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.t?REFAC~ 

The design of the internal co.ll1bu~tion engine has progre.,::,e 

iv 

ati a.never i ncreasing riite t hrough the year as we have evelo -

ed n ew materials to work -with and better fuels to U!:>e i n these 

e115 i nes . As t he eve o ,.11ent of t · e~e engines has progressed 

to r 5 higher o erating s eecls , lighter construction, an<i in-

creased power out put , man _t)roblE::rns pertainin to the functi n-

ing f t he engine have be en confr onted . The ·olution of th se 

problems libs in the develo ment and use of t est e4uip ,ent . 

Kno l edge o the r'res;:,ure and comuu·tion 1,-lleno enc. within 

the en5 ine c..: J.inder n ve _µrobao y contri buted more t o t1e 

ad.Vance ent in the internct.1 co,:JbLtStion engi1 e fielu t · an any 

ot.l: er ~vw'ces of infor ,uat i on . The conv rsion of the l:.t red 

ener~., in th1.:; i'uel into ·eful. worK i t 1e Lll'lctim o t 1e engine . 

In t l e ,110<1ern hJ.Jh s_:.)eed eng ine t ·1e desi6n and 0 era ting ch& act l:!r-

isties depenas u on 'hc:tt ha pen~ ·ithin the ngirrn cy-linaer 

during combustion and the res .11 ting expa1 ~don strol\e .. 

Devi es for gas and 1)re ~ ure sam.t11ing h2.ve been bui.J.. t to 

give the desired inf r1dcttiun )ertain:;.ng to c:oml.Ju.:;.tlon a , re ure 

en nges during the w0rking 5troKe of the eng i ne . Extensive 

esign research .., being nade tou.ay a.t t he Ok aho.illa Po\-:er and 

Propuls i n Laboratory on the deve o rnent of ne · high sped gas 

and Jre~sure sa.ill_tJling uev ices w ich -.,.;i l r u. e aciG.itioua.l in-

for.uat .1.on available on comou:.:,tion and 1H·es~ure pl:1enomen , t hu 

i)avin5 the way to b t ter engine design and _.ierfor.U1ance . 

!,>-· 
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INTROD CTiuN 

The d velopment &nd i .nJr · vement of int rnal c bu.stion eng ines 

r the ir ;::. t nea.V/ ~101 ; .. ed 'nd 1o.ast e ul eng i nes to tne lignt 

l g l _!.,eed , n · econorHical 'ngine · of t d.a m .. ve been illo.ue .t-1 ~s i b.le 

by the a t a obtained fro1n a variet y of ene; i ne t.:-~t · • I nfor.:..ia.-i:;ion 

o t ' in€a fr m Jre~ ure recording ctnct gas b~illJling device~ have 

probabl contributed more to the deve o.,;1"lent of the pre ent en61.nes 

tr an .:.n other one i,ihase uf en5 i e te tll'16 . De Jun-d.sz, !::ta.t es i n 

hi s book on eng i ne inaicators that : 

HThe the r 0f the s t ea1n eng i ne , c..na al.so t a.t f the g~s 
and o i eng ine , aS wel J. as f v ui,) · a.na. co.u, ressor , h~ 
been largely built u on inforwati0n obta ·ne Oi ruecln5 vf 
t e inuicctto 11 . l 

;.:,~::.entia.l y, the i u i ator is a recording p1'8!:;!..Ul'e 5 u5 e , o -wtucn. 

'He::. 5 · 11.:; cy.1.1t1a.er 1/re~,_,ur·e~ cc.1. bE: J·ecorue' hga1.n~t .i:-ibton di:.., -

~id.Ceuent , cr~1~ n le , or ti~e . 

I the inaicator reco as 1)re~:;;ure chc...!16e d.6a.inst iston ai -· 

.k-'lace E-nt n area i~ tr<ic~d by the i l;;,truil.1.ent w.t1icn re.t-'resents the 

ore.: 0ne b or U.,t-10n t11e · rK .uieuium . In i t e.rna co,,: u tion 

enc;ineb tni.::, inaicator card re )resents tne "bOI' aone 'Ni thin t 1e 

engine ;li n e r . Wi th t 1e infor1.1ati0n t tus obtainea fr01n this 

card t he mean indi cate ~r~ss res and hence the indicated 11orse-

_µower, of an eng ine cylinder ca.n be obtained . 

For "'01.t e j;Jtlr z1oses it is desirable to recoru t~re::.sure cnang s 

&bain::: t ti.1.Je , or crank 2i.ng le . Fro.u chd.racteri:::,tic J!Oi t · of the 

tiiJe c · rd, t he stre::....;.es in the engine _µ-.1. t , the tLuing of t e 

l J'uncJ.s z , K.al,u&n • The l!.J¥ ine 



va ves , throttling ef f'ect through va v O}lening., , lea.Iring ~i ton 

ring5, igniti0 . and combustion~ enuwena, intdke and exh us t 

phenomena, and ther dat~ import&nt fro • a d~sign or perfor~~nce 

oint of view c n be deterwined . 2 The db .1itJ to obtain gas 

sam9ling d ring th engin cJcle give5 u infor~ati n ¥ertaining 

t a i r - fuel ratio, exh .. ust ga · n&l.ts s , contau,1.natior f fre h 

charg_ ith exhau t g~se~, com letenes& of co bustion, and ot!er 

i1p rt·nt infor ation pertaining to ctesign r perforJ1U:1nce . Ant er 

u e t o hich the engine indicator can be put wlich WiL~ be nl y 

illentioned here t furt er enlighten tne engine~r ~st its US8- , 

is t o ill asure variable f0rces in vari us furws of wateri· 

t lll6 ~- u ment , Q5 in tie a1 ~licatio Jf a hydr~ulic ~res , 

uUci~tlris or recording a c~r t ain otion (a iift on v~~ve w) or 

tra vel n ~ sli ding mech~ni • 

The o ·e in dis cus ion in i at s the extrel!le i ,ort z.nce 

of ga saiJr i ng and pres ure recording device in the es i gn, 

development , ·nd i ~rovewent of t he mouern internal coro ustio 

eng i ne . 

The fir t a t te .. upt to indicate c ·1a.nging pr s .sure s i 1 an engi e 

cyl' nder was ade b J ames '\11:.t t , the gr t iru_t>rover of the te m 

eng ine in t he y ear of 1790. The instrument was cone ived t sh 

changing stem pressure i n his va cuum ty ·e engine . I t consi t ed 

of a cylinder nd within it a c o~elf fitting ~~ri g-l oa -e y st n . 

~ • Ibid ., p . 1 . 
3 . 

Ibia ., p . 2 . 



er f the latter c rried a ointer , 0vab.1e ver a f xed scale . 

bO.:.Jeti.u.1e ..1.ater in about '7 J6 John ·outhern, on the cu.llaborator 

1· tt , ~a e L.u~ortant i ili~rovement~ on this a~~aratu bf ~ub~tit t-

n6 a encil for the yui:t. ter and a r1i ce of .Pa.tier ' e1.stene to a 

ov be tablet for the cale; t us the first pre.,sure rec0ra.ing 

i nstrument was develo...,ed . ;::, on c..fterwarcis , n "Wever , 8outhern c n-

ceived the i ea of c nnecting the card carrier ith &ome reciJrocat-

ing !-'oint on tne ba..lance efull of the engine; tnus obtaining a 

losed card fr0...i wh ict1 the worze d ne b,1 th ntlne iston c u.Ld be 

deterIDined . I t is believed that the ind icc;;.tor ciiagra;.i1 i-'r duced 

b the watt-S ut ... 1ern indicator was the in5.l.Jir&tion 0r watt 1 s grElut 

invention, the exptins ive orzeing of stearu . 

Around 1825-183 0 J ohn 11IcNaught of be tl.a d , beg· n to build 

i ndi cators on a 1- mall co. mercia.J.. sea.le anu br0ught · buut the 

chd.nge from a · liding ca d carrier to a S.Jring actuated rw • 

F 'O.til thi voint on onl• mi nor refinerucnt s nave been .. .i.lo. e to give 

., the in · c tor~ of tocic:1.j . 4 Tne fol.l.o"' i ni:; in enters , nd 1uan..lf a.ct-

urer& ure tne mo t p .. c JJ1inent in the f i ela of re ea..rch ana deve 0 ) -

.u,ent o engine inuicators : 

In the United state•- : 

Cro b 8tec:Wl G ge ·n Vulve C w~any 
J . W. Tn0m son 
Trill Indicator Co.wp ny 

In Great Bri tian: 

Budenberg Guuge CoJ1Jgan.{ 
Dobbie- dclnnes Ltd . 
Eliot Bros . 



In Ger ui n : 

Dre er ,. Rosenkr nz L-nd Droop 
Lehillann and ·lee els . 
Sc1~effer and Budenberg . 5 
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Tie ow- speed iea tu shave been aeve~o ed to ueh a state 

of r fin ~ent t ha ver re~i~ le results an be attaineQ with t he 

if siJeE: s of <· o- ;_,oo r 1 are not exceeded . These ~yt:eds are en

c unt ered in stationery s teaw, gas , and oil engine . 6 

with the aug.Luentation of spe ,3d , ,µres ·ure , a.nd t eJ.JJi,>er ature , 

hie cnaracterizes the trend of the wodern ngine develo ruent , 

t he error introduced b t he nor ~1 ~encil t y)e indi cat r increas-

ed r pidl . Th i s di ff icult le d to t he deve OiJ ent of o ·•tical , 

electric 1 , n strobo ... c pie met h d of determining the chanbing 

cylinder pressures . The reason fr t he error intro uced in :pe11cil 

type i ndicat or s i v ex l· ined by K. J . De J uhasz , s fol l o~ : 

flQwing t o t he inertia of its ovin • arts t he )encil of the 
i ndica t or does not de cribe t e true pre ure line but su -
er i ruposes UJ on it it own natur~l vibration . Due to t hi 
an error r esult!:. , t he agn ituae of wnic i s t e z:::-e.:...t er the 
mor e r api d t he 1)r essure chan e and the longer t he natur 1 

. perio of the v ing .i:Jal·t:::: . 
On a 1 s eed s t eauJ en ine ( ' i th. a l ow r ·· t e f -,., .. 

J re5 ure cna.nge ) t e u eri · .t,10 eQ vibration ay so 
s.taall a to 'tie ·rdly etecta-ble . On a h i 6h speed engine, 
o.:.· c. one v, ith a high rat e ot·· re~bure cha.nge , t he vibrati ns 
ma entir~l cii ~tort the di ~~r~w and rentler it u~eles~ for 
eval.uc.tion . 

In order t r educe t he error, it i s ne ce~ ar th· t t he 
natural vibrati n period of the ~re~ ure ea~uring part s e 
;.j all i n Culll;,arison wit the tiwe of a given ci.1&.nge in 
pre ·::.ure n . 7 

:5 . Ibi . , pp . 9 . 

6 . Ibid ., p . 4 • 
'l . Ibi ., ' 1 • • 



In or er to reauce the natural eri d of vibrati0n of the 

indicat r ' , •· tiffe r .t-1r i ngs and li5h t e r we i tht ving .. arts had t 

be incor · ur t d int t ne i r con::.truc:ti0n . The .result ,, ... ::, t ne 

d.e ~.1.o ·ent of the .u1 • cro i n ica t or nich · er · be e ii11.t.ic.c.itur C;ci.r s 

wi.iicn .u ~ t be vie ea ~der a .ii icrvt. or1e , or .t:'hotoJrc.:...t,,.1.:au a 

.... · ti ·i 'c1.c t 0 r i .res ..J.. t s u~ to !..> 0 .f,..O . 

A the rt:nd~ o eng ine e::;ign .t'rogre .sed. towa.J.~a. nitiher 

' ... ,ee ' , t t;.LJ,.-·era t u1·es , &nd .c-'r es u1, e , the e:ng in inalcat~r c:15 ct 

r e:..sur- e r e u.rdi~ i n!.>tr · ent reached it l.L.iit o de .:enaa i.1itt . 

It t.ne beca.we nec:0:...so.r., to a.J J d. a.ifferent ,.uethoo. to oot;;.in a 

· grai.ii 0f t he chanb i ng ~re ::.:. ures uring t ne er161ne c., cle bcc.:a.u.~ e 

witn the high yeeas (c...bove bvv rv.ul . t.£1 arawing o e1 co...ti_tJ ete 

c le 1-.oul ha. e to be 1:1cco.wv.1.L.,heu in ~ c:h a ~ho1·t ,...;e iod of 

ti....ie thci.t it be c ou,,2s 1!le Chcinica.LlJ i .u1 o::;~ i b e . Tne J,.utica.l a 

E ectric 1 ina. icat r s ca . ..ie into e:xi .s tenc E: to ive a ,ueam, f 

recoraing t 

in ica.t o 1 c;. f 1.or.& : Th .w inute otion of tn · ..... ec.. .;,Uring 

.t-'"" t ;.; i - e cor ed · photogra;:,Jhic ,.aea T~e i rr r i & given 

a uc · ng woti n i n on uircct1.un ro.i:Jorti nal t v the cna.Ilcsing 

l i nder r e.;;:,ure , · nd a rac.n:ing .JJOt .i..on l,. the ot er ai ectL.m 

,µ r oportivna.l tv t he .ceciiJI'OCa.ting .;..iotL:m Jf the en0 i ne 1.1 - ton . 

8 T • .:!::...L • ' i:' ~ • J4 • 



e .i,> inciv..1..e of o.t-'erat un oft e electric l in ic tor is a.S 

f ll. w..; : The ch~ing .i:Jres~ ure i n t e en6 ine c lineier a. ct ui-lon 

a i b~nragm nose w0ti n is t r&nslatect ~tu eJ.ectr c~ · t~rills; r 

a. ;:,Ubst G1.nce ~uch ich ch .... n6 e s it ::; electri o.l 

c a.racteri ;:;, tlc s 'With c ang i ng p:cessure s . The e.Lectr· ica.l ter.ms 

are r ec ed b me~n of ·n oscil 0 0 raph which c~n be ob~er ed 

or p·· otogra _ed . 

6 

Te electric l nai ator~ are more ~0J~lar t &n the ~tical 

ones becau e the o tical indicat rs have t he ui 5aavanta6 e of t Jo 

uch bu.Lk and we i ght whi ch gi v':;1~ t e.ui b. L.mi;; ~eriJa. o vl ratLm, 

n t ht -hi ol e instrUU1t:nt i ::, bJ e ted to e :ig .1ne · bra. t.1un be c .... u.,e 

it ~ ·ii ·i l e of O.i,>er~tion nee s it~t~s it ~ clabe ~roxiiliit t o he 

en • e CY.Lin er . Th electrical L ulC<:1.to s , on the tl er c:.nct , 

1c1ve Su.we 11.u;i iition.s . The _yre ~ure chcJ.l1($E::~ a..L'e recordea. ..:;n a 

t ..!l ba ·· c · u.!.. t ~ ca.t lloo.e l'aJ tube h ::, 0n.i.i one aJ. i ~ ana. sone 

e:;;. ult in ..,;lot ting ua.ti:l t: obti:..in .t,-1re.,.::::,ure OJ..UdJe 

car s; &l ·o t e el~ctr i ·a~ i naicat0r &~e Celic&te ~nu i n t ri~ate 

nstr ' nt ::.na. iu ~t be handlea DJ ;;.. ::,.r..llled oi-1 rat;.>1' in or·a.er t 

bta in a ce ate re u..Lt~ e1.nd to .1.nsu.re no !la.I· co.we::: to th · in t u -

•· ent . 

T e i dicators a.es c ib ct t hu far tr&ce · c0...:Ji,,1 ete dia6ro., f 

each engine c cle . There i ::, ano ner .t.Jr J.nei.c;le u~ d i n i no.ica tor 

i n i .dch t he i a.6 r a,.;i i s built U..i , poi nt-b -.J.Jint , fr0..u la ge 

n u.uibe r of en5 i ne c 'C e~ . Thl$ .u,e t .n a cci.n be a ..t-'.L i ed o.ru., i f the 

succ ve ..1..eti <.1re ::,u fi i : nt :I [,LL i .t{e di...rin,s t.ne c:1.Al.Ilc, of ... e 

a5:ra.ws . ul.fi l.1 i ng 0 t ... d c'"'nuitLm nece;:,:-:;ita.te::, t e 

.:na i n t a i ni -6 () a. c 0n t .. nt l a.Q &na s.t'ee 0 tne cn~ine UUI'ing t.G.6 
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taking f the &.ta an , tnat a. tate of ·=y_uilib Uil1 is reacn.e -with 

the en6J.n before the data i s t r .K1:n . :C J . Db Juhasz , states : 

»I f huwever , f r the uuration of' ta.zti nt a ctia raw s f i.c ent 
ns t · nc f t.1: e engine CJ ' le can be as~ .re , theu thi · 

ulctuod o fe a far grP.c:1ter 0nvenience nd. accurc:.cy than any 
of the slnble c.; le i l a tor~ . A urt er a.CiVa.ntcL6 e f t his 
.u is tne1.t the e:.,uJ.t ng diagra re~.r·esents .1uean c;.lues , 

f 0r ilic.1.n/ en~ inei;;ring 9ur os · ;:, , a.r 1Jref 1;;1'c.1. o e t0 t he 
re 0 one · lng e C/cle . 

As eng L ~ S.i:)ec s a a .ilre::..:.u es ncrecJ.se t.. till fw·tner we fin 

)llc:i e-to- •· e ..,aill:il · ng evices co,ilin6 int u~e . 'l'nese i nstru.uents 

i 6eneral 1 ave the advantage f be.1ng a apto.ble to both r·es · ure 

· nd "'as saa1}J ing . The deta.il of t.nis will oe 1own later in the 

es i gn f a .. Jhase- to- ·na::.e ~a ... .Y..1.ing device . 

The c ·c i c ~res sure indicators a.ce of t · c as.ses: 

1 . Fro,11 ;.ressure to ,.;re~~ure , tnat hase of the e ine 

c ·ci.e i d.eter .. dned at '\-.nich a gi en ,e,r·e· ~ure exist 

..., • Fr-.> hc::1.se - to- 1/1.1·· e , tt1c;1.t ;res::;u.r·e i5 deter~uine wni h 

exi~ts at a 5 iven ~nase 0 · tre cycl . 

The ·'i r t class of C/c · i i nu.icators i::i n.Jt adu,t1ta.ble to g~s 

Tha. a. 

t re\ · e ott.Le un er a .J?I'et>.,ui·e or c:1 v""cUilln o..,era ing again.:...,t a 

.t1i ton connected to the er1ts lne c., .1.inae na..Lance~ tt1e c:1 in · er 

pre' ·ure; a.no. ,;hen tnL, ccur·5 a s.va .ii i~ ~u·· de t urn t11 ougn a. 

,i) i · ce f _t1c1.,t,1er on a. rotating a.rwJ; and bj b lane in - th }I e:...~. re~ 

t 1rough0ut the cycl a res~ure ti.tlle C I'(l 1:-.. U.1..lt u.l-' tnr ugh a 

l arge n 1ber f ye es of OJ:ieration . 

The _i)res re ti.lile c&rd tJ_i::,B of inc..icator Oo.Sed on the re 5-

9 .Ibi· l " -, pp. ,.) • 



ui·e ba.iance l; incivle as deveJ.01-1ed bJ !l' Jor Nor111c;1n , c:1.nci H. -1 od, 

01' ~ e o.r· l A· r cru. t .i:iStab.1.i ~ ent of Engl· nu , a.11 i · eiug l.llanu-

fa c ture bJ D i e _,.,1c I nne ;i o G .1.asg o~ , Eng .1.a d . T.l:le Fa boro 

inai a tor ' c:1s 1i1any· se in the t es;t;ing labortorhi.ci . 1 0 

T e i).haµe - to-.i ::.e clas of in ·1c.;ators 1.,rcsent · tl e ost 

illt:,18 Jcl irn:i j_::::ator t0 t e sa~u.,;ling device ~na reco d tne ,t1ha.se-

t O- .i? ase ;r-e~~ure changes as w~ .!. a 

ana Jsis on a vhase -to-_ph"::,e ba i c ... . The l-'nase -tu-i..lh ,· e i nuica tor 

operate · on t 1e fol owing princ i l e : ·a.11.t->..1.ing v a.Lve i.s direct ' 

connected to the engine c;linder dlld is ctuate bJ eitker lectri-

ti.we of 0.:Jenlng ::> ti1e Vu.1..ve wu t bB 

l-1 c.S€d to , nonce each en6 ine c;cle and the periud 0f $cull • .J..in 

t e cuntrolled, t~~ als can be done illecna ic~.li · o el ctri-

C ' 1..i • If .i,)re sure sa...;1,-,.l.mg is u.e ired , tne ..JrE: ::..ure is a.1.1. ed 

r<:::a.<..:J.1e for 1e t1..we b.na yo int o o~en.1n6 oi t 1e Vet ve . These 

re rec J ... dea. r' o ,:-1ha ., e -to-phe1~e through the el16 .1ne 

CJ J.e to b ild UiJ a _pI'e::, ure tL.ne · rd or 11 essure' .lum ca 

If 6 as sam.t'linJ i ~ aesi ·ed , tl1e !:,a,. .. ~le ext acted 1 ... 1en tl ... e Vc:..J. e 

• < Oi)cn i ' co lected until t:iere is _ ficient ~F u.1.~le to c.t.m:1.l · e . 

T11is can be done on a .._1hase-to-.. ..,h ;;;£ b~~.1s tnroughout the eng ine 

c:,, cle . 

·-4:e cnanica ::.,· .. 1.11 ... ;ling v&lve~ ha e been deve..L.J.._.,ed 'which o,t1erate 

l Heldt, P . rl . ·1gh-bpeed c~~ou~ ' • oou 



o the }'ho. e-to- i a e yrinciple b,1 Pr fesso ... . J . De Juha z , 

Penns ·lvania St ate College ; Professor H. 14 . Kan lin, Purdue 

Un iver it:t ; Professor Ford L. ?rescott , Uniy,e.r itJ of Fl or i da ; 

J . ' . Sp nog l e , a.nd E. C. BucKly , staff of the National Advi ·ory 

ittee fr Aeron utics at t he Lullcs l ey M~w ria Aer nautica 

Laborat ori es; Claude E . C x , Co ~1erc i a .L -ng ineering Laborat · ries ; 

Burges s - !-1anni ng Co nJ; Wit ~, w 0 ell , an Bo· d , General ... > 

1~otor J. sec1.rch La rato.r i e • 

Tne De J uh z o.npling Vu.l ~ w· desi-'neo. fur a f vu.i· - !.> t!'o~e 

cycl e - inc . 'I'he mectm .i Ca l .t-'ha::,,e ch.-.wger con.::is bd. of a 

plunetary g d- tri;.tin wit · l : 1 r1..:duct1on . T. e sa;.npling f 

Vu .L e connected. to cran ~ a.t c:.Lu0st 18uo fr·o.1-11 tc1ch oth r . 1i.'hen 

t he s.Lots i the ~iiu~ Vd lVes lined u . , ~ach cycle , a samyl e 

fl r ed t th_ engine indicator , connectea to t e s.:.. • ..i ·lin5 va lve , 

ich record .., t he ~,re bur- c. · nc;e~ thro~h ut the engine cJcle . 

T~ i.., sam., ling v.;.lve h · >J been used .. u ce .s ::,ful n ngi e s_:)eeu ... 

up t o 6 r i,):m . Th - 1nai n source of error f th.ii:. t · )e of n -

trument. is eakage -. lich ay occur in tne ...... rious pipe llnions 

and in the valv element . T e1.imin(;<.te t.he~e eahs ""l c nnect-

i ons .Just be ea l ed &nd the valve su. f •C(~& lubr l c .s. t ed Kith .;.. 

v e r y vi s 0us 011 . 11 

The Ldn5 le· Meworia~ Aeron· utic~l abv ~t ri~s ha7~ aevelo~ed 

a a ~ling valve w ich , us cen use succes fully fo 5cs s~~Jl-

ing t o 6.Ili;;.ly6e the c;; 1..inc..er r;;.ses during c wb'J.stLm , 1,L.lch 5 cive 

ll . l De J w1a z., 0 • cit . _..> . 4' ' -148 . 
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i or- at i n pertin nt to i 1n~rove t de ·i n of ou u~ti n cha be 

n co pr e :::ion i gnition engine!:, . This in truroent has a ne dle 

valve , eal ed ith a f exible stee dia hrag1, ith a lif t of 

O. O 4 " . The o~er· tion of t1e Va~ve ib as fo low : Va ve cam 

driven b a fle~ i ble ha t co · ~·es e s a c pring trough a tappe t 

ar ; and UJO relea ·e t e inertia of the s · t em lift s t he valve 

te fro1 i t ea t again ... t a s trong er va.1. e '.,ri g; h i h t .nen 

return t he va ve ste .. n t its eat . Th· b t pe of alve f eature s a 

c on t .... nt ...,B.ll1p.1. i ng perioa. reg - rdJ.e • s o eng ne ~i"'eed . 12 

T.. Cux, .b gebS - i-1· nning , G ne a ..:1ot r , ana i s cott, s ~- ,pl-

ing valve are of t he iJO,tlye t v lve t.Y pe . The fi.r t t ar 

OiJened b" n electr - magnet c coil and . o e b a 1.n· ing . The 

Pr ::. c:ott valve i s 0.1,.,aned by i.:l. Cc..iJ c.nd r oc.n:er a. .11 ar c;1.ncSement 

ana c sed b · a spri n . Th e Co c1.J.u_.;l i 1$ Va. ve f e · tures a po_ppet 

va.lv · nd i used for cl. Cl,n re · ure ~c:1.u.1 ..L ng . Tl e 5 e 

i- a i ng v <i.4 lve f ut r es a coillb · natJ.on s1-1ark lug and need e .al e 

s.1,.1ark 

lg it i on engine . The Presc tt valve is of t he pop -,e t t .r e and 

i u ed in corobina tion ~ith an engine i ndicator t o r ecord 

pr essure ch&ng s ithi n an engine c ind r . The Gener&l Motor 

va lve is used for ombustiou re~ec.r ch and i e cn ... mi a.1. l 

a ctuated . 

Tl: f goin · i.:,cus~ · on h s een gi n t ·tJ.' s::, i1e 1 or-

t o.nc of ga a .i.~lin~ an } r s;.,ure rec urding evic ~; nd to 

~res nt the deve.1.o_v....aen t c. d ii.J.,tll'O e ;Jent t hese i n;. tr 'k,nt in 



a logical or·der, as the,,r v;·ere needed to give the rieCe$:::,ary data 

for the design and iu.l,iiirove.i.ll<:::r.t.t of the i11..:.>dern high spieed internal 

o orubt1Bt :ion e.t:J..s 1ne. 

ll 
\ 
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BL ·cTIJ JF ~AA..? \JG b.L. E T PE 

The te ti g of J. igh ~1ie~ci engines req i e test e4.ui ment 

w ich i l.L 1· e e en abJ.e r sults frva the engir e oeing tested . 

A ..t,1hase- to- ~.,nase .::ia.! ~ling V1::t.J.ve wil.L g i e · nf0rrnatio1 yertaining 

to bot h gas Qn ~ressure · 1en0.uiem1 . There hctve been .1J1an.:r d i ffer-

te$t w rk . The p6. tic·.1.1.ar de!.Ji6n ::. e lecte ' c.e~enu.& to a grec.t 

extent u_p n t ne engine ~ to be tes.te as to .eh/sL:;al structure , 

-'-Jee , T xi~ UiJ1 cylinder vressure , and telllr'erature . The gen~rul 

r e 4.uire11 ·nt~ of s a .,;l"ng valves a :.·e given b K. J . De J ulla~z as 

fJl.L ws : 

" 1a ) I t is e.:isentia t :i.ut the c,.hIL..tnmicc;i. t i. n .zJe:rivci be a s.wall 
fr ~ ction f the engine revo uti n , so that the •;r, $sure 

~nge during the o~ening perio e ~mall; 

( ) · ur ·ng t ' i ·· .:.or eriod the c.l e lliU&t ~r0vic.. c:. l&rge 
o~e ing area of h i gh 0rifice coeffic ient so as ogive an 
un b..itr cted pa t.u.ge f t e f ow o ... t e mediU1J; 

c ) t e al e 1 ·ust be free f:r::>u ea~~6 e u.na.er .tu' r s~ re 
t 1~ .t-i eratur1:: cuncti tion • sn leaKage con ti tut s 

a ~eriu1 s ._,'Jrc e of error when it is c :nsidert;d. tha.t the 
tiwe a.V l.Lab..Le f 0r l ~a1 c:.i:;e is a. laJ:ge :u ul ti le · f the ura
tJ.. 1 ..., c J..UUlunico.t.1.on . Therefore , it is im1Jortc:1.nt t 
avui ui ::.torti !1 fr·o l..eat. whi h inuu e::; lea..Ka.6 e ; 

rd) i t has to of s 1 ' l a.iJ.ensi n ana. ,, eic5ht ~n f 5uch a 
:... ... 1a.l:'c w.i: ich _i)t;;r1t1 ts &. .., or:t comie t1.on to e ..i~ue tu u 
b c...Ce t e i n ·e ti utect . F0r c... .... sam_pl · 0 t c, uir1::: ent 
iw sv cia l . im.ev.rtunt . 111 

T11e cie i 6n an.ct con~t:cuctio ing Vc.l e i O.!!iet ling 

whi ch r e uires cons i era le tiwE: an eff' 1·t . Th€I' fore , tl e 

t yp 0 evice ana ~rinc ~ e of o eration ~h0 · db~ c10 en ich 

wil be~t f i t t e i.ulITlediate neeu fr ~·en a devi e n t e~ti ng 

1. 
K . J . De J uha z , ; • l oo . 
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the e ,.. uipment avail·· le . Thus f r t e c erci l y avai · ble 

Sa. iJli evice h ve h·d u &. i h purcha_ e .t-'rice t na it i 

not p s i et o' tain one f tu.,e in tt; ·t · 6 in ur iuternal 

co!flbustio 1 e .gines la or·tory . The5e c uner ial $am li 1g evices 

are f0lllld ill stl i lnte ·na c0mbusti 

test 1. labor tor es . 

Tl e e a def i it nee · for a !.."-w .. ling alv fr some 

t e to be usea in graduc:.te ·tu ies in connect · on with the in-

tern l coro usti n engi e . Therer et e election 1th · echuni-

cal featur 5 for t he ..,a.tn.,,llng v&.l e 1&ve been cho<::en hie 'i-i • 11 

best fit t1 _e need • The saru,.Jling Valve ,,ill e e umical y 

Cl, otuateo. b a irect gear a.rive fr 0m the eng i ne . Th sf &ture 

g ives a.urabilit &nd ell irn:it~ ... an· error in the 1,ha.;:,e relat on-

s ' .i.i . between engine 1:!ncl s··.c'J;ling valve.. The Q..Ul.~llng c1l wi l 

be f the p ,. · et t · ;;e bee u ~"- t nis. me&n ... ;,o&itive s al·ng of the 

valve a6 ° • ~t lea.Kage hen clo~ed , an t l at the c:,.u __ ., J.e can be 

u tracte directl fr t · .i.e engine C.r lino.er ·i thout an inter-

vening 1' s age a. . The \.),.Ji,)€ t t .. Se.1il..:, il16 va.1v e he..~ t e f llow-

ng di atlv8.nt g€s : al .ling occurs over an i n ber 

of egree f engine era travel as the e gins e~d lncr-a ·e 

a.nd the ~ · ing actJ.. n a .iJOppet v · lve in t he dir ct ion of 

r ate~t orifice coeff i cient ~i .l intr duce an error len it 

i used for · re sur sa.u l ng . 2 

~ . I bid ., Pv • 151 . 

. , 
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The engine speeds usually t~:ncountered are fro.ni 12 to 

in most cases and the pop;1et type valve will functi.on satis!'actor' 

ar1d has thus been selected as the type to be designed and cor1-

:structed. 
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The sa1u9lin6 Vetlv-e '\,,as designed to .satisfy the fol.lowing 

donditiorls of 0 1)eration: 

l~ The valve ,must be 2ble to extra.ct b. s&m_ple in approx-

iruately s0 of engine crank tra.vf.:l at engine s1.HH::ds up 

to 1800 rpw (this all.ows 5 to 6 represent<:i.tive :::;awJYles 

du:ri:ng cv.mbustion w.i..tich -;,;qs sufficient for co1l.lbu.6ti0n 

2. JA .illeans of cooling the 5c.u:J11.1..ing valve in t.lne reg ion where 

the .sa,u_ple is to be Bxtr•u.cted. is necessary to stop com-

insure that the Vi::!.lVe o.r!eI'ates cool en.0ugh trmt the 

lapped su.rface between t:n.e ,;-&.lve and. valve guide (acting 

doe5 :not seize. 

3. The valve must have a 1.arge enougn flm,; area so that 
' 

suf:f icient sa1aples can be extracted tor analJ sis within 

a_;;>pro::.:i.f£1ately a 3 to 5 minut,a period. 

4. Because of the .a:i&gnitude of the inertia forces encountered 

to reduce the .Lift and 1-,eight 0f the m-ovi:ng pi:ii.rts of the 

valve~-

5. The ca.u'.i should be in direct contact tdth the valve ::,te1n 

to eliminate weight and lost motion tnus contributing to 

a fb..ster Va.J..ve action. 

6. For convenience, com.Jactness, and ada_ptabi1ity the phase 

ctt,;;.nging device sb.01 .. 1.ld be inc0rporated directly with the 

valve actuating mecl1anisw.. 
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'l. Since the four-stroKe c/cle engine is ,more cowilionly en-

cow1tered than the two-stroke cycJ.e the p.nasing mechanism 

will have incorporated ¥'litl1in it a. 2:1 reduction thus 

giving the cam. a cycle of '!20° o;f crank tr&vel -which 

corresponds to the .four---st;roke engine cycle .. 

'l'l'1e calculations necessury for the design and construction o:f 

the described saA1.:.ling valve have been set forth on the following 

pages .. 

Trie flow area around the W;;,ive \-1as fil'i,t investigE.:.ted to 

deter.wine whether ·the a..Jount of ~iuu1_..1le desirable ( 300 cc in two 

minutes) was a limiting factor 1ll the design of the; valve.. .From 

the stand~oint of design a s.wall diwneter light weight va.1.ve ·was 

es.sential t0 reduce the inertia· f or·ces and cor11bu.stion gas fo:rces 

to reasonable v-alues, so that a light S}"ring couJ.u be 1U'.ed., thus 

great1.; reducing the operating ~tresses L:uposed on the, valve and 

giving a long life val'iTe filechanism .. 

The :flow area d,~tei•:,.uinations are as fc.illows: 

Vo1..U;llle of fl.ow at 14_.l {)Sia; 

_ 300 CC of Saillple. • o· .l·· 5 ~--.,5.~ ~, 
V - 16.3,.9. x 2 .X 60 . - in.D/sec (1) 

Weight of gas flowing per second at 14,.'7 psi.a: 

PV= i~ffiT 
(2) 

PV 14 'l M= ~ = , ,:.:.··2 X\.t. Ov .• .:J 

1.44 O.lb25' 
460+ lOO) 1728) - 0.00000626 lbs/sec .. 

'Where.; 

P ·s;o the gas pres.sure in lbs/ft·. 2 

T = ap.v.r·oxi.mate te!:lperature of' gas flowing into Orsat 

an.aly.zer in deg:ree:s Rankine 

V :;:: volurue of gas in ft3/sec 
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R = g&s c0n~tant for air 

M = weight of gas 1n lbs per second. 

The most critical condition of sa.u1;-1ling occurs during the 

suction stroke of the four-stroke cycle engine. This ocqurs at 

approximately 10 psia. It is necessary to have a collector tube 

in which a pres;.,Ul'e of approximately 3 psia can be maintained to 

collect the sample before pumping it through the Orsat a.J:)_paratus 

whensa:mkiling below at:wospheric p:res:sure. 

The volume of' gas under suction conditions is as follows: 

V = MRT 
p 

V = 53.iS X .00000626 X 600 X 1'728 
10 X 144 

V = • ~.4•:J . 3/C' .... ,:;;., in. l,)ec. 

(2) 

The general formula for gas velocity valid for any pressure 

difference for an adiabatic flow as given by ·;r.L. Ma.leev is:1 

G l..38-l] ,r ·, X 32 .2 X l.08 X 50 .3 :X, 600 1-{v.l;O) 1.Z,8 
v 1.38-1 I 
V = 1370 ft./Sec. 

Where; 

G = acceleration of gravity (32.2) ft./Sec. 2 

K = constant for a polytropic expansion 

R = gas constant for air 

Ti= temperature of charge in cylinder during the 

l.. . 
V.L. Maleev, Internal Combusti0n Engines, pp. 321 



sucti n str ke i n degree5 R~ruci e 

P1 = i n itial re ·sure sia 

P2 = final pre ~ ure .psia . 

Al owing for f riction and change i n velocity with change in 

.flow area as t he va.Lve opens and closes , t he average velocity of 

the gases ould be api.;ro ·i.Jlately l/4 of calculated rlue , thus : 

V • 1 =7o = -7'45) . ; f't /Sec a 4 ~ ~ V • • 

The sainplin.g tim of v lve i determined y : 
1 O<... g .L (4) = --- X n_ 660 
6J 

1 so 
= l8u :x. .360° 

60 

= . 00740 ec . 

where; 

ex_:: n ber of degrees of engine cra!u{ travel cturing 
s 0..l!l .r? 1 ing • 

n - revo utions per minute (rp;) 

g =- sa,upling time in seconds 

Volume of sa;11,pl e per engine cycl e i f ound fro~i the 

following relation: 
• 
V = V x 60 = . N4~ x 60 

n 00 

= .u 614 in. 
The flow area. re .. uirea. i::. founu b: 

A 

.. 
V 

= -
Va 

= . 01614 
12) c42 , 5 (1~) 

""' . vOOOo.:32 in. ;;;. 

(5<) 

(6) 

These calcUlations sno ..... t &t t ne f..LOW area wa n ta deter-

18 
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.ruining f d.Ctor in the de sign of the :::;a:i.H1-1J..ing valve anci that it 

w,ou...1..d be :;;io::.;sible to caacentr&te on the ~.i:fiallest lift a.nd fl.ow 

ar(:)a for which it would ve ;JJ:~chan.tcall,f feabible to design. The 
' 

extl"'81uel/ S.illall WilOllrl.t Of ti .. ucl WtiJ.Ch. the V&.lVe WOUi.d be in opera-

t..Lon (u.u0'/40 .sec .. ) show~ that evert effort . .illUst be made to 

· reduce the wieght of the 1wvi:ng pa:ct$ and hence reduce the 

inertia forces. 

A relatio11s.11ip between lift, ca:..u <ini;::le, ca-111 di.a.f:Bete:r, and 

engine cycle e.xists ·whicl1 must t>e investigateu to establish the 

most satisf~ctory design. FI'vii.l the investigatio:n of' the equation 

for the force of inertia ex,p:r·essed in terms of weight, ti&e, and 

di;:jtance, 
2SW F=-c-· gt,;;;, (7) 

it can be seen that the weight of .th€ movini parts of the valve 

and the lift of the valve bears a direct relationship to the 

inrartia force and the ti.we varies w-1 th the inverse s.4. Ua.re law. 

Fro.w ·the aoove .rela.t:.i..onsb.i.;,) it can be seen that the o.._)erating 

ti.we of the valve prese11ts-~he most criti.eal limitations on the 

v.alve. design and performance. 

The lift of the valve was kept to wlt.nin .. 0.1. to .. u~ inches 

to reduce the Lupact upon closing and hence the :µoss1bility of 

ct.a.waging the seating properties of t.ne va..Lve and als,:, to reduce 

the gossibilit,i of valve surge after the time of closing, thus 

giving a .sw.111.f.ile which would not be .representative of the point 

of sampling. T'.ae Calli which actuates the valve O,t)erates at one-

half engine spe'='d, The angle of' the cam lobe acting against the 

valve must be only one-hal£ of the :nuwber of aegrees of sampling, 



which would then be 4 de6 ree.s. The diameter of the ea.m should 

be kept as :::;.m2ll as possible to reduce the tangential velocity 

.bety;een cam and valve U1.Jon cont2.ct as tr1i.s will ,i1.I'Oduce less 

wear of the parts due to friction. 

The 1.rroper angle of the valve seat was investigated. De-

creasing the angle of seat toward a flat seat gives the follow-

ing resulti,: 

(1) 

(2) 

(3) 

Poor seating i)rope:rties 

More bearing surface 

Less tendency of valve to sti.ek when surface becomes 

dirty 

(4) Less lift for a given flow area 

(5) Thin edge which gives the valve a tendency to burn 

(6) Faste:r conduction of heat awa:1 frolli t;ec,ting 5Urface 

because of i:ncrsased area 

(7) Increased weight of Vctlve 

13y 1ncr8i:i.sing the angle of the valve .seat the o,,Ji)vsi te effect is 

obtained, in each oi' the a.hove case.::L. A 30° angle of the valve 

seat was selected as this gi:ive the best c01ubination of the above 

items. 

The design of the Valve and valve seat is given the next 

consid1::;ration. V.L. Maleev, gives the following equation for 

the flow area to equal the port. opening; 

D = h co&:F 
.25 

= •. Di?.: J{ -• 867 
.25 



= 0 . U6d4 in. 

Where ; 

D = dicu.neter of Valve ):IOl't in lnciie s 

h - .Lift of valve in inch~s 
-1 . ') 
Cl'. = angle of valve se~t in uegrees .N 

Tne flow ~rea is fund bt; 

Ji - -,,. r2 = o .'7854 :x. 0 . 06B4f 
4 

= 0 . 003780 in.2 

The wiath of Va.Lve &eat L, deter.wined bf 1•1e1.Leev I s 

e4uat.i.,m wni.ch ..,.tc:.,:ce::. tll(.4t :D 

b = l . 4oD 

b = 1 . 40 (u.U604) = U.lOOb incnes 

The .c>roJect ed a.L·ea (.A) is det er"iinea by using the 

21 

(~) 

(10; 

_t>ro J ected width, b • .L . 4oD, ana t.c1en solvill6 for the c..rea froLn 

t ne re1.ati0ns11i ; 

A = (~b f D) 2 Tl' 
4 

k : ( (1 . 4b X 0 . 0684 X 2) + 0 . 06:;34) 2 ! 
= 0 . 0575 in. 2 

(11) 

Next, the diameter of the vaJ.ve :,tew wc1s determined . Because 

of the rigid support offered b.f the valve gui<1e and t.ne rela.tive 

short leng t h of stem required (a.i,>Jroximately o inc.:ne~), the 
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~trength calculation can be fur~ ~hart column under airect 

cowyression . Assuming th~t the maximum force against the Vdlve 

stem is approximately 200 puund.-.; the areo. of the s tern can be 

deter.mined by the equation based on direct compression of member : 

A - F 
s 

(13) 

A= 200 
12 ,000 

A == . 0166'7 in.2 

where: 

F = force acting ago.inst valve in ppunds 

S = working stress, for the material under con

sideration which is high carbon steel, given 

in pounas per square inch. 

The diameter is determined by; 

D f 0l;j_7 

4 

= .1462" 

The above valve stem diameter is that based on direct com-

pression . For a member to b e under direct com~ression the ratio 

of length to diameter must not exceed L = 8 :1 for steel , as given 
D 

by V.L. Maleev.4 The unsupported length of the valve stem ex-

tending from its guide will be assUUled to be 2 inche~ . By using 

the above relationsh ip the diameter of t.ne valve ..,tem can oe 

deterillined as follows: 

L = 8 :1 
D 

4 • V.L. ~a leev, Machine Design,pp . 17. 

(14) 



D = 2 
8 = .25 inches 

Thus the va.1. ve stew a.id.lu>.:: ter is li.u11.. ted b,t the L ra. tio . 
D 

The wieghts of the nuving part~ 1-,ere ae terrnin d neJi..t . 

Apr1roxi • .1ate V'ieight of va.1.ve: 

'11' n2Ld ·wv = 4 

W = 0.78b4 X 0 . 252 ~ 5 A U.285 

= 0 . 0'700 pounds • 

.1here ; 

d = density of steel 

D = diaweter of valve ~te.l.il in inches 

L = length of valve stem in incuew . 

The weight of the woving coils of the svring must be es-

(lb) 

ti ated and later checked against the weight ~f the spring used 

in the design . The following as~W11ptions are roade for the s~ring 

dimensions at this ti.l.ile : 

(1) i1ean coil diameter 3/4 of an inch 

(2 ) Wire diameter 0 . 125 inches 

(3) Number of coils will be 8 . 

The 1ethod of ueterminin6 tne va.ct of t e total weight of 

the spring which is 1tlOVl.n6 15 given by V. L. Mo.leev as follows : 

lt.il \.lever, ,,:,nl.J 0ne end of the spring h&s a. full. illoveraent ; 
the .u.i.oveuier t gradu&lly decrE!ases toward the other end, 
whi ch is ~1til1. . Therefore it can be assllilled tnat only 
one-half' of the spring weight iJa.rtici.,Jates in the .w0ve.went.n5 

The total weight of the s~ring is founu frow the following 

relatiun: 

5 • V. L. claleev, Internal Combustion Engin~s, ~p . 46L . 



D .... diameter of wire in inches 

D0 = mean dia.:i.ieter of coil in inches 

Jl = .nUJiber of coiLs 

d density of"' steel 

The moving we1°,,ht of the sori:po- will then be 1?~ = .0662 ~ ,. ~ ...1:t 

:::: .0361 pounds.. The total "weight .of' the moving p&rts is equa.l 

to the weight oi' the valve plus tl:.i.e weight of the 111ovir1g coils 

of the SJ;J.ri11.g i:iUd is found to be: 

wt = wv+ ws 
£:;"',j; 
.;:, 

-- .l(J3l. JJo·unds 

The fol,lowing table show-s the effect of the va;ri.ous :foi·ces 

(16) 

<4ct:tng up-::i11 the valve during its 09,::;ning and closing action.. The 

(-) resi;;;ts the valve 1:notion. The acti.on of the valve is cUvided 

ed cruring the opening the closing; of the valve., 



TABLE I. 

i'.t.i?e 0£ 
motion 

Sign 
C011v. 

!n~rt~ 
of Vii:tlve 

i'rictiou i5p1 .. ing 
force 

Inertia 
of S'•l'i · 

J,.~,en-
11~ of 
V<:<.lve' 

CJ.os
:tng of 
va.Lve 

1 ... .ace. 

2 .. Dec. 

(.,.) 
dcsir
o.bJ.e 
(-} 
desir
ab.le 
(t) 
d~S1F
ab1e 
(-) 
desu
abl~ . 

+ + 

+ + 

+ +-

.From the ~xamination of the above tcb1e it e.an be seen tr.w.t 

the .most severe. conditi.on.1:, occ:ur at (l) s.nd (4) but the cam wil.l 

be in eonta.ct vith th-e valve stem ;md control the .moti.on. !Chis 

leaves cond1 ti.on (3) ai the one to be contddered. ~he gas. presEt

ure will vary throughout the engine cycle; therefor the spring 

is the only force wluch c~ be de;ended upon to Keep the Vli.lVe 

and cam in contact at all ti~es. 

The inertia force at condition (3) will be determined beeaul;le 

this will. be the !orce which Jl:l:Ust be exerted by the sp:ri~ to 

inbu.re contz.ct between the cam and valve. The inertia force at 

th·e beginnir.a.g of tl1e val.ve closure is totll'.lu by eqU&tion ('lJ. a:s 

. 2S'W F=. gt2 

F = l56 _pounds 

'Where; 



\.J = weigll.t or -G.lOVing 1Jarts in _pormds 
~. • .. . '. ~ ~ .... . j - . .t"~ 

g => acceJ..e!"a"tJ.Oll Of gI'aVit:y l.11 1 t.; see wr:;; 

S -= total lift 01"' valve in inches 

t = total operative ti1r:1e of tralve in seconds. 

This force com.vuted 

contact between the valve and. 0W11.. Cousc{,ruently this foroe 

should_ be materially inc1"'e~.,sed to allow for -f:rietion and the 

r1oa)· \ . 

m:i.del' .no.st operating ccnd.itions. lt a;ring sJ:1ou.Ld be selected 

·wili.eh can be p.re-loaded conslderabl.r to ~,,roduce the necek;sary-

bination of wire dia41eter, .me.an coil di.rurieter, and nu&."i;Jber of 

active coils \.ras deter.wined hy use of a V6.lve spring ch«rt.6 

Selectio:n 01 valve ::.1Jiring: 

(l) Spri:ng f'-:,rce = 195#' 

(2) Mean coil diameter - 21/32" 

(3) 1-Jire dia,;rwte.r = • rr1u 
(4) .Allovable deflection 1Jer coil ;;; .. 04n 

(5) NWAJber of active coils = •; 

(6) Tota..l deflection = ,.tau 



This spring check.s close enough to the assumed s.t-1ring used 

in estiillating the weight of the reciprocating _µarts that no 

change in tn.e caleu.La.tion of tlie inertia force need be J.U&de .. 

From these preli:mina1•y design deterIDina.tiuns the wo:rkir.i.g 

dra.wings were .wade. The avc.iilability of' solile :neces£al"'Y parts, 

hhich would otherwi.se have to be made, a.ltered the over-all. 

design of the ~alil.yling v&lve to some extent. Thetie items were 

such things as; The phasing-gear-train, :fuel inJector pump 

bushing to act as a Val.Ve guide, and. the adaption of the sampl.-

1ng valve to the engine to be tested,. 
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OPERATING CHARACTiRI STIC )F SA1 ?LI G VrlLv -• 

The a1~ling valve was next che ked for its overating c1arac-

teris t ic::> .:iO tha t the functi oning of the valve coul.ci. be es t a.bli5 -

ed for it~ u~e in engine t esting . The eight of t he Va J..ve ste, 

SiJrlng , and s,;r l ng keeper as de t ermined . The t ot al eight was 

' f ound t o be . 13'78'ff the s.t-'r in~ select ed ha. 10 coils and it~ weight 

was Since only J../~ of t he coils would be act ed upon by 

t he inertia force the t t al .D:.Ning ei ·ht of t he va t !'.> -was es -

tablished as; 

. la78- .0649 = .~2u4# 
i;;, 

The actual lift on the va ve was e t abli ~hed by usi g a de~th 

gage and measuring t he aifference in po ition of the valve head 

froru closed osition to full open by turning the cam lobe a cross 

the v~lve stem with the sampling device asseibled . This lift 

was found to be .01:;n 

With the sam Jling valve ssewbled in place in the engine and 

the drive from engine t o t he sam.t-•ling va ve attac J.ed , the plate 

was rewoved from the bac' side of t he ~a.iil.a' ling device t hus ex-

~osing the cam and t he val ve stem . By t urning t he phase chang-

ing wheel and observ ing the oe~inning of contact and end of 

conta ct between the ca111 lobe and t he valve ste and co:..:ntJ.ng 

the number of not che · on the )hasing wheel passing a fixed;,; int 

on the h J Ll ing the nwnber of degree5 of sampl ing of the vc: lve 

can bee tabli hed . The nlliJJber of n tc es passing a fixed yoint 

on t he h0u ing as found to be 6 . The angular relation ~h.ip 

between t he ~hasing wheel an the engine crank travel WtiS de-

t e r mined i n order t o e tab.lish t he 1.,ha;;;e ·whee l posit on for the 



Vi::i.r.ious events of the engine cycle.. The phasing gear has ~3 

teeth and the phasing wheel in contact with it has ZO teeth, 

two l"evolutions of the ijhasing gear are re,iuired tv rotate the 

cam through one revolution. Front the gear ratio stated it can 

be establiilh~d that 5.3 revolutions of the phasing wheel are 

required to rotate tlie Gain through one revolution. The phasing 

w-heel has 8-0 even.ly s)z.ced l!lark.s around its periphery. The 

number of degree~ of' cran.i1: travel per m&rk on the phasing wheel. 

;can be established, as follows; 

~'120° 0 degl'ees/;uiark • o •. 3 ~ 80 == 1 .. 'l · 

Uow the sam;.:;iling. time o.f the valve can be deter~nined as 

1.7 (e) ~ 

,seconds t 

10.20 of crank t.r1:..vel 
~O·. · ~O X au ~,·en = * ~·~ . . ._.v. . .ft . "'"' 
3600 x .1800 r~ 

- 0.000~45 seconds 

of the engine or expressed in 

(4) 

with the OJ.Je:vating cu.n<iition of the valve established the 

inertia force can be eu.&lp:uted &s: 

(7) 

;;: 84 .. 0 pounds .. 

It can be seen that the :Lne:rtio. force has been roduced from 

the one coJDputed in the original desi6n calculations. 

The spring force sh.:)uld be increased to allow for friction 

to about l.25 x 84 .• 105 pounds. Because of the light construe-

tion of some of the gears used in the 1.;hasin.g~gear-train a spring 

force of considerably less tha.11. the one computed a.bove should be 
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u ed . 

A lighter s~rillc; can be used nd the re uired s&. pling t ime 

o;f apyroximatel.y 100 c n be ruaintaine by changiDc, the dosign of 

the caill o that it acce erate.s the vc.11.ve to full open and that 

t he spr ing a ccelerates t he valve to its sea.t . This t ype 0f va ve 

will strike the se&.t i th con;.;iderable force but -with the Sina l 

lift of the valve this tJ 1)e of design f:, 1ould work sati sfactorily . 

The i nertia f~rce computed for the above consideration is 

found to be:. 

F = 2S~ 2 X 1 015 X tl2U4 
gt2 = 32 .,2 X 12 (: Uv~tl45f 

= 42'} 

Because of .frict ion the for c e exerted oy t he sprir~ ill be in

creased t o 1 . 25(4~ ) = 02 . 0# . 

Tne spring selected t o be used int e ins rum:ent has 

the f ollo1c ing specifications: 

(1 ) Spring force= 58# 

() Me~n coil dia eter - 11/16" 

(3 ) · i re dia eter = . 1 n 

(4 ) ,Allowable defl ection per coil = .•. 06" 

(5 ) Number of active c ils ~ 10 

(6 ) Total deflect ion~ . 6" 



DESCRIPTION OF' HIGH .SPEED EN'Gil\J".E TESTS },ITH &Jl..i,1J:'L1NG VALVE 

The purpose of these tests was to first J.i:cove or a.isprove this 

particular design of .sampling valve by Ferf orrriing <:ii. seric~ of 

tests which would snow conclusivel;;t the ad&.ptability .of such an 

inst:rum.ent to both routine and investigativEi typet of tet:its and 

prove the functioning o.f the vhlve from the stand.i:"ai:nt o:f du:ra-

bility, adaptability, and shorter saiil;,ling periods. 

A 3 l/2tt x 411, 4 stroke cycle, single cyli:nder, air ca,:;led 

wisco:nsin engine was selected to be tested. The er1gine is 

dir€:ctly co.0 . .1"1.ecte.ct to a D .. C. genera.tor 11hich ca.n be loaded by 

connecting the lead .,wires to .movable electrodes in a brine tank. 

The housi;ug of the generator· is attached to the cuter sb.e.LJ. of 

the arrud.ture bearings and t:his a cradled gene:rutor d~0na.mo-

to a platform scale by mEans of ~ lavcr ar;.J welded to the hc..)using 

and resting on a pedestal placed Jn the .,_Jlatfo:r.ui scales. 'This 

engin~ was a sveed governed engi:.u,s .and it was 

connect the governor and attach c~ scr-ew t.irpe throttle 1:idjustillent. 

This g,::tve ari exact throttle Dosi ti::m which cou.ld be reloc~ted at . . . 
any til.ie and. ma.de it po;;sible to o_p,erute t:n.a engine at any d,esired 

speed .• 

were as follows: Ease of' adapting a direct geu:r drive from the 

engine crankshaft to the sa.m.,,1ling Vc;tlve, no water j.ac~et to seal 

off where the saili11ling valvi:2 was adaJ;.)ted to tne engine; and the 

engine was in excellent Ii1echanical condition. 



brine t&nk., speed indicator., and. fuel L.eatsuring · t&.nK were all 

arranged so that the instrumtSmts could be re&d and ad.,:UffeJtments 

of engine operating conditions co1..uu be ma,de Oj the p~r::;011 per-

for.mi:r.1g the tests. 

Infor1i1ation 1}ertaining to the funetic11ing of the engin.e was 

derived from the data taken during a .seriBfJ of tests. The ,data 

Valve lfoS pressure changes with 

:re.spect to engine crcLnt an.t6le and Orsat analysis du.ring com-

b:ustion a.net exhaust" 

of the cfa:cbu:eetor &.s to 1;.,ir-fuel ratio unaer vt.:cying loa( .. ;1 was 

relati; .. mshiys established .for the gernn•GL1 co:naitions of co22-

bust ion in f.f. g&soline e:ng ine. ThG .vrefisUX'E? d.a 

engine gs.ve info:.emution 

pert&ining; to the tirni11g and fur1ctiJning duration 

of COiJbustion, time of ignition, a .:.1r::c:,.:ns of de'tfn·.cuini:n.g thr~ .mean 

indicated pressu1·e hence the indicat 



haust strokes, a:nd a study of combustion pressure 1vith reference 

to detona:tio.r:1 and rich or .lean gasoline-air mixtures.. 

The most conclusive proof as to the fu.nctio:ning of' the sa:m.{)l-

f1•01:1 the pl'essu:r,a ti.rue data taken during a test aud observing 

the shape of the car·ds, CO.iilj.)Uting the Vb\.lue of n i'or co.mpre,s:sion 

calculated ino.ic&i.ted horsepower against that determined by direct 

:me-asureruent. l11 the case of tlle test s.et-u.P being used th~ D. C. 

gene:r·ator could be used as a motor to a.rive· thra engine: at the 

test s1:H~·eds and. tr.H:: brake out-put of the cradled u.:nit would be 

equ,al to the friction hor~epo1,1er of the engine (neglecting the 

small bearing friction presemt in the D.C .. unit). 

The data obtained ·with the sampling valve were the co.rnbustion 

and e.xhaust gas analy.s:,is by :means of the Or'.Si:Lt £d'.1alyzer and phase-

to-ohase o.ressures throwrhout th.e c:vcle. To insure accu.rate ~ • . . 0 • 

and rubuer · c0:m1ec·t10ns replaced a.nd. the co2 , o2 , and CO cells 

were :replenished with fresh chemicals. The exhaust gases are 

pas1;;ed through the analyzer so that the gases c.re Qbserved in 

the respective pipettes in the following order; CO.;,, 0...,, and CO. 
·"' .,:;, 

The piyettes contain solutio:n;:;i of 40 per cent caustic ,potush 

which ab£,orbs CO,..:., :~m alkali:o.e solution of pyroga.llic acid which 
. .f,..J 

absorbs the 0.-., and an dm:monical so.lution of cunr-ous chloride 
. ~ . r 

surrounded by some metallic cop.per to keep the solution energized, 



is useci to absorb the co. l The order of re:moval, as speci.fied 

above, must be followed Ceca.use each of' the succeeding solutions 

will &osorb an.f no.rtio:n ot the co,. and o •. , -which remains ill the 
r .t:, ,::., 

be seve:eal t 

to tile next :pi1:iette so the correct pex·cente:.ge of each co:nsti tuen.t 

Bei'o:r·e starting th,3 test:c:.; the en,=;ine was ~ tarted and loa6.ed 

to the sired load an.ct • 

comlitl0:n.s lias reached 

obtain the percen't.ag{~S of the constituents in the combustion 

.siblii to :record th·::;, S6UI'e 

~:nd at exactly the saxue positivn of cr&.:n.i1 travel of the eugine, 

1 '" 1 a· · · ·· ··· Carrol M. Leonard, all.''.. Vlad.inir L. Hal.et)V, lie,.tt 
F'lmctail,entals.,, • 350-352. 



CALCULATIONS 

The calculations a.re divided into two parts, that dealing 

with gas analysis, and that pertaining to pressures,. The gas 

.analy:;;!s calculation.s will be :\iJI'esented first. 

A complete tre&tment of ga.s analysis 1'o:.r gasol.ine engines . 

is pres~nted in two NA.CA Technical fl.e;,orts which W$.re incl'.Wied 

in a liaYal Re~e;rve Officers Tt"aining oourse .. ,1 

The fuel to air ratio and eompleteuer;.s of eolllbu::.tion m~y 
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be clo~eJ.y apprQ~ted by :u.i~i:tllS of .a co;.illfl-Qn 01~eat analJ"sis oi' 

coiabustion gases. Unburned :bydro,ca.rbons and water or free carbon 

·Cannot be determiti.ed by it .. 

engin~:;;,, determinations of' .u.nbw·ned H2 and CH4 have beell deter

mined by a Bureau of Mines Orsat and it has been .found that the 

n2 is approximately 5()% by voJ:~e o.f the CO and that there is 

alway$ about .225t C~ in ·the d1~y e:mau~.t ga.~es • Fro~ th.ese 

· emi;ii.rieal relationship~ th~ air fuel ratio and completeness o:f 

combustiori 111ay be approximated~· , 

The best approach to the analysis is by u.se of thelfjol 
. ' -, .t:-;' 

system and, assuming that the total volume·undeJ>.consideration 

is 100 mols., then the ,1 of each constituent· is the 5' by volttale 

of the total. From .the orsat analysis there. wi.11 be ·deter.mlned 

the 'I, of CO2, ~,- and co.. B,Y apfiro~imation there will. be ;,.22$ 

CB4 and :t;.5(CO) will be the percent of n2 • The following computa--

t.ions are ·used to ueterraine the ai:r fµeJ. rati.o .and compl.eteness ,.)f 



combustion: 

1. The total a11~ sur;!<Li.ed in pou.nd::i = 100 N,- :x .28 
'l7 .~ 

2. Carbon in fu(i;l in pouna.s .... 12 ( GOft' co+ CH4 ) 

o. Hydroge:n. in f'uel = ( 4 x CB:4 + 2B:2 ~fa' 2H2 burned to E:20 ) 

To f'ind #H2 in fuel burned to H20: 

fa) The total ~·o'", in the a:11· sup_plied to produce 100 mo-ls ' .:::, 

oi" e:Y..ha us t = (t.otal air supplied) 

36 

(b) t;co, round in 100 .mols of exhaust gases -
;j,...,., 

( ' ·~ ' "' " co) CU", '1" Oc:-f"~ . 
·-' k, , .--~ J.:; 

., 

l:iaust gases - 1'0··· f'oa11d in 100 mols of exhau::.,t JZases "" ,., 

4. Total fuel burned to form 100 

carbon in fuel T' :total H", in f.:u.el ' ' . j...J. 

5. The air-fuel ratio = Total l-te1$lrt of ail" ::1u.p;-111ed 
To·tal we ig;h t of fuel 

6. Coml:'.osition of fuel = Cn llm 

(a) 1•iol weight of Cn in fuel = Total weight of carbon 
12 

(b) Hol weight of H2 in :fuel = To·~al 1leight of IL:, in fuel 

(c) CoinpositiQn of fuel = Cn Hm fro.m parts (a) and (b) 

above 

rl. Completeness of co.rnbustio.ti: 

(a) ~rotal heat supplied to fo1"1ll 100 mols of exhaust gases = 

Total 1reight of fuel times the heating value of 



fuel. For gasoline it is 21, B • t .. u • 11 no und * 
s ;,;; 

(b) Hest lost in unbu:rned 1nate1•ials in the exhaust sis 

spective hehting ues per m01.. !'his is f 01.md be 

l:Cl,lt:H:J (CO); 121, 365 (H.-,) and c80) 981 ( CH .. -i -. ) 
.,,;, ~ 

(c) Loss due to incomplete CO"'DU"ti~n == total heat loHit 
.. u ""' v total he::it available 

The recording of the average pre.ssure built up during each 

successive .1/hase 1Josition of the ~am",;li:ng valve is recorded agi:tinst 

degree;;;; of crank t:racvel of the engine and carried out at 6° in

crements throughout the '1~1.0° of cranK travel 10er engine cyc;.le. 

These pressure ir1cre.:.r!Emts im.:1.st be c,:inverted from cr2.n.K angJ.e or 

time incr,;0Jments to 

The C,a)nstruction of this pressm·e-volw.ne diagra .. u :fro.J.1 the f>ressure-

time di.:i.g:r·.s.m is done either graphically or .s.nal.ttically. The 

graphical solution offers :::.;ufficient ac.curacy and is a r:mch more 

rapid method of converting from _i::lreJ::::sure-time coorcii.nates to 

"" pres Lure-volume ones. i(;. 

IT:he· area .of the v.res;;ure-volmne aiugram aiviu.eu by the length 

of the dis.i,;la.cerne:ut coora.inate and :i.aultir1lied by tt1e .scale factor 

of t11e 1,re,'::i.~,ure coordinate gives the .JJE,an effective 

by sub::,tituting tnis in tne eqmi.tion for the i:no.icated t10rse1;ower, 

ine cJlinrier can 

be dete.ruu.:ned and hence the friction horsei:,,ower and mectian.ical 

2 • Ele.ments of' Diesel El'.1sineering, O.L .. l~d.ams, Sr. 
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O.Ue to friction of the 

tne uifference between the brake hsJr.se,;,o"v,er and the indicated 

hOI'se12ower.. The rnecr1anical efficiency is sifo..JlY the r·1;;.tio of the 

braJce :t10rsep·ower to the indicated hor.se .. .,o'der 

Ui:)on constru.cting the ;,res:sure-volume diagram for same par-

ticular load on the engine, ~i stuo.y of the polytro.i.Jic Cv.llip:re.s!:.>ion 

bJ plottln.g on .Log these 

f1olnts from the .sxpansion and C<).1J._jJ'isssion line;:;;. The s1oL:;.e of 

the line drawn through the ~verb,,ge of these ,;,Juint,;;; equals the 

a c0nsta11t. 



The i>I'oof of the value of any· piece of 

1eh1ts 1,-il:1en in closed .;,Josition,nor leah'.s through the 1..;1h3Tinth 

a gc,S tlght seal. The .fiI'St ht,teJlft to obt&in c.;clic ssu:ce 

sa1ll2:,ling was u.n5utisfact:ory because of the lea.lf{9,ge en.counterc::d. 

This necessitated :1nodifying the valv-e .seat to a s,.,;.ua.ce shoulder 

instedd of the original 30° seat a:nd to change the po.,>1v1et valve 

angle to "15°. In effect this gave e, H1uch larger force b~h.re:en 

11ia.s carried ..:mt oru.y !'01· the exh.&U,\;;t gases because the standard 

i:o.d:istrial Or9V-t wt1ich gives ;;.ml./ the pe:r cent of CO, CO2 , and 

O" was ava.Ll.able for anal;y zing the products of co.uJ1Yu.stion • 
.:.;, 

Information ,yertai:ning t,;; combustion phenomena cuuld oe attained 

Or sat. An ana.Ly zer of this t,:, 

therefore on..1..y the &ir-fuel ratios and. coilib\ .. stL)n efficiencies 

were obt~ined. 

The was ca:c:ried :.;ut satisfactorily, ho1'r-
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ever.. The change described in valve seat design made the !Jlat-

tn"ia.l.s that were used for the Y,!iLLVe and 'nilVe beat unsatis.facto:ry ~ 

Because the valve .funetions &b an exllaust valve du..r-ing the _p:OWGE 

and exhaust strokes when: sa.J11pling, it sh0uld be Stellite faced 

on its we.ari:Dg surface and ·the valve seat should be made ot east 

iron which has good vear'.""resistant properties. 

At the tLnes the dev.iee was disassembled tor z·e.laf;ping the 

valve, the gas seal :.for.u1-ed by the cl.ose fit between the valve 

guide and valve ·was inspected .and found to be very clean with 

a thin film of oil through its length. It ",,ras round that the 

cooling Jac~t allowed ~ufficient cooling of the V.;.,lve and valve 

guide bec~use at no tim.e did the va.lve freeze 1n its guide. ·There 

was no evidence of oi1 leaking between the valve and valve guide 

into the stream of sampling gas because this would bav.e 1.eft an 

obvious deposit of carbon a.r0und the point .of' 1.eakage. The 

angular relEi.tionship between the_phasing wheel and the :degrees 

of engine crank travel mad$ the po.mt oi' $ampl.1ng du.ring the e.ngine 

cyele a little difficult to establish., and a po-Ssibl.e eha:oge in 

d-ee.ign so that one revo.tution of the phl:ising wheel -0orre.spo-nded 

to one revo.Lution of the engine would. sil!lpli.fy the phasing pro

cedure. It 11ou.ld also . be possible to l.ink a :reeipro·cating l.inkage 

to the phasing wheel7 and hence an ordinary engine indicator co'uld 

be attached to the phaa.ing wheel so that the angular motion of the 

engine orank could be translated to a reciprocating .motion corres

ponding to the motion of tl+e engine piston. The gas .s~;pllng line 

could be connected to the indicator pi.ston so that the .stylus 

travel would correspond to the changing cylinder pr~z;sures. With 

·tf ,. 
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built up 

directly on a point-by-9oint ... 

desired, an indie.£1tor \-lith a r•otatir.qg ccn .. ud connected 

di:.cectl,i to the :,;,l:1asing whr£.Jel shaft by means oi' a i'.'le1tible d:r1ve 

cable and the ssure eoiD.nectio:n would be the sa:u1e as in the 

valve 1ctuating m€chunis::m by having the runnitlg submerged 

in oil.. 1:h.e bulk the sa,ill;)ling valv~ 1ct·ua tir:;rg b\Li and 

tnat the a;:.1st.r;ubly vibrated as a 1:xnit f,ith the ex:igine. This 

feature makes adaptabi.lity to other en,gine5, rather diff.icult, 

advantage .. 

In the d.etailed study of combu;;;;tion ,,Jhe:nomena, a ve1::y short 

saLBpling _period must be attq,iw.:id-. This can be done by inc1"eas-

action against the valve. By incJ:·easing the dir.uneter .. the earn 

the 1~ubbing velocity between th.e CcHil and va.lve 'krould be incre1ztsed, 

but with r;i:roper lubrii:ation 

result. 

The :most important feature thc..t would 1nsu1·e a lo:nge:r l.ife 

. ruent on the lii·t of the vaJ.ve so that it 

is not de-

si:ced.. 'I1his .featur& would hay(;; to be light i:n ·weight because it 

woul.d beco.rne 0a:ct of the reci0rocfatin.11 ma~s of the valve and .. , as 
~ . . ~ 
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wo.s shown in th design ca...Lculation, this has n important ef.fect 

n the operati seed of the va~ve . 

The fore oing i~cu sion has been to show the weak _points of 

the iiresent design c:.nd improve ent that oul be ade which woul d 

l.eao. to the constructi n of an i.tu roved. sa.L,t,1.1.ing 'Val.ve . 



COI'iCL"JGlOif · 

The e:xhaust gas anal.fsis gi~ves information .t:1ertaining to the 

of the curve, <*..ir-ft.:tel r;.:.tio versu.s load (J;)age .12a)., show:t> that 

the carbu.r·0tor was functioning i)roperlt because the air-fuel 

ratio curve follows that ·which is desirable for a spark ig:nition 

engine.,. The maY~imUJ.11 econo:m:l air-fuel ratio for theoretical .air 

and co.wp.lete combustion is 15-.2; this :ratio should be 15.AYl at 

3/4 load on the engine tested. i'he £;.ir-f'uel ratio for .tl1aximum 

;iower (1.2 .. ?) should be S.flpl"oached for full load eon,iition~ of 

01,-1eratiou; for the engine tested it was f·.:;und to he lL.76.. The 

Cv.wbu.stion efficieucy .follows th':'1 same trend as the air-fuel. ratio 

cu:rve (page 13a).. 'The specii:~ic fuel consl.U11.ution c·w·ve is inverted 

f;ro,11 the a.i:r-fuel Tiu:tio cuL·ve, but ha.1;3, the same general shape 

This will occur when the engine is being operated 

at the .e)l'0.1~er ai:r-fuel. ratio; in other· -word~ too large an air-fuel 

It is intei .. esting to not:3 that the w•.ilecula.1.· forllmla f o:r the 

fuel "being used rana;es between c8 :a17 .. sa m1d c8 H17 .a i:iS found by 

calculation C..:.iage 2a).. The range for· the _premium grade gasoline 

us€d is ·within the range· fotmd abo·ve. The fact that the mol.eouJ.ar 

:for:imla coru/uted is .fairly constant .sllow:s t.uat the coJubustion 

anal:ysis determined b)r the Orsat was accurate .. 

The friction horsepower of the engine wo.s .found to be 2.95 at 

the tect speed of 180J .I\.,1u1. This value 1'i'J.S deter.wined by riirBct 

me.a~ure.0ent of tne ,:rutp:ut of the D.C. genera.t-or direct.Lt connected 

to the engine when using ,;l. s0urce of D.C. cru·rent to drive it as a 

·-,i~\· 
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n1otor. The friction horsepower thus c°tetern1ineci can for all 

1,:,r2<.ctical fU!'pos,es be 2,ssur.1ed t0 be con::,tant thr0ughout the ..Lo.id 

range &t the 5;t $peed of l8u0 r 1)u1. The Li. tH? indicated horse-

~;;c;n·,BI' can be det~rillined :fo:r: eac.t1 load on the e:ng ine by t,s.ki.ng the 

s:uui of the friction b.o:csepowe:t, by direct 1£ieasure11~mt:; &nd the 

value;:; of indic;:;;:ted :twrse-

J()<JheI' with tno::.H~ d£terw.ineti tr.it CfalcuL1,tion5 Ubir1g ;,Jressure ~am_pl-

i:ng d1::tt&, · it was foun.d that at TE) load and l/4 load the calculated 

The indica.ted hor·seiJGl'70!' as deteriDi11ed by calcw..ation is slight

ly lower than thc:1.t <Iete:rmined by direct Dea~!ll'fuient ~ Th:is can be 

attributed to the f2:ct t;h.s.t a 

during c::,:ubustion an.d tht • .:sarly i,ktl't of thf:: ~Xi:H;11i:::;ion stroke. 

Th:~se ;,ressures wiJ.1 apJ)(':a!' lower th.:.n they c.ctuall;J are:. .b.s a 

les.ser indicated horsispower th.an is :~;ctu~ll,y ti.eVl':::loped withiu tl'.1e 

engine cylinder. Sufficient dat"~· W:E,:re rwt obtain0d at tl1e Ligher 

load to 1uake it ~ossible to compute ti1e indicated ho;r~,:.l,&:,OWE:r for 

the 1/2, 3/4·, and full load conditions. 

The values of th,e exl::,onent n for com,/1:'essio:n and ~X.i;;a-nf,ion at 

each load condition t1ere _;;lotted on log ~1G2-1er. 1lo diit.s, hCI"'\::I ,.;;b

tained f'or plott.ing the BX1}one:nt :n for exp&nsion at the higher 

loads due to valve laalrage a:nd pressure ;fluctu,s. ti on on the g;age., 

but values of 1.4 to 1 .. 38 1.;ere obtai:nE:d for no load and 1/4 load 

respectively. The values of' n :fo:r co.m.:,.,'1'E;>ssion are f.s.irly con-



sistant; for all loads,. The values ranged froj;ii 1 .. 3~~ at no lo.ad 

to 1 .. 23 at ful1 l.oad. V .. Io. Maleev states in his book that the 

value of n for compress.ion decreases with inc:i:•ease of' loud he-

through the points plotted wcrLtld give a line whose slope would 

lfatter l)art ot the .stroke the heat produced du.ri.ng co.mp:ression 

€:""l: 

in dif.fe:rent e;1gines f:t•om l,.28 to 1+38.;;:, 

Therefore the v.F~lue of 110 will va1"y throughout th1c:i strolte,. The 

early pax,t 01' the e;.,cpansi;:i.n strok·e giV'es a value vf lle greater 

Late::r 1n the 
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\ 

crea:.H::s.. V .. L. Maleev ts discussion of the change of' the exponent 

n during the expansion stroke verifies the above results,/> e 

It is believed that the .sampling time of the valve included 

too many degree~ of rotation of the engine crfank,. This. condition 

made the measurement of the phase-to-phase pres.sures during com

bustion and the early part of the expansion stroke in error as 

the pressure gage indication was difficult to re&d. During com

pression and expansion strokes with light loads on the engine 

the pressure fluctuation 1n· the gage was somewhat reduced, making 

possible more accur:Li.te reading of the pressure gage. 

The engine tested was not mounted firmly enough to the floor 

and as a result vibration of the unit was particularly severe. 

lt is oe.Lieveu that this Wi:i.S ti:i. contributing f'..:..cto:r to the short 

11.fe of the driving mechanism wt1ich 09erated. the vt..lve. This 

wearing of the parts made the drive sh~ft within the phasing 

.gear housing flexible and instead of the cam being rigid and 

forcing the valv-e. open when it.s lobe came 1n contact with the 

valve stem, it flexed upward away from the v,d.ve stem wi1en 

contact was made, and :reduced the lift o.f the valve. The small 

lift .resulting destroyed the scu.i'fing and sea.ting properties of 

the valve uvon closing and allowed a deposit of carbon and lee.d 

to for1n · when sampling d.urir...g combustion., Resulting leakage 

made it impossible to record high pressure durL."'lg combustion and 

the earl;{ {)art of the expansion stroke, because the pressure ·which 

was built up in the pressure gage by sampling through successive 

cycles would .slowl¥' drop be.cause of gas leakage. 

3 Ib. ·" · ~.~ __..!Q:. • , pp• Ou " 



During the time that ths driving meel1anism described above 

was rigid and the valve seated pro1.1e:rl;,r, the data taken we1"e 

reliable as 1::,reYiously shown.. It can be concluded that with the 

recomIDendations previously suggested and their application to tl1e 

reYision of the present design of the sampling valve, a reliable 

and long-lived device can be constructed. 



.Gngine tested: 'Wisconsin, .single cylinder, air cooled, 4 ::;tro1te, 

cycle., Model AGJ:-I 0 1/f.:tt x 4" engine; co.1:upression 

ratio 4.6:1; llli.i.Xinrum bhp 8.4,co:ntinuous bhp 6. 7, 

at 2200 rpm. 

Te.st c;::.;ndition~: Zero to 6.41 bhp at 1800 r~m in 4 incrcwents; fuel 

used was ethyl gasoline. 

Method of loading en.gine: Cradled D.C. gener2..tor dyna.a:ieter 

Load 

0 

l./4 

1/~ 

3/4 

l 

#Load on 
S<.:i;.lE:;b 

i2 

l.6 

directly coui-,led to the engine; 

genera.tor lo&ded by· use of a. brine 

tank; 14tt lever arm extending from 

generator h0u.sing to peder:tal on 

scales gives loc:;,d to balance by 

seal.es. 

combustion Dati.i. &nG. Ca..J..cu.lation.::: 

TABLE 1 

bhp 

u 'l6.88 1
/ .6 

l.605 81.23 l0.5 

~j.~J5 81.'l8 10.7 

4.8]. 8£.48 1u.0 

6.41 '79/73 9.4 

co 

10.0 .6 

4.6 1 .. 6 

0.6 1.3 

2.8 <, ,;') 
;:, .. (:., 

6.l, 1 ~-, 
..L·aj;.";. 

o.o 

~.lo 
l ,-, .o· 

1.4 

3.15 

CH 
4 

.:::;2 

.~2 

r-r_ . 
•. ,:;t::, 

.22 

.22 



T.ABLE II 

AIR F'UEL Rid' 10 

(Calcula:tion based on 100 .mols of exha.ut:t ga.ses) 

Load 

0 

- '4 .i./ + 

1/2 

3/4 

1 

*02 ir1 ex
l1a u~ t g et~ c s 

642:J 

679 

461 

465 

440 

n-

Yf Air SUp.,Jlied 
.H 
vca:r·b-on in ~el 

230 

223 

223 

215 

226 

2?95 

2950 

29170 

2900 

214 

180.,3 

174.5 

167 

TABLE II (continued) 

11'H2 to #112 in 
form n2o fuel 

#Fuel 

28.75 39,.63 203. 6 

27 • 9 Z:13 ·• 08 215 .4 

27 .. 9 3.2 .z~s 206 .. 81 

26 .9 30 .58 197 .. 58 

28 .. 25 35.33 226 .• 'l.3 

TABLE III 

HOLEGULAH J?ORMULA FOR FUEL 

Load · 14.ol ::, oi' carbon per Mols of' B:2per 
100 mol:::; of exhaust 100 n1ols of exhaust 

0 17.82 33.63 

- '4 J./ ··. l~ .. 02 D3 .. D8 

1/2 14 .. 52 32 •. ,38 

' '4 o/···•· 10 ,. 9n G 30 .. 58 

l 15.92 35.33 

in air 

supplied 

643 

684 

680 

667 

Air Fuel 
Ho.tio 

11 ..• 02 

J.0.80 

l2 .. 'l8 

Formula 
en HID 

C a HJ.7,.'75 

C 8 E17 .6 
C 8 Hl.7.8 

Ca Hlt7 ··s t) 
•, ·• 

C 8 H17 .7 



0 

l/4 

l/2 

3/4 

1 

Heat loss, 
B .. t.u. in co 
co (121,188) 

1,211,aao 

524,000 

439,00Q 

'J67,.ooo 

Th.BLE IV 

I:! ,"•Ir r'>!1 ··, ,,;.;i.v .. ·,vvU 

261,uOO 

218,500-

- ·1··, o·oo .cu,.· ·. 

TABLE IV·(cvntinued) 

Total heat 
1-o~s,. 
.B ... t .. 1.1; · 

l .. -.o· ,-, 0 -f',o _, v. ;:-_., I •,iv· . 

?4i..,ioo 

69f>:,300 

. 1: ~.'.32 .aoo 
'""'· . _# . . . . • 

,;;.. 0 e~- 000 .... ,~. u, · ... 

4,430,000 

A •_.·oo· QQ· n "'J:jV . . i. V 

4,100,000 

. 4/ll:0 2 000 , 

. Con.bu.stion . 
loss 
1ie.r cent. 

19.6 

].7 .. 23 

l.4 .. 5l. 

· 2e.2.· 

Iieat .lo~:ii,. 
B .. t. u. in CH 
cH4 (baw,~a14) 

83,-aoo 
ao,auo 
83_,auo 

Co:a1hu.stion 
ef:f.ici~ncy .·
per centr . 

t:!'':£.. a·· . 
\J(.._~· .. · .' 

80:1'4 

82 .. £11·. 

8!;) .. 4fl 

'13,S 



Q 

6 

12 

18-

2-4 

30 

36 

42 

4$ 

54 

60 

66 

']G '.,. 
il8 

84 

. 90 

96 

102· 

J.;Ofj 

114 

120 

PS1A 

lfo J.oad 1/4 load J./2 load 3/4 load ful.l 

l"' 0 16 r1 

16 16 J..1 

16 l-6 17 

17 r1 18 

17 lrl 1.8 

18 18 19 

18 18 19 

1a 1e 20 

19 1.9 20 

19 19 20 

20 20 20 

21 21 22 

22 23 4:-,_r..a, 
s;:.;;v 

25 24 .25 

25 25 '2't 

""'1 jt;:,; 27 29 

29 29 31, 

31 32 313 

35 -5;i :36 

'lll .3,"i 3.8 

41 42 43 

17 

17 

rt-

18 

lS 

li 

19 

19 

J~O 

21 

2£ 

i;:},'r"'.." 
£[;,(:,) 

24 

26 

28 

29 

32 

34 

38 

39 

45 

loa<i. 

17 

16 

19 

20, 

4l) 

47 



· fAllIJi Y (eontintted) 

Ne load 1/4 load l/2 load 3/4 lgaf · :full. 

·;&ra:t~l ,l;;:0111 b.d.,J"t• .... --------·-··-·-----·-··---··-.. ···-·«r•-".-•:·-··-l-s_-u_,. __ 
12s 45 46. · 43. a1 n 

·132. ,U1 . SO 54 --~-- 56 

.. :1$$ 5~. · .,· 61 ,5$ .• - ,'• j-l. · .. , 62 

U4'.':, ,))8. . $2 .~ • 67 

~!)t) 62 · .•.• 64 66 59; .·.. • 1l. 

·. 1~ 64 tlii 6i JJ2 . 74 . ~-< 64 _ ... -. 6$ 70 · Yo 15 

· · ·. /~tf et ·. • eiJ 11 · ts 

174 

1$.tl:. -~·._ ... ·.• --



Degrees of crank 

travel from t .d.c, . 

0 

6 

12 

18 

.24 

30 

)!.·" t',. ~· 

.~a· 
,54 

60 

66 

112··. 

''tS 

84 

90, 

96 

·100 

.:!PS 

ll.4 

1.20. 

CvHBUfuTION .l?REBBURES 

PSIA 

.No load 1/4 loQ.d J./2 load 3/4 load full 

-·"""""·· 

200 

180 

140 

115 

80 

68 

64 

60 

56 

47 

44 

41 

39 

35 

-0.3. 

220 

200 

ll,;j 

lOf): 

9$ 

80 

10 

65 

58 

49 

4''! 

45 

4S 

·_ .·::\o 

_........,... 

100 

90 

85 

80 

~74 

67 

64 

54 

50 

48 

44 

.load 

--· 
_......,. __ 

-

--~ 

···~~-

.~. 

6a 



TABLE VI (continued) 

Degrees of crank No load 1/ 4 load 1/2 l·OG.d 3/4 lo~xd .full 

travel from t .. d.e: .. 

126 

132 

138 

144 

150 

156 

31 

28 

25 

20 

162 18 

168 l7 

41 

37 

31 34 

20 

.r14 16 1s 

load 

-----

--

__ __-:1~a~.o~--~~------·-1=s--.......... ~-1=e ______ .J_B_• ~--~~----··---------~~--



Where; 
X .. di~tance t'rora t .. d .. c •. 

24. 

42 

48 

,a~ 

']8 

'.f1·-V.,:. = - . t:; 
l°'-l 

1 .. 4£ 

11.6 

15 .. 4 

r stn2 ql) 
;El 

.. 466 

.,J.Yl4 

168 

1 .. 40 

Cylinder 

.562 

ll .. t)'(/3 

2.10 

ll. .'fii· 

.14.J.2 



Degrees .from $ of stroke 

84 

9Q· 

aa 
l-02 

10~· 
·· .. < . 

. . . · .. 

... .lJi4·'· 

.. ~Q 

', 3£8 
:-·.··:,·: 

····-~~--·-...... . 

.J.5·8 
. :-·· 

l4i4 
!®.-· 
lii 

,1.,e2 

i·'·.~--

·.;174 

180 
. . ,'.:.!.·. 

60.,7 

65.7 

ft)/), ·It 
I '-l+.i;1 

ifh,4 

· 69.6 

,' 91'"'7 

94.? 

ci6 .. 4 

98 .. 0 .·· 

l.00, ... 

Distance 

'5~_;~5 .· 

·3ift 

o ... ii 
3~·~ 

· i~:0£,l 

Piston dis-

30.._4 

.35.,.Q 

38 .. l 

. Cylinder 

_'J;"'l., 7'7 

··. ,39 ... 47 

41.,,07 

. A<:!' /(f''I 
. ";5/itv ·•' om I 

· A~. or, -~: . ...-.u.r 

:.· .. ··-._ .. ,-_-"r:ii; .... O"'.· : ·,.:_-,,,·.~1r ~,.,- .r 
·:..:· <.<t 

•.-··4s,"e7 

- ·.·-.. 47i;01 

:.AH,~.:r,_
-. ~;..,..,, 

·4·ci 07 ... u .• ;-;;,. 

- .48 .. 77 

., 4;9.,0? 

.49.:;& 

9a 



T.tuL,E VIII 

IIiDICATOR CARD :DJ£T.l:l:RM1NATIJWS 

LO~.<i con- M-ecm 
!;;'..f:tecti ve 

d1tions pressure 

0 31. ... 25 

1/4 49..-2 

l/2 
.....,.. ___ 

3/4 .... a.....-. 

i _... .......... 
.. 

toad conditio,n 

0 

1/4 

l/2 

3/4 

1 

Indicat- Brake Friction. 
ed horse- horse- horse-

. gowe,r vower pctwer 

2.73 0 2 •. 7Z 

4.,29 l .. 601 •. 68b ,1/j,._ .· 

-«11111-. ......... ;,.20s ~ ..... -
4.81 --.;.--. ..-. 

_.....,,...,... 6 .. 41 __ .....,'"'""i~ 

1.2.0 

1.26 

1.24 

L.23 

lOa 

Mech,a:nical 

~.ff icien£:1 

0 

't/l..,5 

""""' .... ~. 
---"""'10~ . 
__ ......,........,.. 



]:__·_ ··! .. ~ 
. ! . --- •• 

' I .. : . 
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AP?bNDIX D 

HOT GRAPH 

A . Sam.l!l r.,g Valve 

Dri vi 1.s lCt;l.1.aJlL., .... 

c. Orsat Gas n~lizer 

D. i· ercury 0.nom ter 

E . ~co.le::, 

F- Lo Pres~ur Ga ·e (luU ~s i) 

G. Hi5h Pre~~ure G&g · (6JU ~~i) 

H. Valve 

I . Prcs::.ure Lnubb r 

J . Leveling Buttle 

K. Stoi) ' .. <.i. tch 

L. T~1rottle 

d . Tu. ho.:icter 

24a 



N. i3:r ine Taruc 

O. Fuel ea.sur i ng Tank 

P. E 8ctrodes 

Phas ing .Jheel 

2!:>a 
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List of Abbreviations 

B.t ... u ... ~ • * • • • • • • • • • • • • • ~ • • • • • • • ..Br;Ltish unit 

·····~·-················ 

psia ..... -• ..... _ •• •-• ........................ poun(ts _i?er s,:~u2 • .r'i~ inch absolute 

,rpm ........... -................................ 1·evoJ.uti0i1;:; .t:.;er 1t1:inut1.::: 
0 

'"18U""(.'Ql<:: / -"'fi· ,rn-! ,- ,,-. "'""''"' ,:;,,·1·»,.:-,1·:-.,,llt ). ••·• •·•••-•••··••••-•••·••••• ••:•• ••·•Y.. oJ. . .=.~Cr:.,;., \~ QY,,....1,..Gt,.4,. -.11.tl.~~~~-..t.'\;.,.tl:t~ J 

ft ................................. feet 

n ............. •••-•. •••• •• -................ i:nck1es 

~r; .• ·• • • .... • • ,. •· • ,. • .• • •· • • • • • • • •. • .• • • ·•p .• • f~Oun.d.s 
A,;-.) 

in.;:., .......................... -........... •-• ... square inc.hes 
T'"~-

i:n. ,.::- • ~ ............................ ,. ....... cn.ibic iHc.he;:a 

c,:- ....................................... , •• cub-i.c centi.t~ieters 
.-, 

ft -· .t:., .... : ....... -••• _ ... iii· ,. • • • • .. • .• • .•. • ... • • ..... s-q, u..&..r e feet 

•''+ :i5 ' ' 'h . ~ •• •••••••••••••••••••••••••~••CUwiC 

C •.••.••••••. -•-. •--• •••••••••••.• -• •• -•-- •- C&.rbon 

CH 4 • • .. • • .. • • • • -• • .• • • • .. • • • • • • • • • ••• .l::.(e thane 

CO ............................... _ ....... Carbon r-lo.noxide 

C00 •••••••••••••••••••• ~ ••••••• -carbon 
(,, 

... ••••••••••••••••••••••••• ~.1~arogen 

H~ ..... o . .... ·• ..• ·II: ....... , .... •· ........... ·• -~ ........ water 
tC 

M2 ••••• ,. ............................. -1\Jitrogeu 

02 ..................................... \)X.J'l; en 



Typist: 1rs . Newton Philip \lhaley ,Jr . 


