc .(~ -" ;=;J + nD .( G, -F;,o)] 
J:jjua, if llf. molcc of A 000 DB IlIOlcs of R :tn the otand­

tlrd otutc Ilre tY'..IDf'for:De.u into ne mole" or C ",nu DD 'I101es 

of 1) in the attlIL.urd "tute, the total c:.l:Il1""'o in 11'6e energy 

45e>. 

nc,(~ -~o) + no' (Fo-,-FDO) - TII'l (FR - FRo) -1lS (FB - Fao) 
',',', ..• ' .... R,l:>-3 

:£ = 
wtlCl'e t: iE; tl.e activity ill tile non-[it~n(J~N .::t~te, this 

RT l0'3e III 
"- -. -- .. R,("-4-

J~.,u(j-:;:ln:..: ",~ut.ltiooo A.6-3 and ~ •• b-4 now, tblire iD 

ootuinco the exprLGsion 

AF = .6 ~ + RT [nc ..QOSe fc: + nl) ,.RoSe fJ)-TIR loge.fR -1'18 ~3e~ 
- AF. + RT iog, [ :~~. f~:·l... RIo-5 

*e~ R ' 8 ~ 
A F = re + l~D - lt'A - FB 

"hell 'the I'auction huo roucll\;;" a l-oi.nt !mch that th~re 

'le no cllur:re in t!le number oi mol'_ fl of tJ.ny conl'ti.t:lent, 

cile::l'tcol e"u:llilirium is 1.'6id to have been ~ttalne(1o 'Ille 



critorion tor thic io thut., u't COllotunt 7..;J,"!;,;::.r;:ltu;:'o anu 

i..l'e £::Jure, there can be no chQ~o in tilG froo anot'[!y of 

paced on .• ..quut.ion 1 •• 0-5, AF muot tie zoro for c',uil1brium 

Qnj the iollowi!t) i'amiliuI' f.xprel':s:i.(m .cc;:' c,ullibrium iD 

obt.ained I 

4(pO. 

.......... , .R. (,,-& 

£ -ne: 
e . 

.f -nIl 
A . 

f . '1'\8 
B 

Por a syctec:; in ',J,lich the bei1flviOU'r of Qtlcll Eao CuD 

bo ou!)cr1bcu by tho e,<uQti.on of state 

PV - mRT ............. A.&.-7 

tile fWll.'cit,y· of ec:ch comr.<'nent beCUjier; iQeuticall.y eq'lal 

to its ~ u·t I ~l • l'3,'Oill'C :tn the py,-tao ut oJ.J. to:.lperatureo 

aru j.1.·OSCUl'EHl t cX' I'ILich .t:.<:jllbot ion J •• tJ-7 is VI.ll.i<l. \,;lOn 

...... ,. A. 6.- € 

\:·tere U~5 equiHu!"ium con~\tG.nt, Kp > iD no,) ucnotou by 

Pc:. ne. P l) n D 

p- nIl P ne. 
A·. 8 

and 'A' "lh ye und Ft) eN: the l:ot·tltll •. recouroD of ti1e 

aOlnI-ooomc J~, B, C and D rO£lr;.~tivelyo Kpio tl.en the 

e'-lu!l:lbl'iu/l) conctflnt at OIlO atliloq:hcroo 

':I'lli" "'XL,l,.,osion for I<p ohoulu 1;0 CllIllr;Ul"CO ,Jith the 

dflriveo oxpro:'oion in ..,,(;uetion 6-5 of ChLl},ltOl' 6 t,lliob tives 

the r~tio c, tho o"ecHlc r;..tc con:;tuntr for tilis sarr.e 

rouctiolJ. In t.lio rLtio cJtI--I'CGDion, If the concontrationa 

oi t,h. CC .. 1J,10i1Cr.to 11., I!, .; t1!1d D ore reylucuu by tlle :parti.ul 



8OU()!li"C of ~'clati\le cOJ'icentl'utiona is ~.tlrti(ll "rc.::curoo), 

the 0'1uilibl'ium c,)IIr.tm7t I<p io obta:'rw(l. 

4-" I. 

In. :::'-uGticlJ i".6-0, tho 1?rcEl cnnr""Ty C!IClI\-'C,6!!o i!'l tel':>lau 

the otUDuuro fre;.) emrr.'Y 01 the r-Elnc't,i"n. 7hi:: '-lUG!:'it:i.ty 

OOl'OnuO uI-0n tl1e terJj,:cr~ture, the de.ti.nition Ol the oten:.ioI'd 

5tato com.itionc an;.. the n:u.IOoI' of lUolc.a i.;l1tcrivg into t,ho 

cto~.chica:<ltrlc e':o.LwtioD ... 6-2. Once the i tLr.ocrd otato 

p"-Cmll'EI 1:: fixe(l, the c\lull1bl'ic.m cvr.:::tunt baCO'ild). 100e-

~,oooC'nt of the cyotem 1>I'Ccoure. 

In t.liv \~Ol·lt, stur;t;ura tem,,;ol'tlture uni' ;,I'O::>'::U1'e arc 

~'rOQ ",,,uot.ion A.'b-S, l.t 10 poccii:ll.e to oLltein the 

relilti"nsllip 
.D.F;,k 

RT LOSe Kp~ 
V;lle1'6 tlle cubccript (k(::: 5, 15») 1':J.l:er:; t() the uel'iw:d con-

otitlHlflto yrsusnt 1n tlH .. "'ul'nt illixtu.t'e. .,100, 

i? 
- • °rcGctollto 

and 

In tht!: bttel' OXPPoDDion, 

end 

------- Jt:..6-9 

--. 11.0-1.0 

ill"k '" tne. ~ic(.t 01 FOl'mut:i.on 0:1. tl,() iJ,(d.\,h .. ual con­

atitucn1; urJ(jt'lr condcorat tor. t;t 29C.l~K 

(col/mole) 



° ~::-k ::: tht;. cntropy at 293.15 K ~n:j f,J)() O:t'll(')DVhz1't' pres-

£lure (col/G1ole OK). 

Cpk ::: tilt "",an Dl-'tlcifiC twot at con.:tcnt IIl'O('cure between 

T anC! 29G.150K. 

1-'0 = 1 atmclJphere (by (iefinit1'm). 

(;0 that 

:: :L (ulcl) by dofinition). 

~uctlon ,l.o-10 thuD bcco~:ecl 

~Gb = :::Fk + ST CPk • dT 
... 2ge.15 T ------- ... 6-ll 

~yp6DUix 7 containc all the thermouynamic d&ta nccea­

ceI'Y for thocc calculations. 

U~'lnt' the uerivc(] ex,t:reaoicn;: above, the 1 rea Lrorf.'Y 

Cl.ll.ngcD, (APOk)' at cunctllnt tempcI'uture and pressure, 

:.. 0,' 'the .set oj: o"u:!.11brium e4uoti3nD Hcted in .;el'ieo oA 

0:( Chat,ter 6 fOl' the 1':I,ch 800 otolch:!.oi,lt..tl'ic mixture" ore 

(u:::!.n,:: thtl 1.'f.lli10 nW:lf.lrical (ju~acript(1): 

AI'e.>5 ::: 10'05 - z;oOl. + 2F02 

AFOb '" POb - J.'04 - Foa + Fol. 

AF'07 ., F07 - ~ F03 - },o'Ol + 1?02 

APOS = F08 - 11 F04 - i £1'01 + ~ F'02 

AJJ09 =: 1"09 - ~ F04 - ~ F02 + ?! FOl 

A 1"010= r010 - FOl + F02 

L::>. FOll= 'FOil - ~ ill)3 - 2 FOl + 2 F02 

- F03 - 1'01 + F02 

- ~ liO':! _3/2 F04 - 3/2 F02 + 3/2 FOl 
"' 



( 

-_.-

'1hUG, for theDe l!lutureD, 

(- AFak) 
Kit ::: exr;. ( Li'l') 

S1rJl1e.rl:r, 101' !'<sok oixturer: t the FrG::c J...nur~y cho.llgol) 

(~F'Ok)' at CO!Jr.tunt tef:1Sol'utUI'O uoo !JreI:!I:!Ul'e, ior the cet 

of cClullibriurn &qua+,;:!.ono lil1tod in r.eriu; (oD of Chapter (, 

£Ire (udn[ the C'Of'JO nllmerical o\,lb'vcripts) t 

br·'O, :: F05 - F01 .. ~ 1702 

AFab :: FOb· »'04 + Y FO'~ 

~P07 = F07 - 2 V03 - § ~02 

A FOa = Ii'08 - ~ 1"04 - ,}F02 

A F09 :: 1"09 - ?! F04 + 1i F02 

~J010= POlO - ~ F02 

~FOll= Fau - 2- fi'03 - 1-'02 

A Ii'012= 1~0].2 - F03 - ~ 1"02 
, ~ 

J 
~F013= F013 - ~. F03 - 12 1>"04 .. ~ F02 

AFOM= 1"014 - ~ 1"04 - * F03 - :.} Fo2 

A Fel?'"' F01 , - ~ F03 

Fo!' t.D(Jue mixtures, 

exp 

-- ---
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APPENDIX 7 

'1'H!!iRM9ppwac DM'A AND 'R9P§lmjSS or ID!AL GM!S 

In qrcle slalulat:1on work, t:be neeesalty for ac:cuz'ate 

thenIodysuua1c data for the lllAfty c:begt cal species aDd 
I 

substances wblch comprise' the woJ:klDg fluld 1ft the el19i.ft8 

needs hardly to, be stressed. ~inc:e, the analyti.cal model 
: i 

for the spa&'Jtl~~on eft9inejpresentect In this study 1& 
. .' .' ' ,\ ), . :-
deslgned to be simulated mathematically on a computer, lt 

was considered desirable to calculate as many tbeJ:moc1ynamlc: 

properties as poss1ble f.t'Olll polYJ'Oll181 equations. Such a 

system would o&viate the use of a large amount of computer , 
storage capacity. 

-
All propu1:i.es are calculated relative to the standaJ:c1 

" 

Speciflc Heat pata 

In conslderation of the 15 species Whicb are present 
, . 

ln the combUstion products (vb. CO2 ' CO, N2 , ~O, 02' ~, 

NO, OH, H, 0, 110
2

, N20, ~, lINO and N), the speciflc beat 

at conatant pressure, ~, for each spec le ls approximated by 

two slxth-order polynoaa1a1s over the ~rature ranges 

273 - 20000X and 2000 - 60000 K. . Thus, 

for the r&ftge 273- 20000X 

and 

t 
I 

\ 
f , 
! 
i 
l 

I 
f 
i 
I 
I 

, i 
I 
! 

---~-------~---------- --"- --~----..,.~"'----~ --- ---



- , .:., 1<··. :!i'\.~ 

'. 

for the range 2000 - 60000 K. 

In these expressions, 

x ... 

and the subscript k (whicb bas a value from 1 to 15) denotes 

the ~ividua\ species. The coefficients are derived from 

polynomial approximations to tabUlated' data published. in 

the J.A.N.A.P., tables206 •. ~ey are listed in Tables A.1-A 

and A.7-8. 

In -addition, c: data for dry air and for the tbree fuels 
p . 

used in this study (viz. propane, i~octane and benzene) 

are required. Tbese ere also expressed in polynomial form 

as followsl 

where the 'si9n1fic~e of 'x' is the same as in the previous 

expressions. '1'be coefficients of these equations are giveIl\ 

in Table A.7-C: in addition to the source from which they 

were obtained. 

Some calculations in this work require tbat mean 

values ~ of C:p be est1mated between the standard temp­

erature of 298.15~ aDd some higher temperature T. 'these 

are obtained from the general formula 

~ .. S T <=po dT . 

298.15 
A.7-1 

------------"tf --------.----------_______ . _________ ~ ___ _ 



SPECIE 

CO2 
CO 

N2 
H20 
O2 
H2 
NO 

OH 

H 

o 
N02 

"20 

NHS 
HNO 
N-

TABLE A.7-A 

IDEAL GAS HEAT CAPACITY (Ce' EQUATl:OfJ COEFFlCISN'1'S 

cal/(9m-mole)- OK 

2 3 
Cp .. &0 + at·x + 8 2,·X + a3 ·x ,t 

4 5 
8 4 .X + a 5·x 

TE~ERA'rURE RANGE: 273 - 20000 IC 

4.324933 20.808952 -22.945905 16.844833 

7.812249 -6.668293 17.282956 -17.287993 

7.709929 

7.986860 

7.361141 

6.183043 

-5.503897 13.121358 -11.679546 

-1.506271 6.661376 -4.655970 

-5~J69589 20.541786 -25.865263 

4.710657 -10.921355 12.540865 

8.462334 ;'10.406686 27.548756 -30.28119'1 

7.615100 -1.936000 

4.968000 0.000000 

5.974134 -4.241883 

0.877000 ~2;61S300 

0.000000 0.000000 

7.931254 -7.944230 

6.610077 

4.826714 

7.040500 

7.481815 

4.966526 

5.431315 12.725101 -2~.939977 

20.139273 -22.136118 is.BSS1se 

1.209100 18.330000 -23.991000 

-1.205998 
0.011505 

19.296274 

-0.033335 
-25,614212 

0.'046170 

\ 
'. 

-7.935665 2.121672 

8.860125 -2.314819 

5.233997 -1.113185 

1.696464· -0.370621 
15.945662 -4.858890 

-7.016263 1.923395 

17.185114 -4.957260 

-2.690900 0.9~1S90 
-' 

0.000000 0.000000 

4.403357 -1.271341 

17.734952 -5.830404 

-7.265313 1.897833 

15.183000 -4.949600 

15.652081 -4.715048 

-0.032421 -0.010946 

a!§. 
-0.240871 

0.244778 

0.103883 
0.039924 

0.586150 

-0.208409 

0.575528 

-0.126950 

0.000000 

0.149141 

0.136354 

-0.211745 
0.653370 

0.564725 

-0.001374 



TADLE A.7-ll 

IDEAL GAS HEAT CAPACITY (ee) EQUA'lIO~ OOEf'!'ICIEN'l'S 

call (CJl1t=IIiOl~- oK 

Cp .. bO + b 10X + b 2ox2 + b3" t b 4o:/1 '" b5o;)~5 + b6 .x6 

TEMPERATURe R .. \NGI:: 2000 - 6000°1(. 

gpEcm bO b1 b 2 b3 ))4 b5 b6 - - - - - - -CO2 8.153021 8.411419 -4.795179 1.543125 -0.283123 0.027656 -0.00,1113 
co 5.966461 3.288911 -1.660467 0.476445 -0.078536 0.006957 -0.000257 

N2 5.649167 3.579035 -1.794312 0.512130 -0.084187 0.007443 -0.000273 

~o 3.401967 9.433046 -4.067415 1.049852 -0 .. 162023 0.013774 -0.000494 
O2 8.439106 -0.376523 0.621716 -0.192346 0.026999 -0,002358 0.000086 

"a 4.103273 3.981784 -1.426509 0.269268 -0 .. 018659 -0.000812 0.000124 
NO 6.590193 2.604241 -1.291210 0.365114 -0.059370 0.005194 -0.000190 
OH 4.946400 3.264500 -1.202600 0.258490 -0.031839 0.002068 -0.000054 
H 4.966000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 
0 4.743426 o.~a0906 -0.364666 0.127389 -0.021166 0.001705 -0,000054 
B02 9.949028 4.493565 -2 .. 34'/261 0.682407 -0.113564 0.010128 -0.000376 
NO 9.873937 5.610329 -2.306743 0.842392 -0.140197 0.012533 -0.000467 

N~ 20.514999 -14.032000 13.265939 -5.323999 1.105200 -0.115680 0.004861 
am 7.144250 7.196627 -3.G13303 1.025364 -0.168262 0.014899 -0.000551 
N 4.845706 0.080796 0.087780 -0.'10<1245 0.036582 -0.004366 0.000226 



'.rABLE A..7-C 

IDDL GAS HEAT CAlPACI'l'Y (Cb) EQUATION COEFPICIENTS FOR DRY AIR, PROPANE, XSo-OC'rAN& 

SUBSTANCE 

DRY AIR 0.25416 -0.12699 0.34920 -0.31412 0.13861 -0.03021 0.00259 
(val1d over the temperature range 273 - 3250oK) 

PROPANE 
VAPOUR 

SbeU207 0.45597 -3.05099 11.12507 ... 34.3i135 35.46474 -18.61938 3.92578 
Publications (valid over the· temperature range 273 - 12730 K) 

ISO-OCTANE A.P.I.20a 

VAPOUR 

BENZENE 
VAPOUR 

sp1ers18a 

-. / . . 

2.54774 153.63590 -13.33~0 -93.,1668 70.97913 -16.49594 0.00000 
(un1ts for this equation are call (gm-mole)-~) ° 
(valid over the temperature range 298.15 - 1500 K) 

0.02893 0.17772 3.49579 -7.10684 6.21113 ~2.56909 0.40482 
(valid over the temperature range 273 - 12730 K) 
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specific Heat at constant volume, Cv' data are 

estiJaated frOll 

R . .... A.7-2 
.. 

where R i. the UDiversal Gas Constant. MeaD values 

('e.,) of Cv are likewise obtained fl'Oa 

-eV·~-R"'" . . -' ... - A.7-3 

Enthalpy Galsulatigns 

Enthalpy values per mole are def~ved from the 

fOI'lD\l1& 

H .. 'E.. (\, - 298.15) . - - .. . - .... A.1-4 
• P 

However, wbeftever Heats of Formation are also taken into 

account, as dUring equilibrium composition calculations, 

such values are obtained from express10ns 'of the form 

H .. Hi' + ~. ('1' - 298.15) .. - - ..... A.7-5 

in Which Hi' is the enthalpy of formation of the sU))st4nce 

under consideration at 298.1S<>X. A listing of ~se Hi' 

values for all the constituents Which ar~ considered to 

be present in the working flu1d in the spark ignition 

engine 1s given 1n ftJ)le A.7-D. The sow:'ce of such data 

1s also given. 

Internal Enerqx calculations 

The Internal Energy, E, per mole is estimated from 

the expression, 

. E .. -e".(.\, - 298.15) A.7-6 

..... 

I , 
I 

.1 

t 

t 
! 
1 
I , 
i 
I 
t· , 
, 

I, 

-------------" ------- --:------ ---'---'- -- -. - __ .1 
- -----------~-----



SUBSTANCR 

CO2 

co 
tl2 
H2O 
O2 
H2 
NO 
OH 
H 
0 
N02 
N20 

N~ 
HNO 

N 
DRY AIR 
PROPANE ' 
ISO-OCTANE 
BENZENE 

HEATS or PORM'l'XON (HP) AT 298.1S0K 

~.!lA:EA_ 
~ 

JANAF206 
TABUS 

It 

.. 
It 

If 

It 

It 

.. 
It 

It 

It 

.. 

.. 
It 

It 

API PRO-ma 44208 

SPIERS189 

'\pI PROJEa2°8 

.. 

---- ------- -~--~ 

-94053.999 

-26416.998 
0.000 

-57798.000 
0.000 
0.000 

21579.999 
9431.999 

52100.000 
59559.000 

7909.999 
19610.000 

-10970.000 
23800.000 

112965.000 
-28.220 

-24820.000 
-53570.000 

19820.000 
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4-7:<, 

for the dry aJ.r and tbe 15 chea1cal species in the cOlllbustion 

products. However. in calculations of the gaseous fuel 

Internal Energies in the unburnt charge. this expression 

is supplemented by a term whlch ~ludes the ch8ll1cal 

energy in the fuel. Thus, 

£ .. ~. ('1' - 298.15) + ~., . A.7-7 

where ~ is the Lower calorific Value (also termed the 

Heat of Combustion) per mole of the f\,el under consideration. 

Por the three fuels used in thls study, these Heats of 

Combustion are given in 'lable A.7-&. 

IntrPPX calculations 

Entropy v&lues are obtained from the standard 

expression: 

s - SF .. ~. loge z§8:'i5 - R. loge p "" A.7-8 

in which 

s .. the "!1tropy at temperature '1' and pressure P (A'J.'III) 
" 

SF .. the entropy at 29S.150 K and 1 atmosphere pressure. 

In equilibrium composiUoncalculations. where' the 

free energies (H - '1'B) of the individual species which COlI­

prise the combustion products are required (see Appendix 

6). such evaluations are performed at the equilibriUm 

reaction temperature. '1' and at a pressure of one'atmosphere. 

Thus. Equation A.7-S becomes 

- , . , - , -" A.7-9 

r 

" \ t 

---------- ----- -.- -. - ----------------------- -- _0 ___ , __ ,~ ___ --V~, ______ _ 
" .\ 

-----,-----'\-- -----, 



-
LOWFR CALOlW'lC V~W, At CW1'AN'r l!Pt.Ur!£ AND, 

!e'T,!Il!f1'K!!A?i§ or VAfOURlMt!CN OP ilAAUN£. 

jtSO=99'''NI. N!D U!!Z!l!! 

752,000210 

- --- ... 
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In Tal>le A. 7-F, there is a lisUng of sr value. for 

all the cODSUtuents vhi.ch ue ccmaidered to be present in 

the working fluid. 

Viscosity 

Values of Absolute Viscosity (ft) for Dry Air vere 

obtained frOm "THE IIOLECULAR 'IHKORY OF GASES ANi) LIQU%DS· 

by Hirscbfelder et al. In this re1'erence, the pt values 

are listed in tabUlar fona but, for use iD this work, they 

have been converted Into a 6th GNu polynoa1al ~e8aion 

vhi.ch Is valid over the taperatun range 273 - 3000 oK. 

The expression Is. 

2 3' ft D (0.43868 + 5.13195.x - 1.31065.x - ,0.668597.x' 

+ 0.922798.x4 - 0.34223r.xS 

x 10-4 ga/cm sec (polses). 

where x D .001 x T 

Tbemal Conduct! vity 

6' + O.042674.x ,) 

., ,A.7-10 

, 
\. 

\ 
\ 
, ' , , 

\ 

calculations of thermal conductivity,"1\. , for Dry Ail" 

are made using the formula suggested by DUggeret al2S• 

Thi.s ia 

1\ D (~ + ¥). 4- .. . . . . . . . --. . A.7-11 
,_. a 

where "a is the Molecular Weight of Dry Air. fte units 

of ;:>.. are cal/CIII sec OK. 

: 

~--.-------"--------------- - -------_._------------



TABLE A.7-F 

ENTROPY VALUES (SF) AT 29S.1S0K AND 1 A'l'MOSPWlR§ 
PRESSUR; 

SUBSTANCE ~&~ ENTROPY tSPI AT 291;1S0K • 1 ATH 
ca Zmole ) 

CO2 JANAF TABLES206 51.012 
CO ·n 41.214 

N2 If 45.170 

":l0 If 45.106 
O2 

If 49.004 

H2 If 31.20S 
NO If 50.347 

OH .. 43.880 
H If 27.392 
0 u 38.468 
NG2 " 57.343 
N20 n 52.546 

~ 
.. 46.033 

HNO If 52.729 
N If 36.614 

DRY AIR A.Po1.208 40.491 
PROPAlm SPISRS188 64.510 
ISO-OCTANE ".P.l.208 101.150 

BENZENE A.P.l.208 64.340 
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Thermodxnam!c ProP!Fti.S of Ideal Gas Mixtures 

Consider an ldeal gas m1xture containing nft IIOl.s of 

the k,th constituent. The total numbeI: of moles J.n the 

mixture 1s~. On this basis, the Eollow1ng properties of 

the mixture can be avaluatecl. 

1) Mean Molecular.e1ght, M 

M .. . . . . . . . . . . . . .. A.7-12 

where the aWDlllation is OVe&' all the constituents 

47b. 

of the mixture and I'Jc is • Molecular Wa1ght of the 

k,th constituent. 'l'hes. latter values, for all the 

consUtuents present in the lCOrklng fluid, are 

91v~ ln Tabl. A.7-G. 

11) speclflc H.at: at Constant Pres~e, 5e 

111) 

C .. p . A.7-13 

In which <:Pk ls 'the molar specif'1c heat at constant: 

pressure of the k,th constituent of the mixture at 

the t~ature of the mixture. 

specific !feat at Constant Volume, 5r 

c" .. ~ d! S?s . . - . . . . - - - -- -".7-14 . '\- .. 

where Cv ls the molar specific heat at conatant 
It 

volume of the k,th cODstitu.nt ot the mixture at 

----- - - - -- - ----- ----------------
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TABLE: A.7-G 

MOLECULAR WEIGH'l'S 01" CONSTJ:'l'UENTS 

SUBSTANCE 

CO2 44.011 
CO 28.011 

N2 28.016 

H:!0 18.016 

°2 32.000 

H:! 2.016 
NO 30.008 
OH 11.008 
H 1.008 
0 16.000 
N02 46.008' 
N20 44.016 

NH3 17.032 
lINO 31.016 
N 14.008 

DRY AIR 28.9 
PROPANE: 44.097 

ISo-OC'l'ANB 114.232 

BENZENE: 78,114 

, 



the temperature of the mixture. 

Iv) specific Enthalpy, h 

h '" .... A.7-15 

where 1\ is the molar enthalpy of the k th con­

stituent of the mixture at the temperature, 1', 

of the mixture relative to the standar4 

temperature of 298.1SoK. 

v) specific Internal Energy, e 

e '" i i;.:: ................. A.7-16 

where Ek is the molar internal energy of the 

478'. 

k,th constituent of the mixture at the temperature, 

1', of the mixture relative to the standard 

temperature (298.1S0 K). For the gaseous fuel 1n 

the unburnt fraction, this term will include 

the chemical energy of the fuel (see Equation 

A.7-7). 

vi) Specific Entr02X' s 

s .. i"~. SFk + 2'.,\('EPJt· lege 298~15 - R.lege Ptc) 
R. nT 

- - - - A.7-17 



where 

SF k ls the molar entropy of! the k' tb constituent 

of the mixture at 298.tSOR and one atmosp~e 

pressure. 

~ ls the mean molar speclflc heat at constant 

pressure of the k' th constituent of the mixture 

between temperature T and 298.tSoR. 

and 

PJt 15 the partial pressure of the kIth constitu­

ent of the mixture. 

Sa: • ~~. SFk + £",.CPtc.l
0ge 2§a:i5 

'* ',~" 

which ls the molar enthalby of the k·~ tb consti tu-

ent of the mixture at the ttllllP8J:'ature, '1', of! the 

mixture and 8 pressure of! one atmosphere, then 

Equation A.1-11 can be re-wrltten 8S 

s • k!n.r ~~.~ - ~~.R.l09ePkJ···· .. A7-18 

AS Daltoniie Law of Partial Pressures ls otJeyed 
+ .... '. 

and 8ubstituUng this lnto Equation A.7-18, 

one o1Jtalne 

• • Rt.." 1!"" .. -t"" •• · ..... (~TI 
which can be finally rearranged Into its most; 

u8eable forml 

s • "!~ [£~.~ · R [ ¥0ge(;1)-~~.logenJ) 
........ A..7-19 
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Specific Volume. v 

The specific volume. v, of the mixture is given by 

the equation of state 

v .. R'1' liP .... . . . ., . . . . .. .. A.7-20 

In this study, it ls also required to estimate the 

rates of change of 

a) the specific internal energy, e 

b) the specific entropy, s 

c) the specific volll!lle. v 

480. 

with respect to changes in temperature and pressure (see 

Chapter 3), Before expressions are derived for these rates 

of change, however, the following notation is proposed to 

describe the partial derivatives of ~ and nT with respect 

to temperature and pr~ssure since these quanti~es are 

themselves functions of these. 

(~2· . 
p 

n' 
TIc 

I 

I 

n' 
Pk 

n' P 

Using a similar notation. the rates of change of the 

above mixture properties can now be written as. 

( ~)p • M!n'l' ~~'~k + ~ ~.~ 
(*)'1' Cl M.nT [£ ~,np~ 

I' i 
I 

1 ., , 



, 

approx. 

(~)T ca M!nT[.z: Sk.~ - ~ ] approx. 

(~)p Q ¥ [ 1 + 
T.nT] nT 

(S)T v [P.np 
'" p n., -~ 

In this list of equations, ~ and <:Pk are the molar 

specific heats at constant volume and constant pressure 

respectively of the k,th constituent of the mixture at the 

temperature of the mixture. Values of nTk , npk' n~ and 

np are obtained directly from the equations defining the 

equilibrium compositions of the burnt fraction of the 

charge. These techniques are performed in SUBROUTINE 

OISCN 1n the listed computer program (see Appendix 8). 

4g,. 
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l\PPIiNDIX S 

fL9!f DL\GIW! or CO!fUTER PROGRAM· AND PROGIW! IeJS!Im 

In the PlO", Dlagll''' and the listed computu Pl'OIJ&'aa . 

10 tb18 Appendix. the following s1'JllbOls bave been used 

to lI'ep&'esent ceJ:ta1n ~ the IIIQre lIDpOrtantl quantiti •• ancs 

Pal:'am8ters. These al:'e not In agn-.nt with thOee 91ven 

at the beginning o~ thb report. 

D - equivalence &'atio 

J FUEL - type of fuel JPU!iL • ~ .. propane 

J.FUSL • 2 D lso-octane 

.:JF1ZL .. 3 .. benzene 

VR -

PR -

T -

mass 'rElction of exhaust oC'eslduals In lUlbumt 

m1xtum. 

pressure at inlet valve closure Un Input date) 

and cylinder pressure eleewhel:'e (p.s.l.) 

eba.c';e tempeoC'fttw:'e at Inlet val". closure (°It) 

THETS - crantengle at Ignition 

THDEG - C.c'ankengle at inlet valve clo~e (In Input 

data) and C.c'ankengle elaewhoz'e. 

eR -
XN 

THEND -

TU -

fi -

compression oC'atlo 

engine speed (oC'ev/tDln). 

cftankangle at exhaust velve closure 

unbumtl ge. teDpEll'fttwre (Ok) 

Initial estimate of temperature of burnt 

portion ~ charge at Ignition Un lnpllt date) 

483 



and burnt g&8 temperah&'e elsewhere (OK). 
i" 

W mass fraction of injected wa~r In unbumt 
'1! 

mixture. 

~ - specific heat data 
PDATA 

11 - total mass of charge In cyl1ncSeu: (gm) 

VB - burnt gas volume (cc) 

VU unblll'mt gas volume (cc) 

we mass of burnt gas (gm) 

WO mass of unbUrnt gas (gm) 

purine compress10n 

SW - entropy at beginning of a step (Cal/gmOK) 

RHO - density (gm/cc) 

TJ Initial or J,tb estimate of temperature during 

a particular step (OK) 

PJ ini tial or j' tb estimate of pressure during a 

particular step (p.s.l.) 

STUJ -

SPUJ -

V'lUJ-

VPUJ -

SLOSS -

SUJ 

VUJ -
XP -

d S .... ,.j 

~T 

entropy 

SLlQj 

-V-u, .. j 

,.6p, 
J 

In Chapter 3 

In Chapteu: 3 

In Chapter 3 

In Chapter 3 

loss due to heat transfer (cal/gmOK) 

In Chapter 3 

In Chapter 3 
" 

in Chapteu: 3 

484, 
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X'1'U - AoT: J 1n Chapter 3 

QUrlng C9mbustion 

1) CombUstion Sue 
'lBJ - 1nitial or j' th estimate of bw:nt gas ~erature 

(Ok) 

1'U.J - 1n! tial or j' th estimate of unburnt gas temp-

erature (oK) 

4R.J - 1nitial or j,th dstimate of pressure (&.5.1. ) 
.. .... 

STW - ~Swj 1n Chapter 3 
.,.)T 

SPUJ - dSu.o,j 1n Chapter :3 
aP 

V'l'U.J- d'V""j 1n Chapter 3 
~T 

VPUJ - d'Vu.,j in Chapter 3 
~p 

ETUJ - ~eu.oj in Chapter 3 
dT 

ETD.T - deboj 1n Chapter 3 
dT 

BPBJ - deboj 1n Chapter :3 
~p 

V'l'BJ - d'1fb,j 1n Chapter 3 
.,)T 

VPBJ -
d'Vboj 1n Chapter 3 

dP 

EUJ - eu.,j ln Chapter 3 



EBJ - eb'1 1n Chap~ 3 

SUJ - SIA.j 1n Chapter 3 

WJ - --V-1A' 1 Ln Chapter 3 

V8J - "'Vb'1 J.n Chaptw: 3 

DP (p, - P,j) 1n Chapter 3 

DTU - (TIA • - T...j) 1n Chapter 3 

D'm - (Tb. - Tb.j) 1n Chapter 3 

11) piston Movement ~nc1 Hef!!; !5!!lsf!!£ §t:eD 

'1'UK - in1tIal . or j' th estimate of Unbumt gas 

temperature (OK) 

'1'BK - 1n1tial or j,th estimate of burnt gas 

tempw:ature (oK) 

PM - in1tial of j,th estimate of pre~sure (p.a.1. ) 

S'l'UJ -
~ SI.l:>j 1n Chapter 3 
~T 

SPUJ - ~ s ..... j 1n Chaptw: 3 
~p 

STBJ - ~ S b:zj 1n Chapter 3 
~T 

SPBJ - dSb:lj 1n Chapter 3 
dP 

V'l'UJ- d-v ..... d 
..rr 

1n Chapter 3 

~""'b;rj 
l 

V'1'BJ - 1n Chaptw: 3 
&T 

VPUJ - ~ "\I" lA:> j in Chapter 3 
.;Jp 

VPBJ - ~-Yb"i 1n Chapter 3 
~p 

, 



sw - S ..... j in Chapter 3 

SLOSsti~" entropy loss due to teat transfer from unburnt 

charge (Cal/gmOK) 

SLOSSB - entropy loss due to heat transfer from burnt 

charge (Cal/gmOK) 

SBJ - StY.li in Chapter 3 

WJ - "V'" ..... i in IShapter 3 

VBJ 

SP 

STU 

sm 

- "V'b"i in Chapter 3 

- (R - R.) In Chapter 3 a III 

- (T ... a - -r.. .. j) in Chapter 3 
- (Tb" _ Tb,,;) in Chapter 3 

During Expansion 

TBl - ini tial or j' th estimate of burnt gas temperature 

(OK) 

PRI - initial or j,th 8Stimate ~ pressure (p.s.i.) 

STBJJ - ~ s bll1 in Chapter 3 
~T 

SPBJJ - ~ Sb:li In Chapter 3 
~p 

VTBJJ - d"V'"b2j In Chapter 3 
o'>T 

VPBJJ - ~"Vb"i In Chapter 3 
.;,p 

SBJJ - Sblfj In Chapter 3 

SLSSB - entropy loss due to heat transfer (cal/gmOK) 

VBBJ - "Vi.aj In Chapter 3 

DPJ - (~_ F;j) in Chapter 3 

DTBJ - ("Iba - Tblfi) In Chapter 3 

.," 
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I"~ '/ 
J-
.' 

" 

, 

, 

' , 

, 

• '. 

FLOW DIAGRAM 

(orn v THE mORE IfYlPORTFlNT STEPS RR€ SHOWN) 

READ IN INPUT DATA i,e, D, :TFUE/..., WR, PR, T, CR, 

THETS, THDEG, CPDRTII , XN, THEND, TB, WW 

CRLCULRTE RIR/FUEI- RRT/O J COMPoSITION OF RESIDURL 

ExHRUST GRSES RND UNBURrIT M/XTu",e: COMPOS ITION, 

, ~ 

I 

IN ,-i-'AL.. ' ,;C~I-CUL..RTE C VCINDE'" VOL..UME I RHO, W ETC, 

" 0', f 

t , .. . 
• 

IS wW>'O," YES 
.• . 't- I 

I " ' .. 'r~ l 
, , ' 

, 

TEMPERATURE DROP Due .. NO,,- '\. Y 
CR,L..CUI-RTe:. 

• \.~ ) 1 To WRrER £VRPORRTIOrv E.FFECTS, HEIVCE, 
, ' New PRESSURe: .. 

\)' i 
\ , 

.. 

\Cftl-CULRTE SUU AND RIIO 

t "1--- •• 
' .. 

, " 

Wf?iTE THJ)Ei!T, CYI-IIVDER V.OI-,&M/f, PRESSu"'E 'FIND TEMPe:.RRTURE 

'f~ 
" 

"- .. ' -'.. .. ..... , 

CFlLCULATE INre "'NAI... E~ERG-VJ ENTHALPY, SPECIFIC HERTS ETC, I 
,',' 

" 
~ .. 

~ 
, 

" , . 
ZERo + \lE 

I 
i THOEG <= THDEG + 10° 

o~.~ CRLCULArE NEW 
..... CVLINDER VOLU"'1E ... , 

" --- t 
It L............j THETS = TIiDEG- EST/MArE T:T AND Pl'" 

I 
t 

CALCULATE STU~, SPUJ' 

VTUJ', vPU:T, SL055, SUJ' 

VuJ' 

t 



4&-9 . '. . t 
[cALCULFlTE xP AND XTUI 

CAL.CUU'lTE NEW YES :IF xP RND XTU TOO 
ESTIMATES OF G"'EAT CULATE T.:t FINE:> p:r 

) "'NO RHO 
. 

NO 

CALCULATE MASS BUR'NT WUEN SPARK FIRES I 
j 

I L CALCULATE WU I 

ESTIMATE TS:r,TU:r,PR:r 

CALCULI'ITE NEW 

ESTIMATES OF Ta:r, 
TUT FtND PR:r 

CALCULATE COMPOSITION OF" BURNT 

FRACTION OF CHFtRGE. I'ILSO, RATES OF 

CHRN&E OF CONSTITUENTS WITH 

TEMPERRTURE RND PRESSURE 

CALCULATE" Vi!>, VU, STU:r, SPU..:r-, ETUT, EP8:r, 

ETB:r, VTU.:T, VTs.:r, vPU.:T, VP8:r, E:U:r, E8:r, 

SUI, VUI, ANl) VS.:T. HENCE, DP, DTU FIND DTS 

f 
WRITE: TS.T, TUT, PR:>, DP, DTU, DT~J 

/-, 
. 

IF DP, DTU, DTS Y~J; ITERATION 
ARE TtlO IiREAT ROUTINE 

NO 

I THDEG = THDEG+;?o 

CALCULATE CYLINl)ER . 
VOLUME , 

- --" 



I. 

1 r ESTlMRTE PRK I TBk, TUI< FIND CALCULATE ·f'lEW 

. t 
ESTIMRTE S OF TB":, 

TUI<' AND PRI< 

CALCULATE COM PO SIT ION OF 8URNT 

FRACTION OF CHAR9E AND RATES OF 

CHANGE OF CONSTITUENTS VV IT J.I 

TEMPERATURE Rf'lD PRESSURE . 

-.,,' 

CFlLCULFI·TE STU.T, SPU3", STS:r, SPBS; 

VTU.T, VTB:J", VPU.T, VPB.T, su:r, SLOSSU, 

SLOSSB, SBr, vur, vsr. HENC~ Sp, STU, STB 

IF Sp, STU, STe ves 1 :rTe:1i'FlTION I 
TOO GREAT 1 ROUTINE I 

NO 

.. 
WRITE TSK, TUI<, P1i'I<, Sp, STU, STB 

+vE 

CALCULATE VS, VU ANO TIME 

FoR 
' .. ~e:~ (w- we) ~ of CRANkSHAFT ~TATION IF IS 

" 
CALCULATE FLAME TRAVEL 

01 STANce: FROM SPARI< PLU(7 

( SUBRoUTINE FLRMblST) 
, I CALCULATE NEW we 

~ 

r CRLCULATE FLFlME SPEED 1 , , CALCULATE DISTANCE OF 

FLAME F'Rorl':r FROI'" 

WRI.TE THOE'G, CYLINDeR VOLUME TB SPRRI<INIi PLUG: HENCE , , 
TU, PR, WS, WU, VB, vu, Vu:r, v8.T ~B FROM SUBROUTINE 

FtND FLAME SPe:e:b 
/3URNTVOL. 

CALCULATE INTERNFlL. ENERGIES, CALCUL.ATE FLAME TRRve L 

E:'NTHRL.PIES, sPeCIFIC HERTS, ETC 
EXTENSION INTO UNBURNT 

FoR BOTH BuRNT I'tND uNE/URNT 
G FI S bURIN G .:2 0 of 

MIXTURES 
CRANI<SHIIFT ~TI'tTION 

t 
WRITE MOLE FRRCTIONS OF 

INOI VI DUAL. SPECIES 
CAL.CUL.RTE TURBUL.ENT 

t 
, BURNING VE'LOCITV 

I 



TH"N '·3CC. 

'-.. 

.CULATE NEW 
-'MFlTES OF 
I ANI:> PR:r. 

CRLCULATE LRMINRR 
BURNING VELOCITY FROM 
SUB,QOUT/NE 8URNVEI... 

CAL.CULATE CYLINDER VOLUME, Tax I'II'/1)P~I 

CAL.CULATE" 8URNT FRACTION coMPOSlnON 

RN]) I<'IITES OF CHAI'/(;E OF CoNSTITUENTS WrTH 

CHRN91r IN -TEMPERRTURE AND PRESSURE 

CAL.CULRTE ST8~.T, SP8~.J", VT8J"".J", vps:r.r, SBJ.:r 

SLSSS, vss:r. HENCE DP:T RNJ> DTS:T 

'-----l ITERAT ION I-_O!f'-__ V-,-,E=.=S,-<::. 
ROUTINE 

NO 

WRITE DPJ'", DTS.T. TBI, PRI 

WRITE THI>EG-, CYLINDER VOLUME, TB, PI<', WB, VBSl", ENTROPY, 
HEAr LOSSES, E'NTHRI...PIj I.NTERNRL -~ERG'f ETC_ 

Wfi'ITE MOLE FRRCT'ONS OF coNSTITUENTS 

THDEG = THDEG + 10° 

~~------
----------------d 



. i----
\ . 
49~ . 

. --- _. - - . -- - - - - - - - - - -

-·--·-MA91'&R!I-100·--·--· .--... 
. --- -/), "'!!NS I·ON .. C <-15)" XC (H). RC(15) • CVU( 1 5), )(NT (15) d(NP (15). VC (1!) • BC (15 
----H.CvaS(1.5·)·- .--- .... - -.. ... --.-
·-··CO"'i040ti ICr>rJATAI- CPD(.14.1-5).S0C15)dIP(-1S)· .... -- ... ----.. - ... ". --. 
",,-.. ·00 '·7--"",-,·,5 .. '-" - --.- ---'-' --- - .- ... -. -.- .. --- -----.---.--- ... 
-"?'--RE A 1I·( .. h .. '·8-)(·C P D(-I-. J.) _..!.a 1-.. 14·) . --.-.. ------ - --.- .. - .. -. . .. 
-----DO -3·73--KLK·l;a""-3· -- -----.--... ---.----. - -- - -- - -. - -- .--- -. 
--REA 1)·(-1-.·2-)-O,·J·F UEL,·WR ,·PII."T-,·T-H ETS.-T·H D EG·. C R d( N , THE N D • T g .• WW' .... .-. 
---·-·-CAL·l-I-T-I-ME+H)---· ... -- .--- ... - .. -. --.-.----- . ------.- - .-.. ---
- -·-·88$1,0·- ----------.. --.. --.-.. - .. -... - . - .. -.-- .. - -'---'-.-..... --- -.... - -- .------ ------ ... _. ---
---·Xb-1·0·.·0--- .. '---"---' - ----.- .. ------'''-'--''- ---.--.-". -.---.-..... -.-... ---..... --. 
---· .. )0(-1;.-1-3.0·--- .--. ------------.---- .-----.... - . - - .. - .... . 
-----WRI'I'E-(·2-,·9001-HI-1-)-- ------.--. - -------.------- ... ------.. ------ - .. ----. 
"--'WII'I"'I!--(-2-,9 000-)·- -.- ... - .------. -... - - - .. --.-.-... ---------. ..- - .. - ... . 
-·-.. --101 R·I-'I'E--·( 2-,90 O·SH N·---· .. - . -- ..... -- ---... - .... --- .-. -. - .-..... -. ...... .--- - ... ---.-
... -.. WR·ITS· <2-,9006) -. - .---- -- ----- ...... - ---- ... -- ......... -- ---

WRHF. (Z .• ·9·007-)-.. -- - - ........ -. - . - .-- - -.- --. -. -.. -- .... -.- ---. 
"--,,-WR-!'I'F.-·(2-,900A·) CR . -.--. --. --.-... -.... ---- - .... - .. 
. --- -1/ R·I-T F.-(·2-,-90 09-) T H ETS- .. - ... - .... ----
.. · .. ---wR·I'1'e·(2. 901·0·)D ......... . ....... - . 
....... WR !-TF.,,-(.Z,.90·1-1-).WR -. - .' 
~ .. WRITF.-CZ.·'·7'·58·)·WW· .-- - .- ........ . 

'.- WRITR (2.9·o.12·)··T·HOiG - ... - ...... ---.. - .-.--...... ----.. -..... - .. --... - - ... --- .... 
----WR I'l' E (2-,9 O·13->TH EN D-· -' .-- .... - .. --.... -.... - .... -- ... . 
----·101 RI-T~ -- (2 ,901 4H-- - . ------.. - - . 
·_-WIH-,!,F.--(-2-.90,'HPR· - .. - --- .. - ........ -------- -
-. --GO--·T·O-(3.,-4,·5·)-,·J·F U eL .. · .. ~.- --... --- ...... ----.-... -- ---- -. 
-3-AFAa638 .• -I-(44·.·09·7'·.D)· .. - --.. - .. -- .. -- ... - ... -
-. - .. S TA'F a638.II.4. 097 - .... :. - .---... --- ..... .. 
· .. -WMSA.688-.··APAIST·AP -... "-"--'-'--'-" .-.... ----

-·---WH'I'F.·-·(2,9002)- .--.. ------.. --. -. - .-.-. ---
---"CA -.:§-.-.-- .---.. --.-.. - .... ---- -----...... - ..... -.. -.. -----. - --' 
-----Hy-a·.-·---- .. · .... - .... - .. ---'-"'--"-' - .. - -- .... - .-.. - . 
. -- -.. G 0 .'I'n 6-.. -.. ---- .. - ..... 
.. -4 AFA.H'S.I C-1-'·4.·232*[) 
. -.. S'H ;-11-'8.1-1140-232 ....... --

WMS",a11·18.*AFA1STAP - .. . 
WRI'!'!: (2,900~)-· 

CA.o. 
iI y -1·1\ • 
GO TO 6· . .. 

-5 ·AFA.' 030·.l(78-.11 hD) 
.. · .. --5T H -1030.-/7 8.114· 
'--"-"WH SAD 1 030· •• A'FAI S r..H .... -.- ..... -
---WRITS- (·2.9004)· ... ------- .... 
--- -C A - 6 • . . - -.- - . . -- - . 
-. . HY-';·.· .... - .. -- -... . -_.-.--
.. ·6 ",A-(-'.-\-IR-Io/W)-I (.1 ;+1 ,1 HA)" . 

. . -- ... - -- ;-

.. 
-------- --~-- . 

.. . 
- - ----.;;. - - -



--.- --\JF-(-1-.--WR-W\~)-I-(1 ;+AFA)- .---.--
- .. 7-'A M- .-233 *WM S Al32,+ • 76 l' *WItSA 1-2 a·.·016· - --. - .--
--···-F.,-h--- ----- - .. - . '-- -_. - -.---.. ----. 
---- pllp~_I·1·4.-?··-·- --- --- ----.-- - .... -.-- - .---'-

·--·--Hl.,600.-------·- .----- . 
. ----- K,I-O- -.-. ------.. --.. -.-­
- .-.- Dv 55 $- J -, ... 1-5---'- .. 
S'5S-XC (J-) -0-.'0-

CALL--DI!>CN- <TM,P.CA,HV,AM,FM,D,C,AWMO\;,AHOA,CVMR,GAMR,PR,CTT,XNT,X- - . 
.. ·1NP-,~Nr\,XN8·,CPMRR,XC,KJ) 

-.- RM.WR.WM~A/(\Jr\.RWMOL) 
Wf1.:4\J.IoIr~~r\J(wA.,a .. )- . 

.. - - -TMOt·I!S.AMHM+RM+!oIM- -.' --.... 
. D I) ',1 I'"'''' S .. -. - - .-....----. 

'-11 . xCI 1-l"~M.C (-I lIeH 
--'-XC(4'::oXC(4H'WH- -- - - .. 
.. -.. -.. IJi'10 ~H" (XC( 1 ).44.0' -1+)(C (2 \ .28.011 +)(C (3).28.01 6+IIC (4) •• 8.0' 6*xe·(-1 ).3 ... 

.. - ... 1 2. "'l(C(6-)·.2-;-016+)(C (1').30 ;,008+)(0 (8).' 7. 008 ... )(C (9) .,. ooa*xC (1 0) *16 .-*XC· 
.-.- '-2( H). 46-,-0 08+)( C ( 1 2) - 44 ;-016+)( C (13) ., 7.-032 +)( C ( 1 4) * 31 .016"')(C (15') .14.0 O· 
··----38) I T",nu, s· ..-.... -... -. 

(,0 TO (12,,.;s·, ·14) , JP U EL- - .--
1-2WMOI.:-II(-FM.44.09'7+AM*2B·,9)/TMOLES+WMOLR ... -.-

... GO TO-15-- .--. ---.. - -- -. 
--1-3- WHO \.'.(PM.-11"4 .. 2·] 2+ ~M.2a,9)ITMO L E S +W,",O\;A-· . 
. -.--- GO- TO--15 .. - -.... - - -- -.. -.... 

· .. ·14- 1011'10 tll ( P M • .'78-;11-4+ AM. 2 a ,9)-/TMO LE S+WMOLR 
- 15--F"'i 986/IJMOL-- -----,-

.. YY-'".-- ... --. '-. -- . 
.. . --- r. ALL CA L C SIT, i( C , J J U E L-, C PM, C V M , G A M ,.f! ,·H, PM, M'" V V ) 

RIIXl/2 ,- -----
-----TH e TA -TH!lE O. 3-.-14., 6/180 , .. -.--- -.. 
- ----Y1_(-(3, 141·6*e ... 2) 14 .. ). «·Z.--RI (CR-", )-)+A+)(XL-R*C09 (THeTA) -SOAT (XIIL. 
- -,*2-M**2*SIN(THF.TA)-h2» .. --, - .-- .. --.-

-----RHO. D R .-H 4 . ,.. 01 IS I) 21 (F. ~ 400. *T ) -.---- - -. -
- ··-W"RHO-V'-··--.. - '-- - .. -- - ... ---- ... . ----.-... 

~JT.\'JIWMOL-·--- -.-- -. --- ----- - .... -., -.' - - - --- -- ---. -
.. ·-----I)OH-! "'-,-1·5·-·· ... ------ -.----

--'1-6-R C H-) a)( C-H) ,. IoIT/ T f,\Q IF. S ..... -- - - - . 
.. --.- -RCFeHl*WT-l-TMOLES -- ---.----. -.... ---.- -- -. - -' 
----- RCA-AM*WT-I-TMOI.;ES· .. ----.------ .. --- -- ... ----- ---- ... ----.-- ...... ---. 

-·-WRITF.(2.7-001l-RC(]) ,RC(-S) ,RCA --.-.--. --- - .. --.----
I F (\'n~).9 ,-64-,Q?64, 0 

·--·-·-·-T"T-S-39,·3*,·8 .. *RC (4)/CPM ---.. -.-. 
-"--·-(PR-RHO*F*1-40U •• TI (1 '.4.*';01602')'" ... -. -.. ' 

P"P~I14-.-?- - - -
~~64 CI);j'i'-l NIJF. 

CALL SPECF.NT(P,RC,T,WT,S,JFUEL,RCF,ACA) 
gIlU-S/WMOL 



.-----WR-HE --(2.90-~6·)- -- - --.--- - -.-----
42-RHOaPR.1447·.01602/(F.'4nO~.T) 

-- - - -S=S!JlJoiolMOL 
.- - - WR IH (2.38) TI4DEG. V, ,PR .·T-
---- VVII'-. -.------ .-- .-------.-.-------- .. -. 
- --- C AL ~-CHr.S I--T .-RC. J FUF. L .·ePM, CVM, GAM·, e-, H, A C F, AC .-,VV) . 

IF (-T-HEH-THDEG)' 9 ,-19,0---- -- - -
. THOeGaTHnF.G+'O. - - -
IF(TH~T~-THDeG)'·40,140,O 
GO 11)-'4'-

140--THD2G=THF.T5 
14~ TI4E1'AaTHDEr,*3.' 4'6/'-80. 

V211~(J,~4'6*B.*2)/4,).«2,.R/(CR-1·.»)+A+XXL-R*COS(THET.).SQ~TtXKL* 
-~*2·R.*2*~~N(THETA)**?» 

T-JII,*CV1/V2)·*(GAM-1,) 
P J 1112 A+ C· (\/.1 I V 2 ) .. G A M ) 

·TO CA L C LJ L A lE -SoT U J , S P U J , S VU, V T·U J , V P UJ, S LO 5 S , S U J-, VU J . 
, 25 CRR.O ,0- --. --

---- 00120 1",-,·15 .. 
1-20- CR~IICRR+RC·H-).SHCP (·!-r-TJ-)---· 
----. -(j0 TO . (-12-1 .1 22, 123) , JF IJ E-l .. - --
'21 C ~I~".( RCF*PROPCP (TJ )-*44, 097+RCA*A I RCP(TJ). 28.9 )+CIIA 

GO -TO 124 
'22 C RM_ (R~F .. C p-I SO (T J) *-'-14, 232+RCA+A IRC P (T J). 28 .. 9-) +C~ R 

GO -TO- ~·24 
~-iB -CRMIICHeF .. Be N C P C T J ).78-, 1-' IoU C A+ AIR CP (T J.) .28-,9) + C RA 
-124 -STUJIICAMI--(WI~Ol.wT.Tj )---

P .. P J 1-1 4-, 7 
~PUJ.-(1,086.WT/P)/(WT*WMOl) .--. 
VUJaF*,400,*TJ/(PJ*'44,.,O,60Z)·-

. VTIJJ .. vu J-I-T-J-
vpujll-VU,l/p· -- - --
·RHO.-1 ,/VUJ 
JJJ.-'-
n"o, -
CA L-l- 14 T·R A N (-T J, A HO, 8, X N ,R" Q l S , Q L sa, V 2 , Y T , J J J ) 

-5 LOA511 (·2,*QIo9 )./ (w. (T+T J )-). 
_ ... -- CALL SPEC-F.NT(P,Rr.,TJ ,WT,SUI.JPUEL,RC~,ACA) 

-SUJIISUI-lW~IOL -
Z111gTUJ 
z2.SPUJ- .-­
lJIIRUU+~lOAS-SUJ 

-Z4I1W*VT-U,I- .. 
- ZSIII·J*VpU,I--- . 
-Zo.v2-W*VUJ 

X p .. ( Z i\. 7. ,··z 4 * Z 3) I ( Z 5. Z ~ - z '* z" ) 
XTUII(Zl-ZZ.Xp)/z' 
IF· « A R S Cl( p) . LT , 0, 0001) -,-'M" D, ( AilS ( )( TU) ,-LT, 0, 00' » GO '0 1 26 .. 



- T J a T-J +\(-1 IJ 12-;- --- -
- c ~ Jall-J +)( p., 4. 1'/2 .-

--- - GO Tt)· 125 ---
1-26- TaT J 

PRaPJ- -------
-.---.- v1·Vi!------- ----
- --- -SU;J"SUU+HOSS 
---- GO TO 42 
-HEAT SUPpLIED BY SPARI( IS ABOUT 20MILLIJOuLeS (0.-0047769 eUOIIU) 
-AS9UM~D IG~ITION T~MPERATURE IS 950 DEGI( 
19 I.IMOLlJaWMO L 

CSP"CPM/WMOLU --- - --
WB."0041'1'69/IC8P.(950.-T» 
eo., 
S U!'aS Ul) 
VO.V1 
TU.' 
papi</14;7-
WBlJloI.-'-;-­
YXZa(l. 

--PRJaPR -
H"4.0-

1153 Wl).LI-l.J9 
-- ------UfolMO Lalo/ll II.IMOLU 
---- DO 59- -Ja1-, 15-
- 59--BC I J )IIRC (J ).UNMOLlWT 

B~FaRCF·UNMO~/wT 
-- -8 CA. R C A.U N MO II WT 

pO·O. 
-UT DaO. -
STDIIO. n·'-·----
TIIJ·TEI- --

------- YVY.O-. ---
----- "'la- 1 5--

R4 ,"PRo_" '-4. l' 
- - ------I(Ja1 

-, 

IF 0'l;M-4) 0,9665 ,9665-------- -
'--C~ll DISCNITBJ,P,CA,HY,AM,FM,D,C,WMOL8,RHOB,CVMB,GAMB,PB,CTT,KNT,K 
-----1 NP-,-l(tiA,-XtoIB-,'CPMB, xC, KJ) --.-

-GO TO 9666-
'665- RHO~.P.WMOt8/(82.051'5.'BJ)­
'666 -COll/U-NUE 
------- -I( lM. K ""1+,.----
---- B"'O~awa/wMOUI-
---- -- - V R .,,11'1/ RHO 11--

V!JaV{)-V:l 
IF (VYV)lhl)'95 

~--.. --



-- TUJ.TlJ----- -
9'1 !) 0 5 A 1 .. 1. 1 5- ---

- 58 vc (-! ) 11 C (1-; * B fool 0 ~ I C TT 
-TO CALCULAT~ STlJJ 

CPRIIO,O 
DO 60--I-"h 15-

- 6u--CPR"CPR+AC Cl) .SHell (I. TUJ) 
(;0 Tt) (61.62,63) ,JFUEL 

-61 CZM"CBCF*PROPCPCTUJ)*44.097+8CA*AIRCPCTUJ)*28,O).CPR 
IlO TO 1,4 - -

-62 CZMII(BCF~CIIISO(TUJ).114.232·BCA·AIRCP(TUJ)·28,9)-.CPR 
Gf) 1'0 64- ---

- 63- C 7.'~"(-BC F-il ewep (-TUJ) *78. 114.BC AUI RC P (TUJ) -28,9 HO PR -
-64- STUJ .CZMI-CwHOlU*uNMOLHUJ) -

-TOCALCULAT2-SPUJ 
- --SPU,)II- (-'-. Q86*UNMO LI P) I (UNMOt.*WMOlll) 
-TO CALCULATE -F.TUJ 

I) r) 65 -Ja 1-, 15 -- -
65 CVU(J).SHCII(J ,-TUJ)-1.986 

CVhAlilCPCTIIJh28,9-1.986 
SHCV-O.O 
DI} 66 1=1,15 -

66 SHCV.SHCV+AC(I).~VUCI) 
- G n '1'0 (-61-, 68,69 ) , H IJ EL -- --- ----

-6-7 -S ev.s HCV+R C F_(PROPC P (TUJ) - 44.097-1 .986) +AC A-CVA 
\lOT01()--- -

68SCVIISHCV+BCF*CCPIIOCTUJ).114,232-1.986)+BCA*CVA 
-GOTI') 70--

69 SCVaSHCV+ACF*CQENCPITuj).78.114-'.986)+BCA*CVA 
70 -ETUJ.SCVI(WI~OLU*UNMOL> 

- -TO- CALClJLAT-E -ETBJ 
- ------DO- -7'1- J=-h 1 5 

-- 7'-I-CV8i1CJ)=SHCP(J ,TIIJ)-1 .986 
-- HCVal). 0 

D072J=1,15 
- 7~ HCV.HCV+VCIJ)*CVIIB(J) 

ECV.O i 0- ---
DO -7~ 1-1,15 

7'3 ECV.ECV+XNT(I)*yC(I).(TBJ-2Q8,1~).eN&AINT(I,T8J) 
EOV.P'CV+XNT(?)*YC(2).676~6.1+X~T(6)-VC(6)-6831?'.4 
~T8J=(Hcv+eOv)/CRMOL*WMOLB) 

~- TO CALCUlAT~ EPBJ 
pCv.o.O 
DO?' 4 J "1 , , 5 - - -- ---

7'4 ~CV=PCV+XNP(J).YC(J).eNERINTIJ,TQJ).(TBJ-298.16) 
POV.PCV+XNP(2)*yC(2).6?,636.1+XNP(6).VC(6)*6831?'.4 
EPQJ=pnV/CAHOL*WMOLB) 

-~o C4LCIJlATE VTUJ 

'.' c-. 

-4-9t,. 

"., 



--- -VUJ.F*~UJ*'400./(PRJ.144;*~OI602) 
--, VTUjllVlJJ ITIJJ --

--To-CALCULAT-F.-vTBJ---- - ---
VaJ_FB.~AJ.14DO./(PRJ*'44.+.01602) 
VTBJ-(1+TBJ*XNA/BMOLI*VBJ/TBJ 

- - TO C4LnULATE VPUJ AND VPBJ 
VPUJa-VUJ/p 

- -VPBJ-(VR.J/p)*(P+Y.NB/BMI1l-1. I 
-- -- CALL SPECF.NTCp,BC,TUJ,UNMOL,SOJ,JFUEL,8CF,8CA) 

SIJJ.SOJ/I.IMOLlJ 
-TO CALCULATE EIJJ 

EJaO.O -
DO 76 J-1015 

-76 eJaEJ+ACCJ'*ENeRI~T(J,TUJ).('UJ-298.16) 
EJT.~J+BC(21*67636.'+SCC6)*683'?4 
IJ () TO d'-7 ,7 B , 79 ) , J F u F. L 

497. 

-77 ET.(~CP.CVPINITUJ)*ITUJ-2911,'6\+8CF*488S00.)+(.CA.CVAlNC~UJ)*{TUJ-
--- 1298.-16-1-)+E-.JT 
----- (\01'0 -110- - - - ----
-78 - E TII (!lOP*CV I I N-(-TUJ 1* C TUJ-298. 161 +BC '*1.2220*10.0"6-.0) + (SCA*CVA I N (T 

-~ --- 1U J 1 * (T U J - 298 .16 1 )01. e JT - - - - -
- GO --TO- 80-- - ----- --

-19ET.{BCF*CVAINCTUJ)*(TUJ-298.16'+BCF*152000.0)+(BCA*CVAINCTUJI*{TUJ-
1- 29 8-.-1-6-1-)-+ P. J T- -- -- ---

-110 F.UJ.-eTI(-WMOi;U*UNMO\;-) - - - -- -
-T 11 C A-I;e U L AT E -E B-J 

--- -EJJ·O-.!l--- -
-[lO Ri! J.1,15 
112EJJ.~JJ+vCIJI*eNERINT-CJ,~BJ)*(TBJ-298.16) 

FTJ.eJJ+vC(21*67636.'+VC-C6)*68317.4 
E8JaeTJJlwMOLB*BMOLI 
X1.STUJ 
X-3.S PUJ 
X 4. 9 U,'- S U J-­
X5aIJU*eTIJJ­
Xo.!J!hE-T-IlJ --
X7 a wS*E-PIl-J----- --- -- - --- -

-" "-X ,,- !!()-\oI1J * E uJ - W8 * e 8J - --"------ ,- -
------X9aWU*VTUJ - -- ------ -- ----- ---
. ----- X10.WIl*VT-B;J--------- ~ 

-- ---X-11-1I\~lJ*VPIJ;J+WB*VPBJ - -- --,-----
---- -X-12.V()-wU .. VUJ~WB*VaJ ---- ---

DPII(X6*X9*x4-X10*XS*X4+X,*x8*X10-X1*X6*X,2)/CX1*X'0*x1-x11*XI*x6-x­
------ -'5 *:<3 * X 1-i)+ Xe* x9 *x:n 

D-T 11. (X4~X 3+ 0 Po) I-X 1 
----DTBII()(1-?-X11*!H'~X9*DTU)-/)(1() -

TIJJIITUJ+DTU/2. 
- ---- TBJ .. Tihl-+IITR/2-. 



11'" " '. 'iP ,. ., ': " ", "'1';'""." ~ _ ~ ,t 

.' 
- < ;0 "'I 

\ 
498. 

~;hl ,.QRJ ;'~P.'1·4 ;·7/2. 
WRITE <Z,997)!)P,DTU,DTII,TUJ,TBJ,-PRJ 
I F (-(-A 3 S-(!) 11) • LT. 0 • 00' 5' • AND .-( All S ( D TU) • LT. 0 • 003) . A NI). (AI s ( 0'1 B) • LT. 0 

1. (1)6» -GO TO oH 
X PO;(II P 0 -(l P-

X,U T i) X" U-1" -" T '.I 
- X 5 H,-Xa 9-T-1) - D T R 

-PD"UP 
UTvailTU 
eTtl .. OT~ 
Vyv .. vyV'" 
I r «" B S ( XII 0 '0 • LT. 0 • 001 ) • -A N D. ( ... B S ocun X) . LT. 0 • 001 ) _ ... N D. < A 119 o! aT D)() 

- -, .LT. 0.0101 il G';- TO 3636 
-- -IF (I M- 2 ~ 5', rl-,-~3 ,-83 ' 

----IF (HI-2i.JH.4883,O 
- - IF (lM-~25)O,251-4,Q 

I~- (I i<\ - 2-'-0 )-(1 • 251 4 ,-0-
I" (-HI -19,5-,-0 , 2514 ,0 -

-- - I-F (1!ol-1-M-)-O: 2-51-4-,0-
-- --- 1+ HM--1-6-5-'-!l. 25-14,0- - - -

! F(-l M--HO)\) ,,25,14.0 -
IF - HM-'~5-'(\. 2514,0-
I F (1 ;~ -1 2\1-) 0 ,-251 4 , 0 
IF- (iI~ --, 05 l-Ih 2514,0-

- -H (!i~-90)O.4'95,O-_ 
H--(-T M-75-) 0-, 861\6.0 
~F -(lM-60)O,8640.0 
IF (IM-45)O,8430.0 
I F (1 M - 3 0-) 0 • 50 50 • 0 
H <Hl-1S)O.145,O ' 

-G!l-,T/) ,638 
11-36- GO Tr) <145.51}50,8430,8640,861!6,4195.-2514-.4883.!13) ,JT 
II~8-1M.HI+i 

- --GO T-0-!!4 
145- CON-n Nile 

-H- -(-1.111-.04) 29-51,0,0 
-P~J.PI{J+5 •• 00.-1 4.7 
T~) J. T-U J" 2,0 . -* OT-U 
TlOJ-TBJ"SO ,-*DTB 
GO-~T02-952 

9S1 TBJ.~BJ+15 .• DTB 
952 CO N T l-fj I) E--

I-M.~6-- ------ -- ---­
JTII2 
I(-LM.O 

--- -GO -TO -84 
050 CONTINUE 

!-F-(-W9-.-04~ 2953-. 0,0 

, " • '" ."", ",,' .j ,!,~ dO'l .. , , f .,k,. ' .. , ,,_. 

, 



- TUJ.~UJ+20,*~TU 
- - T BJ ,,-TB-J+ 4-5 -.• D TB 
--PRJ.gRJ.5.*D~.14,7 

G!) -T-0,-9 5 4 -
953_ rBJ.TRJ+6G.*DTB 
O~4 CON"!-NVE-

- j T-3 
!!'I.31 

--Kl-'''-O --
---GO-T!) 84- -

4-30-NH.Tl NUE -- -
I-F -(WR- .-04)21-1-1,0,0 
P~-JCI~~J+5-.-.ilP.1-4.-7 - - ---- - -- -
TUJIf-T-UJ +20--;-*OTU -- - - --- -- -
T B J",T-B J+ 411-.• O-TB -

-'-- -OD -1'0- -~1-1-2-

1t1 ,aJ.TBJ+50c*D~B 
1-~o~ C-O~""I-NUF. 

JT." -
11>1.46 
K,"MIfO-

- GO -'0-1\4 
640-COIr!'-I Nue 

IF (-1.19- .-04\21-1-3 ,0, 0-
- - - TU J .. -T-U J+ i!() ,-.!)TU - -- ----
- -- -T a-J-"T-S-.t + i! ()-; .0'1'8 -

PRJ.PRJ+5,.gp.14.~­
r, 0 -,0-2-'-14 

1-'\-3 TB J IfT-B J+ 3 Q-.-* D-T-B- - - - --- ----
1-'-1. CON"INUE---- - - -----

,!-TCI!l - - - -- -----
114.61--

- K-LM .. O-- --
GO '1'0- 84 - - - --- - -----

MI6 CON" INUF. - - - -- --- -
IF (LJIl-; ('14) 21'16,-0-,-0 
TIJJ.TUJ+20 _ .DTU 
TB;j.TBJ+?'O .• "TB 
PRJ.DRJ+5,+oo*'4,1 
GO TO--21 H 

116 T8J.TBJ+20,*DTB 
,11 CONTINUE --

n·b 
IM.16-
K L-M.O- -

-/)0--'1'0 -114----- ---­
.195 -CONT! NUE 
----- - !F----(-wB"'-;-04)21-18-,-0, 0-

___ ~ ---_ •• 1..-. 

-_ .. --- -
-~ 

• j. If 

499, 



. --- .. - T·U J.·T U J +? 0-•• IlT U 
- TilJ.lilJ+7.0·. -nTS 

..... -. PRJ.~RJ"5 .• 0P*'4. "f. 
GO TO 2-119 

1-1-8T3J8TBJ+7.0.-DT8 
H9 COiJT!NIlE··· . JT." .. 

IM.91- .-.. 
- ... MI·91 

·····-KLMaO -. 
···--··GO-TO··Cl4 
514--CON'HIoIIJE -

TUJa~UJ+20c-DTU-
-- -T·B J .TB.I +'.0.·. OH· 

··-··--PRJaPRJ"5·,·.PP*14, ?- .... 
--...... JT-" 

"q.i~I"'5 .. 
·1 H.M·t· 

····-···H (IM-226)96?,Q,O 
J l.~··· 

9ft? KU-1.1) 
Gr) TO 114 

.RII] CONT PWE 
T!I J.T R J+ S·.·. OT a 

.... _-. TUJ.·TUJ+5,·.DTIJ 
· -.. .. P R J .P RJ + 7..-* D P *, 4 . "f 
· ---- .J T -9 . 
. -'_. ·tM_Z41 

·KLM.U· 
GO TI)·1I4 _ ... 

· 113 WRITe (~.~97)DP,DTU,DTB~X4.X8,X12 
IF ·(WR-·,Oll) 0,0.429· 
IF ··(·YXZ·) 0.0,3621 
IF HB9(x·,·;n.LT.O,003) GO TO 429 
IF ·(X12-.003)428.4Z9,3622 

:621 IF (~R9·(X12).LT.O.-035) GO TO 429 
IF (X12-0.035)428,429,3622 

,"i?? IF (YXZ)O·,O,~623 
TB J _ T R J" 5-. 
ao TO' 367.4-

:ft23 TBJ_T~J+O.6 
:67.4 CIlNT I NilE 

KLM-O 
PD.n .-­
UTJ)"O •.. 
BTo.a, 
,) T. 1 
p1--15-·· 

.. _-- ._--... - .. 
-----~ ... - -----, 

600 



- GO Tt) -1\4-
428 l~ (VXl)-O,O,~62S 

TAJwTBJ-S. 
Go) TIl 3626 

625 TIIJ.UJ-O, 4 
6?6- CMIT1NUE 

KLMIIO 
POwO. 

- UTi).O,-
8TD.O, 
JTw1 
H'w~15 --- -
00 '1'0- 84- ---

429 CONT-INUE--- -
CAL~ SPECEN1(P,YC,TBJ,BMOL.S9T.JPUEL,O,.0.) 
SBhSRTlw"10LB 
T Hoe G aT H D eo+ 2-, 
THe TA w., HOE (! .. 3 ; 1 41 6/1-80; - ---

50/. 

v2. (-(-3 ,1 41 6*9 .... 2) 1-4,)" (-(-2-,.R / (C R- 1 , » +R+)()( L-R .COS (T HETA) -SQItT ()(X L-.-­
- --1.2-~"·2"~IN(THeTA)*"2»- -

-- VBV"WhVBJ -
---- CA L-L ---F l A M 01 S T ( T HOE G • V 2 .VB V, S)( D) 

TB hT-A J- - -- --
SU1.sUO- -
TU1I!TUJ---- -
TUllwTU'.-!-( 110 I-V2) •• (GAMU-L ) ) -
IF (WB-.01S)0,O,7631 
TBI("TA1-
GOTO 763?- _ 

'I; 3' TB ;C.TB1. (-(v 0 /v 2 )"-(-GAMB-1.- ) ) + IQ L 9h 101 M 0 l B) 1 (-IoIB. C 11". 11) 
'632 -CONTINUE - ---
------PllhIlRJ*VO.TBKI (T81.V2)- -- - -- - -

----- - -R Hoaw PRK.'-44 ,*.016021 (P hTU*1400, )--
------JJ-J .0-- -- -
---- - -CA L-l--H-TRA t.I (-TBK-, R HOB-, a .-XN, R .QI. S.Q lsa ,112, Sxo, J J J )-- -- -- --- - -- - -

IF -(WB--;01!!)7633-,O,O- ----
TB I( w T B 1-* ( (-1/ 0 I v2 ) .. ( G" M B -1,-» + (Q L 8 h 101 M 0 La) / (W B. C PM B) --- ---- -

'63-3CONT-HHJE-- -- _ 
PHK.PAJ*VO*TBKI <TB1 *v2) - - ---. - --
I II-'WO- - -
KU.O -- ---- -
I(TV.O--

----- -IIS·0.- --­
UT!lwO~-- -

------ 8TSwO, 
995 -DwPMII/1-4. 7 

KJw1 
IF (KLl-2)n,8192,8192 

;:::-.=-~--

-' 



50~ . 

. - --_. CAL·L-·-DI·SCN (TSK-, P, CA, HY, AM, ~M, D, C ,Io/MOlB, IIHOB, CVMB, ClAMB, PR, CTT, XNT, X 
.- 1NP,XNA,XNR,CPM8,XC.KJ) 
-. -GO ·,,0 8193·· 

19;>- RHOiUP*IoIMOI.81 (82, 057S*TBIO 
193 CONTINUE 

I( L L.I( L 1.;- .. ,. 

- aMOL; .. \JRl\Jr~OL8·· 
---- '!l0 Bt; ,,,,.,·,5 

A5 YCCf)aCCI)*BMOL/CTT 
--TO CAlCULATE STUJ 

CpgaO,n 
no 86 ' •. '" 5 

86 r.PS.CPS"ACII)*SHCPCI,TUK) 
(la TO (B?,88.89),JFUF.L 

·87 CPQ.CijCF*P~OPCPCTUK)*44,097+BCA*AIACP(TUK)*28.0).Cps 
~o TO 90 , 

. SI 8 C P Q. CB C F * r. ~" SO er U I() *, '·4 , 232 + B I: A * A III C PC TU K) * 2 8.0" C 11 S 
GOTI) 90 

··89 r. po. (·RCF* !lENe P C T UIO*78;11 4 .. BC hAI R CP (TUK) * 28.9)"0 PB 
·90 ·STUJ.CPQJ~WMOLU.UNMOL*TUI() 

.. TO CALCULATESPUJ 

... - SPUJ.- C1 .9A6*UNMOL/P) I (UNMOl*IoIMOLU) 
-TO CALCULATE STBJ 

CI'L.O .. O 
.. -.- DO 9·1--1-= 1-, ,·5--·· . 
-·91 CPL. OPI.;-+vC(·I) -$ H C P (I, TIIIO--­

.. -'SI(NTI(IIO ,·0 -- .. 
... ·009;'· Ja·1·.,-5 -

: 92 SKNTKaSKNTK .. XNTeJ)*ENTAPV(J,TBK) 
S~8Ja(CPL/Tal(.9KNTK)/(\JMnlB·BMOL) 

---TO· CALCULATE SPBJ 
91(IjPI(··O,O -

.. ·D093t",.15 
-9~ SKN~l(aSKNPI(+XNPel)·ENTRPV(I,T8K) 

SPBJ_CSKNPK-1.986*BMI)L/P)/CIoIMOLB*BMOL) 
·TO CALCULAT~ NTUJ,VTBJ,VPUJ,VPAJ 

VUJ.~·TUK·1400.I(PAK*'44.*,O'60Z) 
VTUJ-VUJ I·TUK 
VAJ.FR*TRK*'400,/(PRK*144 .• ,01602) 
VTBJ·C1+TBK*XNA/BMOl)*VBJ/TBK 
Vi'UJ--VIJJ/~ 
VPRj.(V~J/p).CP·XNBjBMOl-'.) 

.... TO CALCIJLATE·SUJ 
... CALlSPECENT(P.BC,TUK.UNMOL,SOK,J~UeL,BCP,BCA) 

S IJ J. SO K/I4M 0 L U 
-TO CALCUlATE SLOSSU 

RHOU-1./VIJJ 
.. -- SL09SU.O. 



--------

-TO - CA-l;CU LAT F. 5 LOS S B 
-~ -CALL HTRAN(T8K,~H09,A.XN.RiQLS.QL9B.V2,SXD.JJJl 

- SLOYSSa(2.*GlLSBl/(WB*<TB'+TIU» 
TO CALCULATF. SBJ 

CALL SPEC~NT(P.YC.TBK,8MOL.SnL.JPUeL,0 •• O.) 
• --- -- S ~J"~ n LI WHO Cl! -

-- V1-~T\LI 
-V (! -SPIJ J 
v3-SU1+SLOSSU-SUJ 
V4-ST·BJ 

-.-- V5-~PBJ 

'v6aRBI+SLOSSR-SBJ 
V'?aWU*VTIJJ- -
VS_We.VTRJ -. 

--. V9-WU*IJPUJ+WB*VPBJ 
V, n.v2-WIJ*VUJ-WB*VBJ -
SP-(V4.Y'*V~0-VI*V8*V6·V4*V?·V3~/(V9*V4·V1·V8*v5*V'-V7*vZ*V4) 
STU_(V3-v2*Sp)/VI 
STB-(V6-V5*SP)/~4 
)(P~-PS·Sj)· 

XUU-UTS-STU 
XBU-BTS-STA 
ps-ap 

. - -- uu"sru . 
------- BT9-~TII - .. 
-- TllKalUI(+Q'TU/2" 

----- - TB 1(- T B IC+S TB 
-- PRl(wPRI(+SP*'4,'" ----- --

50S 

- -. -- IF( ( AB S(-S P l .. LT. 0, 001 ) ,AND. (A as ( ST U), LT .0-, 003) . AN D·, CH • ( S T B-) , LT, O. 
--····1 OO!» (11) TO 94' . ----- . 

. -.. --: H--(IIIQS'('X pS l-,L T. \1-,001 l -;AND .-HBS (-XUTtI) • LT, 0,00, ) .-AND. (ABS (I(BTS l • LT 
-.----.,; Q-;OOll')--Gn TO 529-· 
-.-.. -- -!-F·- (1111-' 5) 0,146,0-

ll-H--II·II+' 
GO Tn995 . 

146 CON,. t NVE 
IF (KTV-15)u.O.94 
PRK-PRIC+5,*SP*14,7 
TUI(_TUK+IIl. *STIJ 
TBI(.TBIC+20.*sn 
1111-0 
KLL-O . 
KTVwKTV+1 . 
GO -TO '99~ 

529 I F· ( KT V -1 5) 0 .0 ,94 
KTV_KTV+I-
1111-0· 
KLL"() 

~-..,-----



PRi(.PR~"5· .• SP.·' 4. 7 
TUI(.TUK"S •• STU 
Tal(aTBi(+80.*ST8 
G0 TO 095 

94 \J R 1 T·F. (7..9 Q 7) S,P , S TU, S TB, V 3 " y (, , Y 1 O .. 
WRITE (Z,9~7ISP,STU.STB.TUI(,TBI(.PRK 
TlJa.,UK 
TRa'!"Bi( 
PRaPRK 

...... vOaV;> 
yBaVRJ-WB 
VllaVD-VB 

·VU1aVU 
VIJDaVlI,1 *WIJ· .. 
TIMe'" ./<3.*XNl 
CALL FLAMDtSTCTHOeG,VQ,VR,DDS) 
IF (VXz)O,O.('81 
FSa"DS/TIMt;· 

·Gil TO 1\82 .. 
61\1 . Fsa(!)DS-IdIl/THIE 
1i1!2 I< L1.1.n 

SU2aSU1 +HClSsU 
SiJOa~1J2 
4!1allDS ........ . 

... - .. H (·Yx.z)~75,375,0 

p~v.?·, .P~J-PRY 

Gu . "0 .:u~ 
·~?,5 PRVa~RJ.1 ... 
376 COI>JT·INIJE . 

YXZa1, 
- WRI''I'E C2·, 1 M}·) 

\J R 1'1' e· (2·.99) T HD E G , y? , T U.,T B , PR, WB , W U , VU, VB, V I) J , V 8 J , VU D 
\lVa'. 
CALL CALCS(TU,BC.JFIJEL,CPMI),CVMU,OAMU,EU,HU,BCP,BCA,VV) 
CALL CAL~SCTB,VC,JFijEL,CPMB,CVM8,GAMB,eB,HB,O •• 0.,0.) 
F.O.PU"F.B 
HIOHIJ .. HB· .. 
wAIH (2,9021) 
wRI~E (7..90Z0)SU2,SB1,QLSB,HU,HB,H,EU,iB.eO,GAMU,GAMB 
110 936 1.1,15 
C (·1·) aC ( I·) I C TT 

936 WRITE (Z.9036)I,CCI) 
\~ R IT~ .. (2. 7001 ) vc C 7) • BMO L , U I/MO L 
IF (10191.11.110.0,829 
IF CVUD-1.3)O.O.683 
1-19.\01-,0001 
~JBw\J"1 , 

. GO ·TO·R5~ 

504. 



-1\1\3 CALL RURNVF.L<TU,TB,·PR,D,·JFUEL,UF) 
VT-IJ~*(1 :+. 00197*X!i1 
IF CDD9-0,3S'7070,O,O 
IIS-IJT/<3.*lfNI 
r.O TO 7011 

'010 VS-U~/CJ .• XN) 
'011 OS.[IOS+VS 

WRI'I'F. CZ.902:5) 
URITF. CZ.9024'UF,UT.FS,VS 
CAll BURNTVOlCVO.DS,VOL,THDEG)· 
nVOLDVO~-V8 

WB~aWB+DI/OL·RHOU 

PRV-PRJ' 
PRJIIPRV-

- IF CW-WB1)i\2P·,829,O 
IF (1.0191-.025)121,0,0 
TS_(CTB-TJ.TU).OvOL*RHOU+Wa·TB)·/WB1 

721 CO fJT 1 NU E .-
... WB-l:i~1 

no TO A5~ 

1129 TU-O. 
lJ IJa jj • 

VU-G. 
VUJ_O, 
VIJI)IIO. 
OAMV-O. 
EU-O. 
SIJ2-/). 
MU-O. 

·····IIX.O·· -
PRVaO, -­
paPR-I-14',-1- . 
'THDEG;oT-HnE(\+1 O. .. ...... --

- ---T'l,CAI,CUl;-A-T·E-SRI- ---- --
726· CA L-L S PE CENT (P, YC ,·T 8,91010(;' SV·", JFUE·L, O. ,0, )--­

S!l1dVI/!WMOLB-
-!'X-O' _. _ .. 
THeTAIITHf\F.tI.3·.' 416/180·.-----·-

5"05. 

'11 2. ( (3 .-1101 6. B" 2 ) 14. ) .( ( i!.-. R 1 (e R -1. ) ) + A +X XL - A. C 0 S( THeTA ). S Q '" (lOIL.­
.. - 1. 2 • A •• 2* SIN C TH ! TA) .... i?) ) 

TBlllr(VO/v2).·(GAMB-'.».T9+(QLSB*WMOLB)/(WB.CPM8) 
PRI_PR.VO·T9t/(T~·V2) 

"1'~ 1 pap N 11 .,.. ;-i' 
I(J _1 
IF (1)(-2'0.0,6183 
CALLPISCNCTAI,P,CA.HV,AM,~M.D,C.WMOLB,AMOB.CVMa,(\AMB,PB,CTT,XNT,X 

1NP,x~A,XNa.CPMR,XC,KJ) 

S11l3 r,ONTTNIJE 



BMOL-WP./wMOI,;9 _.­
fin 740 !.1,15 

740 vC(!l-C(ll*BMOL/CTT 
~o CAlCULAT~ STBJJ 

cn_o,o 
liD 741 1-"15 

741· CV l- r. VI. + V C ( i ) • SHe P ( I , TB!) 
-SNTI{-O.O 
D n 742 J-II 1 • 1 S .. 

742 ~NTM.~ijT~+XMT(J).RNT~PV(J,T~I) 
.- Sr-BJJ" (CVL-/TB!-+SIJTIO I (WMOLB*AMOU 
~D CALCULATE ~PBJJ 

. ----SNPi(-O.O-· 
·-00 74J!·.1.1S-

? 4"!o SNP (a·SI>! P K + X I, g ( I ) • e N T R P V ( I , TB I 1 -
SPBJJII(SNP~-'.Q8~*BMOL/P)/(WMOL8*8MOL)-

TO CALCULATE VTBJJ.VPRJJ 
\I fI A J - F R * T fll-1 4 Q 0 • 1 ( PR 1* 14 4 -. *-. 0' 602) 
VTBJ JII( L+-T!lI-XNAIBMO L) *vB8J ITB! 
VPBJJa(VBRJ/Pl*(P*XN~/BMOL-'. ) 

-Tl) CALCULATE SRJJ 
C,HL SPECENT(P,YC,TI'lI tlIMOL.SVV,HUEL,O. ,0.) 
~BJJ-SVY/WM()LB 

T0 CA~CULATE SLS~B 
~Hn~.1 ./VijBJ 
J J ,1_1 
V!-J.u.- -
CALl HTRANITB!,RHOB,B,XN,R,QLS,QLSB,V2,Yw,JJJ) 
~ L S S B. ( 2-;-* Q ~ S B ) I I I.J a. ( TB + T R , 1 ) 
(i1-STRJJ -
G2-S>'BJJ -
G3.~R1.SlSSA-SBJJ --.- .. 
G4."nhVTIIJ J . 
r,S.WIl*VPFlJJ 
<;1\.v2-wa*vgBJ 
DPJ_'GI\*r,1-A4*03Ij(6S*01-G4*02)­
OTBJa(G3-(l2*DPJ) IG1 
TAI_T!H+DTRJ 
PRI_PR!+IIPJ*14.7 
IF «AIIS(OpJ\.LT.O.OO1).AND.(A8S(OTBJ).LT.0.OO:'» ao TO 730 
IF (!X-10l0,O,535-
IX-IX+' 

--GO '1'0 73·' 
qr, COWi'l NUF. 

IF (1IX-20)O,Q,730 
PRI_PRI+5.*DPJ*14.7 
TBI_TBI+5Il.*OTBJ 
IX-O 



507. 

·-·IIX"lI·X+'··- . 
.. GO '1'0 .. 731 

730 CONTINUE·-
W~ITe (2.997)DPJ.D1BJ,TB1,~RI.03.G6 
PRIIPRI 

.- rS"Tin--·- .. 
·"-IIX"O· .---' 
- . CA L L"- CA I. CS ('T R •. y C I J F I) EL, C,M 11 • C VM B • G A M 11 , E B. M B • 0, • 0 , • 0 • ) 

._- !4R ITF.·(2. 1 00) 
'W~IT~ C2,9Q)THDEG,V2,TU,TB.PR,WB,WU,VU,V2,VUJ,V9BJ,VUD 
WRITS-(2,9021 ) 

"WRITE C2.9020)SU2,SBJJ,QlSII,HU,HB,HB,EU,@B,EB,G4MU.GAMB 
-.- - 'rH" e G .. T H 11 E G + 10 • 
. - .. DO o03'i-l"1,15' 

C(I)aC(I)!CTT 
'0~5 WRITE ·1?.91l36)1,C(l) 

IF (~HENn-THDeG)725,O.0 
p"p~!14;7 
vOllv2· . 
(10 ,.0 721, 

725-CALL ITIMEII2) 
~IRlTe (2,9001)(12) 

·~73 CO'l'l'1 Nue 
-, Of) PORMAT CH7H" CRANK ., cn. VOl: UNBURIlT Q4S' BURNT GAS PRUS MASS 
.----, ·!lUMN·T- . MHS UNBURNT UNBURNT' BURNT VOL VUJ VBJ VUD/1 1 8 

-. 2H ANHE- "ICCS) -TEMPIDEGIO TeMp(IlEGIO IPSI) (GMS) 
.- -3 (GHS) --. 'VOL(CC) (CCS), (CC/GM) (CC!GM) . (CC))··- -.-
--99' FORHAT(FII,',F8,2,P'1.2,F11,1,F12,1,U1',5,F14,2,F10,2,2F9;2,,7,1/) .. · 
1()21 FORMAT (109H-UNII, SPEC, BURNT, SPEC, HUT UNBURN-T BURNT TO- - . 

1 T~L-- --UN8l1RNT BURNT- - .- TOTAL··.. ·UNBURNT BI)RNT/1'13M' PNUOP 
-...... 2 y.- - .-- F.NT R 0 P v -T RAN 9 FP. R F. N T HAL P YE NTH A l;P yeN T H AL PY IN T-, IN "" , 
--. 3INT;ENFR-, HIT,ENER, GA9' CONST GAS CONST/110H (CAL/D!OIO (CAL/IJ!G 

,.. 4 n _. I C AL ~ ) . ( C AL S ) .. (c At S ) I CAL S)·· . (CH S ) (C AL S ) (C 
---SALS) .-. -,(CH/MOLE DEGK»" , 

> I) 2 0 F 0 ~ M i\ T (·F 7 , 2, F 1 3 , ? , 3 F11 , 3 , 2 ~ 9 ,3 ,2 ~1 0 ,·3 , ;H1·0 , 5 /) . 
>023 F~RH~TC5ftH LAM,BURNING lURS.BURN, FLAME 

--1/51~ V~L(CM/SeC) VELCCM/SEC) SPEE~(CM/SEC) 
~n~4F~RMAT(F9.2,F13,2,F14,2,P16,4/) 

FLAM!' TIUVH 
INCREASE (CM» 

>036 FOR~AT(1?H CONSTITUENTl4,17H MOLE FRACTION"P18,121!1 
1~ FOR~ATH'X,E13,8,7x.e13.8,7X,E13,8) 

2 FOAMATCFO.0.IO,10PO.O) 
>000 FORHAl(30X50H cO~PUTeR SIMULATION·-OF COMAUSTION IN A8.I,eN'JN~II) 
>(1)1 FORi'oiATCIR) 
1002 FnAM~~('~~-FU~L IS PRO'ANE/!) 
>003 ~nRHAT(19H FUEL IR ISO-OCTANE!!) 
>fl04·Fnp.f\AT(1"'H· FlJF.L IS RENZENEII) 
)1)05 FORNAT(24H ENGINE SPEEDCREV!MINI .. aF7,1/) 
1()l)b FO!lM}I'T(14~RnRe a 8;OeMS" 

. ; 



~007--~OR'1AT(HH -ST~OKE. 'O.DCMS!) 
~nOB- FOR~AT(20H COMPRESSION RATIO -F6,2/) 
~OOQ- FO~NU(18H -IGNITION TIIdING =F6,11> 
1010 FOR~AT(2nH- EQUIVALENCE RATIO aF5,2/) 

508. 

11111- FO~i.iA T (S5H t·IAS S FilA C T I ON OF -EXHAUST RES I DUAL IN UNIURNT--M IXTURI-F--
,5; 2 n 

I01-2-FOR"'·Q(28H 1NL-ET VALUE CLOsiNG -ANGLE aF6.1/)­
/!'l-B-- FOR;<AT<30H- F.XHAUSTVALVEOPENIIIG- ANGLE "F6-,-1 I> 
Ifl'4- FOR~~TC46H T~MP OF CHARGE AT INLET VALve CLOSURECDEGK) aF6,1/) -
h1,5 FOR"'ATC~6H PRESS. -AT INLF.T VALVE CL08UR8(PSJ.)aH.1n 
10'6 -FO""AH30H- CRAN~ CYL,VOL PRESS --- TEMP/32H ANGLI! (CCS) (UI-

-1+-- (-DE/;- K) ) 

_-38- FORI"IAH4FB _ 2)-----
QQ 1- F OIlMA-T C /) F-1 j)-,3) -- - - --

'001- FORMAT (3F7.5, 7.0) 
1~58 FORMAT(53H MASS FRACTION OF INJECTED WATER IN U~BURNT MI~TUR' .F5,-

1 7. /) 
END 

lNGTI1- 4015, NAME S100 

- , 



" .. , . .-..-' - ." r' " ' 

" . . 

SU*HOU1!NE SPf0ENT(P,RCrT,WT.S.JFU!L,RCF.RCA) 
DHH!~SlO" ~CIl5) 

-- SII-".O 
!lO '1'1'- J .. 1 , 1.5 

-.'1'1' S~.9R+(RC(J)*(-F.NTRPY(J,T)-1.986*ALOr;(p.C(J»)) 
s'DSp.+".~8~.W7·Al0G(~"P) 

) .. 

509. 

U=.?9B'15 
'~ArQf.'2'.~+IJ.(' .29054·0.~34'1'4.~+O.OS41;.U.*2-0.004889.U.*3+0.00n, 

-18? ,'.U*,,4 \ 
U". }01.T 
CA 1,,6. " ~6"?'~ UwC1 .29" 54-0-.334 'I'4.u+O. OS419 .u .. 2-0. 004889.u" 3+ Cl. 0001 

. 1877~U .... 6l 
(l0 -,!,O - !~il. ~9-, 40), JFLJEL-

J~-u=.-298i ~ 
CPO:IO.~~~o6-11*(~.~2545-5.'I'083.U+8.58'1'8.u.*2-'I'.0929.U.*3+3.1032·U. 
'*4-D.5~0AJ.U*·5).44.097 

U".·(JQ1*T 
CP'~~O.45596-U.(1 .~254~-~.~083*U+8.5878·u·*2-'I'.0929.U •• 3+3.'O!~·U. 

~.4nn.560A3*U .. *5»).44.09'1' 
J~ (RN)O,12,O 
~SwST+(RCF*CCP1*ALOG(T)-CPO*ALOG(298,'5)+64.51·l.986*ALO(l(RC,)))+( 

, RC h (CA 1 * HO(H T) - CA 0 .. HOt; ( 29 8 . 1 5) + 4 'I' . 4906 -, .986. A L nG (RC ~ ) ) ) 
GO TO 13 

'-2- SS-s" 
--1:3 S"UIWl' 

GO TO 4' 
-39 U-. 2981 5 

CPOwi.54'1'736.U*C76i81795-4.4460S.U-23.4426'1'*U**2+14.1958!.U*.3-2.'I' 
... " 49 3 i!:h ij .. * 4 ) 

UD .-&01*T 
cphi!, 54 7736+U. (76,111 '1'95-4 ;44605*U-23. 4426""U**2+' 4.' 9583*U**3-Z, 7 

'149323·U· .. 4) _. 
IF (-R C·~-) 0 , 1 5 • 0 . 
SS-S·l-+ (-RC-~* (CP1*AlOG (T)-CPO*A LOG (298.15) +101 .1-5-1. 986.A L~G (Re F))" 
1(~CA.(CA1.A~OG(T)-CAO.ALOG(298.15)+4'1'.4906-'.986.ALOGCRGA») 

r, (\ 10--1' --
1-5 SS -s-T' 
'-1\ ~"S8/WT-­

GO TO 41 
4(1 U-,29 81-5-

CPO.-' 0-.1\24 7+U. C 62,9086- 29. 90944.U+5. 00834+U**2.' • 7'O'l'82+u •• 3-0. 645 
1~*u**4) 

u-.OO'*T 
C P 1 .. -10.1\ 2'4 7 .. u*( 62-, 9086-29~ 90944+ U+ 5-.00 8·H*U. * 2 + 1 . '1'07'82 * u** 3- 0, 645 

12*U**4) 
IF (RC~)0,'8.·0 • 
SS.ST+(RCF.(CP'''A~OG(T)-CPO*ALOG(298i'~)+64.34-1.986*ALOOCAC,)1)+( 

1 RC A* (CA-,*AtOO( T-) -OA ()*AI;OOH9 8.15) +4'1'.4906-'. 986*ALnG (RC A) ) ) 



-GO TO- 19---
1(\ SS-9T 
19 5=S5/I<1T---
41 -PF.TUPN 

ENO 

:; 1 "7 • --N,to M c .. -S P E e ENT 

£"10. 



'SU 8"OUT-INE- C Al-C S-( T , R C,-JF uE-L', C PM-, CVM,'G AM,!-, H , R Ch" C A-, VV) 
-nIM!!NS!ON -IIC (1-5)--

'COMMOrl-/C,PDATA-1 CPD(14,"'\),SO(15),HF(15> 
CPR.O,O-
DO 21 1=1,15--

-- ?1" C P ~ • r. P R+ "r. n )-. SHe P ( I , T) -,­
on '0 (22,23.24)-.JFU~L 

--?2 ~PM.(RCF.P"OPCP(T)*44,097+RCA.AIRCP(').28,9)+CPR 
GO'fO 25-

~3 CP~.(RCF*CPISO(T).114i~32+RCA.AIRCP(').28,9)+C'R 

roo '0 25-
?4 CPM.(RCF*B~WCP(T)*78,"4+RCA.AIRCP(T)*28.9)+CP" 

5/1. 

25 COtll'HNlIF.-­
WT.~CF+RCA+RC(').RC(2).RC(3)+RC(4).RC(5).RC(6).RC(1).RC(8)+Re(9)+R 

, 1 c-n v) + R C (-10 • R C ( 1 2) + p C (1-3) + R C (1 4) • R e ( 1 5 ) 
C P~I.C PM I WT-
CVM.ePM-1, 986---,-
-GAM.r.PMlr.VM -.. _-
vX-( T-2911;16)--

, ,--- ER. (j . 0 - - . - " .. -
DO -27 1=1-,15 ---

~? FR-eR+RCII)·ENERIN1(!,T).YX 
ERR.ER+RC(2).67636,1+RC(6).68317,4 
GO,.o (28.29.30),JFUEL---

·28 ED(~CF.CVPIN(T)*VX+RCF.4B850Q,).(RCA.CVAIN(T)·YX).!RR -­
G 0,.0 31---

29 ED(~CF.CVIIN(T)*VX+ACF.1,2220.10,O**6,O)+(ReA*eVAIN(T)*vX)+eIR 
GO TO- 31 

30 E.(kCF*CVal~(T)*VX+RCF.752000.0)+(ReA·CVAIN(T)*VX)+ERR 
_ 31 HR. 0;_ ,____ _ 

DO <~2-!.h 15 
I F(IIV)60. ,,0',0 
H ~ • HP. ( ~ C ( n *E NTH AL ( I • T» ,. 
GO-'I'(\ 32 

~60 'HR.HR+(RC(I).(HF(I).ENTHAL(~.~)~) 

--32 r,ONHNUE 
t;O TO-(3~,34,-35)'JFlJEL --.---

---1!3--H = (-R r. F* CPP IN <,r) *V X'" R C h C D A'!N('H*v X) • HR' 
-GO-TO 31i- ---,---

- -34- HD(-HCF *C p·HN (-'I') *V)(+ P. C A*CPA I N'(T) *V)().14 R' -
G!J-Tn 36- - " ----

-- :15 ' H a (~C F" CD R HI ( T ) .v)(. R C A * C pAl N-(,!,) * V X) + H It 
----31; , RE-TU R N--

F.N i)-

ENG'TH435, NAME· CAI.CS 



5/~, 

SUB R OUT IN F. -0 I se N ( T ,p , CA, H V-, AM, , M , 0 ,CU , 101 MO L ,DE N S • Cv, OA M, R , e z V , M tot T , 
'XNP-,XNAIXN8,CP,~C,KJI -

DI H EIII S 10" F.F ( 15 I , P (1 , I , E C ( 1 1-), Q ( 4) , C (I 5 LC LP ( 4) , CM C 1 5) , xC ( 1 5) ,x N T(­

- '1Sh)(NIIC1S1,CB(1S),C!lC1S),CZZe1SI,CVC4),CIolC4) 
COMMON /CPDATAI CPD'14,1SI,SO(1S),HFelS) 

---1 - -2 - 3 - 4- - S (,- -7 - a 9 1 0 - H 1 2 
-co2 -CO -N:!- --H-2iJ--02 H2 -NO - -- OH- H 0 - N02 - N20 

! I af) 

JJII-501) 
TTTIIIT 

- 1 2 ~ - -- 4- 5 10 1 11 

IF (T-1600~)O,940,9'O 
TII, 600 ,--- - ---

940 DOJ6 J"',15 
~FCJ)"eHF(J) .. eNTHA~(J,TI-T*ENT~PV(J,T»-

'16- CON'I'INUE 
I F(0-L-1941 ,94',0 
p ( 1-) .2 ... ( e p ( n ) - 2 .-" (H e 2) 1--( e ~ e 5 I I 
F(Z)·(EFC41"EFC2'-EFC1)-EFC6)1 
F (J I '" 0.--5 * ( ~ F ( 3 ) ) .. e F ( 1 ) - EF ( 2 ) - F.F (1) 
F(4I",O.5*EFC,) .. O.5"~F(1)-0.5"E'(2)-E'(8) 
F ( 5 I '" 0 • 5 * E F ( 4-) .. 0 • !h EF ( 2 I - 0 • 5 * E '-(1 ) - e F e 9 ) 
F (6).EF( '-1 -F.H2) -ep (, 0)--
F ('n-. 0 ~ 5 - E P 0) .. 2 , O. F. F( , 1- 2, 0 * EF-( 2) - EF (1 1 ) 
'(II)IIIEP(~-).EH' 1-~F(2).H('2) 

13 
101M3 
o 

F (9).0-,-5*E F (3)'" • s.e H41 .. 1, 5*e F (2) -1. S*I!,( n -Rp'( 13)­
F ( 10) .0-. !5. F F ( 4) .. 0 • 5. e P ( 3) .. 0 • 5 * E F (1 ) - 0 • 5 * e, ( Z I -, F t1 4 ) 
F(111·0.5*eFC3'-EFCI5) 
1l0TO-555--- --

-941 P(1)-.EP-C-1).1I.S*EF(S)-EPC2) 
F(2~·EP(4)-O.5.EFC5)-EP(Io) 

- -F (3) .0,-5 -EF-( 3) + 0 . 5. E' C 5 I - e F (1)--
F-( 4) .0 .-5 * E P ( 4) .. 0 • 2' * E , C 5-) - EF C 8) - - - - . 
F(5)aO.S*EJ(4)-O.25+E,eS)-EF(9,­
F(6)·O.S.e,(5)-EFC10) 
F(1).O~5 .. E'C3'+EFC')-EPC11) 
F ( 8 ) • e F (3) .. 0 : 5* E F ( 5 ) • E F C 1 2 ) 
F-(9).O.5-~-F(3)'" ,S.EF(4)-O.15*!FCS'-EF(13) 

- --F(10)·O.5·~F(-4, .. O~5·eF(3) .. O.25.EFC5)-eFC'4) 

14-
-HNO 

'0 

F ( '1) .. O. 5.E F C3, - EP ( 1 5) -- -- - - - -
555 DO '14 111 1,11 

- -:44 ec (-f)-exp (, Cl' /C '.-986*T-» 
IF -(!-J-)-32, n, 32 
I F --C [) - L , 0 , 0 ,28 

-QC2'·.2'.AM-CA-HV/4. 
OCD-CA- --
() C 3) .-, 19.AIo! - --

( 

--'~. - ------- --

15 
N 

1 , 

- ---I _ -- -c ' 



· I 
5/3, 

o (4) aHV l~-.- -
C(2)aIHZ) -
C(naQ(1) -
GO ,.n 1060 

~A ~(I)a(0.42.AM-HY/2.~CA) 
O(2)"r.A-cHl ) 
I) (3 I a 0 • 79 * A;.4 
Q(4)aHV/i'. 
q2a(O.43.T/(10.0 •• 4)-.0835) 

- R3a~O.25Z*T/(~0.O •• 4)-.OO") 
IF (T-2780.)0,0,624 
R5aCO.457·T/C1Q.O •• 4)-.U88) 
GO TO 625-· 

"'24- RSa(-O. 'n.T I 1-' 0.0**');' .164) 
-6~~ ~6aeO.4'5*T/el0.0 •• 41-.0382)­

p.9aR2+(R3-R21.CO-1.)/O.2 
Rl0.R5.(R6-~5).(O·1.1/0.2 
-H C P -1 0 . ) 0 , 0 ,628 -
CIZ)aRl0-
GO 'l'n 635--

628 C(2)a~9+CR~O-R9).C100.-P)/90. 
635 C(2).CCZI.CAM+FM) 

IF cceZ'-O,3)o,O,502 
C(Z)·O.6 -

~02 Cln-eA-CC?) ,,­
GO 'r:') 1 i'fPI 

1060 IF CC(2)-O.1)O,O,Ii'88 
ceZ)ao.?' 

17~8 DO 4~4 Ja5,15 
41\4 ceJ).o. 

COiaO. i'9."M --
CC 4-) aHV 12. 

32CT.C(1).C(2).CC3).CC4).C(5).CC6).C~i')+CI8)+CC9).CC10)+Cc11).e(1Z). 
le (13) • e ( 14 ) + C Cl 5 ) 

DO 3 lal.4 
C'" Cl) a C-( ! ) leT -

---:3 CLP-Cl) aC (-I) 
IF «()-1.1-1070,1070,O 

-C(S)aEC(1).CT/P*ICC'I •• 2,/CCCZ).CC2» 
CC6,·eC(2).CC2).C(41/CC1' 
r, Ii') a E CoO ) * S Q R TIC C T / P) • C (3) ) * C (1 ) / C e 2 ) 
C(S,aeC(4)*SORTeICT/P).CC1)*CC4)/Ce2» 
c-e 9 ) a e C(S-) • S 0 R TC ( C T-/ P) • C C 2 ) • C e 4) I C (1 ) ) 

CelD)aEC(6'.CCT/P)*CC1)/CC2) 
C(11,aECCi')·SQRTCICT/P).CeJ».Ce1).C(I)/eCIZ)·CC2» 
r.eI2)aECC8)*Cll)*C(3)/e(2) 
C(13)aBCC9).cp/CT).(CCZ) •• 1.5).CCI4) •• 1.5).SQRTCC(]»1(CC1) •• 1.!)­
C~14)meC(10).~QRT(C(1).C(3).~C4)/CC2» 

-".,.".-:: .• ~.-::'="':".'~ . .!--



~\~'-'.~"~~~~~~~'~'~'~~~"-' ~' 

, ~ 
" , 

'V j .. , J 

5/4. 

, ' 

tt15}·EC(1')~SQRT«C1'P'.C'(3" 
c 1,.q<11-2 .• tCS,+C(61-C(7)-n.5*C(BI.n.5.C(9'-C(101-2 .• C(1' 

'1+', .5*C<1:n-0.5*c(4) 

, r" ') 
~, '. 

C(~).Q(2}·~ .• C(5)-C(6)+C~71+0.5·C(al-D.S*C<91+C<'D)62;.C(~ 
, -, • Si, C ( " " " '" n . S. C C1 4) 
r ~ (:\ 0 ,1;. , I ) ,I , 0 , 500 
IF (C(2)\l,O,SOO 
r. i ~ ) .. 0 . c· " C I. P ( 2 ) 
r,iI TO "'. 

(1 ~: 

51)0 C j •• ", -, T ,.' J t 

C(1)g~i31-0.5.c(?'-n.5.C("l-C(12)-~.5.C(13)-O.S.C(14)-0.5.C(15) 
r(4)·Q;4)-C(61-0.~·C(8)-O.5·C(9)-'.5.C(1J)-O.5.C(14) 

1170 
;;1\ :r(i 1d~l\ 

1,(~)=EC(').C(1)·SQRT(CTI(P.C(2»)) 
~(6)·ECt~)~~(4)·SGAT(CT/<p.C(2») 

• L(~).ECi3).SQR. ,C(2)*C(31) 
;(a)aEC(').SP~T(C(41).(C'·C(2),p)·.O~25 
L(9)a~C(~I.~DRT(C(4)1*(1./C(2') •• O,~5.<CT'P'··O.75 
~(1D)aEC(6)·SQRT(C(2).~TJP' 

C(11)'·eC(7)·C(2)·SQRT(C(3'.P/CT) 
CI1~)=EC(8)·C(3)·SQRT(p·e(2)/CT' 
C (1 '\ \ "';: r. (9 ) * ~ 0 R T ( c·<:~ ) l • ( c·( 4 ) ) •• 1 . 5. ( pie T ) .. 0 • 2!. ( 1-: ,e( 2 ) ) ** 0 • 15 
C('.)·2C('C)·SQRT(C(3).~(4»·(C(2).p'CT).·O.25 -
r. ( 1 q )u E C ( i , ) '" S fl R·T ( C ( ~ 'h CT" p) 

C(1,"Q(1l-C(5'J , 
c ( ?-) .. Qc;,:) ... ~ : 5. C C· 5 ) .. 0 . s. C (6'-0 . s. C ( 7 ) - 0 .-25. C ( 8 ) + 0 • 2 ~ • c (9 I - 0 . 5. C C1 0 , 

1 - C ( 11 j " 0 . S ~ C ('1 2 ) • () , 7 5 • C ( I 3 ) - 0 • 2 5 • C (1.4). . 

c (3) "Q ( 3 \ "v. 5. C (7) - 0 . 5. C C1 I ) -0 (1 2) -I) . 5.'C (13) - 0 . 5. C (141- 0 . 5. C (15-) , 
- . c ( 4 ) • Q ( .. l - C ( 6 ) - 0 , 5 * c ( /1)- n.-5. C (9) -, • 5. C ( 1'3) - 0 , 5. C C1 4) , 

, 0 Roe 0 ~j Tl ;j V to ".- - " 
ex T" C <1 ) • C ( 2 I + C( 3) + C ( 4>+ C-(-5 ) + C (6 ) + C(-7) + C ( 8 ) .. C (9 , + C ( I 0,. C (1 1 ) + C ( 12 ) 

',.CC1 3·).c'C-:14).CI-15) , 
003721.1.4 

'~n cv ( !l "C ( n I C-XT 
J .. o 
~o 1,1.".4 
I F ( All Hew ( I :. "C V ( I» - , 0 0 on 5 • it', 6 

(, J .. 1 
5 'CON'l'lNUE 

"-4- CONTlNljE 
!HJli\,9,8 

-!! cl)iII'rlNVE 
[ID ::;64 -!--1 .4 

-:\ M, C ( ! ) ,,0 . 6. C-L-P ( n .. 0 ,-4 * r. (+) - , 

J .Ia J J+' 
GO '1'0 32, 

9 r. TT!! eXT. 
IF (-1.1)/184.:61.88"'" 

----'"'-'-

• - 't 

, 



J ' 

R~4 q~ ~30 lQI.1,5 
~'IO CI1(J)"t:O) 

CE5~r.n 
! F (' r l 0 • 0 .,449 
'0 1:l31 1=1.15 , 

'-;", .-' ( J) .. ( r. i'! <l ) • CD ( !l :. 130 . 
X I ',' '" XNi (2 i ' 
JP (r·1.IO.O.1150 
XNT (2 ).XN,T( 5) 
Xt.T(S).Xvy 

,150 COWrINU; 
)iN A;o ( eLl.,. C eF. ) /-30 . ' 
t; 0 1'0 9 ?'? ' 

"1;;1, DO, -'!40 h" .-15·, 
~4!) er; (!) =c (.t.),,-, 

CLL.,r.n 
I F (! I ) 0 .,0. 450 
T=T"'~O. 
, ,! ... 1 '",- ' ... 
GO TO ,1;140-----

61 nu 600- la·1-,-' 5-­
t'o!10 CZZ(l).C.(.!) 

ZXZ"CZ7.(2)~, 

czv"c·p 
I F (i< J )0 ,0 ·,·90 O· 
GO ·'o 9711 

o .) (J. l" l.1 5 . 
I J.~ 
GO TO 940-

9·12 J .I.~ 
11 .. 1 

-- ·p.o+O .1I-' ---.-... --.­
T,. l+" 5 ~'''''--
GO -·TO 940--·-- .. 

450 P" ,,-., • .;. . 
IJ·-' 
I I 11' 
GO TO 940·-

449 01) 448 J •. ' ,15 
~48 XNP(J).(C8(J)-COeJ»/1 c 6 

v Yl( • X N ~.( 2 ) 
IF (D -1 . lO, 0 , 116 0 
)(NP<2).XNl'e5) 
)(NPeS).YVX-

, 160 eON'I'INIJF. 
)( NB. (C L L - C e e ) 11 • 6 
pall.O.8 

918 I F (D -1 .) 0,·0 ,-1 300 

5/5 



/. 

C7.7.(~lrC7/.15) 

CZZ (" ~ -l/XI. 
1)0 ',1 ""',15 

1\1 C '4 ( • \ cC Z? (J: I rz', 
11' "'>0 iD', .15 

,<, .. --,. 

5/6.,l 

0;15(0 r.Z?'(1)..,OZ(l)"XG(t) 
C7VgCZZ(~).C)~/2).CZZ(3).C~Z(4).CZZ(Sl·CzZ(6).eZl(1).Crz,8)·OlZI ') 
I·CZZ(10)·Cl71)·CZZ('~)·C~Z(~3).CZ7(1_).CZZ('5) 
.',, 0 L'" ( 44 . J' " l ': ( , ) ... 2 8 • 0' 1 * C ? Z ( 2 ) "23 . 0 1 6 • C <Z ( 3) ., 8 . 016 H Z Z ( 4 ) + 32 • 0, 

1C!Z(51.2.:' S·::L(6).'1008*CZi(7).'I,008.ClZ(8).'.OO8.C7Z(Q)·'~.QC 
~ Z Z (1 () } ." 6 , " ) 8 " 0 Z? (', I ) .. 44 • 0' 6. Cl 7. ( , 2 i +' 7 . 032. C Z Z ( , 3 ).3' . I) 1 6 " C " 7. ( 1 4 ) 
1.~,.~n~.C~7('SI) IfZY 

Pi .: il • 
r;p=ao. 
nO )0 "",15 
C?wCP+Cl7(I)QsHC~(I.TTT)/C7Y 
~c~>~~Z(11.(HNTHAL(I.T'T)·~F(I»/eZV 

~r: C,),J, 1'~tI~ 
PE~S.p~WtlDli(82.0S75.T'T) 
~v.CP~1.Qi36 

GAM.Cp/,CV 

""' .5H/WMOL 
7"'''1 
q~i IR~ 

r- 11 {) 

......... --------~~~ 



- - .. 9 U U OU T I·'" e··fj U R N·T V 0 L (V 0 • S. V 0 L • T HOe G) 
pp.(VO-37i~)/~16.·3.1416) 
IF· .( S-!J .55) C. 0.1 
vSO.(2.*3.1416*S··31/3. 

- - H (S - () . 33·) 0 • 0 , 2 
IJ S 1 • ( 4 .• 3·.·' .. 1 6. S" 3 ) /"t ..... 

.. . GO 1'0' 00· . 

5/7. 

-2 VSI.-0.0n099A+O.',248.S-2,4388.S'*2+23.792996.s**3-60.5752.S.*4.~I· 
13.30974·S*.5-13.93575*8·.6 

100 IJS2.~4.'~.'416*s •• 3)/3. 
H « D p • G T • il • 0) • AND. (P P • LT. 0 .3) I GOT 0 3 
IF (CPC.!iT.0.31.AND.CPII.LT.O.6»GO TO 4 

. IF (PP.GT.O.6)··GO 10 S 
·~-VOL.vso+rv~I-V90\·Pp/O.3 . 

GO TO 40 
4 VOL.VSI-(VS2-V81),(pc-O.3)/O.3 

GO TO 40 
.<; VOLIIVS2-· 

GO -'1'0 -41)· ._-
, IF· cS - 4.· 7.l 0 • 0 • 6 
IJM'qO.44~423-3.31084.s+8.13565*S.·2-6.744133.S"3+2.64581.5 •• 4-0.4 

·1AO~~.S.·5+0.033'4*S·.6 
v~12.-·1. 87.47-1+6. 825502.8-6. 52272*9**2+4.11.741*S .. 3-1.·1 l0412'S .. 4+0. 

·'1 IS0:;?1 *~ •• ~-(l. 01)7900.S .. 6···· "., 
_._. Vrl:h-h 29148+6. (\90813.9-1-.-4' ;'85*S* * 2+6.626472 *S .. 3-2.53625' So* 4.+0 . 
. ·· .. ··14A.;51).~ •• 5-0. 036745*S**6·· -

'Jr4411-2·.-706252+' 0.' 5'1603.~-10.8499.7,*8"2+7. 67821 .s .. 3-2. 3341"8**4 
. ·1+0.3558*~ •• 5-0.02'9,.s.*6 
... vr~5.-4 .:n=!1l4+' 9. n 1 9 44. 9-27·.93397.5+.2+ 2Z .53945.8**3-8.36542. " .. 4+' 

1~5']23.S.·5-0,106731.s.*6 . 
-- ,vH6.-7.62n762+33.6'019.S-52.~'I"'S'*2+41.09278.g •• 3-,5.25631"5.' 

.- 14+2·. 74h~ •• 5-0. ,91942*9**6 -
VM7.-6.1~7Q99+26.7601~.S-40."872*R •• 2+30.85586*g •• 3.'O.83528'R' •• , 

'+1 .i!~1 :?~**5-0.' 23921 '5 .. 6 
VM8D-9.754~46+4'.90956.S-63.4"82*S'.2.41.63851*s •• 3-'6.8311~3'S'* 

'4+2.905DS·R**5-0.,95971*S •• 6 
VMO.-22,·17359+93.69136'S-'41.43225.s*.2+I06.'8132.~*'3-38.36856'.' 

,*4+o.77S4'·.S**5-0.466'3*s*.6 
VM'O.-20.4A"4+86.60723.s-132.3287,.g'*2+97.8'2§2.~'*3-35.14812'S­

··-1.4+6.I~R52.S.*5-0.42'382.S*·6 
vM','D-,S,67093+79.Z84202*S-12, .44792'S"2+90.26278.s.*3-32.5S679J~ 
1S**'+5.7674*9*·5-0.~98n65*9··6 

'--G (\ .,. 0·20 
.... 6- V~1·'.57'·.·9Q054-4A"'. 234 73* ~+, 52 . I'll 666*9**2-,9. A34 31* ~ "3+0. 4851U2' S 
-' ., .*4.0 .,., ,960671*S'·S-O. 0013825455*9 •• 6 

.. Vi·12_393. O?96,'-3n6. 073S9i?S+i'9. 790617'S'.2-4.' 41820*8**3-' .3]3842'· 
1S*·4+0.·2'759'5'6.8·~5-0~00970275845·8*.6 
YH3.54~4QIAI-99.00816.S+50.8620')'.5 •• 2·10.'200'21*~*'3+'.0'767158. 



, .' , . / ' , , '., , 

£"1 €". 

lK·.4-~,a391801996*S**5 
v~4_194.1'~39-155,21103.s+38,38681*s •• 2+0,401294*S •• ]-1.268754.~ •• 

~4+0,16a6'·3539·S··S·0.0070Q839563*S*·6 
'11.15-1 2?9 . 1797·7-1 164.3411 n*s +41 ~" 781 0]*5 •• 2-72,'540.,.8 .. 3 ..... ,' ?'. Sf-"" 

ls**'-0.209937·S··5 
v~6u~~O:~D77-735.7'~5*S+280,3~9*9**2-50.629Q*~**~+4.499Q~*S •• ~·0 1 

, '151:l!'19S;*S**5 
vM?_669,1a746-521 ;02A4*S+133.3936.S.*2-5,59529.S.*1-2.485100]2.~*. 

~4+0.37Q90146·S··5-0.016464617·S*·6 
VH8_l35.922-246,528~1.~.Q7.64835.S •• 2-16.83912.S.*]+1.,45848.9 •• 4-

iO,()S0986·S.*5 
VMQ.-467.7~62~.3D3,'3454.S·6~,761607.9*.2+8,177523*S •• ]-O,371675*S 

'1 •• 4 -- -
VM1 6--202" 24122+67,80228*9+10,66266*9**2-5,132906*,,**3+0, 717c)2~ .. S* 

"-1*4-0; 035551*9 •• 5 
VM1,--11 00 .82485+ 786, 802716*s-21 7 ,·58'1'245.S .. 2+!!1 , 075494*~ .. 3. 2, q 47 

'374*9·*.+4.055059.6·.5 
;>0 I~HPIl.r.T.O.O),AND.(·PP,LT.O,3» 00 TO 21 

I Fe< pp, r. T .0 , 3 ) , AND. (P 11 , LT. 0 . 6 H GO '0 22 
IF «PP"r.T.O.6),AND.(PII.I.T.O.9H GO '0 23 
! F (, ( pp • G T . 0 ,9 ) , AN [). (P P , LT. 1 , 2 I) GOT 0 Z 4 
I;: (PP,GT,1.2)'AN!>.IPP,I,T,1.S» 00 '1''' 2'5 
l~ «PP.GT.i.5l.AND.(PII,LT.1.8» GO 10 i!6 
H '«PP ,G'T . 1 ',-8) ,AND. (PP;-L-T. 2. n) GO TO n 
I F"(-I-PP.,.G,T . 2;1-l,-AND. (P"~'L T, 2,4·») GO '0 28 
IF-HPp"AT,·?.4).·AND.(PP','I:T·,2.65·» G/) TO 29 
IF, « P 11 , r,r. . 2-.,65) . ANn, ( PP. LT, ] , 0)) GO lO :5 0 

i' VOt_VH1+(VM2-VM1'.PP/O.3 
~O TO 40 

. ?? V (lL ... VH ;1+( V~13. VM 2) *( P p·O',<'!')IO-,']' 
GO-TO' .... 0 

'7. 3 VOI:.VH3 + I VM4-VM3 H·(·" P·O~'6) 10.3-
(10 -TO 4(), 

?,,, v~H _vH4+,(VMS.VM 4)* ( pp - 0 0·1) 10',,3 
GO TO 4U 

,·25 VO\;_IIM5+ (Vt-I6-VMS) * (Plh1. 21-10', 3· 
GO TO 4() 

·26 VI)\;.VH~.(Vt-I7.VM6'.(PP-1,~'/O,3' 
GO TO M: 

'.7 .OI:_VHhl\!M8-VM?I.(PP-1.1!)/O.3 
$1}. 10 40 

? B I F .( ~ -1 , I'l ) (1 , 0, 'I' 0 
Vt)\;5IIJHA 
(10'1'0 4il - , .... -

~n \!Q~.VM~+(VM9-VM8)*(PP-2,"/O<3 
r,o .. '!''' 40 

'.9!~ (g-1,6IQ,Q,,71 
I/OL"VM;j- ' 



5/9, 

-GO-'f(l-40 
--?1 '10 L--VMQ+ (V!o'10-VM9-). (-1)1)- 2-.'4 )-/-0.25 

GO--'I'O 40-----
-- --30 I F- (-S-1-.-/l-) n, 0 ,-1-2 
--- - -'10 LaV/48- --- -- --- -- ----_________________________________ _ 

or. 0 -- T 0 -4 0---
--/'-2- VO L-IJ-M-1i/+(-VM-H- VM 10) *( P p- 2. (5) 10,-35---- -
---40 RETURN ----------

EN D-

P. NG-TH -- 11-46,- N A/olE ----B UR foIT-VO I. --

........ r-.,. . . 



--.. ~ 
5:;<0. 

SIJBiOOUH NE BURNVF. UT", TF',PA ,pH h·J FUEL, UF) -. 
1):00>11 -_ ... - ._. - -.- .. 

yy.· .. 001.T-F· .. -- -.-.--- .--- .. '--' 
~=1·.91\6--·-- - .. _ .. 
r.P~.AIRCP(-TF)- .. -- - - .... ' 

. CP!1aCPF*?il 09 --. 
XMU,D(O,4386a+S.1319S.VY-1;3106S.YY**2-0.668597*VY**]+0.922798*YY* 
1*4-0,34Z~3?*VV*.S+O.0426?4*YY**6)I'O,O**4 
RHQF·P4·144,*,O'602/(96,.T~) 
RHnO-PA.,44 •• ,01602/(96 .• TO) 
OF-l.J]6.XMU~/RHOF 
T~'II(r.Pt'+1; 25/R) .)(MlJP/28.9 
A1I6·, 0.1 fJ. 0 •• 23 
CPAV·CPM~~N(TF,TQ) 

GO rO (10,'1.12),JFIJEL 
"THIS STATEM~~T ALLOWS FOR THe· VARIOUS FueLS BEING USE~.1 IS P.OPANE, 2 

ISu-OCTANE, ~ IS 8~NZF.NE,· 
'0 RETAPaR*TF.T~/40000_/(TF-TO) 

AFAi •• 6ilil, I (·44", 09.7.PH t) ... 
XHFu Pa , ;!"(A'PAP+',)' 

-. CFQ~.XMFOP.RHOO.Af44,097 "-
IF ( PHI - 0,9 ) 8 -,a, Q-

8 IJF.(O,96'·*~F.TAp/CPF/I)F)·.SQIIT«i!.*·(TlCF .. l).CFOP*(-1,-PHI*(1,-BI!TH)') 
.- '.4,62)/(RHnO.*3*CPAv.PH~.0;2-EXP(40000,I(R*TF)*10_0*.8» 

·-----1l0-T ". '-6 9--- -'- -. . ... -- ---.... .- .. - ... 
. --'9· IF -( PH t-,-,·1-) 0,,200 ,·200 .. 
• -. - PHI.O· .. 9-- -- .. _.-.---. .."--' 

.. -- 'IW" ( 0 ,9" 1·*~F. TA PIe P F I!I F ) * S Q liT( ( 2 •• ( T I( h * 3). C FOP * (1 , - PH I •. (, .-. B I! TAil ).).- . 
..... " .. 4, 62) /·(RHoO .. l*CPAv*PHI-*O. 2_E)(P(40000, / (""H) )*1 0 ,-0"8» .-... -

. PHI.1-~1---··-"-·'- . -...... --.-
URa(O~96~*RE1*P/CPF/DF)*~QRT«2~*(TI(P**1)*CFOP*(1,-(1,-SETAP)/PMr)· 

.... , *4 .-62)-I·(·RIiIl:) ... 3* r. PA\I.P~·I·.O. 2*e XP (40000,1 (R* T F».1 0 • 0**8) ) 
PHhD ---
UF.·(UR-UW)*(PH·I-O,9)IO,2 ... uw - .- .-. 

--' 'Gll'fl) ·";9·--·--··-- - .. --- .. ----
?O()· -lIF .. (0 ;~"'1-*8I!TAPI Cl PFi D F ).* SQsn ( (:1-, * (TlCP"]) *C FOP* (1 . - (, .-8 !'TA P) / PH r) 
.... h4·, ';2) 1,( RHOO ... 3* C PA\-'*p~ 1·.0. 2*E)(P (40000.1 (R*T F» *1 0 :OuR) ) 
... ·--tlorO·69 .... -

".- ·-1·1-!I E·T·A·I- R*·T F -T-F 1411 0 0 0 ,I (., F.-TO) 
....... A-HI··1"-'t·II,,"",·(1-14.?32*PHI+··· _.'--" -- .. 

XHFii·l·a'-,/·(-AFAI+',) . - ... -.--.. .. -.-.. -.-.--..-. -.---.-...... --._.-... -.' --.. --. 
---·c p 0 ,.)(MF OI·.R HOO*", ,." 4 .·23;>·· 
...... I F(PH 1-0-, 9,) 20·, 20.90 
-.. ~ ,) II F.CO·;9 4A * I! er A I1 C P F / D F )- S Q RT'("( ?"'- • (-HF* -.3 ) • C F 0 I * (' , - PH 1-'(1 ,-RI TAr)-) 

, 

.- .. - --', .. 4 .-04)-1·( R H nO .. 3 * C P AV * P H '* 0 ;-08 .. e x p.(4 0 0 0 0 • / ( R* T-F ) ) *1 0 . 0 **A )-) . - "-'-'-
--.. G I) '1'0·69 .... . - . - _ ... 
. (1) IF· ( PH I -1. 1) 0 , 2' , 21 .- - .. 

PHI.O , Q - .-. -- . --- .' 



5::<1. 

- ----- U!.la(O;948·I!ETAI/CPF/DF).~QAT-<,(2;.(TKF .. 3).CFOI*(1 ;-PHI*(1.-BITAI»--
- - -1 .. 4-. 04) I- ( RHO 0 ** 3 • C P A V • PHI. 0 . 0 a :. e KP ( 40000 • / ( R • TF ) ) * 1 0-. 0 .. 8) -

P~la'.1----
- - U R. ( O. 048.8 E TA I f C 11 F / D F ) • S Q AT « 2 •• ( T K F" 3 ) • C F 0 I * (1 • --(1; - B I! TAl) / PH J ) --

-- ,* 4 .-(4) I-(-R HoO .. 3. C PAv* PH 1.0. oa.e XP-(40000. f (·R.TF) )*1 O. o .. s-) ) 
--pHI.~ 

- UFa(UR-UWI.CPH1-0.9)/O.2+UW 
- r,n '1'1) "'Q--

21 UF.(O.948.~ETAI/CPF/OF).~QRT«2.*CTKF*.3).CFOJ*C1.-(1.-BBTAII/PNJ) 
'.4.0~)/-(AHOO··3·CPAV.PHI.o.oa.EXp(40000./(R.TPI).10.0 •• 8»-

GO TO -6Q 
,12 9ET~Ba~*TF.TF/40000./(TF_Tn)· 

- AFAs.103n.1(78.114*PHI) 
- - xtHORa1. l (HAI3+1 .) 

CF08.X~FOB*~HOO.A/?8.114 
-- IF (pHI-O.0)40,40,41 -

40 UF.(O.9iHI."ETAB/CPPiDF).~QRT«2 •• (TKF"3).CFOhC1.-PH/t(1.-BI!TA8»­
.. ,.1..63) !-CRHOO •• 3.r.PAV.PH-I.0.1335*!!)(P,,"0000. I C R*TP» .10.0 •• 8» 
- -GO TO 69---- - -- -- -

-41 IF (PHI--1.-1-)0·,-300,300- ----
------ --PHI.O·.O. --- - _______ _ 

-u~a(O-.088·BeTAB/Cp~/nF).SQRTCC2 .• ~TKF •• 3).CFOB.('~-PHI.C1.-B@TAS» 
'.4.'3)/(AHOD •• 3·r.PAV.PHI.O.1335·eXp{40000-.;CR.TF»).~O~0 •• 8)) 

---- -PH 1-.' ; 1 --- -- - - - - - - - --.. 
-- ----liRa (-0,988. BET ABIC PF III F )wSQR T-H2-•• (H-P •• 3).C F oa. <1 • - (\ .-al!T AB) IIIH I) 
---.- --,.4-,63)-/-(RHOOu3*CPAV.PH-I-.0-; 1 ~:,!5.elCP(40000.1 CA*") .10. 0 •• 8» 

PIII.O- ---­
UF a CUR-UW).(PHI-O.9)/O,2.Uw 
GO TO 69 

~OO U F. CQ,O IlS*IIET AB I C P P I-DF) .!!QR T ( (2-•• (TKF •• 3\.C F 0 a. (1 .-- <1.--9 !!UB) / PH I) 
--- 1*4.-61)/(RHOO •• 3·CIIAV*PHI.O.1335.!lCP(40000,/CR.TFI).'O.0 •• 8» 
-1)0- RETlJ~N 

- - ENr, 

EN G T H .-.-053,-- t.I AM E - e U R NV EL-·----



SU~~OUTtNE FLAMUISTITHDEO,VO,V,S) 
pm(VO-37.7)/(16 .• 3.1416)--
IF (V-0.-35)Q,\l,1 
~11-(3 ... V/6. 2832) .. 0.333 -
s1ab.'37506.1.697968.V-Z.848866.V·.2-2.50892.V*.3.21,7l0038*v •• 4-3· 

- -15.31142·v.*5.19.4?104.V •• 6 
- -S2-(3.-.Vf(4-•• 3-.1416»"0.333-

-I F «P;GT-. 11.0)-. AND. (P. LT .0. 3» 00 -TO 2 
- --- I F -(-( P • G T • (j • 3 ) • AND. (P • LT. 0 • 6)) GOT O· 3 

IF (P.OT,0.6) GO TO 4 
-:--2 H (V-O.17)O,0,430 

-S=S~+(~O-S2)*(O.3-P)/0.3-
GO TO -100-- -

- 431) S m S ,-+ ( ~ 0 - S 1-) * ( 0 • 3 - P) 10 .-3 -
GO TO 1 ilO-

- -3 I F ( V - 0 .-1-7) 0 , 0 , 431 
saSi! 

- - GO -TO -100 . 
- 431- SDS2+H1-S~) * (-0. 6-P) 10.3 

!lO TO ~ '10-
---4S-92 

G') "0 100-
, IF iV-1.8)0,0,]O 

IF (P-O.-61'hO,120--
OO.O .. 55146S-0.878889.p+4,48927?*P**2-16.74066*p**3+37.77968*1**4-4 

- ---, ".6040Q5*P.*5+21 .112674*p**6-
GOTO 150 -

-1110 00_0.436 
-150 IF (P-\).6)O,O,121 

01-0;5B0058-0-;902286*P+4,37882.P**2-15,41922*P*.3+32.44843*P •• 4-'5 
---1.11.'5463*p.*5+14. 9 889Q.P**6 

GOT 01 51 -- ----
'121---1)1-0.453 --- -

-151- -I F( p_l1. M {I, 0-,-122--- ----
02-0.629606- 0-. 76216. P+2, 71659*P**2-8-. 47-1-752. p * * 3+'7-. 7646-3* P"4~ 20. 

- '354972.p •• ;+9~5868S2.P*.8 
- GO TO 1-52-

1 ~2 -(l2-0. 487· 
152 IF (P-O.6)0,0,123 

03.0,6704D7-0,614142.p+1.S96678.p •• 2-4.09598.P •• 3+6.18'58*p**4·3~1 
10367.P.·~-O.703387·p·*6 
GOT015~-

'-<1:5 1l3-0.-52 
15-3 IF (0-0-.6)0,0,124-

-n4_0,7'321-4-0.4aS'2'.p+O.68447'*~ •• 2-2.82294.p •• 3+1.O.5'395.p •• 4-~7-
-- -1 . 2~014~ *p ... 5 .. '0. o'O:n*~ .. 6 

tjO- TO 154 
124' Ohn_S525 



- '.-54--1 F-( P-O. 8) 0,0,-'25 
05.0.-762~2~-O,407374.P-O.5A838.p •• 2+4.704S84.P*.3-1'.,O",.p •• 4.'2 

1.n657.p •• S-4.949674*P •• 6 
fil) TO 155 

17.5 05.0.5!! 
- 155 IF (P-O.Q)O,O,126 

-06.0.81104S-0,3B1406.p-O~S25007.p •• Z.2.820133.p •• 3-4,72276S.p •• 4.3 
---4.817039.P •• 5-1,21479." •• 6 

- --- -- G 0- TO- , 56 -
--'-26- OhO.-608-
-1-56 IF (P-0.1I2-)O,O-,'27' -- ---

07.0.85970A-0~488838.".O.4731'6.' •• 2-' .221672., •• 3.2.889225., •• 4-3 
- - ---, .01,)37 • .,.-5+,-.14356." •• 6-

(10'1'0 -15?---
- 127- 07110.638 

157- IF (P-O.92)0,0,1;>8 
OS.O.946nl-0.-49654,.p+O.34094*, •• 2-0.26'9Z*P •• 3+0.227691., •• 4-0.02-

-I000S*P •• 5- 0.047289. p**6 --
-- GO TO 1-58---- ---

P8 011.0.695----
158 IF (P-0.-92)0,0,129 

09.' .n4l6~9-0.391906.P-',068193.P •• 2.5.32964.P •• 3-0.96492., •• 4.8.4 
196231.P •• 5-2.697846*,.*6 

GO TO 151:1 
129 D9.(j-.753 

- 159- IF-(P-0.9210,0,130-
- 010.1.135798-0.765678*'+'.424637.P**2-2.817115.p.*3+'.70431,*, •• 4-
-12.R~0825.P •• 5+0.95S979.p.·6 

1;0 T(l 160 
, 30 010.0.1\111-- -
1601-F -(-p-O-;1:I2) 0,0-, 131 

--- 01 I .-'-. 2171)53-0. 81 5508.p+,-,907'718.'**2-5. 398768.,**3+9 .940S1 7.p**4-
19.659053*p •• 5+3.680592.,,**6 -

--- GO -TO 1 "'-
13 1 D ,,. 0.865 - --- -

--161 IF (V-O.4)O,O,40 
S- DO. (01 -!l o}) .(V - 0 .-35) /0.-05 
/le TO 101)--

40 IF (V-o.S)n,o,41 
S-Dl+(D2-01)*CV-O.4)/O.1-
GO TO 100 

-41 IF (V-O.II)O,O,42 
S·~2+(~3-0?).CV-O.5)/O.1 
GO .,0- 10n 

42 IF CV-O.7)O,O,43 
S-03+(n4-n]).(v-O.6)/n.1 
110 TO 101) 

43 IF (v-n.R)I),O,44 

~-------,-- -...,.... - - --
-~---- -.- ----~ 



~=~'+(DS-D~)*(V-O.~)/0.1 
(\(1 TO -'00 

44 I F (V - 0 . 9 ) 0-, 0 , 45 
s·n5+~D6-D5)*(V-0.8)/O.1 
GO TO 100 

4S n (V-, .-0) 0,0-.-46 
SQ~6+fD7-06)*(V-O.9)/O.1 
(.0 TO 100 

46 IF (V-1.;:lf),0,47 
S.b~+(08-D7).(V-'.O)/O.2 
(;0 11) ~ 00 

47 IF (V-~.411l.0,48 
~ : i) f! + ( ,,9 - f) 8) • (-V -1 • 2) 10 .2-
GO yO '00 

48 I F (V - ... -6) 0 , 0 ,49 
S"!)9+(n10-1l~)*(V-'-. 4) 10.'2 
GO ,0 , ,)0 

49 S " !)' 0 .. ( Il , h D' 0 ) • ( V -1 • 6) 10;-2 
GO '·iO··' 00· 

:'10'- I P (-V-~O·.·O 10,,0',·33 - , 
! F (-P - 0 .92) 0 , 0·, 220 

-";~.r ", ,. -"'-"'-f""""":"""- ----.------.-I~-"' 

5:<4. 

!)' 1 .. , . 217 i) 5 3-0.·81 5508. p+, -.90 n 18* p,... 2- S.~98 7 6 8*11** ~+Q .940811'. p,... 4-
19.6590SJ.P.*S.J.680592*P**6 

GO Tt) ~60-·· .. - -. . .... , 
-27.0' 011-80.al)5- -- -.. ,' 
26(1"1 P .(.1'. n·; 9 5)'0,-0','221-

D12.'. 300295-0. 898996.11+2.781073*"*.2-9'.39628*,,""3.". 1'2369h,,··4-
116.48~04.P •• 5+5.907791*P**' 

-, GO TO ?6, 
;!.?~. ·n p.o . Q2 ~-.. . - . 
261- 'IF (P-I) .95) 0,,0,222 .. 

. -0 H,,' .31!~ "11-0';9,9157 * 1'.' . 7A 75 0 5 *p .. 2-3.839631. p.* ~ + 5. 4! 1597*" .. 4- 4 
.~ ,·30282*P**S+1- .. 4270S.P**6 

._- GO ,.0 '26i!- .- -
222· D,' 3.0 .. 975 .- .. - .. 
U,,2'1 F (11-0-;95·)0,.0,223 ,- .- .. 

.. --- '--01 h1 ,467·1-2 -0,-9 7059 4 *11+',641174* 1' .. 2 .. 20 983 2 16 * 1''' 3 + 3 i 839598* 0* *4-3 
""-"'.05846* p.* 5 + 1 ;0 a01'6 5 * P* *,.-
-- --GO-'!'O ~6·3- -
.~ '!3' D 1hl ; 025-- - - . -.- ----- .. --_ .. -". . .--. 
),63' IF (P-I,-I-lO·,0,·224----·· - ...... -_ .. 

,,'·5.1 .. 54061-3 -0.894902 *"+0.51317*1''' 2+1 ,341475 * 0** 3- 4. 027?,88* 0" 4+ 3 
1.6A35'5*p •• 5-1.081'3~8*"~.6 

GO'TO ;'64" 
-224· D15_1 .07· 

- "64 . I F (11-'.0) 0" 0,·225-· 
·DI6.' .616'5-1,.03458.p+175632~4*P •• 2-J.204·058.p*.3+!,3'988S*p*·4-' • 

. - --118206*p**5.2 .. 022986.p**6 

-
.;;:--. - ..... ··.,.·"":""'"....-----···-7r- ~.-... "-'- - -.-.-- -:-- - --;c r 



- -- - GO ,.0- 265- -­
~?'5 016.'-.-105-

-26; IF -(P-I.Sl0,O,Z211 
-"1?'.68~94-'.237875.P+2_73130~*P •• 2-5.28924.P •• 3.5.21734S*P •• 4-Z.-
1341~67.P··S+O.3ti436·p*.6 

GO '0 i!6(, 
- 2?6 D' 7~h1 2-

?,tI/I- IF (P-L1-5)O-,Q,227-
- D1R.?D5nDQ4-~.55087.p+3~71893.P •• 2-9.77705*P**3+'3_28448*p •• 4-8.3 
--'9573~·P*.5+2_0'47a*p.*6 

GO TO ;?67 
:''-'7 018.1-.325 
~67 -IF (P-1.45)O,O,278 

O,Q.Z.3002Z-'.19429S.p-0_876.P •• 2+4.!6'9'.P •• 3-6.'23342.p.*4+3.~63 
1322.~**5-0.R202'·P*·6 

GO TO 268 
~28 D'9,,1.425 
?tI~ IF (P-2.3)~.O,229 

D20.3.20/l189-1.8043Z.P+1.29269.P •• 2-1.,7/16*p**]+O.84123S.P •• 4-0.29 
149'7.P.·5·0~03827*P •• 6 

--GO TO- 2ti9 - -
~~9 D20.,-.8 
~69 IF (P-2.4'O,O-,230 
- -D2'.3.87~05-2~4560'*P+3.59489.P •• 2-5.029494.P**3+3.70406.P •• 4-~.26 

1543*p**5.0.4609S·p··6 
GO TO -i!70 --

~30 D2, .. 2. 05 --- -
270 IF -(p-2-.4)Q,O,23' 

D22.4.44708-2.83322*p+3.87203.p**Z-4.83376.P •• 3+3.27889*P •• 4-,-.053-
143 •••• 5+0 .• 2692·P •• 6 

('0 -'TO 271 
:>11 D2:!.2. 3-- -
;>11 IF (V-Z.O)O,O,60 

5 a 1\ 1 1 + ( 0 , 2-D' 1 ) * (V·1 . 8) /0 . 2 
GO ,.0 '00 

60 IF (V-~.2)O,O,61 

S·~12+~D'3-D1-2).(V-2.0)/O.2 
GO '1'0 1-00 

A' IF (V-~.4)O,Q.62 
S=D1J.(O,4.D'3)*CV-2.2)/0.2 
GO TO 100-

- A 2 I F (V - 2 .-f, ) 0 , 0 , /I 3 
S .. 0 1 4 + (-01 5 - j), 4) • ( V-? • 4) 11) • 2 
GO ,.0 HO 

---h 3 I F -( v- 2 • 11 ) 0 , 0 • 64 
SaD 1 5" ( [) 1 /I-I> '-5) • (V· 2 . " / 0 • ? 
GO TO 100 

- ... , -IF (V-3.0)O,O,65 



- - - S a i), 6 .. ( 01-7- 0' 6) .. (V - 2 • 8) 10 .- 2 
----:--QV TO ., iin 
-65- IF (V-4.0lll,O,·66 -

...- S - h 1 7 .. (-!) 18 -1l1 7) .. ( V - ~. 0) 
- GO TO 100 

---('6-IP (V-5.()O,0,67 
-- - S-O,8+({).9-0lS)·(V-4.01 

.. ---(JOTO. 00 -
~7 !F(V-'O,OlO,O,68 

gaD19+I020-D,9).(v-5.0)/5.0 
GO '1'C) 10(1 

-6~ IF(V-15~OlO.0,·69 
S"1l20+ (-O?-1-ui'0)" (V-I-0, 0>/5.0 
(,O~TO-100 

-·69 S.D21+(D22-021).(V-15.0)J5.0 
GO'1'n 100 

~3 IF (P-2;4)0,O~32n 

~2~.4~4470A-2783322.p+3~S7203.P".2-4.S3376"P""3+3.27889 .. " ... 4-' .053 
----143 .. p .... S+O-.12692 .. p.·n 

- r, Q T o--l 60--
~~ 0-·02 Z. 2-.-3 ----
~riO IF (P-2.~)O,O,32' 

n23.5.00~5-3.03634.p+3.00788.p •• 2-2.85113.P ... 3+'.718'9.p •• 4-0.53J6-
.- - -·'19*P •• 5+0-.-06506·P .... 6 

-- -- GO TI) 3 (" -.--

~2'--D23.2.55--
'1nl· IF (P-2.8)()·,0·,322 - .- .. 

D24.5.6('456-4.71969.p.6.5738~3.P •• 2-6.4742"P •• 3+3,54449.p •• 4_0,914· 
-·126*p •• 5+0.105334"P·*6· 

~C) TO-:oI6~--- -
-JnD24w 2 . 8-
'I6?IF -(1'-0-.3)0.0-,550 --

o25.6.54851~-10.75898"p+125~83'27"p •• 2-1814i76'9.p •• 3+14828.9285*p· 
----·---1 .. ·4-S60??,·074a.p .. S+80959-,0024.P**6 - . ------ -- -
. -- - -GO ,.0- 551- - .. - ... - - ------
- 550 D25',,6, '·55·7-5-4-;-71 ?6.P+5, 69 32 S.P .. 2-S. 0164'l.P**3+ 2,50697. p**4- n. 6533 

. -p .. g;'.S+o),-IJI\:;22.p .. 6 -- - - -. 
551 Hi, P - 0 ; '15) 0 ,-0-,552 -

- -D26.~,7~07Q8-8.70428.P-45,74396*P*.2+4'9,52177.p •• 3-12~~;'2472.P •• -
- -- --I 4+-1393,-36'15'1. p ... 5-39 i!. 109'. p .. 6 

r,ll -TO 55'1 
~~2-!)26.7,,~a6~-7.407S1·p.9.-z9R73.P*.2-7,244303.P •• 3+3,12312.P •• ,-0.68 
- .. 161S*lh.5.0,-060192.P**'· 
~5'1 1F-(p-O.'nO,O,554 _ 

D27.1 0 ,-36006- 36.07918. p. 219.71 14.pH 2-1002.231'6. p .. 3+26 70 ,7505.p.­
-- 1*4-36QO.~477.p •• 5+2D39,74'1~.p ... 6 

GO '1'0 555 
~54 D27.8.805363-8,6684*p+7~nI227.p".2-2.574'2.p •• 3+0.'03',." •• 4+0.159 

.. --- • -.-..••• "-- --- +-. -- ~ -~.- ----



··1'92.0.*5-~~0~726.0··6· 
'i55 J·F (lhO.·6)I},O.5S6 
.. - ·D28.17,12308.20.2738*p-460.2935*0**2.,SS6,0863.p**3-2123.0".p •• ,. 
-·~'053,48362.p.·5 
.. GO ,0 ·557 

~~6 D2~.'O,60703-'O,3463.P+6.66596.p.*2-~.27667*P •• 3-0.58942.P •••• 0.]0 
'.' . 1831ot*p .. S-\J • 03897.P .. 6 
'i57 tF (P-O,8)~,O,558 

029g-16.31119+408,26303.p-,514.5899*P**2+'749.8867.0*.3+662.8086.P 
1.*4_?'588.6~24*P··5+'321,7165.p**6 

GO TO 559 
'iSA DZQ.6,'290A+1',4'842*P-27.74478*p •• 2+25,~962'3*o.*3-",52462*P •• 4+ 

. 12,·614'6*p*.5-0,23507.0*.6 
~59 IF (P-I).~)(,\,O,560 

D3G.?9.9'3n3-'44.S2'08*p-'.43652*P**2-83,96773*p*.~.645,55198*0 •• 4 
1-747.55963.P •• 5+2~8.R34'9*P**6 

r,0 Tt) 56, 
'i60 D30.1,05155+29,,695S*p-S6,15808*p •• 2.46,79'29.p •• 3-20,04823 •••• 4+4 
-1.3~aS'.p*·5-0,373'63.P*.6 

'it'l,. H(1I-1.1)Q,0·,56? 
D3'.89~.3886-2334,9653*p+1556,609,.p.*2-39,62892.P •• 3+893,06174*0 •. 

. 1.4-'57.8,39~7*P*·5.567,97714·P·.6 
50 TO S6! . 

~62 03'.5,437612.32,170~6*0-68,3289*0*.2+59.n972'.o**3-25,80489.0 •• 4+5 
',6~16'*P •• 5-0.48878.0 •• 6 

~6~ IF (P-1.~)O,O,S64 

~32.336,'3S06-~'5,S9947*0-623,7'29*0**2+1422.5397.p*.3-898.0738.1'* 
1.4+1B9.90RR4.P.*5 

GO TO 565 
~64 D32.~4,5~0494-5u.5'86*p.~3.29233*P.*2-7,76243*D •• ~-1.25269*1' •• 4+0, 
.- 188453*p·*S-u,"207*p**6 
~65 IF (P-'-,4iO,0,566 

Dl1.2'S.03674-101,8~804.P-228,324'5*o**2+67.77096.P**3+,33,S,742*P 
. - 1.·4-5R,7~91*P*.5 
...•.. GO TO 567 
566 D31.50.962~6-63,0777'*P.'·5.1969'.P**2.20.94372*p •• ~-16,3675,.p~.4. 

",,·,14, 452'42.p**5-0 .. 43Z', 5*P**6 
567 IF·C P-'.6S10,O,568 

·D3~.'743·.7?82-3~69,~266*0+2404.3628*D**2-380.06392.p*.3~'80,'482.0· 
'.·4.5~.'232,.p.*5 

.... r,O ·TJ SM 
~68 ~34.1'8.6255-224.5556*P.183,49535.P**2-75,8'684*P •• 3.'5.6872_1' •• 4-

. '.- ... '-1 1-.29 51 9·2* p ** 5 . 

.. 560· f)~ 5.1,0".73030 -'276,0 538.p+'·096. 71 2 4.p. *2-469.61262 .p** 3+99,86103." 
1··4-8.42534.p •• 5 
·JF ·(P-2.2)O,O,S70 
D36.97'·,7~'25-S~O,55'~3~0-'08,40274*P •• 2-29,660793*P •• 3.63,507,.P. 

'*4.u.487~R.p •• 5-4.3~394*D •• 6 



IiO TO -5-7' 
~?~ D36a66-.91904-69.73935*'+'6.25923*P**2+'6.7P046*p**~-12,55B8*p*_4+] 

1.2'101*P**5-0i29D79B*p**6 
~-71 IF (P-:!./IlU,-O,572 

D37.-238',33~8.'674,405*p-3n9,32205*p**2.'6Q,72667*p*.3-~8,5S949*p 
1**4-!~.A1i~4*~ •• ~+'1 ,02623*p**6 

GO '0 5-73 
~72 D37w140,300'4-194,9 1 024*D+75.49,9'.P •• 2+7,2647.D.*]-9,15,9., •• 4.'. 

,30613.p**5 , 
~73 n3aw25,49037-22,590,*p+'-6,55936*p.*Z-8,25527.P**3.',~65663*p •• 4-0, 

1227,7.p**5-0.0'726*P*.6 
IF (V-25~O)0,O,BO 

S·~12·(023-D22)·(V-2D,O}/5.0 
GO TO '00 -

80 I-F (-V-3u-.-O-)0, 0-,81 
swD'3+(D~4-D2J)·(V-?5.0)/5.0 
(10 TO 11)0 

1\1 IF (V-35.0,O,O,82 
saD~4+(D25-D24)·(V-30,O)/5.0 
GO TO 100 -

-82 H- (V-40.0)O,0,8-3 
SD~25+(D26-D25).(V-]5,O)-/5.0 
GO T('I 10<1 

113 IF (V-50-.-0IQ,0,84---­
saO-26+(D27-D26).(V-40,,0)110.0 -
GO TO-'OO 

84 IF -(V-60. 0) 0-,,0, 85 -
saDI7+(p?II-027).(V-50,0)~'O, 
GO TO 100 

115 IF -(-V-N-, 0) 0 ,'0-, 116---- .­
S"\'l~8+ (07.9 - 028) .-( V-60.0) 11 O. 
GO-TO ~ 00- - -

-86 I-F (-V-lIi).0)0,-0-,87 
9 w029 +-(-D~ 0 -D 29) • (-V-70-; 0) 11 0 , 
GO 'fO--lOO- -- - ,- -- - - - . - - -----, 

-FF? IF +V-90-.-0-) 0-,-0, 8f!---
S" D 3 0 +(-031,. 1>30 ).( V· 8 0, 0-) I-~O.-- - -
(;0 TO- 100-- - ----- --- ----

88 -\F(V-100,-0-)0-,O,89-- -- ----
S -031-+ (-D 3:2 - D 31 ).(-\1-9 O. 0-)-1-' 0-. 
GO TO 100 

89 H- (V -110.-0-)0-, 0-, 9 0' 
- S a032.(0:B-1) 3 2 )-. (V- 100-,0 )/10 

G 0- T (\--1-00 
9 (l IF (V -'-20.0 )-0, 0 ,91 
--9wn~3.-(034-D3J).(V-"O.0)/10, 

-GO ,0 ,1,)0 
-9' IF (V-140-,-0)0-,0-,92 

--



. - -. S a DH. ( D35 - 0 3 4) • ( V- 1 2 (l , 0 l / 2 0 ,­
fH) ,.0·100 

~2 IF CV-160,OlO,0,93 
san35+(O~6-D~5l*(V·140,O)/20, 

GO"0100 
. Q 3 IF (V -1 80 ,-11 l 0 , 0 ,94-

~a036+(OJ7-P36)*(V-'60,O)/20, 
GO ,0 100 - -

94 S=D37+(D38-D37).(V-180.0)/5. 
11)0 WRITE (2.21)0)--

-200 F~HMAT(37HCRANK CVL.VOl 8URNTPISTON FLAM&/40HANQlE 
1 VOL(CC)·POINT POSfTION) 

- W ~ I T E - (2 ,-20' H HO F. G • V 0, V , p, S 
-201- F 0 ~ 1>1.4 T ( F 6. 1-, '9, 2, ~ 8 . 2 • F7-, 3, F 11 ,6/l 

- RE T J R·~J -- - - --
END 

F.NGT"; ·?903, -NAME -PLAMDlST 

- ---. -

5;<9 I 

(CCll-



, " 

!\lJgROU11-~E HTRANCT',RHO,B.XN.R,QlS.QLIB,V.I)S,-JJJ> 
• --- .IJJw.' !-S-·cn;'lPRESSION. O!S BURNT FRACTION. 1 IS I!)OtANSrON­

-.---- - AwO~-4 --
--- /:111,031 (-1 0.0 .. ,3> 

." - -- r,,, • 0 0' *-T...' 
;-. - CPM •• 'II!C!)(Th28.9 

630. 

-x H Uw (0.-4'387+ 5.-13195. G-1;31 065 *G .. 2 -0.6686* G" 3+ 0-.92 2hG ** 4- 0.-34 U 4 
,*O**S+O.-042674*G*·61/10,O**4' 

V p - )( N * R-I1 5 . 
RE-AHO.VP*,,/XMU 
TK_(CPM+1.i'S/1.98ltl.XMU/28.9 
PVOl-V-37 ;7' 
PP.~VOL/(16~*1.1416> 
AC-3.1416*R*PP 
AHw65.0· 
AP-].14'·~*8.*2/4, 
AT.AC+AP+AM 
I F ( J J J )-, .2 • 3 

-1- TO-390,---- -
-'TP-S15,-' 

-----'"TIi-,,'5·.,,· 
T I ME.1 , 6" 7 I XN--

'" T\~-(AC.-T-C+AP.-TP+AihTH) IAT - .... ----,,-
.... Qlg.-(AT·A.~K·(RE·*O,7)*(T-TW)/B>*TIME· 

- ---- --OlgB. 0 ~ 
RE" U R /l .---. . ..---"---

-'-2 IF (DS--1.-0)0.O-,20 
Afifl.1-,4.D5 
GOTO;!'-· 

~o AHSIIO.,3~2-';0194*DS+2;6205*~S.*2-0,1i'22.DS**3 
- -21- COaO, 0 

-IP '(08-11,810,0',48' 
'pO.O.O -

- ----- lit'· ,0 49 
.-- 48 pO.O,608-2,3Q76*OS+],OOBZ*oS •• Z-O,4994*Ds •• 3+0,Oi'023*D8*.4-0.00479 

.. f",*iiS.*S -
----49 IF (DS--1,(l)O.'O,SO 

-C1-wO.2?*1)5-
GO'!' 0- <; 1 

50 ~'IIO,0317Q~-O,84;t021-*DS+1~?7556.DS.*~-O.99203.~S**]~O,266i'9*bS.*4-
10,D3401·nS.*5+0,001659.0S*.6 

,51- t-F. ( fl S _1 , I) ) 0 • 0 , 52 
--p1·.DS .. ---

-------- GO -TO 53 
- --52--1'1.·0·,003-' .4244*0$+2·. 604.I\S .. 2-0, 30731 .DS**3.0 ,0140]oDS .. 4 

--5,:3' IF (OS--1, 0) 0.0,54 
- - CZ.O, 5.0S, 

(,0'1'0 ~5 -
f 



5sl. 

54 C2:~). 151\+0.8463* DS-O·, 62H .. Osu2+ J. 416'8. OS**3-0. OA5Q6~ DS**4+C. 005 
·,876.,)!';.*; 

~5 p2=r:-; 
IF .(OS-O.7IP,O.~~ 
Cl-0.g 
tlO T'O 5e . 

58 C~=O.02713-',3377*Ds ... 3~57442'D~.*2-'.85728*DS**3 ... 0,4a9035'~s"4·0. 
10~r.~76*DS**5+0.v0311"DS**6 

59 IF (DS-'.110,O.6R 
pJ .. o.o 
GC' TO· 61 

(1) p3G~" 

61 IF (PS~0.9')o.O,62 
C/ •• O.O 

. ·(;0- ,..0. ·63 . . 
(, ~ C '_0·,·1-59 ,?~- 3 .. 38594. DS .6·. 249943 *OS" 2 - 3 , 08562 * D~" 3+0.77·'97 * DS *.4-

10.09579~nS**S+O.0046~'*DS**6 
63 !F-~DS-4.~)O.·0.6' 

p4aO.-0 - ----
(:0'1'0- (,-5 ... - -- -' ----.. --

·64 1'·4 ... 35,-56898+46. 62064~DS-2-"'-16275*DS**;Z.4. 84602*08 .. 3-0.48243*1)9** 
. 1 4'" 0-.· 0-1'-HI.* [) S .. 5-

65 I·F -(!lS-O, .9-10 , 0 • 66 
-C-5 aO .-0 ------- -
r, 0 --T·O-- 6-7---- .. 

f>6C5a·ih-7.4i167-4.-79 69* 0 S .8· .. 53769*0 9* * 2- 4.3041 hD9 * * 3+ 1 .0925 75 * D S. * 4- 0 . 
. -. 1134, 8*OS"S+O, 0063565*D6"6 

.(, 7 ! F (D S -., . 51 0 • 0,1\ 8 
D5aO.0 
r. (I'!'O -"9 

-(,a p5ap~. --
f.Q IF -(·DlI-0·.·9·10·,·0, 70 .. 

C6aO.O .. 
GO ,.,0 ." .. -

70 C6aO .14696-3. 38826·*OS +6.231 O!I* 1)5**2-2.93752,* 08 .. 3+.0. 72648*oS**4- O. 
'OA8341*D~.*5+0.004218*DS.*6 . 

--71 IF (-OS-L6)O,0,72 
- - '" 116aO .0--· ----

r,O -T 0 7·3- --. 
72 1'611- '1.547-... ·".492* DS- 2.011 Q*DS .. 2+0, 6·1-3S*Ds **3-0.044,6*01**4 
7:; ! F .( 0 S - 0 .9) 0 .0 , 7' 4 

C·7aO.O 
GO' '1'0 75---- -

74 aaO -;-09 4-'·2·- 2 ... 12668. D9 +5-.-076-'3 *OS** 2- ~ • 0942* D 9 * *3+0 _ 41447 *1)1" 4~ 0 • 0 
--'" 'j -5 3847 *1) S **5+0 ,002475. I) S .. 6 

75 IF (DS-2.210.0,7'6 
P7aO·.0 ----
(;0--'1'0 .. 17 .. _· .. - -. - ... --- .--



_76 ~7 •• 14;099+3.879.DS.'.53'4*OS.*2-0.1236*DS*.3 
-- -77- IF --(llS-O .-8) 0,0,7'" 

CBaO.O 
130 -TO 79 I 

- 78 C8.0.128-2."3.DS.3.3228*DS*.2·0.6~51.0S •• 3+0.04441.D9 •• 4-
79 IF -(DS-2.5,n~0,80 

IIBaO.O 
GO TO -81 

80 IIl1a-62. 97.452+46.5997. D5-1 2 .-4965* D8 **2+ 1 .81-102- os. * 3-0.09445 *IIS" 4 
811F (~S·n.810.0,82 

C9a().0 
GI) 1'1) 113 

--82 C9aOi-122A1·2.548784*DS.'~6936'*D9**2-' .76524.08*.3.0.40994.D9.*4-0 
- - 1.049~71-*nS**5+0.0023856*OS.*6 

-Fl3 IF (DS-2,RI0,Q,84 
~9aO.O 
(l0 TO 85 

Fl~ P9a-20,~Z9.3;60'.OS+1.8017.DS**2-0.1446*DS.*J 
851F -(DS-O-,8)O.Q~86 

C10aO.O 
GO TO IH 

86 C10.,33-?881*OS+3.994.0s**?.-0.7S1,*DS**3+0.05468.IlS •• 4 
87 IF ([)S-2.9)O,O,88 

p 10.0.0-
GOTO 89 --

-R8 p1Qa-14.~2-1 .279*DS+2.P948*OS**Z-0.20294*oS •• 3 
- Fl9 CON1'INIJE-

I F «liP. G T .0 . 0) • ANn. (PP. LT . 0 . 3' ) GO ,. 0 30 
H «P!I.AT-.O.31.ANO.(IIP.LT.O.6') GO 1'031 
IF ({PII;l1T.O.6'.ANtJ.(PP.LT.O.9') GO TO 32 
IF «P". r, T , 0 .9 , . AN 0 . (PP. LT. 1 . ? ) (! 0 - 'I' 0 33 
IF «Pp·.r,-T;1;-Z).AND.(PII;LT.1.S) GO '1'0 54 
IF-HPP.t;T.1.S).AND.(PP.LT.L8» GO-'I'O 35 

-IF--(-(PP,t;T.1.8).ANO-.(PP.LT.2,") 1)0--'1'036 
IF (CPP.-GT.2-.1).ANO;(PP·,-LT.2.4» GO-TO--]? 
IF «Pp.GT,2.-4).AND.·(IID~-LT,2-.6'5)-' GO- TO :018 

~--.- -. IF «'PP-,-G-T".2-;6S).ANO-.<PP.LT;3.0» IQ TO- 39 
-·30--Aca.CO+(C1-CO).PP/O.3 -

-APB.~1+(pO-P1)·(O.-3-pP'/O.3 
GO TO 90 

31 AceaC1+IC2-C1)*CPP-O.3)fO.3 
APQaP? 
!If' ,.0- 9v 

. -32 -A C e. C 2 + ( ~ 3 - c? ) • ( Cl p. (I . 6) I 0 ; 1 -
APlhP3 
Gf) '1'0- 90 

~3 ACB.C3+(C4-C3).(PP-O,9)!O.3 
AP~.p4 



---.- -... GO -'0-90-··· 
· -34 ·ACa.C4+(-r,S-C4·). (PII-1 ,2) 10,3 . 

APlhlPS . 
c_ - - GO TO· 9 0 
35AC~.C5.'C6-C5).(IIII-'.5)/·O.3 

APa.III>-
"'GO,0901 
~6 Aca.,C6.~~7-Cl».(PP-',S)tO,3 

APlhP7 
/;0 TO 90 

l7 ACS.C7+(CR-C7).(PP-2.1)/O.l 
Alla.pl! 
GO ,.0 91'1 

:51! 'ACS"CI! 
· .... A P!la P9 --

GO TI1 Q 0 _.. - . 
:59·Aca.C9+·(C10-C9)*IPP-2.65l/0.·35 

. -AP3"p1·0· 
--; 90 -ARE"aACa+AIHI+AHB 
... --TC!l"~9~·.·· 
-,· .. -TP;j.,S?O .... -

---TH!!."20 " ... 
- -- TWQ.(ACB*Tca.APB.TPR.AHB*THB)/A~HA 

---'TIHEah to, *)(N) 

555, 

. -_.- _. Q LS Sa-Col-A R F.A*A* n * (~P."O. 7 l * (·T--TWB )IB). (C*A REA * ('T *.4··TWS*.4) ) ).T I M 
lE- .. ···---
·QLSIIO.· 

P. E'!' lJ R N 
· ·3 TCD400. 

TP"5~5 .­
THa42S •.. 

--.- ·TW.(AC*TC+AP*TII+AH*TH)/AT 
TI14F..1.66f.?/XN 

. QLS~·-«AT*A.TK*(RE •• O.7)*(T-TW)/B)+(C*AT*(T.*4-TW •• 4l».TIMP. 
OLS.O. 
HTlIR N 
EN rI·-

l~NG~H 1250. NAM~· HTRAN 



,......_ .. - ..... ' r~-"" ,.---' .-'l-~- .... - .- ••. 0-.... - -""7"-' ':' ..• --- ''l'''''-- .... -~ -- .••• --.--:-----~- --- - • .- ---t-;- . -. 

FUNCTInN SHep (N.T) 
COM'l"/j /CPDATAI CP(14.15) .sOC1S) .HF(1S) 
U=T .. O.001 
IF (T.~T.2000.0) GO TO 1 
~HCPaCP(1 .N)+U*(CP(2.N)~U*CCP(].N)+U.(CPC4.N)+U*(Cp(5.N)+u*(ep(6,.N .. -

1)+U_CPC7.N»»» 
RETUP.N 

1 SHC~.CP(8.Nj+U*iCP(9.N)+U.(CP(10.N)+U*(Cp(11.N)+U*(CP(12,N)+U*(C'( 
'13.N)+U.CPC14.N»»» .... ,_"" 

RETURN. 
END 

FUNCTION ENTHAL CNiT) 
COMilON /r.PDATAI CP(14.1S).S0C1S),HF(1S) 
lIaO.~QII15 

EOaU·(CP('.~)+U.(CP(2.N).0.S+U.(CP(3,Nt/3.0+U.(CP(4,N)*0.25 
7 .'J. ( C P C 5 , ~ ) .0 • 2 +u. ( e P ( 6 • N ) 16. 0 + U. C P ( '7 , N) 1'7. 0 ) ) ) ) ) ) 

Ua AI41N1 (2000.0,T)·0.001 
E1.0.CCPC1.N)+U.CCP(2.Nl.O.S+U.CCP(],N)/3.0+U.CCP(4,N).0.25 

7 +U.(CP(5.Nl.O.2+U.(CP(6.N)/6.0+U.CP('7.Nl/7.0»»» 
IF (T.GT.2000.0) GO TO 1 
ENTHALa(E1.eOl*1000.0. 
I!ETUQN 

1 f2.U.(CP(8.~)+U.CCP(9,N).O.S"U.CCP(10,N)/3.0+U.(CP(11,Nl*O.ZI 
7 .. U. ( C P ( 1 2 • N l .0 • 2 + U. ( C P C1 3 • N) 16 • 0 + IJ. C P (1 4 , N) 17.0) ) ) ) ) ) 

UaO.001·T 
e3"U.(CP(8.~)+U.(CP(9.N).0.5+U.(CPC10.N)/3.0+U.(CP(11,N).0.21 

7 +u*(CP(12.Nl.O.2+U.(CP(13.N)/6.0+U*CP(14,N)/7.0»»». 
ENTHALaCF.3-E2+E1-EOl.1000.0 
RETURN. 
F.ND 

-_.-r 

. ---. -.. .- -. -" ': 

.FUNCTION ENTRPV (N,T) 
COMMON ICPDATAI CPC14,1S),SOC15l,HFC1S) 
ua n.29815. . 
EOaCPC1.NJ.AlOGIU'+U.CCPIZ.N'+U*CCPC],N,*0.S+U.(CP(4,N )/3.0 

7 +U.(CP(S.NI.0.Z5+U*CCP(6.N).O.2+U*CPC1,NI/6.01)). 
U=At·:Irj1C2000.0.P·O,001 . 

. F. 1 al!P ( 1 , N ) • A.L OG.( U) + u. ce PI 2 .• N I + U. ( C P ( ], N) .0 . 5 + U. ( e P ( 4, N) 13 • 0 . 
z +U*CCP(5,N)*O.2S+u*(CP(6.N).O.2+U*CP(7,N)16.0»)) 

IF (T.GT.2000.Q) GO TO 1 
ENT~PVaE1~FU+Sn(N) 

.. AETIJAN 
, E :2 a C P ( a •. N ) • A LOG ( U ) + 11*.( e P C 9 • N ) ... U. ( C P ( 1 0 , N I * 0 • 5 + U. C C P (1 , , N ) / J • 0 

Z +U*CCP(12.Nl.0.2S+U.C.CP(13,Nl.O.Z+U*CpC14.NlI6.0»») 
U=O.001.T . 
E3.CPC8.N).ALOG(U)+U.CCP(9.N)+U.(CP(10,~).O.5+U.CCPC'1,N)/!.O. 

7 +U.(CP(12.N)*O.25+U.(CPCI3~Nl.O.2"'U*C~('4.Nl/6.0»») 
E~T~PV.E]-~2+F.1-eO+SO.CN' .. 

. R t:T U P N 
END 

.... .J:W 

'. 

.. -- -': .. . :'j , 

\ 
--.-~ .. 

I 
- __ -I-

I , . , 
I 

! ' , . 
i 

. 1 



,. 

FJNCTION CV~INtT> 

IJ=O.2931<; 

· . 
I .. ·•· • _ ............ ~'l""..:.-----)I- ............ -,. 

CVO=O.02R Q 3'U+0.08886.U •• 2.'.16s26.u •• 3-'.77671.U •• 4+1.2422·u •• '-O 
1.4231a.U"".O.05783.U •• 7 

uB.001.T 
CV1.0.02A93*U+0.08886.U •• 2.'.16526.U •• 3-'.7167\*U**4+\.2422.u**'~O 

1.f>Zilli\.U •• jI,+O.05783*1I .. 7 
CVBIN=(CV1-CvOl/(U-O.2981s>*78.114-1.986 
HTURN .. - ... 
ENil 

. __ ._---- ------

FUNCTION CVAINCTl. .~. 
uaO.?'981~ .. . 
CVO.O. ~ 5416 *1I-0. 06349 5.U**2+0.1 I 6 066.U**3-0 •. 018!!I.u .. h O. 027734*U*-

1.S-Q.OOS034*1I •• 6+0.000!l706*U •• 7 
U".OOI.T 
CVlaO.2S416*u-0.063495*U •• 2+D.116066.U**3-0.0185!.U*.4+0.027734*U* --

\.s-0.00s034*U •• 6+0,.0003706*U •• 7 . 
CV4!N=CCV1-CvOl/(U-J.298151.28.9-1 .. 986 
HTURPl 
~NI) 

FUNCTION CVPTNCTl 
u=O.2981s 

.--_._--- '- ... , .-. " 

CVOaO . 45596011- I . 52545. Ilu 2+ 5.70833. UU 3-8. 5818].U**4* 7,00204. U.*J--", 
13.'~322.IJo.6+0,5608260Uo.7 
u=,JOI.r 
CVlaO.45596*u-I.52s45.U*02+S.70833.u •• 3-a.5878].U •• 4+7,00294*U •• '-

'.3.IU32Zoy •• 6+D.s60826.U.07 
CVP!N=(CV1-CvOl/tU-O.29815;044.097-1.986 
RETURN 
END 

FUNCTION CVITNCTl 
u=O.2981s 

'. 

C VI) = 2.5477 4 011+ 76.81.795. U .. 2- 4 .• 446070 U ** 3 - ii! 3.4426 70uu .. 14. I 9.1826 ~ u -~ 
1 .. 5-2.749323.u,..6 ._ .... _ ~ .. 

UII.OO"T .... 
CV1"2.S4774*U+Z6.81~95.U •• 2~4.44601.U •• 3-ii!3.44267.U •• 4+14,191826*U_ 

1 .. 5-2.7493:>3.u**6 ... 
CVIIN=(CV'-tvOl/(U~O.29815)-1.986_ 
RETURH 
ENn .. - -. _. . -.. 

---~.-.-... --------------- • -------- -----
!. FUNCTION ENERINT CN.1) ~ 

E ~ F. R I N T = t ( ! NTH AL C N , Tl 1 / ( T - 29 8. , 5> 1 -.1 .986 
~ETURN 

END 



. , .- .-. -. -.. -.. -... ---... -.-.-... -.. --~~-=-~~--. ,---- =-,~-------...:.~----:....:..- -~...,..........,-.---- -"-~-' -.'--'-,-,~' 
. · .. 536.:' 

~U~~TION CPPINCTl 
1J=.~Q815 
C vo .. o . 45 5Q(, 0 11-1 • 525450 u** 2. 5. 7083 h uu 3- 8.5878 :Iou .. 4+ 7.0029 4*u* * I-

13.10322*U*.6.0.560826.U •• 7 . 
l)a.001.T 
cv1 .0 . 4 5 ~9". u-1 •. 52,5 4S _ U ** 2. 5.70833. UU 3- 8.58 783.U .. 4+ 7.0929 4*U** 5-

13.10322*11 0.6+0:56087.6*11 0.7 . 
CPPINa(CV1-CvOl/CU-O.Z9815l*44.097 
RETURN 
E ~~ D 

. -... --... ---.-~~----'---'---
.. ~. _____ ._.~. ________ ,._-0 

.- . ~-;" 

. ,-
FUN C T ION C P 1·1 N.n.) - .... 
U=.29815 . 
CVO=2. 54774*11+76.111795* U"2-4. 44607*u**3- 23. 4426hu**4+14. 1 0,IB2UU. -

1 •• S-7..749323.U*o6 
U=.001*T .. ,._ 
CV1.2.54774ou+76.8179S*U •• 2-4.44607.U.*3-23.44267.u.*4+14.191826*U_-

1.·S-2.749323.U •• 6 
CPIIN=(CV1-CvO)/(U-O •. 2Q81Sl 
RETURN 
fND 

--.--~--.-., ------------- ----~--------- ---.-'----_.-- .. _._--_.----- -----------, .. ;~ 

. FU~CTION CPBTN(Tl 
u .. O.29815 
CVO.,O.021193-II+O.08886*1I**2+1.16526*U**3-1.77671*U**,,+,.2422*u**'''0 

1.42318*U··'+O.05783*U •• 7 
U=.001.T 
CV 1110.0 2119'3 *'U+ 0 .088860 U" 2.1 . 16526. U** 3 - 1 .77671 * U •• 4+ 1 .2422 *u** 5 - 0 

1.42<318*1I"(,+0.05783.Uu'7 
C P BIN a ( CV,, - Cv 0) / ( U - 0 • 2981 5) .. 78. 1 1 4 
RETLlRN 
FND 

---------------

.F lHI C T ION C PAl N (T)... ,-­
.. u=n.2981S 

- ~. 

CVO.0.25416~u-O.063495*U •• 2+0.116066.U**3-0.07853.U •• 4~O.027'34.U. _ 
1 *5-0. OOS034*u**.6+0 • .')003706.U.*?, 

1I".OO'o.T 
CV1 .. 0.25416.u-O.063495*u.o2+0.116066*U**3-0.0'7853*u.*4.O.027'3'.U*.~ 

1.5-0.005034*u .. *6+0.000~706.u.*7 ... L 

CPAll>/a(CV1-CVO)/(U-.O.2981S).28.9 '~ 
RETURN 
E t~ 0 

FIIN~TION PROPCP CT) 

_ ... _--_ ....... _-------_._- . 

U=.J01*T 
PROPCP.O.45596-3.05J9*U+17.12S.u**2-34.3S13*U**3+35.46'7*U.*~p'·8.6 .. 

l1Q3-U.*S+3.92573*U*.6 
RETUR'1 
END 



•.• _. _, ..,t' ~ . ..-;'.~ ............... ~ .. . • - ... - ...... !'"'-- -

FUNCTI0N C~I~O (T) 
U=.OO"T 
CPI90=(2.S47?4.1S3.6359*U-13.3382*U**2-93.77068*U**3+10.9791.,*U**4-

.1-16.49594·U**5)/114.232 
RETclRN 
END -.'- - - .... --.-.----.. -~- -----.---.. --.-.---------~.- -_. __ . ------.--... -.--~~. ----.-- ~ 

FUNCTION BeNCP CT) 
, ' 

LJ=.OO"T 
BENCP=0.02893.0.17772.U.~.49579*U**2·1,10684*U**3+6.2',,3*u**,-I,5 ... 

i 69 00 *1)* * 5+0.40482 * U"6 
.RETURN 

END 
'- ---,-_._--

FUNOTION CPME~N,CT-~UU) 
., 

X8U:.J*.Oill 
CVOaO.25416*~·O,063495*X**2+n.'116066*X.*3-0.07853*x**'*0.021,34*K* 

1*S-O.DOS034*X**6.0.000l706*X**7 
U=.001.T 
CVlaO.~S416·LJ-O.06349S.U.*2+0.116066*U·*3-0.078S].U.*4.0.0277]4*U. 

'.5-0.005034*U**6.0.0003706.U •• 7 
CPMEAN=(CV1-cvOl/(U-X) 
"ETURN 
EN!I 

---'",..,---
.,.:-.. '.-

FUNCTlI)N AIRCP (T) " ,_ _ _. _ ... 

(l=,G01.T .. _ .... . " ....... . 
AIRCP=O .. 25416-0.12699*U.0.348198*U**2-0, 3l412.u**3.0.' 3867*U**4-0. _ 
1030206*U**5·0.J02S942.u.*~ 

RETURN 
END 

.. _._-" ~---------.-. _. __ ._-_._--._-------

BLOCI( DATA 
COW10N ICPDATAI 
DATA SOl 

CPC14.1S) .SO(15) .HP(15) 

,51071998E 2, 
.45106000E 2, 
,5034?nOOE 2, 
.38468000E 2, 
.41>032999E 2, 

. 47213998E 2, 

.40004000P. 2, 

.438?9Q98E 2, 

. 51342990e· 2, 

.52728999E 2,. 
DATA HFI 

-.94053999E 

F.Nn 

-.57793000E 
.21S79999E 
.50~59000E 

-.10910QOOE 

5. 11<.151 -.26416998E 5,. 
5, £. .OOooooooe-o, 
5/ ..... ~ .• 94310998E 4, 
5/ .70099099E 4, 
5, . 23800000E. 5, 

. 4S710000e .2, . 

.31208000e 2, 

.21302000e 2, 

.!12545990e 2, 

.36613999 e· 21 

. 000000001!-0,· 

.000000001!-0, 

.52100000e 5. 

.196100001! 5. 

.112065001! 61 

• 1;:.' ~-: 



. -) . ;-
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APPENDIX 9 

BEfAILS OP Tij& ¥NAULT VARIABLl'.: C:Of.tPRESSION RATIO. 

RESEARCH &NGlNE 

'rl/PE - RENAULT 664 SPARK IGNITION 

PUEL 

XN'lRODUC"l'ION - CARBtJRSTION 

NUMSSR OP 

CYLINDERS - 1 

BORS 80Jil!ll 

STROl<E lOOm 

CONNE:CTING 

ROD LENGTH 1Sflmm 

SWEPT 

VOWME 502.6cc 

COMPRESSION 

RATIO - 4.5 - 13.1 

MAXIMUM 

SPEED 4500rev/min. 

INDICATOR 

TAPPINGS - 2 x 14mm. AND 2 x 18mm 

VALV§ TIMING 

20 . ° INLET OPENS - 1 B.T.D.C. 0 lHLST CLOSES - 64 A.S.D.C. 

EXHAUST OPENS - 640 S.B.D.C. I EXHAUST CLOSES - l2o".T.O.C. 






