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NACA INVESTIGATION OF FUEL PERFORMANCE 
IN PISTON-TYPE ENGINES 

By I-h;NRY C. BARNETT 

PREFACE 

It i generally r ecognized that the piston-type engine will conLinue 
Lo play an important role in air tran portation for an indefinite period 
in spite of the inten iv effor t now b eing devoted to gas-turbine power 
planLs. For this reason, past 1'e earches conduct d in piston engines 
are ti ll of intere t in the solution of current problem relating to such 
engines. In order to impEfy the task of using the data from previou 
inve ligations, an effort h a been made to compile a portion of the e 
dala inlo a ingle reference ource. 

This part icular report i a compilation of many of the pertinent 
research data acquired by the National Advi ory Committee for 
Aeronautics on fu el performance in piston engines. The original data 
for this compilation are contain d in many eparate I AOA reports 
which have in the pre ent report be n a embled in logical chapter 
that ummarize the main conchl ions of the variou investigations. 
Complete d tails of each investigat ion are not included in thi sum
mary; however , uch details may be found , in the original report cited 
at the end of each cha pter. 
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CHAPTER I 

HIGH-SPEED PHOTOGRAPHIC STUDIES OF KNOCKING COMBUSTION 

By C. DAVID MILLBR* 

At the ummel' ~Iee ting of Lbe ociety of Automotive 
Engineers in 1946 , ~lr. C. Da,-id ~filler of the A A 
presented a paper entitled "Roles of Detonation "Waves and 
Autoignition in park-Ignition Engine Knock as hown by 
Photographs Taken at 40,000 and 200 ,000 Frames pCI' 

econd." This paper wa a ummary of the NA A high
speed photographic studie of combustion in engine cylin
ders and it is reproduced su b tantially in its original form 
as chap ter I of thi report. The arne material , under 
the title given above, was previou Iy publi hed in the Trans
action of the ociety of Automotive Engineer- in January , 
1947. 

The ational A Ivi ory Committee for Aeron aut ic ha 
been using high-speed motion-picture photography in re
search over a period of more than 20 years ane! has applied 
this method to the study of combustion withi n engine cy
linders since 1933. By the early part of ]936 it had become 
apparent that commercially available camera were not fa t 
enough for the study of engine combu Lion, particularly for 
the study of park .. igniLion engine knock. For this rea 011 

work was begun at Langley Field early in 1936 011 the de
velopment of a high- peed camera using a newly invented 
optical system (reference 1). Thi cam rIl , which was fully 
de cribed in reference 2, will be referred to throughout thi 
paper as the high-speed camera. I t wa operated uccess
fully at 40 ,000 photograph (or frame) per econd on it 
first test late in 193 and ha been u cd since that time 
principally in tbe study of knock in the spark-ignition en
o-ine at Langley F ield, Va. , and at Cleveland, Ohio . I t was 
soon found , however, that even 40 ,000 frames per econd 
was inadequate for the tudy of park-ignition engine knock, 
and work was begun in 1939 at Langley Field on the devel
opment of a still fa ter camera. Thi developmen was 
ba ed on another optical system (invented early in 1939) 
entirel.y unlike that of the high- peed camera developed in 
the years 1936 to 193. (ee reference 3.) Construction 
of a camera incorporating the new optical sy tem was com
pleted in 1941. This camera will be referred to throughou I, 
this paper as the ultra-high-speed camera. The ultra-high
speed camera could not be operated sati factorily according 
to the original design. The difficulties were not directly as
sociated with the optical system of the camera but with 
incidental mechanical detail . D evelopmen t of the design, 
continued sinc 1941, ha no t yet been completed. One 

• 'ow with BntlRlIe Mrmorial rnstitllte. 

photograph of the phenomenon of spark-ignition engine 
knock, however, wa secured with the uILra-high- peed 
camera at Cleveland at the rate of 200 ,000 frames per sec
ond . It is believed lhat pi tures can even tually be ob
tained with thi camera at a p cd everaltime o-feater than 
200,000 frames per econe!. 

R e ul t of the research 1V0rk done wi th the high-speed 
camera and the ultra-high- peed camera have been repor ted 
on a restricted basi during the war years except for one 
paper (reference 4) pre en tino- a small amount of work on 
die el combustion. A report on park-ignition engine com
bustion printed in 1941 (reference 5) presented preliminary 
re ults and howed tl)a t the knock reaction OCCUlTed in les 
than 50 microsecond , and that thi reaction may be pre
ceded by mu ch lower exothermic end-ga reactions. Ref
m·ence 6 printed in 1942 included add itional preliminary re
sults and included indications that the knock reaction may 
sometime originate at a point, out id e of the end gas and 
that the knock reaction may be preced d by mild vibration 
which become manyfold inten ified at th e ins tant of knock. 
In references 5 and 6, the characteri tic reaction occupying 
Ie than 50 microsecond a een in the photographs was 
more or Ie s a sumed to be the knock reaction on the basi 
of the general appearance of the motion picture. In rcf
Cl·ence 7, i lled in 1943, thi characteri tic reaction wa 
definitely shown to begin imulianeou ly , within 25 micro
second, with the onset of violent knocking ga vibrations 
a hown by a piezoelectric pre sure pickup exposed to the 
end gas in the combustion chamber. R eference 7 included 
additional indications that the knock reaction doc not nec
essarily originate in the end ga. R epor t relea cd in 1944 
showed that the knock reaction in tantly rendered a hlrge 
par t of the unreleased energy of combu tion chemically un
available (reference ), revealed everal defini te facts about 
the previously noted prelmock v ibration , and howed the 
development of everal type of preknock end-ga auto
ignition as well as autoignition in a large end-ga volume 
practically without any re ultant knock (reference 9). In 
1946 a report wa released pre enting analy e of some of 
the high-speed picture indicating knocking detonation-wave 
velocities ranging from one to two tim s the peed of sound 
in the burned gase (reference 10), and ultra-high- peed 
photographs taken at 200,000 frames per second have been 
released conllrming the detonaLion -wave character of knock 
with a wave speed of 6 00 feet per second (reference 11 ) . 

1 
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It i the purpose of th e present paper to offer a unified repor t 
of the facts concerning spark-igni tion engine lmock tha t 
have been previously repor ted on a restricted basis and to 
include as an introduction to the unifie 1 repor t the result 
of a li teratur study whi h th e author beli eve uppor the 
new concep t of kno k that h e and his coworke),s have ob
tainecl from the high- p eed pictures. A synopsi of the 
unified report has also been prepared in the form of a motion
picture film (reference 12) . F or a general history of the 
appli ation of ph otographic methods to engine combustion, 
ee reference 4, 10, ilncl 1l. 

Knock , one of the most seriou limi tations on the per
formance of the present-day reciprocating aircraft engine, 
ha been plaguing the de ignel's and useI::; of park-ignition 
engine in general at least inc 1 0, when lerk sup
pre sed extrem ely violen t knock by the usc of wa tel' (refer
ences 13 and 14) . Knock bas been the ubj ect of inten ive 
re earch by groups in variou countri es for abou L 25 year. 

The pa t research e on knock have uncovered an immen e 
amount of information , not only concerning th e ba ic nature 
of knock but also con erning the que tion of what to do 
abou t i t. Th e Lnformation available on the ba ic nature of 
knock has led mo t wri ters, at least in the United SLate, to 
accept the au toio'nition theory in preference to all others. 
(Though many writer refer to Jmock a " detonation," they 
do not m ean Lo imply that th ey believe knock is cau ed by a 
detonation wave.) Only a few dis entm (refer nce 14 to 19) 
have que Lioned the adequacy of the autoignit ion theory. * 
The photograph obtained with the hio-h-speed cam era and 
the ultra-high-speecl camera h ave forced the au thor aDd hi 
coworker to join the rank of the dissen ter . 

Th e available information on what should be done abou t 
knock i out ide the scope of this paper and i 0 well k.nown 
that iL need no review here. Tho available information is 
undoubte lly accurate a far a it goes and is 0 extensive that 
many practical workers ·with engines and fuels even discounL 
th e need for definite knowledge as to wha t lmoek i . 

Aside from the fact that any kind of knowledge concerning 
any process of nature rarely proves in the end to be of no 
practical value, om urgent rea on exi t for determining 
exacLly what knock i. Probably the mo t importan t r ea on 
i a ociated with the fact tha t li ttle is defini tely known even 
abou t the hannfulnc of knock. A will be shown in thi 
paper , th ere are probably more than one and perh aps even 
more than two phenomena that are regarded as knock when 
they occur in the combustion chamber . In v i w of th e 
possibility that th ese phenomena may not all be harmful, i 
seem urgently desirable t o learn which are harmful and how 
to distinguish between one of th phenomena and another. 
A was pointed out by Boerlage in 1937 (reference 19), 
the noi e of knock carmot be regarded too eriously until 
the harm done ha been demon trated to be propor tional to 
the noi e. In order to di tinguish between th e form s of 
1mo k and to know which are harmful and which are not, 
the logical first step appear to be that of learning what the 
ph enomena are and und er what condition the variou 
phenom ena OCCLlI'. 

Other reasons for eeking the true cxplanation of knock 
are the possible saving of much labor involved in developing 
and testing idea based on a possibly fal e conception of the 
nature of knock , acqui ition of additional fundamental 
knowledge concerning ch emical laws that might prov u eful 
in other field , and th e possibili ty, however remote, that 
orne new and simpler olu tion to the knock problem might 

be sugge ted. 
N ext to autoignition, the detonation- \'ave theory probably 

is generall:y regarded a th e most pIau ible of h e many 
theori es that have been advanced to explain knock. Study 
of the photograph taken at 40 ,000 fr m s per e ond over 
a period of 6 years has convinced the au thor that a detona
tion wave, or some phenom enon ve ry mu h like a detonation 
\\?ave, actually i involved in the lYI (' of lmock most fre
qu en tly encountered in th e modern air raft engine. Au to
igni tion al 0 appear to be often involv d in Jmock. A com
bined au toio-ni 'ion and detonation-wave theory ha been 
proposed (reference 10) on the basis of a tudy of the high
speed pho tograph and the availabl li terature concerning 
Imo k. 

The au toignition and detonation-wave theories of knock 
arc actually in agreement in many respects. According to 
either theory knock 0 curs only after the flame has traveled 
from the spark pluo. through m o t of the fu el-air mi..,Lure at 
peed ranging from below 50 feet p r second to everal 

hundred feet per second, depending on engine speed, fu el
ail' ratio , and a number of oth er variables. Thi peed of 
50 to everal hundred feet pel' econd i a low peed from the 
standpoint of ten lency to produce shock; i t i the normal rat e 
of burning in nonknocking operation. Again according to 
either theory, th e hock kno"",n a lmock is produced by the 
udden inflammation of th e end ga , th e gas that has no t 

yet been igni ted at the time knock 0 curs by the normal 
travel of Lhe flame from the spark plug . 

If the end ga icon idered as being divided into a ve ry 
la rge number of extremely mall cell 0 1' increments, i t is cl ar 
that no gr eat shock willl'esul t from th burnino- of the indi
vidu al incrcment at widely different time , ho\·\7ever fast the 
burning of each increment may be , and it i also clear tha t 
shock will not re ult from the imultaneous bUl'ning of all the 
increments unles each increment goe through the burning 
proces within an extremely small time interval. h ock will 
resul t, according to either th eory, OnJ~T if each increment 
burns wi thin a very sm all time interval and all increment 
burn at th e arne time within a very sm all limit. If th ese 
two conditions are satisfied, th n the end ga doe not b ave 
time to expand dlll'ing the burnino- of th e increment and a 
very high pre ure is produced in the eud gas relati ve to the 
gas in the oth er par t of the chamber. The sub equen t 
expansion of th e end gas set up a v iolent v ibration or ystem 
of s tanding wave throughout th e entire con tent of th e COID

bu tion chamber . Such a sys tem of standing wave was 
shown to be the cause of audible Imock , at lea t under cer tain 
conditions, by the r ear h e repor ted b. investigator at the 
Yfassarhu sett Insti tu te of T ech nology and at General 

' Sin ce tbe presentation of this paper in June 1946, prior opposition to Lhe autoigniLion theory by several others has come to the author 's atten tion . 
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M otor between 1933 and 1939 (reference 20 to 23) . low
motion pic Lure of the e vibration taken at 40 ,000 frames 
per eeond were first presented at an AE meeting il111arch 
1940 (reference 23). 

Thr only poinl of diA'r]"roce brtween the auto ig nition and 
deto naLion-wave Lheorie i in the means of ynchl'onizing 
the io-niLion of the end-ga in rement , that is, the mecha
ni m that cause all end-o-a incr ment to burn at the ame 
time wiLhin a mall enough limit to cause hock. 

The aro-ument pre enting the ynchxonizing meehani m 
of the autoignition theory is a follow : Each end-ga incre
m r nt will blll"n explo ively when it attains some certai n 
combination of temperature and den ity (or the equivalent 
of orne particular temperature-d n ity hi tory, a ugge ted 
by Lear)' and T aylor of :\1. 1. T. in reference 24) . All end
ga incr ment are adiabatically compre ed at the same time 
and at Lhe same rate by the expan ion of the burning ga 
behind the flame front. All incremen t of end ga hould, 
therefore, reach the critical combination of temperature and 
den ity at which they will explode at th arne t ime. 

In an analy i of the synchronizing mechani m of the auto
ignition theory, it should be co n id fed tha the compres ion 
of lhe end ga by the burning ga es is accomplished by an 
in.finite eries of sound wave . A given condition of tem
peraLure and density should , Lherefore, be expected to travel 
through the end gas from the burning zone at the speed of 
sound. The combination of temperatw-e and density in any 
end-gas increment m a.\- be expre ed a orne function F, 
o defined that each end-ga increment will explode when 

F= FcT ± 0, the term 0 repre enting an element of uncertainty 
due to random variation in the behavior of the end-ga 
increments or to random inhomogeneitie . The value of F 
in each end-gas increment will in rca e by an amount equal 
to 20 in orne time interval r. N ow if r is no greater than 
the order of the time interval r' required for a sound wave Lo 
pass Lhrough the unignited end ga , then it should be ex
pected thaL auto ignition woull takr place a an explo lve 
reaction traveling tmough the unignited end ga at lea t at 
the speed of ound. It would not take place as a imulta
neou reaction throughout the end o-as. The explo ive r eac
tion would co nstitute some kind of explosive wave, if not 
an. acLual detonation wave. Thi wave mio-h t travel too 
lowly to produce shock and to be regarded as a tru detona

tion wave. Obviou ly, however, the Ie shock the wave 
produced the Ie the knocking sound h eard outsid e the 
engllle. 

If r i as umed to be much greater than the order of r' , 

then auLoignition hould be expecLed to develop homogene
ously throughout the end zone . The pre sure built up by the 
combustion of the end ga , however , is relieve 1 al 0 b~' an 
infinite erie of sound waves. Con equently, if r is many 
time greater than the order of a time interval r" requi.red 
for a ound wave to pa s throuo-h the autoigniting end ga , 
the pre ure in the end ga would b relieved many t ime 
during the proce s of autoignition a nd ~ek would not OCCUl". 

The magnitude of the time interval r apparently musL 

9612 7- 52-- 2 

lie within a rang somewhat greater than r' bu L not many 
time grea ter than r" if knock i to be cau cd by a homogene
ous autoignition of the end ga. Above thi range of value 
for r no shock can occur ; below thi range of value the auto
ig nition must oc Uf a omcthing imilar to a detonation 
"'lave, and becoming more and more like a cleLona tion wave 
a the knock inten it in rea e. (Knocks of different in
tensi ty can occu r with th e arne end-zone vol ume aceo l'ding 
to unpubli hed NA A phoLographic reco rds.) The time 
interval r" i a variable for different stages of Lhe homogene
ou autoignition proce and reache a value much Ie than 
r' during the latCl' tages of the process. The range of va lue 
of r greater than r' bu t not many timcs greater than r" 

mll t, therefore, be qui te narro\\" . 
Autoio-uition, cilher as a detonation wave or as a homoge ne

ou rea tion with r slightly greater than r' , eems a very 
plausible synchronizing mechani m. B efore it is acccpted 
conclusively, however , Lhe available evidence hould b care
full y tudi d a to wh ther i t actuall~- i an adequate syn
chronizing mechanism . The evidence hould al 0 be inve Li
gated as to whether autoigni tion of the individual gas 
increments proceeds to completion within a hor t enouo-h 
tim interval to produ ce shock . A con iderablc amou nl of 
evidence exi ts againsL autoio- nition as the ole cau e of tbe 
standing wave of knock on both counts, a will be hown in 
the later parLs of lhi paper. 

T he ynchroniz ing mechani m po tulated by the detonation
wave theory i an intense compres ive hock wave that 
travels hrough the end ga at uper onic velocity. Each 
ga increment is ign ited probably by the combina tion of the 
udden inten e compre i n occurring in the hock front, the 

action of cha in catTier in the hock front, and Lb e radiation 
of h eat from the hock front. The entire ombustion, or 
orne definite stage of the combu tion, of each ga increment 

i presumed to OCCUT in the shock front and to release a large 
amount of energy immediaLely b hind the shock fronL. The 
energy relea ed by th e ga in.crements immediately behind 
the hock front mainLain the high pre sure required to 
propagate the sho k front through the charge. 1.Ich a 
phenomenon, beino- an inten e hock ,,~ave, would obviou ly 
set up vibrat ion of the ga e throughout the combu tion 
chamber. If, a the author hold , imple homogeneou 
autoignition can no longer be accepted a the ole cau e of 
the knocking ga v ibrations, the detonation wave appear to 
be the only remaini n.g plaui ble explanation that has been 
sugge ted. The detonaLion 'wave, however, may be only 
the end resul t of a comparatively slow homog neo u end-gas 
auto ignition or th e deton.ation wave may act a the initia tor 
of a very rapid homogeneous combustion which in it turn 
se t up the violent ga vibrations. 

A li terature-ba ed argument in favor of a combined 
detonation-wave and autoignition theory of knock wiJl be 
found in the fu t part of the ection called " Di cussion and 
Analy is," and the unified report of the findings obLained 
from the high-spe d and ultra-high-speed photograph will 
be fo und in the second par t of the same section. 

• 
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DEFI ITiON OF TEUMS 

Throughout the present paper th e following lerm are 
u cd with the m eanings indi cated: 

] . Knock: Any type of reaction occurring within 
combustion- hamber content and producing 01 jec lionable 
no i e out id the engine, bu not including the ph enomenon 
of early combu lion au sed by too earl y park timing 0 1' by 
early ignition from a hot spot. 

2. Explosive knock reaction: A p cifi c reac tion ob erved 
in A photoO'l'aph of knocking combu tion taken aL 
40,000 frame pel' eeo nd , u ually appearing ins tantaneoll 
when Lhe photographs are proj ected at the normal ra te of 
16 frames per eeond and co inciding chronologically wi th 
the on eL of ga vibraLion a see n in Lhe photographs. (Thi s 
reaction, being regal' led a on e f I'm of knock, will ometime 
be referred to imply as "knock " wh en thr conlext mak e 
the meaninO' clear.) 

3. F lame fron t: The continuou ly changing , 1Irface that 
eparate uninflamed parts of the cyli nd er ch arge from th e 

burning part of th e charge lhat have been ignited by the 
advance of th Bame from the spark plug. 

4. Autoignition: pontaneoll bunting in any pa rt of th e 
cylinder charge not cause l by a park , by contacl with a 
flame front , or by contact with a h oI, spot, and including not 
only th e initiation of burninO' but th e ntir proce of 
burning r esul ting from th e spon taneou ignition . 

5. h ock wave: An inte n c compl'e siye wave traveling 
tlu'ou O'h ga at supersonic veloc ity, th e front of su ch wave 
con tituting an abrup t increa e or practical d i continuity in 
lemperatUJ'e, den ity, and veloc ity of th e ga . 

6. D eto nation wave: A t~Tpe of wave often ob erveel in 
long tubes consi ting of a hock wave traveling th.rough a 
ga or a ga mixture and cau ing a reaction of the ga in th e 
hock front, such r eac tion rC'lea ing energy immediately 

behind th e h ock f ront, th e energy 0 l'elea cd erving Lo 
maintain th e pressure need cl behind the sh ock front to 
propaO'ate the wave. 

D ISCUS ION A 0 A ALYSIS: L IT ERAl' U E-SA ED AU G ME T FOU 
COMBI NED DETO ATIO -WAVE A 0 AUTOIGN I T I ON 

T H EO RY OF K OCK 

Autoignition theory.- Th aULoignition theory of knock 
wa lIggested by Ri ca rdo in 1919 (refcren ce 25). ~Iidgley 
in ] 920 declined to accept the a lltoignition theory ane! h Id 
to the detonation-wave theory (refer n ce 14). ycar later 
Woodbury , Lewis, and Canb.\T of lhe du Pont labo l'aLo ric 
(referen ce 26) presented sLreak photograph of combu Lion 
in a bomb, ta.ken b y the m ethod of M allard and L Chateli er 
(referen c 27), and drew con lu ions favo ring the a u toiO'ni 
lion thror,\' . The e du PonL inve tigator eem to have 
regarded the detonation-wave theo ry a th e one hav ing h acl 
gen eral credence up to that Lime. From an ana l,\' is of th eir 
trea k photograph and from con ideration of variou fact 

reportecl by previou inve tiga tors, th ,\- concluded tha l " th e 
po ihilily of detonation uncie l' uch condi tion [condition 
ex islingin the engine cylind er] appear xcecclingly remole." 
After menLioning tbat detonation is et up in a cIo e I cylind er 
of mall dimension only with great difficulty , they further 

tated: " On the other hand, autoignition of th e high-den ity 
gase ah ea d of the flame fron t occur over a wide range of 
fuel mixtures and condition [in their te. t] and give a 
udden development of pre m e similar, in oU!' op inion, to 

that chal'aetel'i lic of a Imocking e:-.-plosion. IL is pos ible 
that this auto igni tion may set up detonation [a letonation 
wave] in som e ca es, thereby acting a a n in terme liate . tage 
in knocking. Our experiment h ave no t been carried to a 
defini te conclusion, and present data do not warrant presen
tation of autoigni tion as a positive e:'1)lau ation for knocking. 
It i Our feeling, howeye1', th a inform lion at hand favors 
more trongly the theory of autoignition of the high-den it 
ga es ahead of the name front than th t of detonation [the 
detonat ion wave]." 

Actual motion pictures f knocking combu tion were fir t 
published in 1936 by W ithrow' and R assw iler of General 
M oto r Corp . (reference 2 ) . Th e e excellent photographs , 
taken at th e ra te of 2250 fram e per second , h owed the 
development of /l,utoignition in the end gao and g reatl 
inc rea cd the already exi ting confid ence in the autoignition 
lh eory . Th e,\' were taken at too 10\\- a rnte to how a detona
tion waw, ho\\-e\" er, eYen tho ugh ueh a wa v might actua.ll y 
h ave occurl'e i after th autoignition that wa ph otographed. 

The a u toignilion th eory , with the addit ional a umption 
of preflarne chain rea ction , ha the advanta ge of explaining 
and con ela Ling man~- of th e known facts concerning knock. 
During the peri od of ] 939 to ] 945, how('vcl', urgent n eed for 
a modification of lhe ' imple autoign iti on th eory of knock 
wa shown by photographs of knocking combu tion tal{en at 
th e rale of 40 ,000 fram e per econd with the NA A high-
peed mot ion-pi cture camrra . The fi r t o f th e photograpb, 

presente I in reference 23 and 5, sh owed a reaction completed 
in 50 micro econ I or Ie . The a u thot' b lievecl that thi 
reac tion wa s the trlle knock reac tion be ause they co uld ce 
in th e projected motion picture that this I'eaetion occurred 
at th e am tim as the beginning of the violent vibration of 
th e gases, whi ch by then had come to be regard ed as an 
inc! ication of knock. La tel' K ACA tr ts (reference 7) howed 
that tbi extremcl~- qui ck reaction did occur simultaneou Jy 
,,-ilh the beginn ing of the vibration. l'l'lI)' h ad previou ly 
(in 1932) concbded tha t knock gen el'H.ll~T 0 cupie a time 
interval Ie than 100 microseconds in rcferenc(' 29 and , in 
1933, on a basis more in h a rmony with lhe tanding-waye 
concep t of Imock, in reference 30. Consideration presented 
in the presrnt paper h aye caused the author to ahandon the 
exclusivene s of the concept " tru e knock reaction." The 
reaction \\' ill h er einafter he r eferred to a tbe "cxplo ive 
knock react ion " 

The need for a modification of the a u to igniti n theory of 
knock li e in th e fact that th e evidence available in the 
lilerature indicate aUloignition r equires f r it complelion 
a t ime in len -al of an enti rely h igher orde r than the 50 micro-
econels inyoh-eci in the c:-..-plo iyc knock l' fi c tion, even under 

ronelition of eYe l'it .,- approaching tho e of Lh e modern air
craf t engine. Th ~ t'e \-iou 1y mentiollCcl photograph by 
\Yi thl'oW and R a woilet' (reference 2 ) clearly how brightly 
luminou aulo ign ilion occu pying a timr interval of th e order 
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of 1000 microsecond. JACA high-speed photographs have 
shown au toigni tion flames slowly propagating themselves 
from point to poinL throughou t the end gas before the 
explosive knock reaction occurs (reference 9); and another 

ACA high- peed phoLograph ha shown autoignition deyel
oping slowly and simultaneo usly in all parts of th end gil. 
befo re the occLirrence of the explo ive knock reaction (refer
ence 5). These two type of au toignition hown in th e 

JACA high- peed photographs, preceding the explosive 
knock reaction, occupied time in tervals ra,nging from 500. 
to 1250 micro eeon els. Streak phoLographs werc pubJi h ed 
a early as 1911 by Dixon and eoworkers (reference 3 1 and 
32) how"ing slo" - a uLoignition in glas tubes re ulting from 
quick compression. This autoignition progressed at a rate 
('ompal'able with the rate of the autoignitions shown by 
Withrow flnd Rassweiler and by Lhc ACA inve t igatol's. 

The evidence showing that autoignition occupie a time 
interval of a higher order than 50 microsecond i not the 
only reason for believing simple a utoignition to be an inade
quate expla.nalion of knock . Many inye tigation have 
shown that autoignilion can occur without causing marked 
gas vibrations, whi ch are probably th e best known charac
teristi c of knock in Lhe pre en t-day spark-igni tion engine. 
T hese ga vibraLions, if th ey occur, are vi ible in s trea k 
photographs taken by the method of lVl allard and Le Chatclier 
(reference 27) a a cries of brigh L bands extending acros the 
photograph in a direct ion perpendicular to the direc tion of 
fi lm movement. The gas vibration also cause 0 cillaLions 
in pres ure-Lime records. 

Some excellen t lreal\: photographs pre ented by Withrow 
fl nd Boyd (reference 33) are example of nonvibrator.\- auto
ignition in the engine cylinder. These General ~Iotors 
investigators s tat ed that both Lhe pressure-time records and 
the flame traces show that the aULoignition requiTed 2° to 5° 
o f crank haft rotation (400 to 1000 microsec) for its comple
tion. Figures 11 to 16 of their work clearly show the flame 
front traversing the greater part of the hamber at the 
normal I'll. te and show the end gas then being con umecl at a 
much higher ra te. All of the e figures except figlU 'e 14, 
however, reveal not the slightest indication of gas vibration . 
It i difficult to conclude from the prin ted picture of figlU'e 14 
whether there is any evidence of vibrations. ~fOl'eover, the 
pre sure-time record of figlU'es 11 to 16 of reference 33 show 
no e",idence or gil. vibration. Though audible gas vibra
tions probabl.\' did not occur in Lho e tes ts, some kind of 
disturbing noi c surel? must have occurred, as i discussed 
in the pre ent paper under " D etonation-"iiVave and Auto
ignition TheOl·ie Combined." 

Withrow and Bo)-cl did not commen t on the iLbsence of gas 
yibration in theu: te ts. Up to about the Lime of the writin a 
of their paper (1931), ga vibrations do not seem to have been 
regarded as a u ual feaLure of Imock. The only recognized 
cri terion of knock as een in pre sure-Lime records appear to 
have been imply a sharp increa e in the rate of pressure rise . 
I n 1932 Rassweiler and Withrow (reference 34) pre ented 
s treak photograph clead.\- showing the gas yibrations; and 
in 1934 (rderence 21) they showed that the vibrations as 

seen in the photographs coincided, cycle by cycle, with 
fluctuation hown in the pre ure-lime records. 

Woodbur,\', Lewi , and Canby in 1921 did noL regard the 
ga vibrations as being a ociaLed with knock, for in the 
previously quoted pa sage (reference 26) they concluded on 
the basi of theu' own experiment thaL autoigniLion of the 
high-density gases ah ead of the flame front gives a udden 
development of pre ure similar, in their op inion, to lhat 
characteristic of a knocking explosion. The pressure-Lime 
trace presented for the ca e of autoignition referred to 
howed, in general, no ga vibraLions buL onl.\' a sharp increase 

in rate of pre sure rise ncar the end of combustion. Almost 
without excepLion the tI'eak photograph al 0 howed no 
trace of ga vibrations; the exception was with ether-air 
mixtures. With ini tial LemperaLme of ) 50° C and initial 
pressure of 65 pounds per square inch , neither the fl ame Lrace 
nOr the pres ure-time trace for an ether-ail' mixLUl'e showed 
any sign of ga vibration, wherea wiLh Lhe arne iniLial 
ternperat1..U'e and with ini tial pres Ul'e of 75 pound per quare 
i11Ch , both tbe Dame trace anclthe pressure-time lrace showed 
the gas vibrations with agreement in frequ ency. The change 
that OCCUlTed in the phenomena tudiecl in a bomb by these 
inYestigalor , wh en pa sing from 65 to 75 pOllnd pel' quare 
inch with eLher-ail' mixture at 150° C, appear to eoue pond 
to Lhe change in Lhe recognized riLe1'io11 of park-igni t ion 
engine knock that developed in th e early ) 930 ' . 

No parti cular noLe appears to have been made in the 
literature of the change in the recognized cri Lerion of knock 
that developed in Lhe early 1930'. llfficienl data do not 
appeal' to b e available to explain th 'hange or to indicate 
whether it was a real change cau ed by altered engine design 
and altered fuel 01' an apparent change developing wi th thr 
secw'ing of more extensive data. 

In 1939 Boyd (reference 35) compared a treak photograph 
of autoignition \vitho ut ga vibration (fig. 10 of reference 35 , 
same as fig. 16 of reference 33) an 1 a streak photograph of 
autoignition with gas vibrations (fig. 12 of reference 35, same 
as fig . 10 of r efer ence 34). He very rea onably regarded the 
ca e of his figme 12 a involving a much more violent knock 
than Lh e case of his figure 10 . Examination of his figure 
10 and 12, however , di closes that h e end zone was of nearly 
the arne ize in the two cases at the Lime the ll.utoignition, 
or knock, occW'l'ed. The comparison Lherefore indicates 
that the violence of knock or at lea the violence of the gus 
vibra tion i not depend ent on the ize of the autoigniLing end 
zone. Moreover, J: A A high-speed pho tographs have 
shown plainly vis ible ga vibra t ions in case whete the end 
zone, if any exi ted at the Linle of tart of the ga vibra tion , 
wa too mall even to be seen in the photographs (references 
6 and 7). 

Other treak photographs howing autoignition Ivithout 
trace of gas vibrations may be found in papers by General 
Mo tors investigator (references 36 to 38). Thc mo t striking 
example of this phenom non, hOIVP ver , are to be found in Lhe 
work of Duchene (reference 39). In Lhis work many streak 
photoaraphs are pre ented of combustion , with spark igni tion , 
in a bomb equipped with a pi ton providing compres ion by 
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a blow (rom a heavy pend ulum . }, [any of the e flame trace 
show a sudden darkening exten ling entirely acros the tra e, 
which Duchene con iderecl as indicative of a dcLonati n wave. 
Only three of the record , howcver, 21 , 35, and 36, how any 
trace of gas v ibraL ion . In most cascs the larkening i quite 
difru e insLcad of practi cally in tantaneo us, a it sho uld be if 
cau ed by a dctonaLion wave. The reco rd all eli tinctly how 
slow autoignition preceding thc udden darken ing. Th e frac
tion of the LoLal charge involved in the nonvibratory au lo
igniti on in Lbe d iffercnt reeorels cover the nLire range from 
near zero to practically the en tlre harge. Ga vibration 
hould not, of eour e, b expe ted from imultaneou auto

ign i ion of the enLire ch arge at con tant volume. R ccords 
23, 2 , 29, and 31 of Du chenc' work, however , clearly bow 
autoio-ni tion of about b alf th e conLent of the chamber 
without any Lrace of vibration. 

The ina lequacy of impl e autoigni tion a an explanation 
of lhe phenomenon of knock ha been learly r ecognized by 
ome inve tigator . In 192 11axIVell and Wheeler in r efer

ence 15 r eported frequently ob erving autoignition Bam , 
with 50- 50 mL"Xture of pentane and benzene in a bomb, 
tad ing from the far end of Lh cylinder and progres ing back 

to meet the spark flamc. They reportcd Lhat explo ions in 
which Lhi phenomenon occurred were no louder than u lI al 
and that the pres u rc r ecord showed no unu ual fcatu1'e . 
They concluded, in con equence, that such an io-n ilion of 
unbumt re idual mix ture i noL likely to be the cau e of a 
pinkino- explosion in an engine cylinder. In reference 16 Lhe 
amc inve Ligato r tated : "Our obj cct ion to th e 'autoigni 

tion ' th E'ory i that, wb en ueb ignition occUt' during an 
explo ion in a closed cylinder (for examplc, fi gs. 2 and 5), th e 
explo ion i no more violent than in their ab enee . 110reo ve1" , 
what w bav termcd a ' pink' in our cylinder, becau e i t so 
cIo ely re emble th pink: in an engine cylinder, i obtained 
mosL commonly without th e occurrence of 'autoign ition.' " 

I n 1935 Eo-erton , mith , and bbelohele (reference 17), in 
eli cu ing Lhe work of otb er inve Ligatol's, s tated: "'Autoig
nition ,' that is, igni tion in a region of thc ga prior to th c 
ani val of the Bam front, wa ob erveel both in th e knocking 
zone and Isewher , but doe not neee arily give rise to th e 
kno king type of combu tion, though i t wa suppo ed tha t 
the hio-h raLc of combus tion in the knocking zone wa due to 
autoigni tion within it. " 

In ]936 Bocrlage (reference ]9), in disc ussing the r es ul t of 
hi. own Lreak photographs, tated: "W11 at surprised u , 
howcver , in the res ult obtained with the te t engine, \\~a lh e 
relat ively lo w eharaetcr of the combu tion due to autoigni
tion . The developmen t of the ccond cen Ler o( ignition was 
at all po ' L imilar to Lb progression of th c primary flam e 
du to t c parle The' imul taneous' combu bon of the 'end 
ga " wbich we hav believcd rc pon ible for tb e knock , thu 
eem to be reduced to the rath er calm developm ent of a 
econdary center of igniLion." H e furth er tated: "* * * 

thc velocity of th e econdary fl ame front i practi cally equal 
at each in tant to that of the primary flam e front. We have 
never been able to make ou t any peed equal Lo the speed of 
ounel, but at mo t, speed of 150 m eter per econd, and 

these only in th c casc of excessive detonaLion (knock). In the 
ca c I ligh t detonation (leno k) Lhe spced do not attain 
evcn half this figurc. * * * The pres Lit" diagram how 
only moderatc pres ure ri e , and tbi is still ano th er indir ect 
proof of th e fact that th e pceds of the flames are relatively 
Iowan 1 remain much below th e peed of ound. We hav 
not ucceeded in demon traLing the exist nce of extreme 
local pre ures." 

Th e invest igation men tioned have ho\m beyond pos ible 
doub t t hat au Loignition can, and in many cases actually doe, 
occur too slowly to eau e the ga vibration characteri tic of 
knock. Tbi fact do not prove tha auLoignition cannot, 
under any conditions, occur qui kly nough to eausc the ga 
vibration . IL doe , however , preclude th e pos ibili ty of 
regarding tb c occurrence or nonoccurrence of autoignit ion a 
a cri terion for the occurrence or nonoc UlTcnce of the type of 
knock characte rized by ga vibration. A lifferen t criterion 
must b olwht, either tbe occurrence of aULo ignit ion at a 
rate above ome critical valuc or thc occurren e of omc other 
ph nomenon. 

Indeed the cri terion of au toignition at a rate above orne 
critical value eem to be precluded by ome of th - A A 
pho togra ph (refercnees 5 and 9), fo r in tho e ea es low 
autoio-nition \Va seen to occur , followed by the much fa tel' 
reaction that set up the ga v ibration. In thi conne tion it 
should be noted that orne invc tigaLor (reference 24 and 
40) have regard ed the appa l' nt autoigniLion hown in one of 
the ACA papcr (reference 5) as a pre flame reaction. Th e 
10 \\- apparen t autoign it ion shown in r ference 9, however , 

a re mo rc difficul t to explain as pre8ame react ions because 
th cy propagate Lhemselves from pOLnt to point in th e am 
manner and at about the ame peed a a normal flame. 

Thc available literature, a revicwed in thi eetion, point 
to the conclu ion tha - orne phenomenon othcr than imple 
a u to igni t ion mu t be soughL a the caus of the gas \Tibration 
a sociated with kno k in th modern park-ignition engine. 

Detonation-wave theory.- Prior Lo the ACA inve tiga
t ion that will be summarized in the presen t paper the oc
currence of a detonation wave in a born b or a knocking eng ine 
h ad not been uppor ted by any such ,abundance of dlreeL 
experimen tal evidence as Lhe occurrence of autoigni tio n. 
Thi fa ct i , of cour e, readily explained by the consideration 
tha t the detonation wave, being a many time fa tel' phe
nomenon than auto io-ni tion, require very much more power
ful method for its detection. A vel' important con idera
t ion in favor of the detonation wave a the explanation of 
gas v ibra t ion i the unquestionable fact that i t \ ould cau e 
gas vibrations if i t did occur, wherea it ha been shown tha t 
imple autoignition doe not nece ar ily cause the v ibration 

when iL occur . 
!fany wriLer h av long been trongly oppo ed to the 

detonation-wave theory of knock, principally becau e it i 
very difficul t to et up detonation, ave in containers as 
mall as an eno-ine cylinder, or ind eed in hydrocarbo n-all' 

mix t ure at all, and because many var iable have unlike 
effects on the tenden cy of a combustible charge to knock 
in an engine and to develop a detona tion wave in a tube. 
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In ]936 the Ru sian inve tigaloI' ' okolik and Voinov 
(reference 1 ) fumi hed direct experimen tal evidence of 
propagated combu tion, a contra ted wi th th e concep t of 
imultaneou autoignition, traveling through the end zone 

in a knocking engine aL the correcL speed to be regarded a 
a detonation wave. Thi evidence i in the form of s treak 
photographs foJ' which a ufficienLly h igh film speed was used 
Lo re o]ve the slope of the lumino ity fron t developed by the 
detonation wave. It i unfortunate that thi work has no t, 
in the pa t Jew year, received more careJul con iderat ion. 
The photographs oJ okolik and Voinov were taken through 
a narrow window extending acro the combu tion chamber 
in the direction of the flame travel. The l'esulLs show the 
£lame Lraver ing the O'reater parL of the chamber at a mean 
veloci ty usually Ie than 20 meters pel' econd, then travers
ing the remaining part of the chamber at a velocity of the 
order of 2000 meters pel' second. 

The photograph of, okolik and Voinov ar , of co ur e, 
open to the cri ticism that Lhey how the pel'formance of 
only a narrow zone in the combn t ion chamber . F or this 
reason, the jIlu ion of a detonation wave Lraveling at 2000 
meLer pel' second could have been cau ed by a much slower 
autoigniLion Lraveling through the end ga a t a con iderable 
angle to the vi ible zone. uch an illusion sh ould not be 
expected to be consistent tluoughou t many record. okolik 
and Voinov, however, do not tate how m any records they 
studied. 

ACA high- peed motion pictures of knock in reference 
6,7, and 11 have ugge ted that the explosive knock reaction 
does not nece arily originate in the flame fron t bu t that it 
originates at random any\\-here within the normal flame 0 1' 

the autoigniting end gas. For thi rea on I ACA investiga
tor have been low to accepL the re ul ts of okolik and 
Voinov as ha\'ing gencral va lidity, u pe ting that some 
di£l'cl'ence in te t condi tion may have cau e 1 a type of knock
ing phcnomenon 1,0 oecm' in 1heir work differen t from any 
knocking phenomenon that has been fo und in the ACA 
inve Ligation . 

Thc new evidence for the OCCUlTcnce of a deLonation wave 
in the knockinO' engine, based on the high-speed and ul tra
high-speed photograph of reference 10 and 11 will be d i -
ellS ed in the eeond part of the ection called "D i Cll Lon 
and Analy i ." 

Intermediate flame velocity.-Intermediatc betwecn the 
low autoigni tion found by various inve t igator and the 

detonation-,\'ave velociLy determined by the R u sian investi
gator i t1 reference 18 is the finding bySchna uA'er (reference 41) 
of a peed of 265 to 300 meter pel' econe! Jor the travel 
of a flame through the cnd zone in knock. chnauA'el' made 
thi determinat ion by means of ionization gaps mounted in 
li£l'erenL part of the combu tion chamber. The ionization 

CUlTen l across the ucces ive gap wa am pl ified and u ed to 
light neon bulb. The time interval between the l iO'h ting of 
the uccessive bulb wa measured by the record of the bulbs 
on a photosen itive drum rotating at h iO'h peed. 

Flame travel at 265 to 300 meters pel' econ d through an 
end zone 2 to 3 ccn t ime tel' long would be almost fa t enough 
to a t i fy the 50-microsecond limita tion imposed by the 

NACA pbotograph (reference 5), and uch a rate of flame 
travel migh t, therefore, very well be regarded as a ati
factory cau of th e explosive knock reaction. ote should 
be macie, however, that the peed of 265 Lo 300 meter per 
second ha not been ver ifi d by other inve tigato]' . 

chn auA'er did not indicate ho w many ionization gap were 
used in the actual knoekillg zone to determine the velocity 
of 265 to 300 meter pel' econd. Examination of the pattel'l1 
of the gap 10 ation a shown in the figure of hi paper in
d icate either that the velocity was deLermined from the Lime 
in terval between ioni zation of only two gap or that the 
di tance over whi ch thc velocity \Va mea ured was much 
greater than 2 or 3 cen timeter , in wh ich case Lhe 50-micro-
econd limitation wa not aLi fied. ~1easuremenl of rate 

of fl ame travel on the basis of the time interval between 
ionization of two gaps would not be valid in case of any type 
of grea tly acceler ated reaction in the end gas. In uch a 
ca e the normal £lame travel through an indeterminate frac
tion of the di tan ce between th last two gap would be 
el'l'oneously treated as the flame travel acro the entire 
distance; the )'e ul t would be a mean ingless velocity. 

In chnauffer 's paper oscillograph records were hown for 
the ionization curren t produced both by the normal Aame and 
th e kn ock reaction in the end zone. The oscillograph re ords 
for the two type of combustion look very much alike. Ha t
ing has shown in reference 42, wi th Lhe vibratory type of 
knock, that the to tal time in terval throughou t which 
ioni zaLion CUlTen ts are mea Ul'able in the end ga i only a 
small fract ion of the Lime in terval throughout which the 
ioni zation curren ts are mea mabIe in the earlier-bul'l1ed 
par t of the cylinder charge. The im ilarity in the 0 cilIo
graph Lraces of chnau fl'er' work the refore indicates lha t 
he was deal ing wi th im ple au toignition, not v ibrato ['y 
knoc k. 

Nature of gas vibrations.- Many iny tigator have shown 
the OC(;lllTen e of ga vibration in bombs and in engine 
cylind ers, both by photography and by pressLlre-time record. 
\¥ h en the vil rat ions were fu'st ob erved on indicator record 
of engine comb u tion , the que tion was rai ed whether they 
wer e not naLural vibration oJ the indicator seL up by the 
blow of kn ock. Undoubtedly in many ase of imple auto
ignit ion thi explanat ion was cone t. In this connection the 
ob el'vation by chnau£l'el' in] 931 (reference 43) is of 
in tel'e t. With the ionization-gap method he found ap
paren tly simul taneou ignition of end gas amounting to 
approximately 50 percent oJ the entire cylinder charge; 
the ind ieator record howed no vibrat ion bu t only a sharp 
increa e in rate of pre ure r ise. chnallffer commented: 
"Figure 4 and 5 show that wi th a pre ure indicator uffi
ciently free of inertia i t is vory well po ible to record the 
knocking blow withou t the appearance of pre sure 0 ciJJa
tion. It i thereby demon trated thaL the 0 cilIa Lion are 
not ·pre li re oscillation." vVl1en vVithl'oW and Ra sweiler 
in 1934 (1'eforen e 21) howed a pl'eci e agreement between 
the 0 cillaLion re ord ed by an indicator and the briO'ht 
banels on a treak photograph of the combu Lion, it was no 
longer pos ible to doubt the validi ty of the vibraLions 
recor ded by the be t inc! i alor . 
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Examination of the publi hed record of gas vibrations in 
bomb and in engine cylinders reveals that with com
paratively slow-burning mix t ures, such as are used in the 
park-ignition engine, thes vibration are generally of two 

types: With the fu'st type the first cycle of vibration re
corded ha a larger ampli tude than any of the later vibra
t ions and the decay of the vibration is gradual ; with the 
econd type both the bu ildup and the decay of the v ibration 

are gradual. A de tonation "va ve, by defini tion , would cau e 
the fir t type of vibration but not the econd . With auto
ignition ruled ou t as a cau e of the first type of vibra t ion , 
the detonat ion wave is probably th e only known phy ical 
phenomenou that co uld cau e it. Tbis lype of vibration 
will , th ereforf' , be referred to hereinafter, for convenience, 
fL the "detonat ion wave" type of vibra tion . The many in
ve tigati ns lh a l have shown the detonation-wave type of 
[jaR vibration ill bomb or engine cylind ers, either pho to
graphically or by mean of pressure indica tor , include 
some of those previously men tioned (references 5 to 7, 
18, 21 26, 30, 34, 35, and 3 ), a well as inve tigation 
by 'oud)'s and Brown (fi g. 6 of reference 44), Boerlage, 
Broeze, van Driel, and P eletier (referen ce 45), and Rothrock 
and Spence r (reference 46) . 

The type of v ibra tion hav ing a O'radual buildllp obviously 
requires gradual feeding in of energy over a period of many 
cyele. This gradual feeding in of energy could occur only 
if the vibrations themselves affected the lo cal rates of com
bustion, l' encrgy relea e, in uch manner as to speed up 
the combu tion in the high-pressure region relative to the 
low-pre ure rf'gion. uch an effect would cau e any sligh t 
accidenta.l vibration to become self-amplifying. The cause 
of an acc idental vibration is not hard to find. Ignit ion at a 
point in a ve el will unavo id ably end forth a pres m e 
wave which, after reflection from the far wall , will retmn 
to the poin L of ignition and may speed up the combu tion 
upon it arrival. . ouciel's and Bl'o\,vn at the University of 
Michiga (reference 44) found that a very pronounced 
OCCUl'l'eme of thi type of vibration could be eliminated by 
hortening their park commutator contact so as to decrease 

the in Lensi ty of the pre ure disturbance at igni t ion. The 
type of gas vibration having a gradu al bu ildup will be 
I'efen ed Lo h ereinafter as the "vibratory combustion" type 
of vibration. 

The p sibility, of CO llrse, exi t that the inertia and 
damping characteris ti c of a pressure indicator might cause 
it to ind icate a gradual buildup of vibrations even though 
the ga vibra tion actually were of the detonation-wave 
type, parti cularly in ca es where the vibration frequency i 
nearly the arne as the natural frequency of the indicator. 
The failure of uch 'purious record s to occur in practice, 
however , j indicated by the fact that all the record to 
be found in the literature fall very di tinctly into the 
detonat ion-wave 01' the vibratory-combu tion type; there i 
apparently no middle ground. A middle ground would be 
expectcd when the detonation-wave type of vibra tion is 

modified by a pre ure indicator wi th only slightly too mu ch 
inertia to produce a faithful record. 

The vibratory-combustion type of vibration , as should be 
expected, generally occurs in fairly long cylindri cal bombs, 
in which the natural frequency is comparatively low and th 
total time of flame travel i comparatively long. Under uch 
conditions this type of vibration may occur wi thou t any 
evidence of autoignition, hot-spo t igni t ion, or a ny oth r type 
of combus tion excep t the normal flame from the igniting 
park, a in the previou ly mentioned work at the U ni vers i ty 

of Mi chigan (fig. 5, 7, and 13 of reference 44) . 
Ga vi.brations of the vibra to ry-com u t ion lyp in bombs 

have also been shown by Hunn and Brown, Kirkby f).ltd 
IVhecler , Loren tzen, Duchene, IVawl'Liniok , and R ochling 
in refc rences 47 , 4 , 49 , 39, 50 , and 1, respect ively. The 
photograph by Kirkby ano Wh eele r show how lhe vihl'l).
tor.\' co mbu tion req uil'f's a, bomb of con idcrable l en~ t,h . 
Lorentzen pointed out tha t t,h e vibrations, \.vhich he appar
ently beliend were cau ed by the amc phenomenon fl,S 

knock in the engine cylinder , could HoL ha ve been CaU81l([ 
by d tonalion bccause they set in bf'f re the atta inment of 
maximum pre sure. The vibraLion ' shown by Ducbene 
(reco rd 21, 35 , and 36) are of particular inte re t because 
the." cleveloped long after the charge had been completcl.v 
inHamed, yet appeal' to havc been built up grad ually. The 
work b,\- Wawr iniok howed gradu al buildup no t only of 
the vii rations in a bomb bu t also of the ail' vibrations out
side a knocking engill e. It i po ible, howe,'er, that tbe 
forc ed vibrat ion of the engine wall buil t up gradually 
even with a detonation-wav e type of ga vibration in the 
combustion chamher . The gradual buildup of the ail' 
vibrations in thi casc wa ver.y rapid as compared wilh 
tbc builclu p of t he gas vibrations in th e bomb ; in fact , this 
ca e eem to be the middle ground that is lacking in indi ca tor 
record expo e I directly to ga vibrations within the com
bust ion chamber. 

Th e work of :-Iaxwell and Wh eeler (reference 15, ]6 , 
and 52) eems unique in the fact that they appear lo have 
encountered both vibratory combustion and the detonation
wave type of vibration in the sa me explosion, a nd the one 
OCCULTing ju t before the end of the flame travel and the 
other just after the Harne front reached the far wall of the 
bomb. There seem to be no rca. on, however , why the 
two types of vibration houid not OCClll', one afte r the other 
in th arne combu Lion cycle. N10I'cove1' , two independent 
vibration , each of the deto nation-wave t.vpe, can b e set 
up one a fter the othcr in the arne combu t ion cycle , a ha 
been shown in reference 9. 

The excell en t , treak photographs by P ayman an 1 Titman 
(refel'Pl1ce 53) are probably not pert inen t to the pre en t 
discussion because th .y involvc only mu ch fa ter-burning 
mixtures than a rc ordinarily used in , pa rk-ignition engines. 
Ina much as p re Ul'e-time 1'e 'ord arc not inelud d wiLh 
the photograph b.\' P ayman and Ti tman, any discus ion 
of the type of vibration set up by the phenomena hown 
in tho picture would be only spec ulation. 
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Detonation-wave and autoignition theories combined.
The foregoing di Cll sion clearly in dicates a n eed for some 
kind of combination of th e detonation-wave and autoigni tion 
theories of knock, ina much as th e OCCUf ['('nce of both 
aULoignition and an apparent detonation wave has been 
demonstrated in the knocking engine. T he combined 
theory proposed herein involves an affirmatjye lec i ion on 
the controversial qur tion a to whether a fte rbllL'll ing takes 
place in a volume of ga for a conside rable time af te r th e 
flame front ha pas cd through that volume of gas, Or afte r 
the co tire volume of O'as ha become inflamed through 
ulltoigl1ltlOn. For the pu rpo e of th i discussion "afle r
burning" will be under lood to mean continued oxidation 
of ('ombu Lible or any othrr rraction that cau e contin u('d 
pontaneoll expansion of ga es 01' pres ure increase aL 

con tant volume. 
If the concept i ac('epted of a body of end O'a inflamed 

throughout it entire yolume by autoignition, th en it wo uld 
. eem reasonftble that u nder rve re ondition L!ch an in
flamed body of O'as might be highl~' uscep tiblf' to th e pro p
agation of a detonation wavr and that a deto nat ion wave 
traveling through the inflamed bod.v of gas migh t be the 
immediate 1'e ul t of auto ignition. ll C'h a h igh Ll cepti
bitit~T to the detonation wan might be cau cd not onJ y by 
the high tempcrature within the in flamed ga es but by hjgh 
concentrations of molccul ar fragmenL that m igh t be of 
imporLance in the propagation of t he detonat ion wave. 
If the possibility is acc pted of a detonat ion wave t ravelinO' 
through a body of ga previously inflame 1 by auto igni tion , 
it eems almo. t nece sary al 0 to acce pt th e po ibili ty of 
such a wave traveling through a body of ga in whi ch aJ'ter
burning is taking place behind the normal fl am e fron t . I n 
this manner a detonation wave co uld develop wi th out 
autoignition after the entire con ten t of th e combu t ion 
chamber had been ignited by the normal Ram e front. L arge r 
volumes of inflamed gas at a.ny one instan t ,,'ould b e exp ecte I, 
however, with autoignition than wi thout a utoignition ; 
th('rcfore, a dcLonation waye should be expected to develop 
principally in the au to igniting end O'a rather th an in afte r
burning ga behind th e flame iront. 

Concerning the po ibility of burning after pa age of th e 
flame front through a body of ga , Withrow and R as we iler 
in reference 36 concluded that the pectrum of the afte r
glow emitted by such upposedly afterburning gas i th e am e 
as tbaL emitted during the CO-0 2 reaction and cau ed b)' 
active CO, O2, CO2, or 0 3 molecules . The.\' suggested that 
the H 2 + COZpCO + H 20 react ion i in equilibrium afte r 
the flame front ha pa sed aDd that th e afterglow is due 
to a readjustmrnt of the eqllilibriLIDl wh en th e p re u re 
and con equenLly the tempera ture a rc inneased . Th e~' 
remarked: "The distribution of intensit." of th e afterglow 
throughou t th e combu tion chamber acco rd well wi th th e 
idea that the emis ion i by carbon d ioxide h eated by th e 
llcrea e in p re urI' brought about by combu t ion of th e 
re t of the charge." 

The suggestion that afterglow is ent irely caused by read 
j u tmen t of eq 1I ilibrillm d lie Lo comp re s ion doe no t seem 

compatible with tb 1'e ul t of tevcn ' work at the Kational 
Bureau of Standard with a soap-b ubble bomb in which 
n o appreciable comp ression of th e earlier-bu1'lled ga by the 
late r-burned ga was possible. ome of tevens' treak 
photograph show v ry cons iderable afterglow (refer('11ce 
54 to 56). On th e oth er h an d two of h i photographs 
(reference 57 and 5 ) how only the trace of thr luminol! 
flame front without afterglow. 

Other souncl explanation of the afLC'rglow may exi t 
indepenclen t of tbe conceut of afLerbul'l1 inO', bu L the possibil
ity of other explanat ions only preclude use of the afte rO'low 
a upport for t,he afterburning hypoLhe is ; that j, thC' 
po ibili t.v oC ueh explanations ma.,' not be regarclf'd a 
evid nee against aJLC'rburning. 

Lewi and von E lbe in l' ference 59 llaye re<Fardecl ' teven ' 
1'e ul ts (refe l'ence -6 and 57) a ('videllC'e again t lh concept 
of ai'terbul'l1ing, stalinO' "* "" * thousand of explo-
ion * * * failed to l' veal the lighte t indication of 

further expansio n of the burned sphere afler the Game had 
t l'aveled ac l'o the enti.l'e ga mi.:xttu'e." If clo e measure
men t arc made on ·figw·e 2 of . 'Leven' 1923 l'epol't (rcfer
en e 54) and figu re 2 of his ] 930 r eport (referenc(, 56) it cern 
questionable wheth er a positive tatcmenL can be made Lhat 
the e figlU'es show noL even tho lightc t contiuued cxpan ion 
of the lumino ll zon e after the con tant-velocity e.xpan ion of 
the pherical sh ell of flame had come to an end. (Thr end 
of th e constan t-velociL.v expan ion of the flame shell seem 
to be th e only mean of det.ermining from the photograph 
wh en th e fl ame' had traveled across the enLire ga mixturr .") 
In on e of th e flame traces of figure 4 of reference 5 in which 
the afterglow i a b en t, continued expan ion i plainly vi iblC' 
after completion of the con tant-velocity expan ion of the 
fl ame h ll . The printed reproduction of photograph in 
r efer en ce 55 sh ow th e £lame-front trac too indi tincdy for 
judgment on continued expan ion after completion of th( 
constan t-velocity expfin ion. F igul'e 2 of reference 54 show 
lumino i ty fading progress ively from the ou ter dge of th(' 
lumino L! sph cre toward the center after orne ligh t expan
sion h a po ibly taken place; the progre ive fading i 
probably a ll scd by rapid cooling of the outer shell of hot 
ga e a fte r the cornbu tion i nearly complete. FigLU'e 4 of 
a r epor t by R andolp h and iisbee (reference 60), obtained 
wi th th ame Bureau of tandaI'ls apparatus a u cd by 

tevens, show con tinued expansion mo t di tinctly after 
completion of the con tan t-veloeit~r expan ion. A considera
tion that must alway be given attention in teven' photo
graph , a well as in all photographs taken by flame radia
tion , i the fact that those photographs may not repre ent 
th e tnl(' flame front becau e of low luminosity in the early 
tages of burning and because of the "finite expo w'e time 

r eq uir d to make a r ecord on the pho tosen iti ve material. 
The experimental work r eported and the arO'Uffirnt 

advanced by L ewis and von E lbe in ref rence 59 were con
cerned mainly with th e que tion of whether combu t ion in a 
constant-volume bomb i complete at the time prak pressure 
i reach ed and not with the question of whether peak pre surf' 
is l' ached at the instant the Bame front has pa ed through 
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the la t increment of gas. The afterburning required by the 
proposed combined detona tion-wave and autoigni 'ion theory 
would cover a Lime interval of an entirely 10v;7er order than 
tbat con idcred in the question of whether combustion is 
complete t the in tan t of maximum pre m e. The only 
con idcration ofl'ered by Lewi and von Elbe, other than the 
photograph of teven , tha t would bave a bearing on th 
question of afterburning on tho malleI' time calc is he 
ugge tion tha t with afterbuming the sharp breaks obtained 

with fa t-hmning mi.:\: ture between tbe ri ing pre ure curve 
and the cooling curve would no t 0 cur. B y the arne token 
i t migh t b(' suggested that the extremely flat pressure maxima 
of lower-'burning mi..'o:tures, such as hown in figure 16 of 
reference 7, would no t occur if there were no afterbul'ning. 

Probabl y the tronge t experimental evidence against 
afterburning i the work pre ented in pa.pers by General 
lIotors inve tigators. T ests with a ampling valve (refer
ence 61 ) showed that free oxygen disappeared from the 
charge immediately after passage of the flame fron t, bu t this 
evidence is open to the question of whether bmning was not 
completed after the ga e were removed from the combustion 
cbambE'r by the ampling valve. Tbe General Motors in
vestigators also checked flame-front positions as shown by 
high- pee motion pictures against pre sure r ise obtained 
from indi ator l' cord . (See reference 62 to 64.) Tbe 
results indicated completion of burning at the flame front, 
with some exception in refer ence 64. Thi evidence is open 
to the previously mentioned objec ion that the photograph 
may no ' show the true flame front. The agreement between 
flam e-fron t position a shown by the photograph and a 
calculatE'd from the pressure records on the a umption of 
complete combustion in the Harne front may be a coincidence 
or the gre tel' part of Lhe combustion may actually be com
pleted in It very small par t of the deep combusLion zone. 

That t e General :\10tor photograph may not actually 
have I' corded the true flame fron.t i indi ated by some of 
the J ACA chlieren pho tograph of reference 7. In this 
worl;;: i t wa hown that peak pre m e was reached, at top 
center, very nearly at the arne time that the schlieren fl ame 
pattern completely di appeared from the h igh- peed motion 
picture , or about 10° of crank angle at 500 rpm after the 
flame fron t had completely tilled the chamber. Thi finding 
that peak pre sure at constant volume coin ide with the 
final fadeout of tbe cblieren flame pattern is upported by 
the previou demon tration of the same fact in a bomb by 
Lindner 0:eference 65). 

Otber evidence in favor of the concept of afterburning ha 
been furni hcd by variou investigators. The ionization 
record obtained by H asting (referenc 42) bowed ioniza
tion persisting over 20° to 30° of crank angle at 2000 rpm 
with normal combu tion. With hi r ecords of ionization in 
the end zone dUTing knock, the per i tence had only a 
fraction of tha t magnitud e. H e attributed the difference Lo 
the much fa tel' combu tion in the end zone during knock. 
It i of interest, in Hasting' record of ionization with normal 
combu tion , that the ionization did not decrease steadily 
after pa sage of the flame front but irregularly with even 
everal sbarp increa es in ionization after Lbe original pa age 

of the flame front. 

ouder and Brown (reference 44) wit.h their streak pho to
graphs and simultaneou pres ure record of combu tion in 
a constan t-volume bomb no ted an appreciable increa e in 
pressUTe after the flame fron t reached the end of the bomb . 
Marvin and B e t (reference 66), ob rving flame strobo
scopically through mall window mOUllted in a cylinder 
head, reported pre UTe ri e after complete inflammation of 
the charg with very low compre ion ratios. Wawrziniok 
in reference 55 found maximum pressure developing in hi 
bomb on iderably aft r he flame front b ad ionized a gap 
at the end of the bomb. In thi case the ionization o-ap 
was located at the most distant po ition in a hemi pherical 
end of the bomb 0 that error due to curvature of fl ame 
front wa minimized ; yet the lag between ionization of tlu 
gap and peak pressure was about 20 percen t of the total 
burning time. Marvin, Caldwell , and Steele (refer ence 67) 
observed that total radiation from burning ga e increased 
after inflammation throughout a timc' interval equivalent 
to about 20° of crankshaft rotation at 600 rpm. 

Bureau of tandarcls investigator (refer ence 68), taking 
treak photograph of combustion in a spherical bomb, 

suspended fine grains of gunpowder at various point on a 
diameter of the bomb by means of human hairs. With 
central ignition, the brilliantly burning grain of gunpowder 
continued to move towarcl th e center of the bomb for orne 
time after the flame reached the wall of the bomb. This 
experiment eems to be par ticularly trong evidence of 
afterburningin the outer part of the bomb. 

Lewis and von Elbe have done work determining the 
temperatUTe zone in bLll'ner flame in reference 69. Much 
uncer tainty would be involved, however, in applying the 
re ult to the much different condition exi ting in engme 
combustion. 

In a di cu sion of combustion in a turbulent tream 
(reference 70) helkin ha drawn a model of flame tructure 
that might well apply under the highly tUl'bulent conditions 
existing during combu tion in the eno-ine cylinder. Accord
ing Lo this model, the turbulence in he flame front cause 
the £l ame to advance in micro copic, or near-microscopic, 
tongue . The tructure behind the flame fron t is cellular ; 
the cell walls con titute burning gas and the interior of the 
cell con titute unigni ted o-a. According to thi model, the 
unigni ted ga within each cell i o-radually con umed a the 
flame fron t progre e beyond the cell . Wi th his tructure, 
in the microscopic en e the burning zone nugh all be very 
thin ; in the mi cro copic ense a deep afterbUTning zone would 
exist beyond the flame fron t. In any ven, the preponder
ance of experimenal evidence available at thi time appear 
to favor the exi tence of a rather deep zone of combu tion 
behind the flame front in the engine cylinder, tho ugh the 
main par t of the combu tion may talc place only within a 
small part of thi zone. Whether tIl e combustion zone is 
cellular on the microscopic cale or only on a submicro copic 
molecular cale doe not eem important in the pre entation 
of the combined theory of knock. In either ca e there i a 
po ibili ty that the gase in tbe combustion zone may be 
peculiarly u ceptible to the propagation of a detonation 
wave, and the availa ble evidence on thi point should b 
carefully considered. 
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The concepL of autoignition followed by the development 
of a detonation waye wa given pa ing attention in the 
previously quoted remark of WoodbUl'Y, Lcwi , and Canby 
in )'cfel'cnc 26. Among th e streak pho tograph of au to
ignition resul ting from quick compre sion of th e charge in 
a glass tube pre ented by Dixon and his coworkers (refer
ence 31 and 32) were included ome r cords of what they 
believcd 1,0 bc detonation wave. Dixon and his coworker 
pointcd ouL the fact that the developme nt of thc dctonation 
wave wa alway preceded by au toigni tion at ome po int 
within the charge. The concept of the developmen t of a 
detonat ion wave in autoigniting end ga has also been ug
gested by Boerlage and van Dyck in reference 71 . They 
pointed out that "simult aneous omb ustion " at the begin
nino- houle! b considered as a slow pre ure ri e in compari-

b 

son with "true detonation" but that it ul timately may h ave 
the ame character. Th rever e concept, auto ign ltlOn 
triggered by a hock wave, ha been ugge ted by D reyhaup t 
in reference 72. 

The concept of autoignition followed by the developm en t 
of a detonation wave i con istent with the high-speed 
motion pitures presented in various NACA repor ts (refer
ence 5 to 9) if thc explosivc knock reaction i con idered to 
be a detonation wavc. In these photograph , in most ca e 
where end o-a wa vi iblc at tbe time of the explo ive knock 
reaction, Lh i rcaction ha been pI' ceded by some form of 
apparent autoignition. In one ca e Lll apparen t au to
ignition dev loped at definite center within the cnd gas and 
spread out in all direc tion from tho e centers to fiJI the end 
zone before the explo ive knock reaction occurred. (ee 
fi o-. 10 of reference 9 on preknock vibration .) In another 
ca e th autoignition began at the chamber wall and propa
gated throughout the end zone before the explo ive .knock 
r action occu rred. (Sec fi g. 12 of reference 9. ) In thl ca e 
the visible cxplo iye knock rea ction was li o-h t. In other 
Cfl, es the auto igniLion de" loped uniformly and imullane
ously throughou t the end zone before the explo ive knock 
reaction oc LUTed. (See fig. 5 of the preliminary repor t, 
1'o[('rence 5.) In yet other ca e autoignition was n t clearly 
vjgible in the photograph but a vi ible vibration o[ the ga e 
o[ the detonation-wave type wa et up b fore the explo ive 
knock reac tion occlU"red (referenc 9) . The occurrence of a 
vi ible vibration befor(' the explo ive kno k reac tion i an 
effect apparen tly not freq uently encountered. I I, appear 
likely that Lhl phenomenon is comparable with the ex plosive 
knock reaction in pe('ci and it may, Lherefore, be a mild 
detonation wave followed later by Lhe development of a 
many-time more-po\\~erful detonation wave. 

The evidence of the XACA high- pecd schlieren photo
graph of references 5 to 9 i open to th e cri ticism tha tb e 
end-zone reactions 11 0wn befo1" knock may not repre enL 
true flam e because the sc'blieren ystem may reveal r eactions 
much les intense than fl ame combustion . Th same 
ph nomenotl ha been ])own, however , in photographs 
expo cd by clireeL fl ame radiation pre ented by RotJll·ock 
and pencer (refer nce 46). WiLh] - and 30-octane fnel 
at a compres ion ratio of 7, photoo-raphs taken aL about 
2000 frame per econd (fig. 7 of the repor t by ROLhrock and 
. pencer) howed autoigniLion in th e end ga one frame before 
the deyelopment of the brilliant illumination cau ed by 

knock. In thc sam e paper Rothrock and 'pencer howed 
that till brillian t illuminat ion coincided chronologically 
,vith tbe b ginning of thc o-a vibration . 

Th e concep t of a detonalion wave se t li p in afLerburning 
ga e behin l th normal flame front has been propo ed 
prcvioLi sly by l\1ax:well and ·VVheclcr in reference 15, 16, 
and 52. In tJ·eak photograph of comb u tion in a bomb 
with knocking fu els they found only very fain t afte rglow 
behind the fl ame front during Lh e travel of the flame through 
the bomb. Af ter th e Harne had traveled completely through 
the charge they ob erved an extremely hio-b- peed travel of 
a more brilliant glow tlll"ough the chamber. With non
knocking f uel , however , the after o-low behind the normal 
flame fro nt was brilliant. They repOI"led invariabl a 
correlation beL-ween the pinking tenclenc ie of fuels and Lhe 
lack of brilliancy in the afterburning, and t.hey reporLed 
Lhat the add ition of ethyl eth er or amyl nitrate to a fuel 
decrea cd the brilliance of the aftero-low, and that dec om
po cd tetraethyllead increased the brilliance of the afterglow. 
These investigaLors concluded in parL that tbe tendency to 
Imock wa dependen t on low afterbuming, leaving ufficient 
ene]"o-y behind tbe flame fron t to maintain a shock wave 
(detonation wave) et up by colli ion of th fl ame front with 
Lhe chamber wall. Lorentzen in reference 49 found vid nce 
from experiment wi th a combu tion bomb that he believed 

U PPOI-ted the theory proposed by llaxwell and Wheeler. 
The findin g that Imocking fu el how Ie brilliant aftero-Iows 
than nonknocking fuel ha been vcrified by Duchene 
(reference 39) and by Rothrock and penc r (re[erence 46). 
R othrock and pencer have al 0 presented in figure 12 of 
the arne paper 2000-frame-per- econd motion pi ture of 
c mbu tion of 65-ocLane ga olin in which the combu Lion 
cham bel' wa entirely inUam 1 before the occurrence of 
knock, as in licated by very brilliant reillumination of the 
en t ire chamber . In figure 4 of one of the NA A reports 
(reference 6) a knocking r eaction i een to have occurred 
not only after complete infl ammation of the cylinder charge 
but even 0 late that the chlieren combu Lion pattern wa 
almo t gone . 

The combined detonation-wave and auto ignition Lheory, 
lo be complete, must acco unt for the fact that comb u tion 
cycle involving nothing more than imple au toignition have 
be n found by General :'.1otor invesligator in rcferenc 33, 
36, and 37 and have been regarded by Lhose iove tigator as 
knocking cycle. It i clear Lhat ga vibration can cause 
forced vibraLion of the eombu t ion-chamb r wall of the 
ame frequency a Lhe ga vibrations and thus cau e a high

pitche 1 ping. A ga vibra tion apparently did not occur 
in the combu lion cycle r por t cl in those paper , however, 
the question naturally a rises as to the call e of the knock 
Lhat wa h eard. The only pos ible an wer appeal' to be 
tha t the knoclcing ound wa lu e to natural vibration of 
engine parI, . 

The autoign ition that occlllTed in lhe General :'.lotors 
inves igation has been een Lo r equire a period of approxi
mately one-thou andth parI, of a econd for it. comple tion. 
The sharp increa e of pre ure in the combu tion chamber 
wiLhin the period of one-Lhou andth part of a second could 
et up natural vibrations in orne of th stressed engine 
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part The energy imparted to the natural v ibration by 
the autoignition would, in O'ene1'al, be O'r eater in th e ca e of 
low-frequency vibration than in th e ca e of high-frequenc." 
v ibration . The influence of vibration frequency on th e 
energy imparted to the vibration b." th e autoignition co ul l 
be determined mathemati call." only if definite informa tion 
were available as to the rate at which energy i rclea cd b.,' 
a utoignition at each in tant tl1J'oughout the auto igllition 
proee . Though no uch information i available, the 
experimental evidence at least indica te that energy is 
rclea d by the autoigni tion in ucb a manncr that it docs 
not exc it appr ciablc vibration of th e ga e. IL may , 
ther fore, be rea onably a sumed tbat the autoignition 
would eXCIte na tm al vibration of the tre sed engine part 
only in ueh mode as have a natural [requenc)' con ici erabl.,' 
Ie than the natural frequ en e.,' of the vibrating gas . 

Thc uggestion that kno'k i clu e to vibration of engin e 
part cau ed by autoignition and tha t pink i cau eel by 
ga vibration had prcviou ly b n made b." Boed age and 
hi coworker (referenc 19,45, and7l ). 

Summary of literature-based argumen t for combined 
knock the ry.- The following facts appear to be uppol'ted 
b." th wcight of experimental cvidence : 

1. Autoignition of comparativel." large bodie of end ga 
Occur too slowly under certain condi ti n to prod uce aud ible 
ga vi brations. 

2, Under uitable conditions one 01' both of two types of 
ga vibration may occur, the detonation-wave l."pe and th e 
vibrat I'."-combu tion type. 

3. Either Lype of gas vibration ma." oceul' independently 
of autoignition, but und er some condi t ion the detonation
wave type of ga vibration tencls to cc ur ver." oon after 
slow au toigni tion h a taken place. 

4. Under suitable conditions appa]'enL deto nalion wave 
can develop in th e cngin e cylinder . 

5. UncleI' a wide range of conditions, either combustion 
continue [0], a eli lance ometimes a grea t a everal incile 
behin 1 the fl ame front or some adju '(ment of equi librium 
takes place through the arne distance , 1'e ulting in increased 
pressure, continued ionizat ion, anel continucd emi ion of 
ligh t. 

The foregoing facl , uppor tecl b.,' tb e experimental ev i
elence, suggest the follow ing explana tion of knock in I he 
park-ignition engine: 

(a) Knock of 11 com para tivcl.,' loll' pitch i causecl by 
simple autoignit ion of end gas at a rate loo slow to produc 
audible ga vibration. 

(b) Knock involving both 10w- and high-pi tched tone 
may be cau eel b." a u toignilion followcd by th e clevelopmpn I, 
of a detonation wave in the autoignit l O'a 

(c) Knock of high pitch ma.,- be ca eel b." a detonat on 
wave in a(terbul'11inO' O'a e behind th name fron t. This 
detonation wave, having originated in L e afterburning gases 
behind th flame fronL, may also pa s th rough unignited 
end gas. 

Thi explanation of knock harmonize 
of the I ACA photographic knock inve 
be ummal'izeel in the econd par t f thi 

with the finding 
tigation that will 
ection. 

Sec t ion A - A, showing openings 
f or spark plugs and accessor ies 
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FIG l ' IIE I- i.- Old combustion a ppamtus. 
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'FIO CRE 1- 2.- F ull·\ i£'w comb ustion apparatus. 

REPonT OF FI DI GS OF N ACA PHOTOG UAPHI C KNO CK I NVESTI G AT IONS 

Apparatus and operating conditions.- The high-speed 
motion picture presen ted and liscussed h er ein have in 
part been selecLed from previo usly published data (refer
ences 5 Lo ] 1) obtained wi th the high -speed and ul tra-high-
peed mo Lion-picture camera (references 1 to 3) and the 

N"ACA combustion apparalu . Most of the work wa done 
with the old combu Lion apparatu de cribed in references 

5 and 46 . A mall part of tbe work was dOlle with a newer 
combu tion apparatu . A diagrammatic kelch of the old 
combustion apparatu i hown in figure 1- 1; tbe newer 
apparat us in figm'e 1- 2. The old combustion apparatus is 
a single-cylinder engine of 5-inch bore and 7 -inch stroke, 
wi th glass windows in the cylinder head and a glass mirror 
on the piston top, as shown in th e figure. The vi ible part 
of the combustion chamber is 4}~ inches long, as hown a t. 
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f!Gt 'RE T-3.-Uigh·speed pbOLOl!"raphs of normal nonknocking combu (ion in spark·ignition engine . Fuel, -I; compression ratio, 7.0; fuel·air ratio, about 0.0: atmospheriC intake; one park 
pl ug; spark timing, 20° n. T. C. 
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frame G- 20 in fio-ure 1-:3. The newer ombust ion appara
tu (fig. 1- 2) was de igIH'd lo provide a v iew of the en t ire 
combustion chamber. T his engine h a a bor of 4% in cb e 
and a 7 -inch troke. Ail' for combu l ion is for ced into 
the cylinder through por t uncovered by t he pi ton at Lh e 
bottom of its slroke anel e cape lhrough other port on 
the oppo ite side or the e.dineler. The pres m e be fore th e 
tart of com pre ion in this engine i con trolled by m eans 

of the back pr e me applied outside th e e cape por L . 
The optical arrangements fO l' ehlie1'en photogr aph." (r ef

erences 5 and ] 1) will not be rede cribed h er in, excen t to 
tate tha with each of t he combu tion apparatu the cblieren 

phoLograph were taken by extel'nall? up plied ligh t pro
jected inLo th e combu tion chamb er throLwh the gla s win
dow and then reflected back out tlu-o ugh th e glas windows 
to Lhe hio-h- peed camera b)T th e m irror on th e pi ton top . 

In all Lbe inve tigalio n in wh ieh the combu tion apparatu 
has been used, the engine ha bee n driven by an elecLri c 
motor and operated unde r its own power for only one com
buslion cycle in each run; in each case Lhe en tire serie of 
photographs was taken dming t b single com bu tion cycle. 

olid injeclion of fuel was used and fuel wa injected only for 
the ingle power cycle. vVith the old combu tion apparatus 
the fuel was injected on lhe inlet st roke ; with th e n wer fu ll
view apparatu it was injecled early in the com pre ion 
troke. T h e engines wer e healed prior to tbe motoring 

period and kept hot during the m otoring period by the 
circulation of heated o-lyce rin th rough th e cooling pa ao-es of 
cylinder and h ead, All of the inve tigation bave been m ade 
with glycerin tempera t ure approx':im ately at 250 0 F leaving 
the cylinder and head. T he inve tiga tions hnve all b een made 
wi th an engine speed of app roximately 'i00 rpm. park 
timings and spark-plug posi tions we re elected to prod nce 
knock at lop center with the end gas us ually well within the 
field of view. Other elwine operating condition and tIle 
fuels u ed will be sln,ted in the discus ions of t he individu al 
te t. Atmo pheric intake wa always u ed wi th tb e old 
combustion apparatus. 

Normal nonknocking combustion,- Figure 1-3 of thi 
paper is a reproduction of figure 3 of the preliminary repor t 
(reference 5). This fig1lre how the normal proce s of 
smooth nonknocking combu Lion. Ooly OD e spark plug wa 
used, in E po ition. (See fig. 1- ] .) T he inj ection valve 
was in J position. (ee fig. I - I. ) T he fuel wa . - 1 r efer
ence fuel ; spark timing, 20 0 B. T . 0.; com pre ion ratio, 7.0 ; 
and fuel-air I'll tio , approximately 0.0 . 

Throlwhout Lhis paper Lhe indiv idu al fram e of figure 1- 3 
and olher figures wi ll be referred to as fram e A- 1, m eaning 
the fIrst frame of row A, frame D-8, m eaning the eig h th 
frame of row D, and 0 on. The or ler in w11 ich th pi ctm'es 
were taken is from left to right lhro ugh Lh e first row, frame 
A- 1 lhrough frame A- 20, then from left to righ t through the 
econd row, frame 8- 1 Lh rough 8- 20, and 0 on. 

I n t he first few frame of row A of figure 1- :3 t he fl aIr.e 
from the igni ting spark is just coming in to view. A large 
black spot appear at the upper lefL-band corner of each of 
the e frames. T b5 large dark spot is due to an imperfection 
in the schlieren yst III and ha nothing to do wi th th e com
bu tion. T he flame coming into view in th e e frames is 
barely vi ible a a mall dark spot at the central upper edge 

of each fram e. The increase in ize of the flame between 
one frame an d t he next i ext remely mall becau e the time 
in ter val involved i only 1/40,000 econd , that is 25 micro-
econ d . Th e flame Yery gradually grows la rger throughout 

the fir t five r ow of frames, A lo E. In frame E- 10 the 
Rame ha O-l"own nn lil i t cove r almost the upper half of the 
frame a a dark mottlrd cloud. Althouo-h tbe e photograph 
are actnally po i li ve prinl , the fl ame is seen a a dark moltled 
cl oud b 9cau e of i t effect on the externally supplied light. 
Th e photoo-raphs were taken too fa t , and the lens aperlme 
wa too mali, for the fl ame to be photographed by the light 
md iated by it. T l le burning r oo-ion appears lo caL tel' the 
externally s upplied ligh t 0 t haL it loe not gel lh rough to 
the cam era len . The bUl'lling rogion consequently how 
up a a dark clo ud in contra t \\'ith t he areas wher no com
bu t ion i proceeding. '1'he externally llpplied ligh t pa e 
through the non bmning area unin le rrupted Lo th camera 
len and cau 0 a fairly u niform whi le apprarance of the e 
area in Lhe po i t ive prints. For rca on that will be ex
plain ed it is believed that aJI of th e dark mottling visible in 
the upper half of frame E- l0 is indica tive of cont inuing com
bus tion. In th i fram e, therefor e, th e apparenl depth of the 
fl ame in Lhe direclion of fl ame travel i approximately 3 
in che. I t i no t kn own to j u t wh a L extent ~his apparent 
dep thi real and to wh aL ex ten t it i cau cd by longning of 
th e flam e. rI'o explain the apparenL depth entirely on the 
basi, of flame tonguing, however, would r eq llire a qui te 
illog ical - a sumption that tbe llam e is always much more 
extensi vely tong ued in the pla ne thaL cannot be een in the 
ph o Lograph tha n in the plane that i een in th e photograph . 
(The di tance tlu'o ugh tbe combuslion chamber in the line 
of sigh t from th e s urfac of tbe mirror on the p i ton top to 
the under . mface of the inner gla win dow i approximately 
1 in.) rrh e appearance of frame E- 10 of figure 1- 3 i quite 
typical of thi tage of comb u Lion in aU photograph taken 
un ler th e am eon cl ition . The leading edge of the flame 
a een in frame. E- 10 i somewhat irregu lar but doc not 
bow any uch pronounce 1 tonguing as would be required Lo 

expla in Lh e presen re of mottling throughout lhe entire area 
behind (above) t be flame fron t. 

In the f rame of rows F, G , and H the Oame fronl Io\dy 
ad van ce downward to a posit ion (in frame H- 20) n.bout 
two-third of th e way across th e ch amber f rom the point of 
igni t ion . At th e same time the dark mottling di appear 
throughou t m o t of lhe ar ea behind (above) the Harne front , 
so that in fram e H- 20 the apparent combusLion zone ex
tends only a h or t distance backward from the flame front. 
Thi narrowin.g of the combu tion zone a the Harne front 
travel tlu-o ug h th e central par t of the chamber i al 0 

typical of the photograph taken under the e condition . 
In the frames of r ow I to M the flam e front slowly complete 
i ts t ravel to th e extreme end (lower end) of the combustion 
chamber. Afte r the flame fron t r eache the extr eme end 
of the chambe r in ham M- 20, the mottled combu tion 
zone gradually d is olve in th e frames of row N, 0 , and P, 
leaving a clear whi te field throughout the entire area of the 
chamber in frame P- 20. 

I t m ay be no ted t hat t he dark spoL wh ich was vi ibla in 
t he upper left -hand corne rs of the early frame of row A i 
no t v isible in t he fram e of row P. Tbi pot, cau ed by 



16 RE.PORT 1026- NATIO AL ADVrORY COl\Jl\lITTEE FOR AEROr A TIC 

imperfection of the optical y tern, move 1 about b ecau e of 
[,ocking of the piston at top center and had mowd com
pletely out of the fiell of vi w in the frame of ['oW P. 

From thE' tandpoint of il tudy of knock , the most im
pOl' Lan t feaLure of the normal combu Lion photograph of 
figuTe 1- 3 oiher than th e apparenL depth of the comb u tion 
zone is the fact that all tage of tbe comb ust ion. process 
appear low and mooth. 'When Lhe ph otograph are pro-
jected on a motion-pi ctu re creen lhe entire proce i 
lowed dowll 0 that it re embles the motion of a LOrIn 

cloud. ArLer th e combu tion i completed and the mottled 
zone ba fad cl out the ga e in the omb u Lion chambe r arc 
very quie ent , a condition contra ting decidedly with the 
appearance a fier a knocking combu Lion. 

Nonknocking combustion with preignition from hot spot.
Figure 1- 4, reproduction of figu re 7 of reference 5, shows a 
combu tion proce with lhe arne fuel and the same engine 
operating condition a tbo e of fi gure 1- 3 but with igni tion 
from a hot l ot a well a from the park plug. Th park 
plug wa again in E po iiion (eefig. 1- 1), but an ele trically 
heat.ed coil va in er teel by mean of a pecial plug at F 
po ition (e fig 1- 1) and the current through thi coil wa 
adjust d to uch a yalu that the coil would ignite the fuel
air mi.xture at an earlier time than tbe igniting park at the 
plug in E position. 

Wnen th camera bu LL r opene 1 for the bot of figm e 
1-4, in the fLl' t few frame of row A, the fl ame from the hot 
pot had a lready com e well into the fi eld of view. The 

flam from the park plug comes inLo view in the lat I' 

frames o[ 1'0 v E and the earLer frame of row F, vi ible at 
the top of each frame as a whitish po t. In thi case the 
fl ame shows up white by con tra t with the dark pot cau cd 
by the impl'rfection of the chlieren y tem. 'Wh en the 
fl ame get well out into the white part of the fiel 1 of yiew 
in row J it again how up a a dark mottled region a in 
fj o- Ul'e 1- 3. The flame from the park plug and the Aame 
from the hot po t me rg in the frame of rows J and K and 
the mottled combu tion zone ,7el'Y grad ually di olve in 
the frame of rO\\' L to P. In thi ca e in the Ira me of rO\\" 
P tbe elark s pot at the upper left-hand co rl1.el of Lhe frames , 
caused b imperfection of the chlieren y tem , i still 
v isible. Again it has no ignificance rdati e to the com
bustion pl'oces . 

From examination of the photographs of figure 1-4 il 
till, a well a from obse rvation of the e photographs as a 

motion pict llre projected on the creen, it must be con
cluded that the entire combustion pro e is ju sL a mooth 
and gradual as with th e normal nonknocking combu tion 
proce of fi ure 1- 3. After the mottled combustion zone 
ha faded out 11l e ga e again appe< l' very quie cent , in con
tI'a t witb the app arance after a knocking combu tion. 
The photoo-raphs of hot -spot ignition clea rl y ho' that this 
type of ignitlOn is not a direct cause of knock. 

Preliminary view of knock.- Figur 1- 5 of thi paper i 
the arne a figlll' 5 of reference 5 and th e same il. fi gure 2 
of reference ]0. The combustion process shown in this 

figure involve one of the mo t violent knock eve r photo
graphed. Th e engine operating condition were the same 
as tho e for the normal nonkn ocking combu tion proces 
bown in fi gure 1- 3. I n L ad of - 1 furl, however a blend 

co n i ting of 50 percent - 1 and 50 percent M - 2 r eference 
fuel wa u ed. 

r['he fl ame from the igni ting park comes into vie \\' in 
figure 1- 5 in Lh e later frame of row (', vi ible at the top of 
each frame a a dark mottled cloud. Thc fl ame pl'ogre. e 
downward through the fi eld of ,' iew in the frame of row 
D to K in the same mooth gradu al manner a in figur 1- 3. 
In the fram of row J and K the flam front becomes much 
more irregular than in th e ca e of figlu'e 1- 3, bui thi irregu
la rity is con id cred to be no greater than i occa ion.ally 
observed with nonknocking combu tion and i not thought 
to be signifi cant rela tive to the knock ph nomenon. In Lhe 
frames of row L and the earlier frame of row M the end 
o-a , the area ahead of (below) the flam fron t, gradually 
turn dark. By th e tim e of exposure of frame M- 10 tbe 
end ga ha become so dark that it can no longer b ii ·tin
gui heel from the combustion zone b hind (above) the park
io-nited flame (ronL. Thi la rkening of the end ga , which 
occur grad ually throughou L the frame of row L and the 
earlier frame of 1'0 \\· M, i believed to be indi cative of at 
lea t the early stages of an. autoignition proce . In fram e 
M- 10, where 11.0 line of demarcat ion can be di cerned. 
between the enel ga and the burning ga"e ignited by the 
normal flame travel, the pho tograph at lea t indicate that 
th end gil. i burni ng just a truly a th ga e behind the 
[lame front. Th e xplosive knock reaction that et up the 
knocking o-a v ibrations, however , ba not yet beo-un to
develop in frame M- 10. Th e fir t evidenC' e of this explo iw 
reaction appear in frame M- 11 a a white streak a long the 
lo\\-er righ t edo-e of the frame an 1 il.S a light blwTing of tbe 
dark combustion zone. In tb e next frame, M- 12, the explo-
ive knock reaction ha progre cd tlU'ough the entir e field of 

v iew and ha o-iven a fairly uniform whi te appearance Lo the 
ent ire field . (1 he whitened area below Lire lower right edge
o[frame M- 12iscluetoapocketofga }{s inch thi ekbctwE'en 
lhe glas windo\ and the mela l UL'face o( the cylinde r head . 
rfhi pocket , Cil U cd by the win.dow ga keL, is comple tely 
explain.ed in reference 5.) 

At tbe time [writing o[ reference 5 the rca tion OCCUlTing 
during t be expo ure of frame M- 11 an M- 12 wa confi
dently bclie\"Ccl Lo I e thc ex plo ive knock reaction becau e 
the projected mot ion picture clearly howed that Lhe gas 
vibrations began at the arne time as th (' whitening of tilE' 
fidel of vie\\' in. frame M- 11 and M- 12. ~Ioreover , a 
yi len t explo ion could be obser ved in the motion picture in. 
the general vicinity of th e end gil. at the am time that thi 
wh itenino- occurred. A more rig id p roo f t bat blurring of 
th e combustion zone such il. occurs in frame M- 11 of figure 
1- 3 coincid e hronologically with the 0 11 et of violent o-a 
,-i bra tion wi 11 be di cus ed laler in this papel'. A d i cu -
ion of the nature of th e reaction occul'ring in frame M- 11 

an 1 M- 12 wil! il.l 0 appea l' la tel' in. th e paper. 
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FIG'CRE 1-4.- Higb-specd photographs of Ilonknockin g combusl ion in spark-ignition engine witb preigniLion from hot spot. Fuel, S-J; comp"csSion ratio, i .O; fuel-air ratio, about 0.08; eLmo · 
phcric intake; s park pJu g at LOP; hot spot at bottom ; spark timing, 20° B. T. C. 



1 REPORT 1 o 26-NATroKAL ADrI ORY COMMITTEE FOR AERO -A TIC 

2 3 4 5 6 7 8 9 10 II · 12 13 14 IS 16 17 

B 

c 

o 

E 

F 

G 

H 

F, GURE 1-5.-High-speed photographs of combustion with violent knock in spark-ign ition engine. Fuel,50 percent S- I with 50 percent M - 2; co mpression ratio, i.O; fuel-air rat io, a bout 0.08; 
atmospheri c intake; one spark plug; spark timin g, 20° D. T . C. 
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A pl'eviou Iy mentioll0d many reader of r cicrencc 5 
have bcrn C'ntirely ullconvinced that th c darkeni ng of th e 
end O'a, prior to the dl'velopment of (h explo iITe knock 
reaction in frame M- 11 and M- 12 actually is a u toigni tion, 
Thi author has held the view that thi darkenino· m u t be 
regarded a flll(oignition becflu c there ha seemet! to bC' 
no atisfactol'Y definition of (It distinct ion between. pl'cfiame 
and flamc reaction in a gradual procrss occupyinO' a total 
timC' intcrval of Ie, s than ] / ]000 second (frame L- 1 (0 
M- 10) . In all human experience with flamc the pref\arrc 
reaction have been l'parHted from th Harre rC'actions hy 
a uddC'n great incl'ea e in the rate of reaction , intens ity of 
li O'ht radiation" rate of heat l'elca c, and so on. The time 
inten"al invoh"ed in tbe actual tran ition from pr eGame (0 
flame reactions has lle"C'1' bC'C'n spec ified and has , in eHe 't, 
been l'eO'arded a, in tantaneou Qecau e of th e ab eDce of 
any method of measllring the intervaL Th e react ion occu r
ring in frame M- 11 Hnd M-12 could be regal' leel a marking 
the (ran ition from pl'cfJame to name I'cactions, bu t so to 
regard this I'raction ,,"ould be C'nt irciy a rb itrary and ,,"oull 
be only thr re lilt of an illogical extrapolation- an C'xtra
rolation in thr rl1 e that we think becau c a ha rp dividi ng 
line appears to exist bet ween preflame and fl ame l'E'action 
when we " . ee lowly" a sharp d ividing li ne mu t al o be 
found to exi t wben lI·e " ee fas!." 

Qualitatively it cou ld be aid tbat any r eaction i pr o
ceeding at a VNY high rate wben it produce a much optical 
change in ] / 10,000 econd as can be een between the cnd 
gas a it appcar in frame M- 7 and th e end ga a iL appea l' 
in frame M- 1O. An investigation is b ing cOJlducted by 
G. E. 0 tel' trom of the XACA technical taft' to determine 
\\"hether the light rad iations from th e rnel o'as befo re tbe 
explo ive knock reaction are umcient to be n: ea urable, 
TIli inve tiO'ation i11\'01\"('s taking siin lii taneou cll1iel"en 
pbotograpb and direct flame photograp hs with a definitely 
e tabli heel chronOlogical relat ionshi p of the inci ivi iual 
frame of one ('ric of photographs to the ind iv idual fraIres 
of the olhCl' E'rie. The preliminary indications a rc that the 
radiation from tbe end ga prior to th e cxplo ive knock 
reaction i ometime sufficient to pboto<Yraph a t 40 ,000 
frame pel' second Ivitb the hiO'h - peed cam.cra . Even if the 
ratc of reaction, inte11 ity of light radiation, and rate of heat 
relea e in the end gas could be acc ura tely dete L'mjnccl , 
however, for all of the time intervals covered by frame 
L- 1 to M- 1O, it Iyould still not be po ible to cla sify the 
reacLion as pre flame or fl ame reactions unles qu ite arb it rary 
yalue were et for the e quantitie above whi ch th e [,eaction 
would be regarcled as flame reactions. 

A possible logical dividing li ne betw en prc Aamc an I 
flame reaction on the ba is of tbe th rmal t ~l eo ry of a uLo
ignition i th condition of more rap id relea e of h eat by the 
autoigniting ga e tban normal dissi pation of heaL from 
tho 0 ga e , at constant volume. Another div idi ng line. 
based on the chain-react ion theory, is the concii tion of 
more rapid formation of chain canier by chain-branchi nO' 
reactions Lhan de truction of carr ier by chain-br eaking 
reaction. ::- lea urement indica te that th e normal fl ame 

fr on t did not make any additiona l p l'ogre s into the end 
gas betwecn frames M- 1 and M- 10 of figure 1- 5, FurLher
wore, many photoo-raphs haye been obtained in which tbc 
normal flame fron t a een in th e projectcd photographs wa 
actually push ed backward by the end ga a num bpI' of frame; 
pr ior to thc development of the explosive knock reaction. 
Becsu e of th is fact , t he divid ing line on the ha i of thermal 
th eory m ust h ave been pas cd at abou t [rawe M- 1 in 
6gu re 1- 5, 0 Lhat th e end -gas reaetion between frame 
M- l and M- 1O would have to be rcgarded a flame reaction, 
unle it i a sumed that the ell l ga is being heated by 
rad iat ion and conduct ion from the hurning gase more 
rapidJy th an th e averagE' of t he other ga e8 in the chamber 
incl uding th e burning gasc them elve. The['e i no 
ind i 'ation, or course, a Lo wh ere thr dividing line basC'd 
on cbain-l'eaction theory would be drawn relatiY(' to the 
frame of fiO' LlI'o 1- 5. 

In view of th e nece arily ar bit rary nature of any distinc
tion betwec n prefJ ame and flame rcact ion in frame L- 1 
to M- 1O of figure 1- 5, the fact that the end gas does ome
times emiL ufficient light to ph0tograp b by direct flame 
ph otoO'raphy at 40,000 frames pel' second prior to the explo-
ive knoc l;;: reaction , and thc fact that preknock radiation 

from the end gas have I ecn photographed al a lowe[' peed 
by oth(']' inve t igators (r cfe renC'e 46), t be I'eaction vi ible in 
th e end gas th ro ughout frames L- 1 to M- 1O of figurE' 1-5 
and ilnilal' rcaction vi ible in othe r figure ,,"ill be l'E'ferred 
to t b roughou t thi paper a sirr,ply" autoigni tion." The 
rca tion of frame M- 11 and M- 12 will be hown latcr 
to be a detonation waye and may b regarded a autoignition 
only in tbe en e th at it develops during a proce s of auto
ignit ion and Lbat i t deyclopmC'nl may be influence 1 by tho 
autoigni tion proce s. 

Th e fran es follow ing M- 12 in figure 1- 5 sholl- the develop
ment of an extreI)1ely brilliant , intermittent lumino ity 
reach ing peak in frsmes M- 16, N- 1, N-6, 0 - 1, and so on, 
and th e dcYelopment of an inten e moke cloud in the lower 
parl of th e frames of ro""s P , Q, and R. The brillianL 
lumino ity ancl smoke fo rmati on wi ll be di cussecl furth er 
undcr " Ch emical Kat ure of Explosivc Knock Reaction." 
The ext remely violent vibration, or bouncing, of the ga es 
tha t is een wh en frame M-12 Lo R- 18 a re projected on the 
scr een a a motion picture cannot be een in visual examina
tion. of th e photograph in the p rinted figures. Tbi efreeL 
is sugge tive of a pot of tiff jelly that ha been ev(']'ciy jolted 
and i chm'acteri t ic of all of the photograpbs of knocking 
comb u tion obtained with tho h iO'h-speed cam(']'a. 

Chronological relation between schlieren photogr aph s and 
records of cylinder pressure.- In t he photograph of figure 
1- 5 tbe occurrence of knock i very definitely visible in 
frames M- 11 and M- 12. In ca e of mu 'h lightC'r kno k , 
however , th c occurrence of th c knock may be detectcd in the 
photoO'raph only a a ligh t b lurring of the dark mollled 
combustion zone. T h i blurr ing i often not vi ible in the 

prinLed r eprodu ction of the photograph , becau e of inevi
table loss of d tail , bu t can be seen on careful in pection of 
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tbe original negaLives. Ina much a the lighL blurring of 
tbe combu tion zone co uld not be a sumed \ ithoul proof to 
be identical \\i th the occurrence of knock:, one of the early 
investiga tion (reference 7) " 'a din' te I towftrd the e tab
lishment of a definite chronological relation hip beLween thic 
blur and the beginninO' of t he violent gas vibrations associated 
wi th knock. Incidental to tbi relation . ome in ve tigation 
wa al 0 made into the chronological relation between the 
final fade ut of tb chlieren combust ion pattern and the 
attainment of peak pres me with nonknocking combustion . 

2 3 6 7 8 9 
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One of th high-speed photographic shot u ed in Lhe e tab
Ii hment of the chronological r elation hip is reproduced as 
figure 1- 6 of thi paper (fig. 11 of reference 7). 'rbrE'e park 
plugs were u ed, in E, F, and G po it ions (see fig . I- I ), a 
quartz piezoe lectric pickup wa u rdi n' openrng- J, and -the
injection valve was in opening H. The' park timioO' at the 
plug in E an I F po ition wa 22 0 B . T. C. The t iming at 
the plug in G po ition wa earli er (29 0 B . T. C.) becau e it 
was desired to focu the end zone at the diaphragm of the 
piezoelectric pi ckup in opening J , and to do so required a 

10 II 12. . 13 ' 14 15 1& 17 IS 

FtGI' RE 1- 6.- lIigh·specd photographs of knocking combustion in spark·ignition en gine with timing spa rks in ro\\' A. Fuel, 0 percent S- l wi t h 20 percent, [-2; compression mtio, 7.4 ; fuel, 
ai r ralio, about 0.08; atmospheric intake: three spark plugs: spark tin,ing, for left·band plug. 29° B. T . C .. for other twO plugs, no B. T. C.: B. blurring caused by knock. 
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111 uch longe]' travel for the flame from G po it ion than for 
the £lames from E and F po ition. The fuel was a blend of 
o percent .' 1 and 20 p I'cen t .\ 1- 2 reference fu el ; com

pression ratio 7.4 ; and fuel-air ratio , approx'1mately 0.0 . 
The flame from th e three igniLing sparks come into view 

in the fram(' of row A to E of figure 1- 6. By the frames 
of row I th e fl ame have completely merged and have SW"
rounded a small body of end gas in the immediate vicinity 
of the piezoelect ric pickup diaphragm. In the firsL nine 
frame of row J autoignition talce place in the end ga , and 
in frame J- l 0 knock OCCllr , as ind icated by the blurring 
and lightening of the eombu tion zone in th e region desig
nated B. 

In row A LlH' film perfora tions ar c included in the fi gure. 
(The perfo ra tions were trimmed from the reprod uetion used 
for the other row. ) In the takin o- of the pi ctures the fi lm 
wa placed a round th e insid e of a drum in a continuous circle 
(.'on i ling of 372 frame . Of the 372 framr". 16 are omitted 
from the figure after frame J- 18 (or before frame A- l and 2 
are omitted as indi cated in row A. A pecially de igne I 
park plug in the camera produced a Liming mark in the 

perforation trip at frame A- l0 at abou t the time of the 
brginning or combu tion. The amc park plug produced 
another timing mark at frame A- 2, 339 ,1 ~ frames late r, after 
the combu lion and knock were completed . The e two 
timing park have been used in the determination of the 
ch ronological relation hip he tween Lhe pho tographs of fio'ure 
I - 6 and the eOlTe ponding pressW"e r ecord of figure 1- 7. 

In figure 1- 7 the trace de ignated A i an actual photo
graph of a trace produced on the creen of a catbode-ray 
o cillo cope during the ex po ure of the photograph of fig
ure 1- 6. The horizontal plales were u eel, as usual, to produce 
a time sweep. Two independent voltao-es were a ppli ecl to 
the verlical-pIa te ci rcuit : a mall alternating voltage pro
duced b a 4000-cycle-per- econd oscillator , and th e vol tage 
produced by the piezoelectric pickup in openin o- J of the 
~ylinder bead. The trace designated B in figw'e 1- 7 is an 
aclual photograph of tbe trace produced on another ca thode
ray oscino co pe scree n during the expo ure of th e photo
O'!'aph of figure 1- 6. In the case of trace B, however , only 
the volLage from the 4000-cycle-per- econd oscillato r was 
applied to the vertical-plate circu it. 

The eleclric cond uit that upplied the sparking voltage 
to the park plug in the camera was coupled capacitativel.v 
-with the vertical deflect ion-plate ci rcuit of both 0 ci11o
copes. Tbi co upling produced th e breaks designated F in 

lbe two 0 cillograph trace at the time of the first timing 
park ( ee frame A- l0 of fig. 1- 6) and the breaks de ignated 

J at Lhe time of the econd timing park (frame A- 2 of 
fig. 1- 6) . The break de igna ted K infigul'e 1- 7 wa au ed 
by the fu'st hock on Lhe diaphragm of the piezoelectric 
pickup at the time of beginning of the gas vibration in the 
combus tion chamber. 

The point in the high- peed camera at which the timing 
marks were produced and the point in the camera at which 

the end ga \Va pho tographed a re separated by a distance 
of approximately 34}~ frame. Bccau e of tbi separat ion, 
necessitated by mechanical consideration, the bl' ak F in 
the 0 cillogra ph trace of fig ure 1- 7 occW'ed 196% (not ]62) 
frames before the levclo pmenL of tbe knockino- blur at B 
in frame J- l 0 of figure 1- 6. Likewise, th e break J in figu re 
1 -7 occured ] 43 (not 177%) frames after the development of 
th e knocking blur . In trace B of figw'e 1- 7, between breaks 
F and J , 32. oscilla tor cycles werc co unte 1 (ref rencc 7) ; 

I 1 /' 339 .5 0 . . f t Jere were L 1CrelOl'e -- or 1 .35 motlOn-plCturtl -rames 32. 
p CI' 0 cillator cycle. (The econd 0 cillo cope wa provided 
solely bccau e in many ca e th e di lurbance in trace A 
cau ed by the knocking gas vibration were 0 v iol ent lhat 
it was not po sible 1,0 count 0 ciliator cycles het ween breaks 
F and J in lra e A.) N ineteen oscillator cyclcs were co un ted 
(reference 7) on trace A of figure 1- 7 between the break F 
and the break K; the knockin o- br ak K therefore oc uLTed 
approximately 1 96 }~ frame itfter th e fir~ t timing park. 
'rili value aO-l'ees exactly with the 196 }~ fram e that separaled 
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FIG t: I!E 1- 7.- omposilC pressure· time and oscillator trace A and separate oscillator t race B 
for combustion process of fi gure 1-6. F, breaks caused by firs t t imin? spark (fram e A- lO of 
fi g. 1-6); J, breaks caused by second timing spark ([rame A-2 of fi g. 1-6): K, brea k caused by 
start of knock (framc J - l0 of fig. 1-6); pie7.0electric pickup in opcning J . (Sec fig. I- I .) 

Lhe first timing park chronologically from the Imocking 
blur in frame J- l0 of figu[' e 1- 6. (The picture-lakino- rale i 
known from eamera-acceleraLion data to be constant within 
a ve ry mall fraction of 1 p ['cent over the period of time 
involved in th e determination, and th e ft' quency of the 
oscillator ou Lpu i b elieved to be simila rly co n tant ovor the 
vc ry shor t time interval involved. ) 

In cigh t ca e wi th the end zon in conlact wi til the 
diaphragm of the piezoelec tric pickup the knocking blur 
wa found, by th e method u ed wi ih figure 1- 6 and 1- 7, to 
coincid e chronologically with the tart of th e violent ga 
yibration within one-half motion-picture frame. In 16 
ca es wh ere lh e end ga wa on the opposite side of the 
chamber from th e piezoelectri c pi ckup , the same method 
indi cated that the knockirw blul' preceded the tar t of the 
\-iol nt gas v ibrations by 4 ± 1 )~ motion-picture frame , the 
value of four motion-picture frames being account,ed for by 
thE' time r eCluirod for tbe knocking di tw'bance to travel at 
the speed of ound from the end ga to the diaphragm of the 
piezoelectr ic pickup. 
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-OMITTED HERE-

FIGURE I- .- ni l"h-spced pbctographs of non knocking combustion in spark.ign ition engine with timing sparks in rO\\"s D and J. Fuel , · 1; compression rat io, ;.4; fu el-air ratio, about 0.08; 
atmospheric inta ke; four spark plugs; spark liming, for left-hand plu g, 29° B. 'r. C., for oth r three plu gs, 22° U. T . C. Frames 1 to 19 st'iected as point of final fadeout of schlieren pat· 
tern . 
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H A om cwha l im ila r bu t less accuraLe method of clete rmin
i no' t he cll rOllologica i relations ll i p i illustrated by figure l 
and 1- 9 (same as fig . 15 and 16 of referencc 7) as applied 
to th e signifi cance of th e mo Wed combu , tion patLern in Lhe 

---~ -""''''t''''''' ' '''I'' ' II''''''''~ •• ~m'm'U'''''' IH!II!tI''''''''-.......... uu HU' .. . I.'.'I ...... 'U,.~ "jn'u,., ... nHlh ...... -
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ehli ren pi cL ures. Figur 1- is a hoL of normall1onknock
inO' com oll lioll. Engine operating co ndi tion \\'ere lhe ame 
as witb the com ou Lion of figu rc 1- 6 excepL thaL Lh e piezo
electric picJ.;:up \Va placed in opening I (see fig. 1- 1) and an 
addiLional spark plu g replaced th e piezoelecLri c pi ckup at 
opening J. The fu el \Va S- J r eference fu el. Kinety-fi ve 
frame were omit ted from figure J- after fram e J- 22 (or 
before frame A- 1), 3 frames worc 10 L at th e splice at frame 
J- 2, and 61 frame were omitted as indi cated in r6w J. 
The firsL t imin g park \Va expo ed beforc thc camera began 
Laking pi ctures, at frame J- 18, and Lhe s cond timing park 

I 
L 8 

FIGURE I-Q.-Pressur -lime r cord A for non knocking combu lion process of figure and 1)8-
raLe oscilla tor trace B. E and G, brea k caused by ign ition sparks; F, break caused by firs t 
timing spark (frameJ-18 of fi g. 1- ) ; J, break ca uscd by second timing SI)8 rk (fra llle 0 -12 of 
fig. 1-8); H , point of peak pressure; piezoelcclric p;cku p in opening I. (ee fi g. I- I. ) 
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wa expo cd 549 framrs later, a ft l' the camera bad ceased 
Laking pictures, at fram e D- 12. 

']' 11 e fir L and seco nd timing sparks caused the break F 
and J , respectively, in the pres ure-time trace A in figure 1- 9. 
With this meLhod the 4000-cyc1e-per-second oscillator reco l·d 
wa not uperpo cd on the pre m e-lime r ecord. Only 
one 0 cillo cope was used. Aftcr the pres ure-tirr e reco rd 
was expo cd, simulta neo usly with Lhe exposure of the hi O"b-
peed photograph , tbe pi ezoelect r ic p ickup \Va imm ediaLely 

di connected from the vertical-plate circuit of the 0 cil1o-
cop , Lhe 4000-cycle-per-second 0 cillato!" wa connected 

to Lhe vert ical-plate circuit, and a econ d Lime weep of 
the 0 cillo cope beam was produced, giving Lhe trace B 
in figure 1- 9. The trace B was used solely as a measure of 
the nonlinearity of the t ime weep of th e oscilloscope. L ine 
con·e ponding Lo con tant voltage on th e horizontal deB cLion 
plate were drawn through t race B f rom break F and J in 
trace A ancl aI 0 from the point H in. trace A, which was con
sidered Lo be Lhe point of maxim.um pressure, as sh own by 
trace A. Byimple proportionali ty the point H in trace A 
of figure 1- 9 was found to coincid e chronologically wiLh the 
exposure of frame J- 4 of figure 1- 8 (with d ue allowance fo r 
the 34 1~ fraIT'(' correct ion prev iously mentioned) . Upon 
cardul examination of the original negat ives of figure 1- , 
fmIDe 1- 19 was selecLed a the point of fmal fadeout of th e 
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mOllled combu tion zone ; the cliA'erence between times of 
expo ure of frame 1- 19 and J- 4 i 250 micro ecoods, Or only 
0.75° of crank haH rolation. 

In five ca e imi la r to Lhat of figure 1- and 1- 9 lhe 
final fadeout of l be chlierell combusl ion pattern in th e 
photograpbs \\"a found to precede peak pre su re hy 0.:3 ± O.7° 
of crankshaft rotatio11 . As explained in refe rence 7, peak 
pre UTe and the fad eo ut of the schlieren combu tion pallern 
were so close to top center that no correc tion was required 
for pi ton motion. In 47 ca es where the method of figure 
1- a nd 1- 9 was a pplied to knocking combu tion , with the 
el.d zone on th e oppo i tu side of the chambe r from the piezo
elec tric pickup, the knocking blur \\~a founel to precede th e 
star t of th e violeot ga v ib ration by ± 6 mOlion-picture 
frames, as compared ,,-ith 4 ± 1 % mot ion-pic tllJ·e frame in 
Lhe ] 6 ea e in whi ch the method of fi gu re 1- 6 and 1- 7 wa 
used . The method of figure 1- and 1- 9 i inherently Ie 
a curate t han thaL of fi gw·e~ 1- 6 and 1- 7, tbe principal 
somces of error probably being lack of reproducibili ty of the 
Lime weep of the osci11o cope and some light interaction 
between Lhe vertical- and horizontal-plate cirCli its of the 
o ciUoscope . The comparison of the two mcLhods indicate 
Lhat Lhe method of figures 1- ·and 1- 9 is reprod uci ble within 
± 0.5° oJ crank haft rotation aod that it has a cons tant error 
of about 0.6° of crankshaft rotation. Applying the indi-

10 II . 12 13 14 15 16 17 18 

.- .• •• ......... ....G... --,. '-......~ 

it it , l' 4 It '. '4 '4 ;ti J. J; 4 Q. it·1 :. ;', F 

FWl' RE l - lO.-ll igh·spced photogra l)hs of homogeneous enct-gas autoignition preced ing knock in Sl)a rk-ignil ion engine. Fuel. M -2 : compreSSion ratio . 7.0: fue l-air ra t io, about 0.08; at mos
pherir intake; four pa rk plugs; spa rk timin g. fer left ·band pl ug, 27° B. T. ., fcr other three plugs, 20° B. T . C.; A, regions where buming is co mplete; B, blurring caused by knock. 

J 
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FIC\: HE I- U .-D igh-spced photogra phs of homogeneous autoignition throughou t larg volume of end gas hefore knock in spark-ignition ngin. Fuel, M -4: com pression ra t iO, .7; fuel-oir 
ra Lio, about D.Li; in let-oil' tem perature, 4450 } .. ; inJet-n ir pre ul'e, atmospberic; row' spark plu gs; spark timin g, 200 D . T. C. 

cated correct ion for th constant errol' r esults in the finding 
that peak pre ure preceded the final fadeou t of tbe mottled 
combu tion zone by 0. 3 ± 0.7 ° of Cl'ank haft rotation. The 
0.7° variation from Lhe m ean is almost within the demoll -
tI'ated inaccuracy of the method. I t i douhtful whethel' 

the point of peak pre ure co uld be elected more ac ura tel 
tban within 0.3° of crank haft rotation in trace like that of 
fi gure 1- 9. 

From the inve tigation summarized here (reference 7) two 
conelu ions appear juslified: fir t , lhat tbe characte ris ti c 
knocking blur een in tb high-speed photograph docs repre
sent the reaction tha t set up the violen t ga vibrations 
a ociated with knock: an] , econd , lhat lhe moUled com
bu tion zon!' docs repre ent continuing combu tion, at lea t 
o far as th e termination of combustion is concerned . The 

second conclusion a ap plied to comb u lion in a con tant
volume bomb \m previou ly reached by Lindner (refer
ence 65) . 

Six types of end -gas autoignition.- The high- peed photo
graphs have' revealed ix different types of autoignition in. 
the end gu. . orne of the e types may be intcrrelated ; 
other eem to be quite di t inct. The type of a utoi gnition 
that will occu r under condition uffieiently cvere appeal' 
to depend Im'gely upon the fuel u!"ecl, although the cope of 

the invest iO'ations ba noL bcen uffi. ient to !'lile out all other 
facLor entirely a a.ffecting the type of a utoigni tion tha l will 
OCell) · . , orn e oLh er t.ype of alltoignition have been follo\yed 
by the expJo ive 1;:no k reaction in all of the NAOA tes t. 
wh ere they occurred; oth('1' type have bc'en followed by th e 
explosi e knock reaction in , orne en. e , in other ca es not. 

The homogeneo u type of autoigniLion (0 ClllTinO' simul
taneously and uniformly throughout the ent ire body of end 
ga ) is ob erved in frame L- 1 to M- lO of figure 1- 5 and in. 
frame J- 1 Lo J- 9 of figure 1- 6. This type of auloigni tion 
i. al 0 well hown in frames G- 1 to G- 11 of figure 1- 10 , a 
reproduction. of figm e 7 of reference 6. (Four spark plugs 
were us d for Lbe combustion proce of fiD' . 1- 10 . Til e 
inj e Lion valve wa in po it ion. H of fi O'. [ - 1. The fu el II-a 
),1- 2 reference fu el, the park liminO' 20° B. T. O. for tbe 
plug in E, F, and J po iLion and 27° B . 1'. . for the plug 
in .G po i tion, compression ra Lio 7.0, and fuel-ail' rat io ap
proximately 0.08. ) Th xplo ive knock reaction occu r in 
the area de iO'nated B in frame G- 12 of figure 1- 10. The 
white region cl ignated A in fram e G- lO of the fi gur arc 
the regions in whi ch combu Lion i omplete; they hould 
noL be confu cd wi th the end zone which i vi ible a n. whit e 
area in frame G- 1 but whi ch ha become completely dark 
in frame G- 10. 
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Practically homogeneous autoignition i een in figw'e 1- 11 
throughout an end zon e very mu ch larg r than tbe end zone 
of figW'es 1- 5, 1-6, and 1- 10. T he full-vi ew combustion 
apparatu was used for the photographs of fig ure 1- 11 . 
These photograph were obtained in a recent investigation 
conducted by H. L. 01 en of the NACA technical ta ff, a 
were all photographs of combu tion in the full-view appal'a
Lu pre ented later in thi paper. Four spark plugs wel'e 
used in the combustion proce fol' this figm e; the fl ame 
from three of the plugs made considerable progress th l'ougb 
the ga es before the fir t frame of the seri e wa taken , 
whereas the flame from the fourth park plug develop ve ry 
lowly throughout the frame of row A to 0 of tbe figu re. 

The positions of the foul' spark plug are hown as S, C, E, 
and F at frame A- 1 of the figure, corre ponding to th e same 
lett el'ed positions in figure 1- 2. 1'he injection valve was in 
po ition A (see fig. 1- 2); Lhe fuel \Va ;'1-4 reference fuel; 
spark liming, 20 0 B. T . C. ; com pre ion ratio , approximately 

.7 ; fU E'l-air ratio , aboul 0.17 ; inlel-ai l' temperature, 445 0 F; 
and inlet-air pre sure, atmo pheric. (Fuel-ail' ratio wa 
adjusted appl'o~ .. imately to m aximum knock value; the ab
normally high value of 0.17 was refJ.uil'cd probably becau e 
of incomplete fu el vaporiza tion obtained with inj ec tion on 
the compression tl'oJ\e.) 

2. 3 4 5 6 7 8 9 10 

~Iore than half the total volume of the eombuslion 
chamber is involycd in th e autoignition that developed in 
the case of fi gul'e I - II . The autoignition i fir t vi ible a 
a wi p of mottled gas indicated by the alTOW in frame C- 1. 
In all the f1'il.mf' of row C and D mottling appears lhrough
ou t th e en tire area of th e end gas, and between fra.rnes E- l 
and E -7 the en tire end gas becom es very dark. The firs t 
ev idence of the explo ive knock reaction ap] cars in frame 
E- 8 and the com husti on is completed by frame F- 4. The 
knock in this ca e \Va extremely heavy. The pre ure-time 
t race from rci'e rence 12 (not reproduced in this paper) indi
cated a very considerable pressw'e rise cau cd by th e homo
geneo us autoigni tion before the den-lopment of the explosiw 
knock r eaction. 

H omoo-eneo us aULoignition has always been followed by 
thr explosive knock rellC! ion in the N ACA trsts. * III some 
ea e , however, the knock ha s been quite light in spite of a 
very large homogeneollsly igniting end zone, and ca e. will 
be presented in which heavy knock has developed in th e 
bUl'l1ing ga es alongside of a large end-zone area in whi ch 
no autoigni tion hn La ken place. 

A seconcl type of end-gas autoignition , which mighl be 
termed " pinpoint" nuLoignition, is hown in figures 1- 12 
to 1- 15. Figure I - 12 is l'ep1'oduced from ref(' 1'encp 9. In the 
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FIGt'RE 1-12.- High· pecd photographs of pinpoint ~nd-gas autoignition preceding knock in spark·ignition engine. Fucl, 8-1 with 200 ml amyl nitrate per gallon; compression ratio, 7.1 ; 
fuel·air ratio, about 0.08; atmospheric intakc; two park plugs; spark timing, a t G posit ion (fi g. I- I) ; 27° B. '1'. C. , at F position , 20° B. '1' . C.; B, luminosity caused by knock. 

· Since the writing of this paper a photograph has been obtained by G. E . Ostcrstrom, AC A, with ?I. heptane fuel, showing bomogeneo us aut~igni t i on througbout a third of the 
combustion,chamber volume without any evidence of the explosh'e knock reacti on eit her in thc photographs or in the rressurc·time record . 
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(a) Indicator card for combustio n process of figure T- 13. showing hot-gas dbraLions. 
(b) Indicator ca rd for combustion process of figure 1- 14 , show in g Jig11t gas vibrations. 
(c) Inditator ca rd for combustion process of figure 1- 15, showin g extremely dolent ga 

vibrations 
Fig-ure I- 16.-Pressure-timc records. 

A 

B 

c 

D 

of th e combu tion zone i quite imila.r to the benzene ca e 
except that an extremely light knocl - develop a~ about 
frame G- 6. The knock at frame G- 6 cannot be detected 
by vi ual examilJa tion of the figure but i seen when the 
photograph arc projected a~ a motion picture. Al 0 the 
pre sW'e-time record (fig. 1- 16 (b)) hows very ligh t ga 
yibration tarLing a t the point of pc k pre sure. In th 
ca e of , -4]' ference fu el (fig. 1- 15) tb e pinpoint autoignition 
del' elop in fram es 8- 11 to E - 8 and a yiolent explosiye 
knock reaction develops in frame E- 9 and E- 1O. Upon 
careful examination unign.ited end-gas area may till be 
e 11 in frame E - 8 and E - 9. Some of these unignited encl

gas area till appear white in frame E- 10; it appears if th e 
ga in the e region ever burned it did 0 in a very hor t 
inten -al relative to the photographic ('xpo m e time of 25 
roi 1'0 eco nel . The preSSllr -time record for th(' ca e of 
'-4 reference fuel (fig . 1- 16 (c)) ho"- I-e ry violent knock 
occul'rinD' at a tim e \I-h('n th e heat relea e from the normal 
'ombu tion wa till rapid. 

Figure 1- 12 to 1- 16 do not indicat(' thaL pinpoin.t auto
·iD'nition i in any WAy ]'(>la teel to the expl.o iye knock roaction; 
Lhi type of au toigni lion may occur \\-i th or wi Lbou t tbe 
explo i\'e knock reac tion and, a shol\"n by the previou 
figure, Lhe explosiyc knock reaction may occur wi thou t 
pinpoint alltoignition. 

A thil'd type of enel-D'a lllltoignition , perhap fundaroen
Lally iden tical wi th honogeneou aulo ignition, i the two
tage type een infiguJ' I - l7. Tbi com bu tion proce wa 

FIGURE !-IT.- ll igh-speed photogra phs of two-stage end-gas autoignition foil we I by heavy knock in spark-ignition engine . Fuel, ~[--l ; compreSSion rn tio, T.O; inlet air temperature, 
39 0 F ; inJE'L-air pressure, atmospheric; row' spark p1ugs; spa rk limin g, 2)° B. rr. C'. 
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fired in the full-yiew combustion apparatu witb foul' park 
plugs timed at 2J 0 B. T. C. '1'11 (' inj('ction va lve ,,-as in 
po ition A (fig . 1- 2) ; the fu (,l \I-a )'1 reference fuel; COffi
pres ion ratio , 7.0 ; inlet-ai r temperature , 398 0 F; and inlet-air 
pr essure, atmosph eric_ The fu(,l-air ratio is not known but 
i beli eved to be quite lean-neal' the lo\\"er limi t of flamma
bility_ Th e park plug at F po it ion (frame A- 1) apparen tly 
did Dot fire_ Th e Harne from C position i qui te incli tin cL 
in the frames of l'OWS A and B, but becomes quite sharply 
defined in rows C a nd o. T h e Barnes from 8 and E posi tions 
are sharply defined throughout rows A to o. The indistinct 
appearancc of thc flame from C position in the first two rows 
of the figurc may be an indicat ion tba t this flame is a border
line case bet\\"een au toignition and normal propagated flam e. 
A [efillit e cas(' of thi type will be presented later in thi 

2 3 

A 

B 

c 

ec m e bettel' phoLograph of the ph enomenon becau e of th(' 
dano'er of serious damage to th e combustion apparatus. 
Tbi photogra pllic hot was tahn jus t after a s!'l'i e of shots 
with tt·aigb L .1\1- 4 refer ence fu el. Th e ~[-4 ref(']'ellc(' fuel 
was r emoved from th e fuel ys tem and replaced with benzene. 
The engine operating condition wer e th en cl1a ngeci to valu ('s 
calculated to produ ce extensive autoignitiol1 \\"ith traigh L 
b enzene fuel. The first combustion cycle after tb e change of 
operat ing concli tionsre ulted in the photogl'a phs offigure 1- ] . 
It a.ppears tbat som e ~r-4 fu el wa trapped in the inj ection 
valve and th e actual fuel for the combn tion process of this 
figure wa probably ('ith cr straigh t ::\1- 4 or a blend of 11-4 
with a small amount of benzene . Four ·spark plugs wer e 
used for tbi combustion peoce ,timed aL 20 0 B . '1' . Tb(' 
inj ection valve wa in position A (fig. 1- 2) ; the compression 

4 5 6 7 

FI Gt"RE ]- 18,-lIigh-spc"d pholoJ?;"l'aphs of runaway name preceding \'io ient knock in spcwk.i gniLion en gine. Fu I , ~r-4: compression ratio, 9.0; fucl~air ratio , about 0.17; inlet-ail' trlnperatu l'C', 
41 50 F: inlet-a ir pr ssure. 15.5 pouncls per square inch absolu te; four spark plugs; spa rk timing. 200 B. ' I'. C . 

-('ction_ At about frame 0 - 6 in figure 1- 17 definit e auto
igni tion begin to develop a a wisp of mottled ga , indicated 
by the alTo\\" in this fram('. T he ,,-isp indicated in fram e 
0 - 6 ern's a a boundary line in tbe following' frames betw en 
b0l110geneoLl ly autoigniLing gase and nonautoi gniting gases. 
The gases to the right of tlus wi p auto ignite in frame 0 - 7 
to E- 5_ The gases to the left of the wi p how no evid ence 
whatever of autoigniLion betw('en tbe frame 0 - 7 and E- S. 
The ga es to the left of tbewisp do a utoignite, however , in 
fram es E- 6 to E- 8. 'fhe beginning of a violent explo ive 
knock r eact ion is apparent in frame E- 9. 

A fourth type of end-gas a utoignition appear infigm e 1- 18 
as a wild J'unall-ay flame. B ecau e of an acciden t the 
photograph of tbis figure wer e taken uncleI' UIl iq uely se \~e l' e 
condi ti on for th e fu el u. ed. Xo at tempt was m ade to 

ratio "-as 9.0; fuel-air ratio , about 0.17; inlet-ail' temperature, 
41 50 F ; ancl absolute inlet-air pr e. m e, 15.5 pounds per 
quare inch _ 

B ecause of th e very ever e conditions th e charge \I-a 
apparently r eady Lo a uLoigni te aL Lhe Lime th(' eam('ra sbut tel' 
opened for th e pho tograph of fi e-ure 1- J . T he enti re COD1 -
bustion process, incl uding th e explo ive knock r eaction , took 
pJace within 16 motion-picture frame after the cam era 
hutter taded to open. For Lhis r ea on, the frames clo not 

become well illuminatf'd un til about the middle of row B, 
at whi ch time tb e camera shutter wa open suffi ciently to 
produce lair picture. The spark-plug positions arc indi
('at c1 aL frame A- l. At fram A- 7 th flam from B ano. 
F position are fairly visible. The flames from C and E 
po itions cannot be een in the printed reproduction of 
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FIGURE 1-}9. High-speed photographs of development of preknock autoignition fl ame at far wall of chamber in spark-igniLion engine. Fuel. 8-2 with 400 mllmyll1itrate per gallon; compres
ion ratio, i .l; fuel-air ratio, about 0.08; atmospheric intake; one spark plug; spark liming. 20° B . '1'. C. 
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FIGt:RE 1-20 .- lTi gh·speed photographs of \' ibra tory combustion preceding knock in spark·ignition engine. Fuel, :-' [- 2 with 200 ml TEL per gallon; compression ra tio, i.l ; fuel-air rat io, 
about 0.08; a tmospheric in take; four spark plugs; spark timing, for left-hand plug, 27° B. T . C. , for other three plug . 20° B. T . C.; B, blurrin g caused by knock. 

h ame A-7, but both of the e flfime Cfin be seen on careflll 
i n pection of the or iginal negatiYe. At frame B- 1 th e Hame 
from B po ition break 10 0 and i t tmYC'1 all the \\-ay acros 
tbe cham ber in frame B- 1 to C- 1 a t a peed of ]900 fee t 
per second. The explo ive knoc k reaction 0 cur af t r this 
Harne ha completed it travel across the cham ber a t frame 
C- 2, as shown by tbe sudden whitening of the en tire chamber. 
I n frame B-7, after the runaway flame has nearly completed 
it tranl across the chamber, the flame from E position may 
be clearly seen till ap paren tly under com plete con trol . 

When the photograph ' of figure 1- 1 are projected as a 
motion picture the phenomenon een in row B of the fig ure 
ba every appearance of a very fas t propagated flame. On 
close inspection of the s till photograph , 11 owe\-er , i t i found 
t hat the leading edge of thi fl ame i never harply defi ned 
and the phenomenon appear to be in fact a mul tis tage 
a utoigni tion process, similar to the phenomenon of figure 1- 17 
but occul'l'inO' in many more than two ta ge . T his phe
nomenon is regae-ded a it borderline ca e between homoge
neous aut.oigni tion and a detonation wave. The occurrence 
of the exploive knock reaction a t frame C-2 of the fi O'ure 
will be fur ther di cussed in a later ec tion. 

A fif th ty pe of end-gas a utoignition is sho\\-n in fi gw'e 1- 19 , 
same u figure 13 of reference 9. 'fhi combu t ion proce 

wa fired in the ole! comb u tion appuratu wi th one spark 
plug in E po ition (fig. I- i ) timed a t 20° B . T . O. The 
in jec tion n lve was in H position, the fuel was . - 2 admixed 
\\-ith 400 ml amyl ni tra te pel' gallon, compre sion ratio 7.1, 
and fu el-air ratio a bou t 0.0 . I n this case the autoignition 
occrn-red as a flame developing a t the far wall of the chamber 
and propagating ont from the wall to meet the park-ignited 
flam e. A ligh t mottling near th e far wall of the chamber 
(lower edge of the chamber as seen in th photograph ) 
develops in the frames of row K of the figure. Also, in the 
later frames of row K, a few cen ter of pinpoint autoignition 
develop near the far waU of the ch amber. I n the frame of 
row L addit ional pinpoint of autoignition develop and a 
defini te flame propagation begin to proceed ou t from the 
far wall. T hi orderly autoignition-flame propagation pro
ceed throughout the entire en 1 gas in the frame of row 
M, and in the frame of row N the mo t tled combu tion zone 
grad ually fade out. When the photograph are ob erved 
a motion pictw'e only a very Jigh t explosive knock reaction 
i een in the frame of row N; this reaction is so ligh t that it 
cannot be iden tified a being a ociated wi th any par ticular 
motion-picture frame. The type of au toigni tion shown in 
figur e 1- 19 may be a pecial ea e of pinpoint autoigni tion. 

The six th type of a utoignition, an example of which 
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FICURE I-21.- Apparent Oame-front ve locities durin g period or pre knock vibration in spark
ignition engin(' . 

occurred in the combu t ion proc of figu l'e 1- 20, is detect
able ouly tbrough the sligbt preknock vibration which it 
impart Lo Lhe gases . F ig w·e 1- 20 is a reproduction of figure 
2 of reference 9. For th is combu tion proce four park 
plugs wert' used, timed aL 20° B. T. . in E, F, and J po i tion 
(fig. 1- 1) and at 27 ° B. T. C. in G po iLion. The inj ec tion 
valve was in H position, the compre sion ratio was 7 .1, and 
the fuel-air ratio about 0.08. The fuel wa M - 2 reference 
fuel with an extremely high con entration of tetraethyl 
lead- 200 rnl I el" gall n . ' orne pinp inL auto ignition may 
be een ill the photograph , originating at center indicated 
by Lhe alTOWS a t frames F- lO and F- 14. No other visual 
evidence of auto io-nition appears, however, and when the 
explosive knock react ion begin at B in f rame G- 7 some 
apparent! unignited end ga i till vi ible at tb e lower r igh t 
corn r of the cham ber. In the original work (reference 9) 
flame area were mea urecl on greatly enlarged copies of 
the individual frame of tbe figme wi th a polar planimete r. 
1' he res ult hOIl-ed that the end gas udden ly expanded at 

about frame E- 1 of figure 1- 20, and that between frames 
E- l and G-7 at least three cycles of vibration of the ga e 
occurred . T he mea m emen ts indicated that the ampli tud 
of the vibrations did not increa e (in fact: usua.lly climini hed ) 
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FI(1 URE 1-22.-Actual pressure-Lime records showin g increase in number of cycles of preknock 

yibration with increasing tetnlethyllcad concentration in fuel. 
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after the first cycle, from which fact i t was concluded that 
a mild explosive react ion occurred in th e end gas at abo ut 
frame E - 1. When the photograph of figure 1- 20 a re pro
jected as a motion picture, four cycles of vibration of the 
gases are easily observed before the explosive knock react ion 
at frame G-7; they are ob ernd as a· backward and forward 
motion of the flame fronts . 

Figure 1-21 shows the prelmock , ibration determined 
from planimeter measuremcn ts of flame areas for different 
concen trations of tetraethyl lead. A similar variation in 
number of cycles of preknock \' ibration with ,-arying tetra
ethyl lead concentration i shown b the actual pressure
time records of figure 1- 22, obtained \\rith a piezoelectri c 
pickup in opening I of the cylinder head (fig. I - I ) . The time 
in terval inyolved in tbe preknock ,-ibrat ion wa found to 
increase linearly with the tetraethyl lead concentration up 
to 200 ml per gallon, the high est concentrat ion u ed . 

Explosive knock reaction without end-gas autoignition.
Many high -speed photographs han been obtained like the 
ones of figure 1- 23, in which the end gas appeared to be 
entirely con umecl by the normal flame some t ime before 
the occurrence of th explosive knock reaction. T hi fig ure 
is a reproduction of fig lU"e 6 of refe rence 6. Four spark 
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plugs were used for thi combu tion, timed at 20° B . T. O. 
at E, F, an.d J positions (fig. 1- 1) and at 27° B. 1.'. O. at 
G position. rrhe inj ection valve was at po ition. H, the 
fu el was a blend of 50 percent 95-octane gasoline with 
50 percent ]\1- 2 reference fu el, compression ra tio 7.0, and 
fu el-air rat io about o.os. The last visible end gas disappears , 
because of normal fl ame travel, at about frame G- 17. Tbe 
explo ive knock react ion occurs at B in frame H- 7, 11 frames 
afte r the disappearance of th e las t visible end ga. Other 
photograph have been obtained in which a mild explo ive 
knock reac tion OCC UlTed not only after the disappearance of 
the last visible end aas bu t even after the n t ire chlieren 
combustion pattern bad almost faded out (reference 6) . 

The ca es ci ted are not good proof tha t the explosive 
knock reaction can OCCllr witho ut autoignition beeau e of the 
possible exi tence of unigoited gas pockets in fron t of or be
hind the burn ing ga e; uch pockets cou ld, of CO Ul"se, not 
be seen in the photographs. Pho tograph have been ob
tained, howeve r, in whi ch unigni ted end gas may actually be 
see n at the t ime the explosive knock reaction occurs and the 
unigoitecl end gas does not app ar to playa par t in the ex
plosive knock: react ion. Comment has already been made 
conce rn ing the presence of unignite cl end ga in one part of 

12 13 14 15 16 17 18 19 20 21 

F IGU RE 1- 23.- High-speed photographs showing apparcllL completc merging of fl a mcs before knock in spa rk-ignition engine. Fuel, 50 percent 95-octanc gasoline wi t h 50 percent l\I-2; com
pression ra tiO, i .O; fuel-a ir ra tio, about 0.0 : a tmospheriC intake: fOllr spark pl ugs : spark timing, for Icft-h and plug. 2io B . 'l' . C ., for ot her three plugs. 20° B. T . C.; A, complctely burned 
regions; B. blurring c-a.used by knOCk. 
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FIGURE 1- 24.- High·speed photographs of occurrence of violent knock in spark·ignition engine while unignited end gas is still visible. Fuel, S-4; coropre sion ra tio, 9.0; fuel-air ratio, about 0.13; 
inlet.-air temperature , 3100 F ; inlet-air pressure, 15.5 pounds per square inch absolute; four spark plugs; spark timing, 18° B . T. C. 

frame G-7 of figure I- 20 at the same time that th e ex
plosive knock reaction begins in another part of the same 
frame. A more triking example of thi phenomenon ap
pea.rs in figure 1- 24. Four park plugs were u e 1 in the ca e 
of figure 1-24, timed at 1 0 B. T. O. The inj ection valve 
was in posilion A (fig. 1- 2); the fuel wa - 4 reference fu el ; 
compre ion ratio , 9.0; fuel-air ratio , about 0.13; inlet-ail' 
temperature, 3100 F ; and absolu te inlet-air pressure, 15 .5 
pounds per quare inch. In frame F- 2 of thi figure a fair-
ized whit unignited end zone i visible, ligh tly below the 

center of the chamber, roughly in the hape of a T lying on 
its side. The explo iv knock reaction begins in frame 
F-3, as indica.ted by the blurring of the dark mottled com
bustion zone. Thi dark mottled combustion zone en
croache omewhat upon the unignited end ga in fram e 
F-3, but most of the end gas visible in frame F-2 remain 
unignited in frame F-3 in pite of the effect of the explosive 
knock reaction on the actual combustion zone in frame F-3. 
Moreover, the end ga that appeal' white and unignited in 
frame F-3 still appear white in frames F- 4 and F-5, in 
which the explo ive knock reaction is completed. If this 
body of end ga ever did burn it mu t have done so in a time 
interval much shorter than the 25-microsecond exposure 
time of the individual frames of the figure, or i t would have 

hown the characteri tic dark mottled appearance of burn
ing gas in one of the fram e of the ficrure. 

The appearance of frame F- 2 to F- 5 of figure 1- 24 indi
cates that the explosive knock reacti n developed in the 
dark mottled combu tion zone and that it effect on the 
unignited end gas, if it had any such effe t , was only inci
dental. In reference 7 it wa concluded that the explo ive 
knock reaction develop only in ga e that have been pre
viou ly igni ted either by normal flame travel or by auto
igl11tIOn. Photograph wcre presented .in the same paper 
indicating that the origin of th e explo ive knock reaction 
wa not necessarily in the arne location as the last gas to be 
ignited. 

Physical nature of explosive knock reaction as indicated 
by high-speed photographs.- From a tudy of photograph 
taken at 40 ,000 frame per second thc author of this paper 
has concluded (reference 10) hat the explo ive knock re
action i a type of det<;mation wave traveling tlu-ough the 
unbW'ned, or incompletely burned, gase at a speed ranging 
a pproximately from one to two time the peed of ound in 
the burned ga es. An example of a detonation wave moving 
at a speed twice that of ound in the burned gases is found 
in frames M- ll and M-12 of figure 1- 5. As previously 
noted, the explo ive knock reaction in thi case is fir t visible 
a a white treak along the lower righ t edge of frame M- ll 
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and as a slight blurring of the combu lion zone in the same 
frame. The next frame , M- 12, ha been r endered white 
thl'oughou L by the knock reaction. A explained in refer
ence 10, it, is believed ju tifiable to di regard the blurring of 
tbe motLled combustion zone in frame M- l1 and to use tbe 
appearanc of brilliant luminosi ty as a measure of the speed 
of the knock di turbance. On uch a basis, the uperficial 
impression obtained from frames M- ll and M- 12 of figure 
1- 5 i that the knock di turbance tartecl at the lower right 
edge of the chamber and pread very rapidly tbroughout 
the charge from the point of origin. Wi len the photograph 
are analyzed , however, wi th propel' allowance for the fo cal
plane-shu tter effect of thl' camera (reference 1), i t i found 
that the travel of the knock el i tu rban e a how n by frame 

tive to the combu tion-chamber image a the leading edge 
of the focal-plane- hu tter sli t of the camera exposing 
frame M- 12. 

Figm es 1- 25 and 1- 26 are reproduction of portions of a 
mo tion-picture animation (reference 12) crea ted for the pur
po e of demonstrating the manner of expo ure of frames 
M- ll and M- 12 of figme 1- 5. Figure 1- 25 shows thi 
author's concep tion of what actually bappened during the 
expo ure of the two frame. In this figure the focal-plane 
hu tter i assum l to have been removed from ea h of the 

still cameras. The frame of the figure how whaL would 
have been ee n on the film in ach of the two cameras if the 
film and the image appearing upon it could have been photo
grapb f' d at the rate of about 180,000 frame per second . 

FIGUR E 1-25.- An imation showing detona tion-wa,·c travel as it might appear on film in two sti ll cameras if film and image were photographed at about 180,000 frames per second . D evelop
ment of detonation W8"e in frames 6- 2 to 6 - 8 of this figure corresponds chronologically with exposure of frame M- ll and M-12 of figure 1-5. 

M- ll and M- 12 was actually in a direction opposite to the 
uperficially apparent direction. 

An optical effect eq ui valent to tha t of the high-speed 
camera would be obtained if frame M- ll and M- 12 of 
figure 1- 5 were exposed by two independen t till cameras 
using focal-plane shutters, provided the following three con
ditions were ati fied: fir t , the width of the lit aperture 
in each of the focal-plane shu tters mu t be equal to half the 
frame spacing, or about 7/10 the width (no t the length) of 
the comb ustion chamber as een in the photographs, econd, 
each focal-plane-shutter sli t mu t travel a distance equal 
to it own width in 1/40,000 econd in a direction from left 
to right, a seen in figure 1- 5 (that is, in the direction away 
from the previously exposed frames toward the frames ye t 
to be expo ed as seen in the figme) , and third, the trailing 
edge of the focal-plane-shut ter lit of the camera exposing 
frame M- ll must at all times be in the arne posi tion rela-

961287- 52--4 

The frame are arranged in three rows of eight frames eacb . 
Each frame includes two images of the combustion chamber; 
the lower of the two images is the one seen on the film in 
the camera expo ing frame M- ll , the upper of the two 
image i the one seen on the film in the camera exposing 
frame M- 12. Inasmuch as the focal-plane shutters have 
been removed from the camera , and the cameras are still 
cameras of the mo t elementary type. the ame image ap
pears on the film in both cameras at all times. Throughout 
the frame of row A and the first frame of row B the film in 
each camera i being exposed to an image just like that of 
frame M-l 0 (fig. 1- 5), A t frame B- 2 (fig. 1- 25) a detona
tion wave originates at the lower left corner of the visible 
portion of the chamber as indicated by the two white arrows 
in this frame. This wave travels across the chamber through 
the dark mottled combustion zone as seen on the film in 
each of the two cameras between fram es B-2 and B- 8. (The 
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detonatioll-\vave fron t has been made traight for simplicity 
of construction of th e animation ; appro~imately the same 
effect wo ld have resulted if the detonation-wa.ve fron t had 
been spherical.) The gases behind the detonation-wave fron t 
are, of course, incandescen t and the en tire area that was 
formerly the dark mottled combustion zone con equen t.]yap
pears bril lian t white in all of the frames after the detonation
wave front bas completed its travel (frame 8-8 to C- 8) . 

F igure I- 26 is a n animation of the same kind as figure 
1- 25 bu t shows the motion of the focal-plane hutter in each 
of the two cameras as well as the progre s of the detonation 
wave. I n frame A- 1 of figure 1- 26 the focal-plane-shu tter 
li t that \"iil provide the exposm·e for the lower pho tograph 

(frame M-11 of fig. 1- 5) may be seen just to tbe left of tbe 
combusti n-chamber image as a tall narrow rectangle. P ar t 
of the foc I-plane-shu tter sli t of tbe upper camera may also 
be seen in the upper part of frame A- 1 , with its leading edge 
exactly in line wi th the trailing edge of the focal-plane
shu tter Ii t of th e lower camera. Tlu·oughou t tb e frames of 
row A the two focal-plane-shutter sli t may be seen to move 
from lef t to right relative to the combust ion-chamber image . 

The lower focal-plane-shu t ter sli t begin to pa across the 
lower combustion-chamber image at fra.me A- S. I n th is 
same fram e the trailing edge of the lower focal-plane-shu tter 
sli t and the leading edge of the upper focal-plane-sh utter 

sli t are each in di ca ted by a \Vhi te arrow and will be seen to 
be in line ",-:ith each oth er as in all other frames of the figure. 
The focal-plane hu tters are assumed to be constructed of a 
dark materi al tha t does no t refl ect ligh t well ; the combustion
chamber image consequen tly appears gray in ail areas where 
it fails on the focal-plane-shu tter ma terial. In frames 
A- S to A-8, however , par t of th e ligh t that forms the lower 
combustion-chamber image passes th t"O ugh the focal-plane
shu tter sli t and fails on the photosen itive fi lm ; this film , 
being a brigh t rna terial that refl ects ligh t well , causes th e 
par t of th e image formed upon it to appear brilliant whi te in 
the a.ruma tion . H ence, in frames A- 5 to A- 8 th e brilliant 
whi te par t of the picture show the por t ion of the lower image 
uncoHred by the focal-plane- bu tter sli t at each instant. 

Th e lo\\~er focal-plane-shu tter sli t co tinues to pass across 
the lower combu ion-chamber image from lef t to righ t in 
frame 8- 1 to 8- 8. At fram e 8- 8 thi sli t has passed all the 
wa.y across the lower image and tb e exposure of that image i 
completed. The upp ·r focal-plane-shu t ter sli t begins to 
pass a.cro the upper combustion-chamber image at frame 
8- 2, wi th it leading edge till exa,ctly in line wi th the trailing 
edge of the lo\\·er focal-plane-shutter li t . T he upper slit 
completes its t raHI across the upper combu tion-chamber 
image at fra.me C- S, at \\'hich time the expo ure of thi 
image is complete. 

FIGU RE 1- 26.- Animation showing- tra,·r l of both detonation wa ' ·c and focal·plllnc·shult r screen in two still ca meras as they might appea r if photographed at about 180,000 frames per second. 
Fra mes 8-2 to 8-8 of this fi gure correspond chronologicall y with exposure ortrames M- ll and M-12 of figure 1-5. 
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In frames 8- 2 to 8- 7 of figure 1- 26 the detonation-wave 
front may be seen traveling aero s the upper combustion
chamber image firs t just a little behind (as indicated by upper 
white arrow in frame 8- 2) and later just a li ttle ahead of the 
leading edge of the upper focal-plane-shu tter slit (as indicated 
by the white arrows in frames 8- 5, 8-6, and 8- 7), but always 
qui te close to the leading edge of the upper sli t . In the same 
frames (8- 2 to 8- 7) the detonation-wave front may be seen 
traveling across the lower combustion-chamber image at all 
time quite close to the trailing edge of the lower focal-plane
shu t ter slit, firs t a little behind (as indi cated by lower white 
a.rrow, fram e 8- 2) and later a Ii ttle ahead (as indicated by 
black arrows in frames 8- 5, 8- 6, and 8- 7) . As both lower 
and upper combustion-chamber images (frames M- ll and 
M- 12 of figure 1- 5) are exposed entirely by ligh t that passes 
through the upper and lower focal-plane-shutter sli ts, 
respectively, during th eir travel acro s the images, it i clear 
from frames 8- 2 to 8- 7 of figure I - 26 tha t the upper image 
(frame M- 12 of fig . 1- 5) wh en fina lly developed, will show 
incandescence over the entire areaof the combustion chamber , 
wh ereas the lower image (frame M- ll of fig. I - 5) will in the 
main show the same dark mottled combu tion zone that is 
een in frame M- l0 of figure I - 5. The only effect the 

detonation wave will have upon the lower comb ustion
chamber image (fram e M- l1 of fig. 1- 5), as fulally developed , 
will be produced by that part of th e detonation wave which 
travel acro the chamber ahead of the tmiling edge of the 
lower focal-plane-shutter sli t in frames 8- 4 to 8- 7 of 
figure 1- 26. Examination of frames 8- 4 to 8- 7 shows a very 
mall triangular region of luminosity of gradually increasing 

size (indica ted by black arrows in frame 8- 5, 8- 6, and 8- 7) 
progressing along the lower righ t edge of the chamber from 
left to righ t . This very small triangular area of luminosi ty 
would, in th e final developed photograph , produce the white 
treak along the lower right edge of the chamber, with 

gradually increasing bri lliance toward the J'ight, that is 
observed in frame M- ll of figure 1- 5. 

I n the expOSlll'e of frames M- ll and M- 12 of figure 1- 5, 
the focal-plane-shutter slits moved at a peed of 256 fee t 
per second. The linear dimension of th e actuaJ combustion 
chamber were 2l. 5 times as large a those of the combu tion
chamber image formed on the film . The detonation wave 
that produ ced th e effect seen in frame M- ll and M- 12 of 
figure 1- 5, in the manner illustra ted in fi gul'e 1- 25 and 1- 26 , 
mu t , therefore, have traveled ac ross th e combustion chamber 
aL a speed g reater than 6500 feet pel' econd (with due all w
ance for the fa ct that the detona tion-\\'ave front traveled 
in a direc tion a t an angle to th e direction of motion of the 
focal-plane hu tte r.) 

If the explosive knock reac tion had occurred slmultaneou ly 
throughout the end ga , as commonly supposed , it luminosity 
would simply h ave recorded the relati ve po itions of the 
trailing edges of the upper and lower focal-plane- hutte r 
li t ; con equently the luminosity a seen in frame M- 12 

of figure I-.5 would h ave extended farth er to the left than 

th e luminosity as seen in frame M- l1 by an amount not 
greater than the width of the focal-plan e- hutter slit, The 
fact that the lumino ity visible in frame M- 12 extend to 
the left of the luminosity visible in frame M- l1 by an amoun t 
greater than the width of the focal-plane-shutter slit pre
cludes the possibility that th e luminosi ty developed simul
taneously throughou t the chamber. No satisfactory ex
planation of the appearance of frame M- l l and M- 12 of 
figure 1- 5 has been advanced other than the explanation 
illustra ted in figures 1- 25 and 1- 26. If due consideration is 
given to the fact tha t the lumino ity visible throughou t 
frame M- 12 is quite uniform, and is less than the saturation 
limi t of the photosen itive film, it would eem that each par t 
of frame M- 12 must h ave had about the sam e).-posure to 
th e detonation lumino ity and the conditions governing the 
exposure of the two fram es (M- ll and M- 12) would, there
fore, seem to be mathematically determinate. For these 
r easons the au thor believes that the explanation illus trated 
in figures 1- 25 and I- 26 is th e only reasonable explanation 
of the appearance of the e frames . 

Th e effect of the focal-plane shutters of the high-speed 
camera on apparen t velociti e of detonation waves is easily 
shown (reference 10) to comply with the following equation: 

vV ' 
V =---=--v+ V' cos 0' 

where V is th e actual peed of the wave, v Lh e speed of the 
focal-plane shu tter sli t , V' the apparent velocity of the wave 
(progress of the wave between two successive frame , as 
recorded photographically, divided by nominal t ime between 
expo ures of th e uccessive frames), and IX th e angle betwe~n 
the direction of motion of th e detonation-wave front and the 
direction of motion of the focal-plane-shutter lits . (Du e 
regard mu t be had for the sign of V , V' , and 0' , as explained 
in referen ce 10.) Application of this equation to the case of 
figure 1- 27 has given propagation peeds in th e neiO'hbol'hood 
of 4500 fee t pel' second to th e points PI , P2, .. . Ps from the 
point of origin of the knock disturbance (calculated Lo be 
at th e intersection of li ne C- C wi th lines C' - C' ). (Fig. 1- 27 
is the arne as fig . 7 of reference 10. The complete pho to
graphic serie and complete trea tmen t arc pre ented in th e 
original paper. The complete photographic series of th is 
combustion proce also appears as fig. in reference 5. 
The enO'ine-opera ting condi tion for this figure were th e same 
as for fig. 1-4 of the pre cot paper .) 

No correcting equ at ion is required to determine th e tr ue 
detonation-wave velocity from figure 1- 2 , becau e th e fron t 
of the detonation wave may be located in thr ee su ccessive 
frames of thi figure at points PI7 , PI , and Pl9 (wave fronL 
po it ion indicated by a b ri ght spo t a t P1 9) along a line D- D, 
which i at righ t angle to th e direc tion of mot ion of the 
fo cal-plane sbu tter . Th e complete treatment of this ca e 
(reference 10) y ields a \~a lue between 3250 and 3400 feeL 
pel' seco ncl for the speed of th e detonation wave. (F ig. 1- 2 
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F IGURE 1- 27.-H igh-speed photogra phs of development of incandescent , pots caused by detonation wa ve in knocking spark-ignit ion engine. Fuel,50 percent S-I with 50 percent M -2; com
pre ion ratio, 7.0; fuel-air ratio, abou t 0.08; a tmospheric intake; spark plug at to p; hot spot at bottom; sp~rk timin g. 20° B. T. C.; detonation-wa \'c speed , about 4500 feel per second. 

C-3 C-4 C-5 C-6 C-7 
o o o 

FIGU RE 1- 28.- High-spccd photographs of deve lopment of lum inous area and incandescent s pots caused by detonation W8\"C in knocking spark-ignition engine. Fuel, M- t; compression ratio, 
7.0; (uel-air ra tio, a bout 0.08; atmospheric intake; (our park plugs; park timing, (or left-hand plug, 27° B. T . C., for othcr three pl ugs, 20° B. T . C.; detoLlation-wa \'e speed , about 3300 (eet 
per second. 

is the same as fig. 13 of r eference ] O. Additional fram es 
of the serie are shown in fig. 12 of that paper as well a in 
fiO" . 10 of 1'eference 6. The engine-operating condition were 
the same a for fig. 1- 10 of the present paper except that 
M - l reference fuel wa u ed.) 

Application of the correctinO" eq uation to the explosive 
knock reaction seen in frame G- 12 of figure 1- 10 and frame 
G-11 ancl G- 12 of figure 1- 12 ha y ielded values in th e 
neighbor ood of 6000 and 3600 feet per econd, respectively 
(reference 10) . The correcting equation, as well as the 
qualitative treatm n t illustrated in figure I - 25 and 1- 26. 

yield a value of abou t 7300 feet per s(' cond for the react ion 
that occmred between frames C- 1 anel C- 2 of figlUe I- I 
after the runaway flame had completerl it travel acro s the 
chamber. Betwee n these two frames the entire combustion 
chamber changed from a fairly uniform, clark mottled con
dition to a fairly uniform white condition . (This change 
was more e\Tiden t on the original negative than it i in the 
printed reprodu ction. The entire series of photograph wa 
badly underexposed and in copying some of the contrast 
between fri1me C- 1 and C- 2 was lost in order that the frame 
of 1'0\\' A and B migu t be brought out more clearly. ) A 
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uniform change throughout the combustion chamber from 
a dark mottled condition to a white condition between one 
frame and the next cOl'responds to an infini te apparen t 
detonation-wave speed, that is, an infinite ,' alue of V '. 
With an infinite value of V ' the conecting equation indi cates 
thaI, the actual detonation-wave velocity is equal to the 
focal-plane hutter velocity, and in the arne direction. 
Consideration of figW'e 1- 26 indicates that a uniform change 
throughout th e combustion chamber would be produced if 
the detonation wave traveled across the chamber in the ame 
direction and at the arne speed as the foca.l-plane-s hu tter 
slit rather than at a slight angle to the direction of mo tion 
of the sli t and at a slightly higher speed. (The whi te treak 
along the lower righ t edge of the chamber in frame M- 11 of 
fig. 1- 5 would have been absent if the detonation-wave fron t 
had not overtaken tbe trailing edge of the lower fo cal-plane-
hutter sli t at about frame C-19 in fig. 1- 26 and had not 

traveled aero s the chambrr lightly ahead of this trailing 
edge in frames C- 19 to D- 21; the combustion zone would 
have been uniformly dark in frame M-11 (fig. 1-5) and uni
formly white in frame M-12.) For the case of figure 1- 1 
the focal-plane-shutter sUts travrled at 251 feet per second 
in a direction appro:-.-imately opposite to the travel of the 
runaway flame in frames B- 1 to C-1. The act ual lin ear 
dimensions of tb e combustion chamber were 29.2 times as 
great as the dimensions of th e combu tion-chamber image . 
'fh e appearance of figure 1- 18, t hereEore, indicates that after 
the runaway flame completed its travel through the end gas 
in one direc tion at about 1900 feet per second a detonation 
wave pas ed through the ga in the opposite direction at 
about 7300 feet per second. 

Confirmation of detonation-wave aspect of knock by ultra
high-speed photographs.- Only one motion picture of the 
knock phenomenon taken with the ultra-high-speed camera 
(reference 3) is available. Till one motion picture, however, 
taken at the rate of 200,000 frames per second, is confirma
tory of the conclusions reached from study of the high-speed 
pho tographs taken at 40,000 frames per second. I t has not 
been possible to take more than a very few photographic 
shots with tbe ultra-high-speed camera becau e the high-
peed rotating part of the camera, operating in a bigh vacuum, 

spatters oil on th e 94 glass lenses of the camera to such an 
extent that the lenses become inoperative after oDly a few 
runs. Of 5 or 6 shots that were actuaily taken at 200 ,000 
frames per second, only one happened to be taken at the 
righ t time to cover the knock pbenomenon. F urther devel
opmental work on the ultra-high-speed camera, which is still 
proceeding, has been directed toward elimination of the 
oil- pattering problem . 

The ultra-high- peed photographs are hown as a series 
of 20 still pictures in figure 1- 29. The combustion process 
for this seri es of photograph was fired in the old combustion 
apparatus with one spark plug in G po ition (fig. I - I) , at 

27° B. T. C. Th e inj ec tion valve was at opening J (fig. 1- 1); 
the fuel wa a blend of 70 percent S-3 with 30 percen t M- 2 
reference fuels; compre ion ratio 7.0; and fuel-air ratio, 
about 0.0 . FiguTe 1- 29 wa previously published as fio-ul'e 4 
in r efer ence 11 and was di cus ed in that paper more exten-
ively than i t will be bere. 

Before frame A- 1 of figure 1- 29 was exposed the flame had 
traveied all th e way across the chamber in the clirection of 
the anow that ba been drawn in this frame. The whitish 
area in frames A- 1 to A-5, designated B in frame A-3, rep
resen ts the region in whi cb combustion is complete. The 
clark (nearly black) area in these frame , de ignated F in 
frame A- 3, are the dark mottled combustion zone that has 
become quite familiar in th e high - peed photograph of the 
earlier figure. The series of figw-e 1- 29 did not begin early 
eno ugh to determine \Vh ther any autoignition occw-red in 
this combu tion proces , but at least at the time of exposure 
of frame A- 1 the entire charge wa ignit -d wi th the exception 
of possible small pockets in front of or belund the :flame. The 
boundary between the dado( u.nd the ligb t areas , designated 
R in frame A- 2 of the figure, is th e Teal' edge of the combustion 
zone- not the :flam e fron t. 

The ul tra-high-speecl camera does not have the focal
plane- bu tter effect of the high-speed camera, but has in 
effect a conventional b etween-the-l 11S type of hutter. The 
exposure time of each frame i roughly the ame as the time 
between. successive frames, 5 microseconds, although there i 
a ligh t overlapping of expo ures, as pecified in reference 11 . 
The series of figLLre 1- 29 is, therefore, truly representati ve 
of event a they occurred in the combustion chamber. 
Examination of frame A- 1 to B- 1 of th e figw'e reveal no 
appreciable change of condition. Frames A- 2, A- 4, and 
B- 1 are much more sharply defined than frames A- 1, A- 3, 
and A-5. This effect, however , is introduced by the camera 
and ha no io-nificance reJative to the burning processe . 
This alternate blurring of frame can be eliminated in fW'thel' 
work with the camera. The first significan t cbange in 
appearance of the photograpbs occurs in the area desig
nated by the two arrows in frame B-2. Thi light area i 
not present in any of the preceding frames. If this area in 
frame B- 2 is compared wi th the arne area in frame B- 1, more 
difference will be noted than in a like comparison of frame 
B- 1 with frame A- 1, five fram es preceding. In frames B- 3 
and B- 4, the effect of the knock spreads con iderably in all 
direction from the point of origin. The location of the 
poin t of origin at the 1'eaT edge of the combustion zone is 
strikingly confirmatory of the conclusion reached from study 
of the 40,000-frame-per- econd photographs that the ex
plosive knock reaction apparently originates in the burning 
gases rather than in the unignited end ga . 

Frames B- 1 to B- 5 of figure 1- 29 are reproduced in figure 
1- 30. In figure 1- 30, however , a biack line (Rs- ,) has been 
drawn in frame B- 1 reinforcing the boundary line between 

----~ -- -- -- - ------
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FICURE 1-29.-Ultra·bigh·sp('\'d photograph (200,000 frames per sec) of phenomenon of knock in spark· ignition engine. Fu 1. iO percent -3 with 30 percent ~1-2; compres,ion mtio. i.O ; [uel
air ratio, about 0.0 ; atmospheric intake; one park plug in G poSition (fig. [-I ); Sl)urk riming. 2io B . T. C. 
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the dark combus tion zone on the right an I th e white burned 
region on the lef t. In frames 8- 2 to 8- 5 of this figure the 
arne black line has b een cons tructed in each fr ame, not 

m arking th e boundary between b urned and unburned as it 
appears in frames 8- 2 to 8-5 but the bounda ry as it appeared 
in frame 8- 1, In each of th e frames 8- 2 to 8- 5 t\\'O hori
zontal black lines have been drawn marking the upper a nd 
lower exten ts of the knocking reaction in each fra me a 
indica ted by the whitening of th e combu tion zon e to th e 
righ t of the bounda ry line R S- I ' D is tances bet\I'een the 
horizontal lines have b een designated in each frame a [2, l3, 
and 0 on . Trea ting the d ifference b el \\'ee n successiye 
values of l as representing th e comb ined upward a nd dO\\'I1-
ward travel of the k nocking dist urbance betwee n uccessiye 
fram es (ll a umed equal to zero) , the following yalue haH 
been ob tained for th e speed of the knock d ist urbance ac
cording to the eq uat ion: 

Fl'a mes 
to 2 ____ _ 

1'elocily of knock ing 
dislw'bance 

((L/ sec) 
_______ 9200 

2 to 3 _ _ _ _ _ 4200 
3 to 4 ___ _ 6900 
4 to 5 __ _ _ ______________________ 1200 

The average of th e firs t t hree yalue i nearly 6 00 feet 
pel' second, wh ich is of the same order as the bigher speeds 

dete rmined from the high-speed p hotographs and tbe speed 
of 2000 meters pel' second determined by So kolik and 
Voinov in r efer ence 18. 

Af te r frame 8- 4 of figu re 1- 29 the ultra-high-speed pho to
graphs no longer sh ow a h igh speed of propagat ion of the 
knock r eaction . '1' h e portion of the b lack combu tion zone 
that is still visible in frame 8- 5 gradually di integrates 
through out th e fram es of rows C and D, leaving a great 
m any black do ts and treaks, which wi ll be discussed Ia tel' . 
I t is though t either tha t the area that till appeal' black in 
fram e 8- 5 represen t ga es that were not in a sufficien tly 
ad vancecl s tate of comb us tion to be detona ble or that they 
r epresen t a high concentration of carbon pa rticles resulting 
from the knock r eact ion. 

Chemical nature of explosive knock r eaction .- The high
speed a nd ultra-h igh-speed photographs, becau, e of th eir 
inheren t na ture, boulcl no t b e expected to y ield m uch in
formation concerning the ch emical na ture of th e expJosiye 
knock r eaction . Two indications have b een ob tained, how
ever, that m ay b e of the mo t fundamental impor tance l'ela
t i\re to the chemical na tw'e of the reaction ; fu'st , th e indi ca
t ion t hat the reactioll 1'e ult in a defini te loss of ch emical 
energy that would other wise be avai lab le, and second, th <
i ndication that fr ee carbon is released by th e explosive knock 
r eact ion . B oth of th ese in.di cations forcibly recall the opin
iOll expres eel by J\li dgley in 1920 (reference 14) th a t the 
knoc king detona tion wave b urns only the hydrogen In the 
hy ci roc arbon molecule a nd relea es frce carbon. 

8-1 8-2 8 -3 8-4 8- 5 

F IGUR E 1-30.- FraU1es from figure 1,29 outlining uetu~ 1 detonation,wa\'c t ra w l. Detonntion,we",e speed, about 6800 feet per second both upward and downward f.'om pOint of origin. 
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FIGI: HE 1-31.- Pressure-time records for two combustion cycles sbowing power gain secured 
by Quencbing end wne with water to avoid knock. 

In figure 1- 31 are l' produced actual photograph of two 
pre sure-time records obtained with the cathode-ray 0 cil
lo cope and a quartz piezoelectric pickup placed at the 
knocking zone in the combustion apparatus. The manner 
of obtaining these pres ur -Lime record was fully explained 
in reference 8. The two trace were taken under identi al 
engin -operating condition, and with the arne fuel (M- 3 
reference fuel), except that water was inj ected in to the end 
ga for the" quenched" trace. High- peed photograph were 
obtained (no t reproduced here) howing tha t the spatial 
distribution of the inj ected witter coincided fairly well with 
the remaining combu tion zone at tbe time of knock. As 
may be observed in the figure the inj ected water almo t 
eliminated the violen t knock that oeculTed with the un
quenched combustion. It i al 0 clear from the figure that 
the elimination of the knock re ulted in a vcry marked 
increa e in pressure, not only late in the expan ion troke 
but even immediately after the occurrence of th knock. 
The comparative trace of figure 1- 31 are typical of many 
tests in wh.ich the quenched and unqu enched combustion 
cycles followed each other in clo e uccession , and in which 
the order of taking the quenched and unquenched cycles was 
repeatedly rever ed. 

In the ultra-mgh-speed photograph of figure 1- 29, a 
large num er of small black pots develop in the fram es of 
row C, both in the dark combustion zone and in the gas 
that was completely burned before the beginning of the 
knock development. In th e frames of row D these black 
spots draw out into long narrow treaks in the direc tion of 
the mas motion of the ga e. Two black spots (C1 in 
frame 8- 1) are visible in the burned gas before the tar t of 
knock development, but a very great increase in the num
ber of black pots immediately after the inception of the 
explosive knock reaction is manife t. orne of the pot , 
uch as C2 in frame 8- 5, are visible in the burned gas \yj thin 

10 mi roseeond after pas ag of the knock disturbance 
through the location of the spots. A number of spots are 
also visible in the combustion zone in frame 8- 5 Ie than 10 
microsecond after passage of thc knock distmbance. 

Black sp t and streak similar to those een in figur 1- 29 
may be seon in frame J- 11 and J- 1 3 of the high-speed 
photographs presented in figure 1- 6. The counterpart of 
the black spot and streak of frames D- 1 to D- 5 of figure 
1- 29 and frames J- l1 to J- 13 of figure 1- 6 is seen in the 

white streaks vi ible in the frame of fi gure 1- 27 , whi ch were 
used to determine the detonation-wave speed in the neigh
borhood of 4500 feet pel' second from that figure. '1' he 
streak were proba bly highly incanc1e cen t in all ca es 
(figs. 1- 6, 1- 27 , and 1- 29) . With t he ult ra-high- peed photo
graphs the expo m e t ime was so shor t ftnd the lcns aperture 
wa ufficiently small so that the incand cence of the streaks 
I id no t photograph . The treaks \\' ('1'C pho tographed as 

black streak because they wer e opaque to the externally 
upplied ligh t by whi ch the photograpbs werc obLained. In 

the ca e of figure 1- 27 the externally supplied ligb t was much 
less inten e and tbe exposure time wa fiv time greater; 
con equen tly , the incanele cence of the treak wa pho to
graphed and the streak how up \ lli te again t the less 
in tense background of externally suppli ed ligh t. The fact 
that the pot are black in frames J- ll to J- 13 of figure 1- 6 
indicate that these pot were much le~ incande cent than 
in the case of figur e 1- 27 obtained cll1dcr tbe arne pho to
graphic conditions. The treaks havc probably been lost in 
many of tbe photograph becau e their incand escence has 
clo ely matched the brilliance of the externally upplied ligh t. 

The fact that approximately circ lar black pots ap
peared in the frame of rOw C in figure 1- 29 and that these 
black pot mel1l'eel out into streak in the direction of gas 
motion in the framc of row D indicate that tbe material 
forming these black spots had considerable inertia. Appar
ently the inertia was sufficient so that the material of the 
black spots did not go along wi th the ga (' in th eir mass 
motion: the r csult wa ei ther that th particle wcre physi
cally meared ou I, in to Lreak or the particles caused the 
precipitation of additional material from the ga e flowing by. 

Till'e proper tie of the material of the black treaks are, 
therefore, indi cated by figure 1- 27 and 1- 29 ; fir t , the 
material i incandescent, econd , the material i opaque, 
third, the material i a olid (indica Led by i t iner tia) . 
No sub tan e i known to t ill author that could bc formed 
from the ga e pre ent in Lhe combustion chamb r and which 
would exhibit t l1 three properti.e tated at the temperature 
of the gase in the knocking engine except free carbon. I t 
is, of cour e, well known that exce ive free carbon is formed 
in knocking explosion ; the smokine of the exhau t i often 
used a a measure of knock. Large quantities of frce carbon 
are deposited on the windows of the combu tion apparatuses 
by a. ingle knocking combusLion cycle, a compared with no 
noticeable carbon deposit by a single nonknocking com"bus
tion cycle ,yj th the same fu el-ail' ratio . 

The black pots and treaIes observe in figure 1- 6 and 
1- 29 , and the corresponding incandescen t spo ts in figure 1- 27 , 
might be held to be different phenomena. A high-speed 
photograph ha been obtained, however, in which a very 
large spot appear opaque immediately after th pa age of 
the explo ive knock reaction, but later becomes incandescent. 

orne of the frames of this high-speed photograph appear in 
figure 1- 32. The engine-operating con ition and the fuel 
for the combu tion proces of thi figure were the same as in 
the case of figurc 1- 28. At fram A- 1 of figure 1- 32, the 
normal travel of the flam es has pa sed through mo t of the 
cham bel'; a f air-sizcd en d zone of irregular hl1 pe still exis ts 
in the central por tion of the vi ibl e par t of the chamber. 
The end gas is cOl)sllmed by the normal travel of the flames 
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F ' Gt" RE J-32.-Bigh-sprrd photograph, showing formation of black ca rbon cloud immediately aftcr knock in spark-ignition engine and later reversal of carbon cloud from black to whit . F uel , 
M- I ; compression ra tio, 7.0; fu~l·a i r ratio, about 0.0 ; atmospheric intake; four spark plugs; spark timing, for left-hand plug, 27° B . 'r. C., for other three plugs, 20° B. T . C. 

between frames A- l and C- 3. The explosive knock reaction 
begins at frame C- 4, as indicated by blurring of parts of the 
mottled combu tion zone. A large black spot is very 
evident in frame C- 7 to C- 13 of the figme. Careful 
inspection of frames C- 5 and C- 6 r veals that this black 
spot wa beginning to develop in the e frames. Between 
frames D- 1 and D- 4 the black spot become incandescent ; in 
frame D- 4 most of the spot is ufficiently incandescent to 
match the other parts of the combu tion chamber. (Jon-
uniform illuminaLion of the chamber by the externally 
E'upplied light is the probable reason why the lowe t 20 per
cent of the chamber is much Ie s brilliant than the upper 
part of the chamber in the e frame. ) In frame D-5 and 
D- 6 the formerly black pot become ufficiently incande cent 
so that it stand out whiter than the urrounding ga es. 
Between frames D- 6 and F- 13 parLs of this formerly black 
pot become more and more whi te as compared with the 

other gase in the chamber; o Lher part of the spo t apparently 
cool again and become dark. There is, of course, ome 
gradual change of shape of the spot throughou t the e frame. 

Framcs D-6 to about F-8 of figllJ'e 1- 32 have beenre-etched 

by the engraver to bring ou I, the whi tene of th carbon 
cloud in contrast with the surrounding gase that are only 
lightly I whi te. Thi re-etching has been done only in 

order to make the printed reproduction look as nearly a 
possible like the original untouched photograph in print. 

imilarly, it was necessary to re-etch several other illustra
tions to emphasize details that are clearly vi ible in the 
photographs but that would have been quite hazy becau e 
of the half-tone screen used in the engraving process. 

The mall spot seen in figmes 1- 27 and 1- 29 , and the 
large spo t in figure 1- 32, are probably not the only 
aspect of the free carbon relea ed by the explo ive knock 
reaction. ~10st of the photographs of heavy knock have 
hown a very great increase in the general luminosity of the 

chamber at the time of the explo ive knock reaction, amount
ing in many case Lo perhap a hundredfold increase. Tbi 
uniform increase in luminosity is probably due to finely 
divided free carbon. The change is by no means limiLed to 
the end gas; i t appear to 0 cur throughout the chamber and, 
if i t i concentrat d anywh re, it i concentrated a t the 
·hamber walls rather than in the end ga . Thi fact, 
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tog ther with certain o ther features of figure 1- 29 (see 
refer en ce 11), ugge t tha t the explosive knock rea cti o n 
may travel through t he burned ga es in the samc manner a 
the burning gase ; uch a revolu tionary conclu ion probably 
hould no t be ta ken very er iou ly, howe\'e1' , unti l consider

a bly more evidence is available. 
Summary of findings of NACA photographic kn ock in

vestigation:>.- The finding o f the NACA p ho tographic 
knock inves tigations a t peed of 40 ,000 and 200 ,000 fra me 
per e ond over the period from 1939 to 1946 may be um
marized a follow : 

] . The photograph ha ve sho \\'n tha t normal nonknocking 
combu tion involve an entirely mooth trav el of tbe flames 
through tb e combu tion chamber and a moot ll g l'adu a l 
fadeo ut of the combustion zones aft er compl li on of tb e 
fl am e trav el th rougb the cbamber. 

2, The photograpb have indica ted tha t normal com
bu lion in olves a zone of continuinO' combu lion b ehind 
th e fl am e fron t \\'i th a depth measured in ten th o f an inch ; 
tIl e combust ion zone, however , may have a cell ular s tru c tu re. 

3, The photoO'Htph have h o\\' n th a t preiO' niti o n. f rom a 
hoL pot is not a direct cau e of knock a nd th at the fi am e 
from a ho t spo t is similar to th flame from a park p lug. 

4, Vibratory knock has bee n ho\\-n to i nvolye a n extreme l.\
fa t r eaction , term ed the "explosive knoc k r eac tio n" h erein , 
which develop ud le nl~T after a p eriod of norma l bUl'nil1<Y. 
Thi r eaction involve a t ime int !,val no t g rea ter than 50 
m icro econ 

5. The e. 'plo iv k nock r eact ion ha bee n sho\\'n to begin 
wi thin 25 microsecon I of th e arne time as the v iolent kn oc k
ing v ibration ho\01 by a piezoelectri c pickup placed in th e 
end zone of the coml u l ion chamber. 

6. The photographs ha ve indicated tb at the explo iYe 
knoc k r eaction OJ'io'i nate onl~r in a po rtion of O'a th at i 
alread ~- igni ted , eith r b~- normal fl ame t raYeI or b.Y aulo
ignit ion. 

7. The photographs have shown a number of d ifferent 
type of end-ga au toignit ioll, orne of whi it a ppear ahm."s 
to be followed b~- lh explosive k nock react ion a n I 0111e of 
which may occur wi thout be ing followe I by the explosiYe 
knock r eac tion. The photographs h aY<' al 0 hO\\' !l ca e 
of l he explo 'iq' k noc k react ion not prece leel b.Y an.\- form of 
au lo iO'nition. 

. Analy i of th e pb otograph taken. at 40,000 frame per 
eco nd h a ind icaled th at th e explo iye k nock rca tion is a 

t~-p of detonation \"ave lraYeling, under d ifferent cond it ions, 
a L p eel ranging approximatel~' from 3000 to 6 -00 fee t pel' 
econ t or from aboll t one to h\'o t ime th e peed of soun d in 

the b urned ga c . 
9. Tbe propaO'a ti on peed ofth eorde r of6500 feelper eco nd 

for lhe explo ive knock reac lion h a bee n onfi,rmed b~' lh e 
one sen e of photograph obtained aL 200,000 frame per 

co ndo 
10. A defi ni te 10 s f chemical energy that would o then\' i e 

h ave been available ha bee n shown to result from th e ex
plo ive knoc k reactio n. 

11. The ph tograph h a ve hown thaL free carbon i re
lea eel in bo t h th e burning a nd the burned ga e \~-itbin 10 
micro econd a ft er pa sage of the de tonat ion \\-aYe assoc ia led 
with the explo in knock reaction. 

The indication of the high-speed and u ltra-hig h-speed 
photograpbs do not harmonize with the simple au toig nition 
theory of knock or with the simple deLonation-wave theory. 
They appear ra th er to uppor t t h e combined detona tion
wave and au toignit io n theory proposed in the litera tur dis
cuss ion that form the first par t of t hi paper. 
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CHAPTER II 

CORRELATIONS OF KNOCK-LIMITED PERFORMANCE DATA 

If merhanieallimita lions arc disregarded . the powel' outp\! t 
of an engine an be incrrased by varying any onc of everal 
operating condition until the knock limit of the fuel i 
rrached. Once thi limit i enCOlmtere 1, further effort to 
incrra e tbl' power will re ult in overb ating of th engine and 
prolonged operation under the knocking condition may 
rc ult in damagc to the engine. For these rea on , much 
research has been conducted to extend Imowledge of the 
nature of knock and, through applica tion of this ImowledO"e , 
to eliminate knock a an obstacle to greater engine po\\'rr. 

Rno k it "elf is fundamenta lly related to the following 
vent that ccur in the engine eylinder after induction of UlE' 

fuel-air charge: 
1. The fuel-air mixture (charge) i taken into the cylinder 

a t a gi ven temperature and pre ure. 
2. ompre ion of the charge begin as the piston move 

upward. During thi compre ion the volume occupied by 
Lh charge de reases , the pres ure increa e , and the tempera
ture increa ('. The total temperature increase include the 
temperatul' ri ere ulting from an amoun t of heat transferred 
from the bot :rlinder wall . 

3. Ignition of the charge take place at orne point before 
tbe piston l"<' aches top center. 

4. From the point of ignition the burning charge moves 
across the cylinder and the flam e front compresses the un
burned portion of the charge, a illu trated in figure II - ] . 
The arcs emanatulg from the spark repre en t progre iYe 
po itions of the- flame front . 

5. The d('n ity and the temperature in the unburned 
portion of til e charge mcrea e as the flame front progre . e . 

Spark--

Successive p os d ions 
o f flame fr ont - -~ 

" / . , . 
~/ . 

~:§SS.S~~ 

, 
Cylinder / 

wall ____ J 

,_-- ~ Unburned 
charge 

FJ(n.' ll>: 11 - 1.-·· chemmic diagram of ira,·e] of flame front across cylinder. 
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6. li'or a given fuel, a unique combinaLion of den it.\T and 
tempentt ure rna.\' occur and at thi poin t the lwburned por
tion of the charge will spontaneously ignite (ch. I ) with 
con id erab10 violence to produce the ph nomenon called 
knock . 

Rothrock and Biermann (reference 1) a wne den ity and 
temperature to be Lhe physical prope-rtie of the combu tion 
gas that determine wh ether or not the fuel will knock. li or 
each ga density , a. gas temperature exi t at which the 
unburned portion of the charO"e ahead of the flam front 
will ignite pontan00u ly. This combination of den ity and 
temperature mayor may not be reached, dep cndinO" upon the 
controlled and uncontrolled factor of engule operat ion. 
These factors are li ted in r eference 1 a follow: 

(a) Ch emical composition of fuel 
(b) Fuel-a ir ratio 
(c) Exhaust-gas dilution 
(d) H umidity 
(e) Compres ion ratio 
(f) Inlet-ai.r te-mperature 
(g) Inlet-air pre nre 
(h ) Wall temperatul" of combustion cham ber and cylinder 
(i.) park advance 
(j) Engine p ed 
(1<.) Engine dimen ion 
(1) Combustion-chn,mbel' form 
If, as pointed out in reference 1, many combinations of 

den ity and te-mperature exi t at which a fuel will knock, 
it is impo ible to expre s the knock limit of a fuel adequaLel.v 
by te ting that fu el at only one et of engine operating concli
tions. Each fuel must be te ted und r a ariety of condition 
in order to e tabli h the absolute relation between knock
limited den ity and temperature. Thi relation will be the 
same regardle of the engine in which it j determined . 

S YMBOLS 

Tbe following ymbol are u ed in thi chapter: 
a, b coefficient in pecific-heat (con taut volume) 

equation for charge 
c. pecific beat of mixture at con tant volume, 

Btu / (1b) /o F 
f fuel-air ratio 
F I , F2, Fa 
H 
i 
J 
K 
m 
n 

functions 
heat content per pound of mixture, Btu / (1b) 
intake cycles per minute 
mechanical equivalent of heat, 77 (ft-Ib) /Btu 
constant 
molecular weigh t of charge 
mole of ga pre ent in cylinder 
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P 
R 
r 
T 
T' 

6.T 

pre ure, (lb) / (sq in.) 
universal ga con tant, (ft-Ib)i (mole)(OR ) 
com pre ion ratio 
temperature, oR 
mean temperature throughout combu tion cham

ber just before knock, oR 
tempera ture ri e of cylinder content du e t,o 

constanL-volume burning, of 
clearance volume, (cu in.) 
di placement volume, (cu in. ) 
specifi c volume, (cu f t/lb) 
ga flow, (lb) /cycle 

f 1 · Pc actor rep acmg --1-

T;r- I 

')' ratio of pecific heats 
Tl eom combustion efficiency 
P density, (lb)/ (cu in.) 

lIb cripLs: 
b burned mixture at top center 
c 
e 
k 

o 

compl'e sion 
effeclive 
in knocking zone (end ga ) immediately preceding 

knock 
inlet air 

CORRELATIO S BASED U PON END-G AS CO N DIT IO N 

The la t portion of the harge to burn, which under proper 
condition of den ity and temperature ignites pontaneou ly, 
i commonly de ignated the end ga. Th e pace occupied 
by this ga i called the end zone. From the convenLional 
lhermodynamic equation , expre ion are derived in refer
ence 1 for determination of the end-ga den ity and tempera
ture. The compression of the fresh charge admitted to the 
cylinder occur in two step : (1) the charge i adiabati ally 
com pre sed by the pi ton un Lil igni Lion take place; and (2) 
the unburned charge ahead of the flame front is a um d to 
be adiabatically compre ed by both the piston an 1 the 
flame front until knock occurs, or 

tep (1): 

tep (2): 

where 
To,Po 
Te,Pe 

inlet-air temperature and pressure , r spectively 
temperature and pre sure, respectively, after om~ 

pression by pi ton 
temperature and pre sure, re pectively , in knoc],ing 

ZOll e immed iately preceding kn ock 
ratio of pecifi c hea at constan t pre ure to specific 

heat at constant volume 

Combining teps 1 and 2 y ield 

(1) 

This equation expre e the temperature in the knocking 
zone. T he expression for den i ty of lhe unburned charge 
ahead of the flame front i given by lh equation 

(2) 

where 
Pk gas den ity tn knocking zone immedialely preceding 

knock 
K constant 
Equation (1) and (2) a1' the same a tilo ' e of reference 2 
except thaI, den iLy has bee n used in tead of pres ure. 

These equations how that if an engine i operate 1 at con
dition of incipient knock and P" is measured, the den ity 
and the temperature may be 'alculate l. Accu rate measure
ment of Pk , however , are very difficult ; therefore, lhe cal
culations a well a experimenta tion can be implified by 
expressing the density and the temperalure in term of more 
easily determined factor". For xample, eq uation (2) can 
be written 

If Pc and Tc a re the comp re ion pre ure and temperature, 
respect ively, and T' is the mean temperature throughout lhe 
combu tion cham b~r just before Imo k occur~ , the den ity 
Pk is express d by 

Becuu e 

and 
1 

(~:)-; =1' 

\\-here 
H heat content per pound of mi:xtul'l' 
c, p cilic heat of mixture at constant yolume 
l' compres ion ratio of engine 
then 

(3) 

imilurly , 

(4) 
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} 'tGURE U- 2.- EfTcct of estimated end· gas temperature on maximum permissiblc density 
factor for leaded and unleaded isooetanc in fl at·disk combustion cham ber. Engine speed. 
2500 r pm ; impro \'ed cooling in cylinder head ; fuel·air ra tio, 0.0 I. (Fig. 20f reference 1.) 

In the evaluation (reference 1) of equations (3) and (4), c. 
wa e tima,ted a 0.25 Btu per pound per OF , 'Y as 1.29 , and 
Has 1160 B tu per pound of mLxture. Th e quan tity H was 
estimated y th e following e:-:-pression: 

where 

H = 1 ,0007J eomj 
1+ .1 

7J com combustion effi ciency 
j fu el-air ratio 
The combustion effi cien cie used in r eference 1 were obtained 
from referen ce 3. 

The application of tb e foregoing relations i illustrated in 
figure II- 2. These data were obtained at an engine speed of 
2500 rpm and a fuel-ail' ra tio of 0.081. Although th e data 
represent everal compre sion ratios and everal inlet-air 
temperatures, a ingle curve is obtained for ea·h fu el. For 
th e range of values examined in r eference 1, th e valu e of 

I 

(1 + Cv T~~"Y ) Y at an inlet-air temperature of 120 0 F varied 

from a value of 3 .82 aL a compression ratio of 6.5 to a val ue of 
3.62 at a co lpression ratio of 8.75. It was therefore as umed 
that the density factor (equation (3» co uld be expre ed by 
rPo/To. imilarly , th e end-gas temperature Tk could be 
expre ed by TOI'"Y-l . In reference 1, r"y- 1 is al 0 eliminated 
from the term for Tk becau e th e data j ustificd th e omi ion. 
Prop l' con ideration of equation (3), however , docs not sup
port th e elimination of r"y- 1 from equation (4). 

1 

( H):r The omi ion of the te rms p-l and 1 + c.Top 1 from 

equation (4) permits th e u e of To in place of Tk. A compari
on of ev ral fuels on thi bas is is hown in figure II- 3. The 

curve for th e fuel tend to converge at high inlet-a ir tempera-

ture , which indicates that for ome temperature it is con
ceivable that this particular group of fuels might have the 
sam e knock-limited performance. Tbi trend is due to th e 
simila.ri ty of the fuels used. As will be shown later in tills 
chapter , the curves for variou fu els are no t ordinarily 0 

similar. 
B ecause the density and temperature relations vary wi th 

fu el-air ra tio (r eference 1), Taylor, Leary, and Diver (refer
ence 4) obtained additional data to improve the accuracy of 
the e:\:pressions in reference 1 and specifically to inve tigate 
furth er tbe influence of fuel-air ratio. In addit ion, an {fort 
is made to determine the effect of exhaust-ga dilution on th e 
compression ratio for incipien t detonation. As a fur ther 
refinem ent of the end-gas condition , allowance i made for 
variation of specific heats and ch emi cal equilibrium of th e 
charge before and after combustion wi th temperature, pre -
ure, and fuel-air ratio. The procedure used for compu ting 

end-gas temperature in refer ence 4 is as follows: 
A point is first elected on the compress ion stroke of an 

indicator diagram and the specific vol ume V. of th e charge 
is computed. The tempera ture To is then compu ted from 
the followin g relation: 

where 
R gas constant, 1544/m 
m molecular weigh t of charge 

Cu)ve I I Fue: I I Knlck 
t-- I 85 percent isoocir:me Audible-

2 90 percent isooctone Audible 
3 95 percent i$oocrone Audible 

t-4 Isoocrone Audi b le -.7 
5 I sooctone + 1.0 ml TEL Aud i b l e 
6 Isooctone + 1. 0 m l TEL I nci p ient 

w ith improved cooling in 
center of cyl inder head 
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FIG URE II-3.- Effcct of illlet·air temperature on maxi mulll permissible den ity factor for 
series of fuel blends in nOll·disk combustion chamber. Engine speed, 2500 rpm; fuel·air 
ratio, 0.0 I. (F ig. 4 of reference I. ) 
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FJ GU RE II-4.-Cornparison oC etTcct of end-gas temperature on maximum pCl' mi sible end
ga density as determined by methods o( references r and 4. ( Pig. 24 o( re(erence 4.) 

The end-gas temperature Tk i calcula ted from the equ a
tion for Tk taken from refel'ence 5_ 

(5) 
wh ere 
a b coefficients in specifi c-heat equation at conslan t volume 

for charge 
J mechanical equivalent of heat, 77 (ft-lb) /Btu 

A comparison of th e cnd-gas calculat ion from reference 
1 and 4 i shown in figure II- 4. The fe ul ts of these refer
ence are in agreement as to th e var ialion of end-gas density 
with end-gas temperature, but the order of variation of end
o-a density wilh fu I-air ratio at any given end-ga tem p ra
ture is rever ed by th e two method of calculation . An 
n,dclitional analysis by ROlhrock cited in reference 4 a tM ib
ules the appa rent reversa l of th e efrecL of th e fuel-air rat io 
to lhe difrerenee between the measured maxim um pre sure 
of reference 4 and t.he computed maxim um pre LI re of 
r ferenee L 

The stucl ie of rcfereI1ee 4 ,,-e re macle at c.onsta.nt engine 
s peed ancl the refore do not conside r the eEf ct of time or 
rate of combLl tion on knock_ In a ub eq uent inve t iga
tion, Leary and Taylor (reference 6) a ttempt to explain the 
ignificanee of time in engin e detonat ion by the II e of 

indicator diagram obtained during knoe k tests. A a rc ul t 
of the c st udie, the inve tigaLor conel ucle that h igh er 
maximum permi ible pl'e ures can be u cd in an engine 
i f tile rate of compre ion of th e end gas is incre8. ed. Thi 
coneI ll ion led to th e devel opment of an expe rimental ('om-
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(3) \ -ariablc fu cl-air ratio. Compression ratio, 11.7. (Fig. 32 o( reference 8.) 

FIGU RE II-S.-Comparison o( isooctanc, rOO-octane gasoline, triplan , and benzene with 
respccllo ' -ariation in ignition delay. Inilial pres m e, 14 .7 pounds per square inch abso
lute; initial temperature, 1490 F; compression t.ime, approximately 0.006 second . 

pres ion machine (reference 7) for u e in studies of fu el 
knocking characteristics. 

'rh e fir t resul ts obtained in the com pre ion machine are 
repor ted in reference 8 as an explanation of difference in 
knocking characteristics of fu els. Ignition delay a a fun c
tion of fu el-a ir r atio is hown in figure II- 5 (a) for four 
fu els_ m en th e CUlTe for i oocta-ne (2,2,4-trimethy]
pen tane) a.nd 100-octane ga oline are compared, the ignition 
cl lay of the gasoline is seen to be greater than that of iso
oc tan e at fue]-air ratio grea ter than 0.0 5. The rever e i 
tru e at fu el-air ratio below 0.0 5. On the basis of the e 
J'e ul ts, it is ugo-e ted (reference ) that th e knock-limited 
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PI GI'RE 11-5.-Concluded . Comparison o( isooetane, 10000ctane gasolille, tr iptane, and hrn
z ne with respect to variation in ignition delay. Initial prp .. ure, 14.i pounds per sqlnre 
inch absolute; initial temperature. 149° P; coml re ion time, appro,imately 0.006 seCJnd. 
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performan e of these fu els may be similar ; that i , isooctane 
would be higher than lOa-octan e go, oline at low fuel-ail' 
ratios but lower than ga oline at high fuel-air ratios. Thi 
belief wa confirmed by upercharged knock test . If igni
tion delay were the only criterion of knock , it could be 
concluded (rom figure II- 5 (a) that triptane (2,2,3-trimethyl 
butane) has the highe t an tiJmock performance with benzene 
n xt in order; however , the authors of reference contend 
that thi resul t may not be true inasmuch a the pressure
time urv during the delay period is al oof considerabl e 
importance . 

Io-nition delay as a function of compre ion ratio is shown 
in fi gure II - 5 (b). The delay period clecrea es a th e 
compre ion ra tIO lD crea es. The ignition delays for triptane 
are higher than those of i ooctane and laO-octane gasolin e 
over th e entire range of compression rat io . B nzene has 
ignition delay greater than those of trip tane at ompre ion 
ratios b elow 10.5, but over the en tir~ compre ion-ratio 
range the pre ure-time r ecords of reference 8 fo r benzene 
always indicate a smoother reaction han hat of triptane. 
From this relation it may be surmi ed that the high- antilmock 
characteri tics of benzene are attribu table to the low pres-

Ufe rise dUTing combustion of the end go, rather than to 
th e long ignition delay periods. 

The correlations of end-ga condition proposed in refer
ences 1 and 4 do not account for variat ions of fuel-air ratio 
(fi g . U - 4); con eq uently , the end-go, density-temperature 
relation are rederived in reference 9 wi th this factor taken 
into consid eration . The followin g equation are propose l 
in r eferen cE> 9: 

The density of the charge after adiabatic compression by 
the pi ton i 

where 
Pc den ity after compre sion 
W weight of go, inducted per cycle 
Vc clearanre volume 

Th e temperature of the charge after compre Ion 1 

(6) 

(7) 

The statE' of the gases before burning in the cylinder when 
the piston is at top center may be expre sed by the ideal gas 
equation, 

where 

Pc compression pressure 
n mole of go, present in cylinder 
R universal gas constant 

The state of the gases at top cen ter after burning is 

P bV c=nRTb 

where 

P b pressure of burned mixture at top center 
Tb temperature of burned mL'(ture at top center 

- --------

(8) 

(9) 

Combining equations (8) and (9) gives 

(10) 

The end gas is adiabatically compres ed during constant
volume combustion 

and 

where 

1 

Pk, e =( Tk,.!..) "- l 
Pc Tc 

(11 ) 

(12) 

Pk.e effective end-gas pressure at instant before knock 
T k •e effective end-gns temperature at in tant before knock 
Pk.e effective end-go, den ity at in tant b fore knock 

The term " effectin" wa u ed in reference 9 in referring to 
the end-gas quanti ties ( ubscrip t k,e) inasmuch a the e 
qu an titie are ba ed upon an idealized air-cycle analysi and 
are therefore not th e same as the actual yalues. 

A the flame front moves across the cylinder , the unburned 
gas (assumed to be mall) is compressecl and knock OCCUTS 
just before completion of combustion of the entire charge . 

In equation (11), P b can be ub tituted for P k,e 

(13) 

Combining equations (10) and (13) yields 

,,- I 

Tk,e= Tc (~:)-;Y (14 ) 

however, 

(15) 

where 
6.T temperature rise of cylinder contents due to constant

volume bUTning 
Ther efore, 

(16) 

In reference 9, a relation is assumed to exist between effec
tive end-gas density and effective end-gas temperature a t th e 
incipient-knock condi tion ; thi relation includes the effect of 
variations of fuel-air ratio , compression ratio , and inlet-air 
temperature: 

(17) 

Combining equations (12) and (17) yields 

(1 ) 

.. _-- ---- --- -- ----
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or 

~=F/T\e) F2(Tk
,.) (19) 

Tc'Y-l Tk.e'Y- 1 

R('placing T.·,c by ils quival('nt in equalion (16) and leLting 
1 

Z ('qual PcITc'Y- 1 gin~ 

Z= F2 [Tc (1+~)'Y~] (20 ) 

The con tanl-yolume Lemperatme ],ise during buming t:.T 
i' dependent upon factor uch a fuel-a ir ratio and pressm e 
and tempt'rature of the charge before burning. Of the e 
factor , fuel-ail' raLio i lhe mo L important one affecting 
!:iT ; therefore , t:.T is con icLerccL (referencc 9) to be a function 
of fu el-ail' ratio alone. At ome reference fuel-ail' ratio , t:.T 
ean be taken as a con ta nL. In rcierence 9, a fuel-ail' ratio 
of 0.0 i elected. A repre cntative value (4040 0 F ) of 6T 
i ' eho en from ["C'ferC'nec 10 Lo be u cd in the correlation of 
the cxpcrimental data of r ference 9. 

The con tanl-yolume temperatme 1'i c due to ombustion 
become 

t:.T- 040F3(J) (21 ) 

\\"h en' f is fud-air ratio. 
Sub tituting this value of t:.T into equa tion (20) give 

(22) 
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FIGI'RE II-<I.-Effect of compression·air temperature and fuel·air ratio on knock·limited 
\'alue~ of factor Z for AN-F-28 fuel in CFR engine. Engine speed, 1800 rpm; coolant 
temperature, 250° F; spark ad\'ance, 30° B. T. C. (Fig. 4 of reference 9; data calculated 
from reference 10.) 
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By u e of equation (6), (7), (12), (16), and (21), thr fol
lowing expre sion ma.,- be IHitten for T k •e and Pt,.: 

(23 ) 

(24) 

Equation (23) and (24) can be olved for Tk ,. and Pk,. if 
F 3 (J) is known. The utility of these equations for correlation 
of engine variable depend upon whether a inglc curve 
I"e ults between Tk .• and Pk,. , when To, r, or j is varied and 
al 0 upon the accuracy with which F3(j) can be evaluated. 

In order to determine F3(j), values of Z are computed 
(referrnce 9) from experimental data obtained in a CFR test 
engine with A - F - 2 (2 - R ), a 100/ 130 grade aviation 

I 

ga oline. Th e value of Z are computed from pclT;:;~, and 
a cons tant 'Y of 1.4 i u eel. The computed values are then 
plotted again t Tc as shown in fio-Ul'o II- 6. The experimental 
data upon " 'hich thi figme is based covered a range of com
pre ion ratio from 5 to 10 at a constant inlet-air temp ra
ture of 250 0 F and a range of inlet-ail' temperatmes from 
1000 to 350 0 F at a compre sion ratio of 8. A con tanL 
engine peed of 1 00 rpm, a coolant temperatme of 250 0 F , 
and a park advance of 300 B. T . C. , were maintained in all 
ea e . 

At con tant Z (fig. II- 6), a new value of Tc exists for each 
fuel-ail' ratio and the right ide of equation (22) is constant 
regardless of fuel-air ratio; con equently , the following 
equat,ion may b written: 
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T [ 1+ 4040 P~U)J' = T (1 + 4040)-> (25) 
e Tc e.O.08 Te.

0
.
08 

The left ide of t lli eq ua tion appli e. fol' an~~ fuel-air ratio, 
1I'11cr('a the ri o-II t s ide appl ies o nly to the prcviousl.I' m en
tioned )'efe1'en ('e fuel-a il' ratio of 0.0 , wherc F3(j) ha been 
Laken a 1.0. B~~ ub liLution of difJ'ercn t valu e of Tc from 
fi gure II- 6 inlo th e lef t ide a nd the valu e of Tr for a fuel-air 
ratio of 0.0 in the righ t ide of equation (25) il j po ible 
to olve for F3(j). 

Valu e of F 3(j) a rc determin rd in referen(,e 9 for ven 
o th er fuel and the 1'e ul t arc plotted in figure II- 7. Thl' 
curve on th is fi gure r epresent th e mefLn of th e lata. Obvi
ollsl.,- the relat ion be l ln 'en F3 (f) and f varie with lhe fuel 
used and for (his rea on tbr use of til m ean curvc is not 
l'l'commencll'd u nle s data for a spccific fuel arE' unava il able. 

By means of t h F3(j) Ul'Y(' (fig. II- 6) for each fuel , 
values of Tk ,. and P, ... arc calculated (rcfcl'cn cr 9) from 
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equations (2;3) and (24) . In ge-ne-ral , the- correla t ions were 
quite atisfactol'.\-, as illustrated by figur II- (a) _ The
poorest correlation wa found for triptfm (fig. II- (b)), 
particularly at low value of Tk ,e; howeyer, good correlation 
could not be expected in this case hecau e of th e tendency of 
the fuel to pre-ignite. (e ch. IV_) A compari on of the 
knock-limi ted efl'ective density-temperature curves for the 
fuel inve tigated is prese-nted in figure II- 9. 

In order to determine the- accuracy of th e- curve of Tk,e 
again t Pk.e, the author of refcl'cn e 9 calcu lated the knoek
limited air flow Tra (eq uation (24) ) from T k .e-Pk .e curve 
based upon the mean and indivi Iual F3(j) curve of fig-

w'e II- 7. The result of thi compa['l on arc pre ented in 
the following table: 

F'u~1 

l elln error in calculated knock-limited 
cbarge flow (percent) 

Variable inlet-air 
temperature 

Variable compression 
ratio 

Individual Mean Individual Mean 
F, (f) F , (/ ) F, (f) F, (f) 

1-------------- --------- -·1----1 
AK'- F- 28 (2 - R) _________________ _ 3. II 
Aviation a l kyl:1L~ ________________ __ 2. 9 

rererence. ____________________ . __ 2. i 

~~:~~~~~~I~~_l~:::::: _: =::: ==:: = = = = = = = 
3. 7 
8.6 

Cyclopen tanc ___________________ . i. 3 Cyclollexanc . ________ _____________ _ 5. t 
'friptene _____ ._. ___ _______________ _ 5.0 
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.6 
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6. 6 

As would be expected, the least errol' in the calcula ted air 
flow re ulted from u e of the cW've of Tk .• against Pk .• ba cd 
upon the individual F3 (j) curves. Dii opropyl at variable 
compl'es ion-ratio conditions and cyclopentane at variable 
inlet-a iT-temperature on lition appeal' Lo be exception, 
bu t the difference in mean error i mall between the au 
flows computed from individual 01' mean F3 (j) curve _ 

Com)y.ess io'n 
r---t- ratio 

r--- "l 50 

" 6. 0 
t-- 0 73 

0 8.7 
f-- 0 10.0 
Inle t-air temperature, r--

250 0 F In let-a ir 
I temperature f-- f--

\ V 
.0.9 

.08 

() 
<ll 
<t) 

?f'0l 

,L 

Ci 
"0 

0.5 

-2! 04 

/ 

'\) 

l7 
! 
r 

\ ) 
[), 

/' 
A 

r c L'> 
I 

-.\:: g. o.3 
~ 

.0.2 

.0.1 

~ 

~ 1/ 
\ 

-u--

(b)O---'Y 

.05 .0 7 

~ 
d'1-' 

'0/ 

/'1 

_09 

(OF) 
t--f- t> 100 

"l 150 

" 200 
~ t--f-O 250 

0 300 
I 0 350 

Compress ion ratio, 

~ ~ t> 

L \1 Y viA 
L> 

/ I Y 

0 I 'z 17 A JI 
L 

v 

J' '/ 4 b 

'-.P V c?~ 

Y <\ lr Inri) ;:/ 
,..Q lo--' V / 

~yO' 

.11 .13.05 .07 .0 9 .11 
Fue l-air ratiO, f 

(b) Knock-limited HiI' flo w. 

I 

8 

I 

I 

.13 

FIG UHE lI- tO.- Concluded. Effect of compression ratio a nd inlet-air lemperaturr on 
knock-limited performance of diisopropyl plus 4 ml T KL t~r gallon _ 



54 REPORT 1 Q26- XATIOKAL ADnSORY COMl\IITTEE FOR AEHOI AU TIC 

0 Variable inlet- air temper a t ure 
I I 0 Variable compre ssion ratio 

.8 xIO-> 

'\. r\ 
~D bi)... 

.6 

['a. 'Q 

.4 
i\,. Fuel-air "- Fuel-air 

~ n-ratio i'o ratio 
10- 1 

0.06 0.07 
xIO-' -" 

'\ D~I 

'0 ~ 

'" ~ 
u'Q i'\: 
'C~ 09 

.oa 
xIO-' 

- p...... -
I~ ~ 

'"" 
b.~ 

. 6 

~ \~ 
r-.-.r'- ':il 

.4 

.2 
./0 

/eoo /400 /600 1800 eooo leoo 1400 1600 /800 eooo 
CompresSion temperature, J;, =Tor ''' , oR 

I ! ! I I I !! I I I I 

/00 /50 200250.30.0. 350. /0.0. /50.20.0.250.30.0. 350. 
Inlet-air temperature, OF (compression ratio, 8.0) 

5.'0 6 '0. 7.3' a'7 laO 5~o. 6.0 7.3 87 10.0. 
Compression ratio (~nlet-air temperature, Z50 °F) 

FIGU RE I [ - 1 I.- Effect of compreSSion temperature on knock-limited compression-air density 
for diisopropyl plus 4 ml T E L per gallon . ( Fig. 16 of reference 12.) 

OltRELA.T IO S BA.SED UP O COM PR ESSIQ, CO D IT JO 

The alculation of end-O'a tempera ture and d n it ie 
de cribed in the foregoing eetion i ufficiently compli('ated 
and uncertain to make it de i.rable to use some simple 
m thod of data correlation. One uch method, based upon 
comp re ion condition , i proposed in reference 11. The 
method doe not correlat all the variabl of engine opera
t ion uch as spark advance, engine peed , or fuel-ai l' ratio, 
but i u eful in e:-..-plaining the effect of compre ion ratio 
and inlet-ail' temperature on fu el performance _ 

In thi method, a relation i a umed to exist betwee n 
compres ion condition before ignition occurs and end-ga 
condition after ignition oc ur~ ; therefore, calculated com
pr sion densitie and temperatures may be used in pia 'e of 
en L-ga d('n ities and temperature. 

The compr ssion den ity ml1Y be calculated as follows: 

(26) 

where 

lVo inl t-air fl ow, (lbJmin) 
i intal, e cycles per minu te 

V r elearance volume, (cu in. ) 
V a di placement volume, (cu in. ) 

The calculation of comprc ion tempera lul'c (rcicl' nee 11) 
neglects the cFrecL of fuel vaporization, heat lransfer Lo Lhe 
cylind er wall , fuel-ail' l'a tio , and prefiame reaction ; how
ever , lhe cOl'l'clalion obtained ,,-itb an adiabali c- ompre ion 
formula ju tih~ the e omissio ns. 

(27 ) 

In order to verify this method of correlation, knock
limited perfo rmance daLa were obtained for a number of 
fuel in reference 11 and 12. The e cla ta re lilted from 
te t in which all operatinO' conditions except comp re ion 
ralio were held con tanto The te t were th n repeal d with 
all variables exee pL inleL-a ir temperat lIl'e consLant. An il
lustration of the engine data for a ingle fuel i pre enLed in 
figure II- 10. Compre ion densities and lemperalures cal
culated from data in Lhe e figure are hown in figUl'e II- II . 
Comparisons of cveral fuel (refercncc 13) arc hown in 
figure II- 12 . 

The curve shown in the e figures iUu lraLe lhc relaLiYe 
en itiviti es of fuel to chanO'es of temperature and compl'e -
ion rl1tio and al 0 may be use I to d cr il e the popull1l" 

term "mild" l1ncL "severe" condi t ion . For example 
(fig. II- 12 (a)), an in rea e in compression ratio or inlet-ail' 
tempera ture Cl1U e an increase in compression Lempera tur e 
and a decrea e in kno k-limited p rformanc a inel icat cl 
by th e low compres ion den itie . Any combination of 
engine operating vl1l'iable , uch a park adva nce, inlet-ail' 
temperature, com pre ion ratio , and engine peed, that 
tends to produce excep tionally low knock-limited compre -
ion den itie , i commonly termed a " evere" co neli tion. 

Conversely, " mild" condition te nd to produ ce .high knock
limited compre ion densit ie . 

The type of cu rve shown in figure II- 12 (a) ha also been 
used to expre the term "temperature en ilivity." Al
though no universally accepted definition of temperature 
ensitivity ha been devi ed , the au thor of reference 12 sug

ge t that th compre ion-density- temperature plot offer 
a more generally applicable definition than l1ny other yet 
devi ed . Th lope of th curve of compres ion den ity 
plotted again t compres ion temperature would offer a 
m easurement of temperature sensitivity. Calculations of 
these slopes for the fu els investigated in r eference 12 indi
cated that the temperature ensitivities of i ooetane, avia
tion gasoline, an aviation alkylate, and dii opropyl (2,3-
dimethylbu tane) were very nearly independent of engine co o
ditions. The temperature ensitivit of triptane decrea ed 
a. the severity of the engine condition decrea eel; the tem
perature en it ivitie of cyclopentane, cyclohexune, triptene, 
(2,3,3-trimethylbutene-l ), and toluene increa eel a the 
ever ity of the engine conditions clecrea ed . 
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speed , 2100 rpm; spark advance, 20° B. T . C.; rear spark·plug·busbing temperature, 450° F. 
(Fig. 8 of reference 13.) 

The data presented in figure II- 12 were obtained in a 
FR et;gine that i designed to permit variation of com

pre sion l' tio. In order to determine if the compression
densit.\--temperature correlation 1V0uld hold for l'ull-scale 
engines, similar test were made in an expcr imental engine 
employing a single cylinder from an ai.rcraft engine. The 
compression ratio was var ied by using piston of liffel'ent 
Ii placement in the cylinder. The 1'e ult of these run 
(reference 13) are shown in figure II- 13. 

Ina mlll' h a the conela ion i a tisfactory for fu ll-scale 
engine (fig. II- 13), the experimental evaluation of engine 
Or fu el c n be m inimized. For example, inve tigat ion of 
the effect f compression rat io on knock-l imited performancr 

in full-. calc mu lt icylind er engine is imp ractical becau e of 
the cost, time , and effort involved in changing piston. 
Curves like those of fi gure II- 13, howevel', can be e tabli hed 
with relative ea e by var~- i ng inlet-air temperature. From 
the curve 0 e tabli heel , the effec t of com pre ion ratio on 
knock-limited compression density can be eal ulated from 
as umed compression tem peratures. 

Alth.ough the implicity of the compression-den ity
temperature correlat ion i greater tha n that of the end-era 
correlation presented in th e pre ecl ing ec lion of thi chap
ter , the end-gas method has the obvious advantage of com
pensa l ing for variation in fuel-ail' rat io as well a for com
pression ratio and inlet-air temperature. 
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CHAPTER III 

ANTIKNOCK PERFORMANCE SCALES 

For many year the efforts of inyest icrators in the fi eld of 
fuel research have been directed toward the development of 
suitable cales for measuring the knocking characteristics 
of fu els. As a re ul t of these efforts, a, number of scales ha,ve 
been studied, but only a few have pa sed beyond the s tage of 
tenta,tive a,cceptance. The empha, is in this development 
has genera,lly been pla,ced upon one object ive-tha,t the 
method permit the assignment of a numerical a,n tilmock 
va,lue to each fu el a,nd that the ra,t ing so determined be 
rca onably consta,n t ["ega,rdles of the engine or operating 
condition u ed. 

Thc a,chievement of thi objective h as been hind ered be
cause the many fuels suita,ble for a,v ia,tion use va,ry wielely in 
their response to change in engine conditions and a,1 0 be
cau e the ra,ting cales currently used are unsatisfactory for 
rating fuel in the high performance range . As a result of 
these difficultie , a,ttention ha been turned in recent yea,rs 
to the problem of e tablishing a ra,ting scale tha, t will permi t 
dete rmination of 1"a tings for lligh -performance fu els. An 
effor t ha been made in these tudies to select referenc fuels 
that will l'e pond to changes in engine condition in a manner 
imilar to that of ervice fuels. The material in thi cha,p ter 

criven in greater detail in reference 1. 

DEVELOPMENT OF FUEL-RA TI NG SCALES 

Octane scale. - One of the earli es t a,ncl the most enduring 
Imock-mting calc is the familiar octane-number scale p ro
po cd by Edgar (reference 2) in ] 927. This cale is ba,sed on 
two reference fuel , isooctane (2,2,4-trimetbylpen tane) and 
n-heptane, ugge ted because isooctane knock:ed less and 
n-heptane more than any other fuel then kno·wn. In this 
ystem, i ooctane is arbi trarily assigned a rating (octane 

number) of ] 00 and n-heptane , a ra t ing of o. Th e char
acteri tic shape of curves representing the octane scale is 
hown in fig ure III- l from dala obtained in the A. S. T . ~I. 
upefcharge engine (A. S. T. M. lesigna tion D 909-47T) . 
The octa,ne cale i rest ricted to th e determination of ra t

ing for fuels producing lmock-limitecl powel" equal to or Ie s 
than that of i ooctane and eq ual to or greater than that of 
n-heptane. At the 10we1" end of the scale, the limitation 
offers no seriou obstacle because in terest in fuels wi th 
greater knocking tenclencie than n-heptane i purely aca
demic. On the other band, the upper or i ooctanc end of the 
calc offers a very seriou obstacle inasmuch a many pure 

hydrocarbons and commercial bkncling stocks are known to 
exceed the knock-limited power outp ut of isooctane. 

In add ition to being limited in usc to fuel having anti
knock value between tho e of n-hep tan e and i ooctan e, the 
octane calc fail to provide numerical rating tha t remain 

cons tan t from encrine to engine or from one condition to 
another . That is, a fuel having an octane number of 80 in 
on e engine may have fin octane number of 90 in another 
engine. Invo ti cra tion has shown, however, that the ratings 
of paraffinic fuels, with the excep tion of certain highly 
branched isomers, tend to remain more nearly constan t from 
engine to engine than do widely different types of hydro
carbon within the range of performan ce covered by the 
octane scale (reference 3) . This fact can be attributed to 
the difference in ensitivi ties of yariou fu els to change in 
operating conditions. Ina much a the rating fuel (iso
octane and n -heptane) are paraffini c, these fuel would be 
expected to respond to changes in opE'ra Ling condition in 
much the arne malmer as a, paraffinic tes t fu el. If, on the 
oth er hand , the te t fuel contain large concentrations of 
aroma li e, cycloparaffinic, or olefinic compounds, the re
sponse to yariations in operating conditions would differ 
greatly from the behavior of the paraffinic rating fuels. 
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Lead scale.- Wh n fuel wi th knock rating that exceeded 
th e upper limit of th e octane calc were first con idered for 
ervice u c, it became apparent that th e octane scale was no 

longer adequate for rating aviation fu el ; consequen tly , the 
th e earch began for a p -rfol'mance calc that would ac
commodat.e the high-performance fuels u ed in mod I'll air
craft power plant . In order to mcet this problem , it wa 
decided that fu els exceeding th e performance of isooctan 
hould be match ed against isooctane to which had been 

added a given amount of teLraethylleacL (Sec fig_ III- 2.) 
The procedure for rating fuels by the lead eale i the amc 
a that used for the octanc cale; that is, the knock in ten ity 
of the te L fuel i determined in a standar 1 engine at standard 
conditions and the knocking tendencies of blends of iso
octane and tetraethyl lead arc compared with tho e of the 
te t fuel until one blend is found to give a knock iuten ity 
equal to that of the te t fuel. 

Performance -number scale.- either the octane scale 
nor tb lead calc permitted the a sigrunent of a numerical 
rating indicative of the power output of a fuel, and in an 
effort to c irCLllwen t this difficul ty a scale of performance 
numbers \Va adopted. The performan ce scal (fig . III- 3) 
repre ents an approximate average of the kno k-limited per
formance as determined in several different engine at differ-
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en t operating conditions for i ooctane -ontaining various 
amounts of tetraethyl lead . Although empirically drte r
mined, this scale ha proved useful in expre sing fuel ratings 
and in con elating performance of fu el in different engine , 
but it ,till does not prov ide an absolu te m ea ure of power 
ou tpuL 

The performance-number cal cloe not alter the procechu-e 
for rating fuel by u e of leaded isooctane (lead cale) but 
doc change the method of reportinO" the r a ting. For x
ample, if a te t fuel i found to give knock-limi ted pel"
formance equal to i ooctane plu 2_0 ml TEL pel' gallon in 
any engine at any condition, it ratinO" i reported a 13 
performance number. (See fig. III- 3.) 

The performance scale as originally adopted wa intended 
for u e only with fuel having ratings above an ~ctane number 
of 100 by the A. S. T_ 11. Superch arge method_ General 
acceptance of the cale soon led to e, pre ion of rating b)r 
the A. . T. ::'1. Aviation method (A. . T. ::'1. designation 
D614-47T) in terms of perfol'manc number and later 
re ulted in exten ion of the cale below a performance number 
of 100. 

Proposed rating scales .- One limitation of the octane 
cale and the lead calc is that the service fuels containing 

an approximately con tant amount of tetraethyllead (3. 0 to 
4_6 ml/gal) mu t be match ed against unleaded rating fuels 01' 

again t ratiug fuel having variable concentration of lead, 
Thi limitation i inherently r elated Lo the problem of fuel 
sen itivity to changes in operating conditions in that te m
ethyl lead affects the ensitivity of the fuel to which it i 
added. 

In order to minimize this effect on fuel ratings, inve ti
gators in the field have proposed rating cale in which the 
reference fuels contain a eonstan t amount of tetraethyl lead 
in the range of concentrations found in erviee fuels. ome 
of the e schemes recommend the addition of a third com
ponen t, such as an aromatic, in the r efer ence fuel blend in 
order to produce refeTence fuel having ensiti ,-ities more 
nearly equal to service fuels_ 



XACA INVESTIGATIOX OF FeEL PERFORMAK(E IX P I TOX-TYPE EKGll'-'E 59 
EVAL UATION OF P RO POSED FUEL -RATING SCAL ES 

On the ba is of studie made b,v the Coordinating R e earch 
Council (refercnce 4), i t wa proposed that triptane (2,2,3 -
trimethylbutanc) and n-heplane be adop ted a th e refer ence 
fu els for a n ew rating scale . Both fuels were to co n tain 3.78 
ml TEL per gallon. The studie on which this propo al was 
ba cd were condu cted in A. S. T . . M . Aviation and A. S. T . ;"1. 

upercharge fu el-rating engines aL standard opera ting cond i
tions. In order Lo ex tend the data of the Coordinating 
R esearch Co uncil be,vond standard operat ing condi tion , 2.1) 

investigation vf the propo cd rating scale 0 er a range of 
en ine condi Lion was conducted by the N ACA and is 
reported in reference 1. The resulL of this investigation o f 
triptane and n-hep tanc were compared wi th results obtained 
under similar te t condili on for current rating cales and 
other proposed scales. 

T he effects of var)' ing engine condition we re simulated b.\
varying inlet-air temperature from 1000 to 3000 F in th e 
A. S. T. ~f. Supercharge eno-ine. The combination of 
reference fu el inve tigated were: 

1. Isooctane and n-heptane 
2. I sooctane (con taining 0 to 6 ml TEL /gal) 
3. I sooctane and n-heptane (both containing 3.7 ml 

TEL/gal) 

TABLE III- i.- SERVICE AKD SERVICE-TYPE F UELS· 

Fuel 

AN- 1'- 26 ___ ._." __ ' __ ' __ ' __ ._._ .. _._. __ . __ . _________ . _______ .. 
A1 - ~'-28 (28- R }----.----.---.----.-.--. ___ . __ .. _._. ____ _____ .. 
Special blend number 1 ( B- 1) (2;; percent benzene+34 percent virg in 

base stock+43percent alkylate·j-4 ml TEL/gal}.--------.---.- .. ---
A1 - F-33 (33-R} ---.-.---.--.--------------.-- _._. ______ _ . ____ ._._ 
Special blend number 2 (SB- 2) (4~ percent diiso propyl+ 12 perccnt 

virgin base StoCk+45 percen t a lkylate+4 ml TEL/gal) .. __________ . 
pecial blend number 3 ( B- 3) (34 percent diisopropyl+ 12.5 percent 
bot-acid octane+41.5 percent alkyla te+12 percent isopentane+4 m l 
TEL/gal) . ____________ . _________ . ____ --_. ___ .. _. _______ ----. -. ---_ 
pecial blend number 4 (SB-4) (55 percent diiso propyl+ percent 
tnptane+29 percent a lkyla1e+ percent isopentanc+4 ml 'l'EL/gal) . 

pecia l blcnd number 5 (SB-5) (62 percen t d iisopropyl+ 19 pcrcent 
triptsne+ 11 percent alk ylate+8 percent isopentane+4 1111 TEL/gal) 

RAFD-52 (45 percent S reference fuel+45 percent diisopropyl+ 10 
percent isopentane+4.61ll1 TEL/gaI) . __________ . ____ . __ . _. __ . ___ . 

RAFD-53 (45 perce nt S rcference fuel + 45 percent t riptane+ lO per· 
cent isopentaLle+4.6 ml TEL/gal) _ .. _. __ .... _ .. __ . __ . ______ . . ___ _ 

I 
:."."ominal per

formance grade 
Ican/ri ch b 

76/ 
100/130 

100/140 
115/1 45 

120/150 

130/160 

135/ 175 

140/200 

146/ 175 

1531192 

• Reprod uccd from reference l. 
b Lean ratings by A. S. T. M . Aviation method are intended to be indicative of "cruise" 

performance. Rich ratings by A .. T. M . Supercharge method are intended to bc indicative 
of take·orr performance. (ee reference 5.) 

4. Triptane and n-heptane (both containing 3.78 ml 
TEL /gal) 

5. Triptane and i ooctanc (both containing 3.78 ml 
TE L /gal) 

In ord er to compare the merit of th e various rating cale , 
several service and service-t,vpe fuels were included in the 
investigation. (ee table III- I. ) In choo ing th ese par
ticular fu el and blends, an effort wa made to cover a wide 
range of performance number both rich and lean. In pec
t ion propert ie for th e e fuds are pre ented in table III-2. 

Although complete knock-limited mixlure-re ponse curves 
were obtained in the A. S. T. 11. Supercharge engine, the 
analysi of resul t pre ented (r eference ] ) is)'e iricted io two 
fuel-a ir r atio , 0.065 and 0.11. Example of data at the e 
two fuel-air rat ios are hown in figure 1II-4. 

The poin t on the curves in tbese fi gure a re cro -plotted 
from mixtu re-respon e curves. 

An tilmock rat ing mad e by the A. S. T. ;"1. Ayiation 
method for the va n oLl reference-fu el blends are presen tecl 
in table III - 3. 

Comparisons among various reference scales. - In fig
ure III- 5 the variou reference cales are compared at tanc/arc! 
A. S. T . M. Avia tion and A. . T. M. Supercharge operating 
cond it ion . I t i seen in figure 1II- 5 (a) that for A. S. T. ;"1. 
Aviation coneli tions the data for leaded blend of i ooctane 
and n-hep tane fall on a 45° line, which indi cates that the 
A. S. T . ;"11. Av iation (lean) rating of isooclane containing 
3.78 ml TEL per gallon is eq ual to that of triptane containing 
the same quan tity of tetraethyllead. Conversely, data at 
A. . 1'. ::\1. upercbarge (ri ch ) condition (fig. III- 5 (b» 
show that fo r eq ual knock-limited indicated mean effective 
pressure mor e isooctane i req uired than triptane in leaded 
blend wi th n-hep tane. In figure III - 5 (b) it is shown that 
between 0 and 84 percent tl'iptane in a blend with n-heptane 
(leaded) would be required to equal the upper limit (161) 
of the CUlTen t performan ce scale. 

An addi tional 0 bservation can be macIe from figlU"e III - 5 : 
namely, that for A. S. T . M. Aviation conditions the two
componen t refel'ence-fuel system with constant tetraethyl
lead concen trations are related by straight lines, wherea 
at A. . T . 11. upercharge conditions definite ClU"vature i 
ob tained. 

TABLE III- 2.- I NSP ECTIOK DATA FOR SER VI CE AND SERVI CE-TYPE F UELS ' 

F uel de5ignat ion AN- F -26 
I 

AN-F- 28 AN- F-33 SB- l SB- 2 SB- 3 SD-4 S 8 -5 RAFD-52 ! RAFD- 53 (2S- R) (33- Rl 

I 
1 

A . S. ~' . M . disti lla tion: 
Initial boilin g point. (OF} -... - . --.-. _ ...... __ .... _._. l'l R 104 96 122 122 106 124 122 120 140 
10 percen t evaporated. (OF}----.- .. - .. -.---- .... ---.-. 160 145 134 136 144 134 13f> 136 142 16 
40 percen t evaporated . (OF) .... __ __ ._. ________ . __ _____ 100 192 197 148 160 160 14 144 160 188 
50 percent evapora ted, (OF} --...... ------------ - - ---- 190 209 217 152 170 170 152 148 166 190 
90 percent evaporated , (OF l __ ... _ ... _. __ . ___ . ____ . __ 236 278 274 224 242 240 224 180 204 200 
End poin t, (OF ) __ _______ . __ ._. ___ .. _ .. ___ . __ ... _. __ . 320 338 349 342 350 340 342 2tlO 236 232 
llesidue, percent- _______ . _ . . _____ . ___ . _. _. _. ____ . . __ 0.9 0. 9 1.0 O. 1.0 1. 0 1.2 0.9 1. 0 0.4 

TEt:~te:;rt~eg!iiiai}-.-.~::::::::::::::::::::::::- :: ::::: 1.1 1. 0 1.2 1. 3 0.5 1.2 0.6 1.0 0.06 
4.95 4. 36 4.53 4.02 4. 17 4.39 4. II 3.96 4. 52 4.69 

Copper d ish gum. (rug/ IOO m l} . . - ._ ... _______ . __ _____ ____ 6.9 2.9 5 10. 1 0.8 6.3 1. 5 16.6 J.I 3.3 
Freezing po in t, (OF}-- -- - -- .. .. -- . -.-.-- .. -- _____ ___ _____ < -76 < -76 < -76 -36.4 < - 76 < -76 < -76 < -76 < -76 < - i G 
Hydrogen-carbon ratio ____________ . _. _ .. _. ___ ___ ___ . __ .. 0. 177 0. 174 0. 182 0. 156 0. 192 0.189 0.194 0.191 0. 187 0.188 

Tet beat of co mbustion , (Btuflb) __ . __ _ .. _____ __ . ___ _____ 19, 10 IS. 700 18. 900 13.51 i 19. 196 19. 155 19, 380 19. 2_6 19.247 19.373 

• T a ble II of r~ference 1. 

961287- 52--5 
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FIGU RE III-S.- Relations among various rat ing scales. Compression ratio, 7.0; engine 
speed, 1800 rpm; inlet-air temperature, 225° F; coolant temperature, 375° F; spark advance, 
45° B . T. C.; fuel-air rat io, 0.1 1. (Fig. 15 of reference 1.) -
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FIGURE III-6.- Variation of temperature sensitivity with knock-limited performance for 
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engine speed, 1 00 rpm; inlet-air temperature, 225° F; coolant temperature, 375° F; spark 
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TABLE III- 3.-A. S. T. M. AVIATION RATING 
FOR REFEREN CE· FUEL BLENDS· 

Composi Lion, percent by volume b 

n·Hcptane 

100 
ilO 
no 
40 
20 
o 

80 
60 
40 
20 

Isooctaue 

o 
20 
40 
60 
SO 

100 
80 
60 
40 
20 
o 

• 1'a ble III of reference 1. 
b All blends contained 3.78 ml TEL/ga l. 

'1'ri ptHne 

20 
40 
60 
80 

100 
20 
40 
60 
80 

A. S. T . M . Aviation Rating 

Octane nu mber 
or isoortanc+ 

TEL 

47 
60 
76. ~ 
5.3 
. 14 

3.7 
4. 0 
4.0 
4.0 
4.4 
3.6 

62 
i 6. 8 
90. 8 

.85 

Performance 
nu mber 

54 
65.5 

105 
151. 3 
152.5 
152.5 
152.5 
1.54.5 
150.5 

54.5 
70.3 

123 

Temperature sensitivity of reference fuels .- As a measure 
of the temperature sensitivity of the reference-fuel combi
nation , the slopes of curves similar to those in figure 1II-4 
for all the reference-fuel combinations were computed at 
an inlet-air temperature of 2250 F (standard A. S. T. M. 

upercharge condi tions) and plotted agains t the knock
limi ted mean effective pres ures at the same temperature. 
These plots were made for fuel-air ratio of 0.065 and 0.11 
and are hown in figure 1II- 6. A single curve was drawn 
through each set of points (lean and r ich) to illustrate the 
variation of temperature sensi tivity with knock-limited per
form ance for the various reference-fuel blends. The different 
por tions of the curve determined by individual reference-fuel 
combina tions are also indicated on figure 1II- 6. 

Above the upper limi t of the current performance-number 
scale (fig. III- 6) , the sensitivit.y increases rapidly as the 
knock-limited indicated mean effective pressure increases. 
If thi trend is generally true for service-type fuels, it is 
apparen t from this figure that such fuels having high knock 
limits should be matched against leaded blends of triptane 
and isooctance or trip tane and n-heptane in order to have 
r eference fuels and service fuels of comparable sensitivity. 
For lower performance fuel , however, any of the reference 
scales indicated would be sui table from sensitivity considera
tion . 

Temperature sensitivity of service-type fuels .- The effects 
of inlet-air tempera ture on the knock-limited performance of 
the service-type fuels (table III- I) were also investigated in 
the A. S. T . M. Supercharge engine. The slopes of the 
tempera ture-sensitivi ty curves (reference 1) were computed 
at 225 0 F and plo tted in the same manner de cribed for 
figure III- 6. The resul t is shown in figure 1II- 7 with the 
curves from figure 1II-6 reproduced for comparison. 

The points represen ting service fuels (fig . III-7) lie pri
marily above the curves es tablished for the reference fuels. 
This divergence i attributed to the fact that the service fuels 
are blends containing a number of cli.fferent components; 
whereas the r eference-fuel blend are composed of only two 
components. Insofar as a perfect rating cale is concerned, 
the ideal condition would be for the ervice-fuel data to fall 
directly on the reference-fuel curve. 
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TABLE IJI- 4.-A. S. T. M. AV IATION AKD A. S. T. M. SUPE RCHARGE RATIX GS OF ERVICE AXn 
ERVICE-TYPE FUELS I N TERMS OF SEVERAL R E FEREKCE-F EL CO:VrBI XATIOXS· 

A . . ' I' . M. upercharge rating at fu el·ai r rat io of 0.065 A. S. T. M. Supercharge rating a t fuel·air ratio of 0.11 

63 

Fuel designation 
and nomina l grade Rating scale b A. S. 'I' . M . I I . OF 

A viation rating C ___ -.,.. __ n_e.t_.-c-al_r _te_m_p_e_ra_t u-c-r_e_, ________ . ___ .,-___ l_n_le_t.a._i_r. _te_m_p_er_" __ tn_r_e,_O_F _______ 1 

_________ 1 ___ . ____ 1 _____ . __ 1 __ 1_00_°_1 __ 1_5_°°_-1-_2_25_° __ 1 __ 2_5°_°_1 __ 3_°_°° __ 1 ___ 1_00_° __ ~0_0_1_-=5_0_ 1_ 2_5_0
0 
__ / __ 300_°_ 

A :-;< - F - 26 lm p 134 114 94 88 79 159 163 156 152 145 
(i6/88) ON ~161 95 94 95 95 97 9i 98 98 98 98 m ~ a ~ ~ 00 00 ~ ~ ~ ~ 

LIH 60 72 (l9 64 61 55 ii ° 80 80 78 tV; 60 60 58 56 55 53 63 66 66 66 65 
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SB-I 
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AX- F -33 
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( 135/1i5) 

SB-5 
(1 40/200) 

R AFD-52 
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( 153/192) 

[o~ 
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LIB 
LT H 
LT I 

Imep 
ON 
P , 
LUI 
LTH 
LTI 

Tmep 
ON 
p?\, 
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LTH 
LT I 

[mep 
ON 
PN 
LUI 
LTH 
L1' I 

[rnep 
ON 
PN 
LIH 
LTH 
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[mep 
o J 

PN 
LUI 
L'PH 
LTI 

l mep 
ON 
PN 
LfH 
LTH 
L1'I 

[mep 
0 , 
PN 
LIH 
L'P H 
LTI 

I mep 
ON 
PN 
LIH 
L1'H 
L1' I 

101 
72 
72 

00.3 
9 
71 
71 

J 15 
77 
77 

121 
79 
79 

134 
86 
86 

14 1 
91 
91 

143 
92 
92 

147 
96 
96 

147 
96 
96 

I ° 
11 2 

6 
i2 

184 

11 4 
7 

73 

229 

13 
95 
80 

277 

157 

292 

16 

154 

11 0 
84 
71 

148 

107 
83 
69 

17 

126 
91 
76 

212 

148 
99 

235 

156 

262 

24 

267 

27 

247 

160 

15 

121 

110 
81 
68 

104 
99 
97 
72 
61 

137 

iio 
89 
73 

143 

125 
91 
75 

(62 

14 7 
99 
79 

189 

15 

195 

20 

205 

29 

246 

III 

11 0 
78 
67 

95 
99 
97 
07 
59 

126 

121 
87 
72 

131 

125 
89 
74 

143 

139 
95 
i7 

165 

160 

173 

16 

I 8 

3 1 

I 9 

32 

92 

109 
68 
62 

83 
100 
100 
59 
56 

lOi 

122 
81 
70 

109 

124 
3 

70 

118 

135 
90 
74 

126 

146 
95 
77 

133 

155 
100 
80 

2 

137 

14 7 

16 

216 

125 
92 
75 

231 

134 
95 
7 

260 

14 
99 

270 

152 

214 

130 
93 
i6 

225 

136 
95 
i8 

229 

i38 
96 
i9 

257 

152 

270 

159 

II 

202 

127 
93 
75 

212 

134 
95 
ii 

222 

i40 
97 
79 

249 

155 

5 

265 

14 

29 

29 

287 

24 

195 

125 
92 
75 

207 

133 
95 
i7 

21 

14C 
97 
78 

244 

i55 

" 
25 

13 

286 

26 

279 

23 

180 

119 
89 
73 

193 

12 
93 
75 

205 

137 
95 
i7 

231 

152 

235 

155 

261 

23 

299 

44 

262 

23 

312 

50 

• Table IV of reference 1. 
b Imep , knock.li mit d indicated mean effective pre ure; 0 1 ,octane num ber; P N, performance nu mber ; LIH , blend o[i ooctaneand n·beptanecolltain illg3.i8 ml TEL/gal ; LTH, blend of 

triptano and n-hcptane containing 3.78 mI1' EL/gal; LTI, blend or t riptane a nd isooctane co nta in ing 3. 7 ml TEL/ga l. 
, Octane numbers and performsnce numbers obtained by the sta ndard A. S. T . M. Aviation rating procedure. Hatings in terms of other scales c timated from fig. III-5(a). 

B ecause this situation i improbable, the next bes t solu tion 
must be for reference-fuel blends and ervice fu els to have 
sensitivitie of approximately the same magnitude at the 
same knock-limited performance levels. The attainm ent of 
till characteristic can be approacbed by the use of either 
the join t reference scale, leaded trip tane-i ooctane ancl leaded 
isooc tane-n-heptane, or by the lead ed t rip tane-n-heptane 
sca le (fig. 1II- 7). 

I n evaluating the merits of a rating scale, however, three 
factors other than temperature ensitivi ty mus t be con
sidered, nam ely that the scale should : 

(1) B e a continuou cal 

(2) Involve a mirumum number of reference fuels 
(3) Cover the complete range of knock-limi ted perform

ance lik ely to be encountered witb a variety of service fuels. 
In figuro III- 6 and III- 7, it has been hown that both the 

leaded triptane-n-hep tane scale and the joint cale of leaded 
isooctane-n-h ptane and leaded triptane-isooctane ha \Te the 
las t of these characteristi s. Only the leaded trip tane
n-hep tane cale, however , posse se the first two character
istic as well ; on eq uently, tbis scale appears to be tbe mo t 
practical choice. The problem of availability of reference 
fuels is obviously impor tan t but i beyond the scope of the 
inves tigation reported in reference 1. 
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Ratings of service-type fuels.- The 10 ervice-type fuel 
were assigned rating in terms of the 5 reference cale 
examined in this investigation. The e ratings are given in 
table III- 4 for standard A. . T. M. Aviation condi tion and 
for A. S. T. M. Supercharge conditions at five inlet-air 
temperatures and two fuel-air ratios. The ratino- in this 
table were determined for comparing the con tancy of the 
as igned ratings by the different rating cale over a range 
of conditions establi hed by varying inlet-air temperatw·e. 
This com pari on is pre ented in figure III- for the 
A. . T. 1v1. upercharge engine at a fuel-air ratio of O.ll. 

These figure alone cannot serve a a basis for choo ing 
the be t reference eale because the con tancy of an a igned 
rating from one set of operating conditions to another is 
largely dependent upon th relative sensitivities of reference 
fuel and te t fuels previou ly discu ed. 

Limitations of reference scales.- In the preceding di -
cu sion, it ha been stated that in many ca es knock-limited 
indicated mean effective pI' ssures were not obtained for 
some of the high er-performance service-type and reference 
fuels investigated in the A. S. T. M. Supercharge engine. 
The attainment of complete data for high-performance fuels 
wa hampered throughout the investigation by the tendency 
of these fuel to preignite in the A. . T. M. upercharge 
engine. The engine operator at all time obtained a mu ch 
of the mixture-re ponse curve as po sible before the tar t of 
preignition ( ee ch. IV); for some fuels, however , points 
richer than a fuel-air ratio of about 0.0 could not be tak en. 
Ina much a the peak of the curves were no t obtained, 
ratings could not be made in the fuel-air-ra tio range char
acteristic of the standard A. S. T. M. upercharge method . 

Preignition occUl'red with the high-performance fuels re
gardless of the condi tion of lhe engine; changing the type 
of park plug failed to prevent preignition. 

Preignition was encountered 0 frequently that early data 
obtained in the ACA laboratories were examined in order 
to define the range of indicated mean effective pre ure in 
which preignition i likely to occur in the A. . T . . :VI. uper
charge engine. The re ults of this tudy are pre ented in 
figure III- 9, together with data from the pre ent inve tiga
tion. Each point on thi plot repre nt the riche t point 
of a mL\:ture-re ponse cmve that could be obtained before 
Lhe OCCWTence of preignition. It i een in figme III- 9 that 
with several fuels it was possible to reach preignition-free 
performance at indicated mean eife tive pressure greater 
than 400 pounds per quare inch; however , a number of 
fuel preignited at level below 400 clown to abou t 25 
pounds per quare inch. In mo t ca e , the limiting fuel-air 
ratio were leaner than lhe fuel-air-ratio range in which 
A. . T. 1\1. upel'charge ralino-s are usuall~T mad . 

Ina much a pl:eignition impo es a vcr)" real limit on an 
A. . T . M. upercharge rating cale at a rich fuel-air ratio , 
the maximulll indicated mean effective pre me that can 
be obtained with emrent an 1 propo ed reference calc are 
indicated in figure III-g. The difference between scale is 
about 75 pound per quare inch indicated mean effectiv 
pres m e; the adoption of either reference calc utilizing 
triptane as one of the component will thu extend the range 
in which "direct-match" rating can be made by about 75 
pounds pel' quare inch. Even then there will be some 
fuels (as indicated by pI' ignition test points in fig. III- g) 
that cannot be rated in this ra11o-e. In fact , only three of 
the fiv service-type fuels exceeding a performance number 
of 161 could be rated (shown as solid line between fuel-air 
ratio of 0.10 and 0.12 in fig. 1II-9). The remaining two 
fuel having performance number over 151 preignited aL 
fuel-air ratios leaner than 0.0 (indicated b~T the quare data 
point on fig. III- 9). 

If the A. . T . M. Aviation and A. . T. ~\ I. Supercharge 
eno-ine are to continue in u e a the tandard fuel-rating 
engine , the advantages to be gained by the adoption of 
new reference-fuel y tem utilizing triptane are clearly 
que tionable, as pointed out by the author of reference 1. 
The present scale of performance number ha been hown 
to permit ratino- for fuels up to a performance number of 161 
in the A. . T . M. Aviation engine ; triptane plus 3.7 ml 
TBL per gallon, which repre ent the maximunl perform
ance of ither of the propo ed reference-fud combinations, 
permi ts rating only up to a performance number of 151. 
Moreover, in the A. . T . 1\1. uperchal'ge engine the tenclnn
cie of many high-performan e ervice-t'ype fu('ls and high
performance reference-fuel blends to preignite makC's the 
advantage of extending the rano-e in which rating can be 
mad e in thi engine omew-hat un ertain . 
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CHAPTER IV 

PREIGNITION 

Over a period of years r esearch directed toward increa ing 
engine Po\ er has been paralleled by r esearch in engine cool
ing. Thi pattern of inve tigation aris s from the occurren ce 
of m ech anical failures in engine cylinders when certain 
es tabli hed temperature limits are exceeded. Opinions vary 
a to the principal danger of high cylind er temperatures; 
however, nal cylind er failure obviously result from high 
temperatu res, high pressure, or both (refer ence 1) . The 
ini tia.! cau e of failure may b e lmock, preigni tion, or failure 
of sealing device , uch fiS piston ring and valve. but the 
sequence in which the events leading up Lo failure 0 cur will 
ya.ry with operating condi tions, de ign feature, and fuel. 

In an effort to clarify th e exact roles pl a~~ed by these factors 
in service operation, this chapter presents a discussion of 
NACA inv stigation in which the characteristics of pre
ignition are stud ied and the r elation of preigni tion and knock 
to engine temperatures is analyzed. 

CHARA CTERISTICS OF PREIG ' ITION 

Preignition and knock.- A hot pot in an engine cylinder 
may cau e ignition of the fu el-ail' charge in th e cylinder prior 
to ignitio by the spark plug. Thi phenomenon is known 
as preigni tion. Preignition and lrnock are eparate phenom
ena, as indicated by Rothrock and Biermann (referen ce 2). 
If, as sugge U'd by thi inves tigation, the occurrence of 
Imock depends upon th e den ity and the tempera ture of th e 
la t portion of the charge to burn , it is r0a· onable Lo assume 
that preig ition which cause the end gas to burn nearer top 
center al 0 tend to promote fuel knock, whereas preignition 
which cau e the end gas to burn well before top cen tel' may 
lessen the possibility of fuel Imoclc. In reference] , th i 
theory i thus conclud ed to provide on e explanation of why 
preignition i often accompanied by lmo ek and why, in other 
cases, in which preignition may b e severe enough to cause 
immediatE' engine failure, fuel lmock may no t b e presen t. A 
pecific ca e of this nature i reported in referenc e:) . 

Run-aw:a.y and stable preignition .- Run-away and table 
preignition are defined by HWlclere and Bert (reference 4) in 
terms of the rate of increase of th e hot-spot temperature aneL 
the req uired temperature for urface ignition. If, for example, 
the hot-spot tempemtUl'E' increa es much more rapidly than 
the req uiJ'ed urface temperature for igni tion, fun -away 
preigm tlOn occurs. When this si tua tion exists, the ignition 
of the fuel-air charge may advance more and more until 
ignition takes place in the intake duct; a backfire then occurs. 

On the other hand , table preignition is obtained when the 
required durface temperature for ignition increase more 
rapidly than the actual hot-spo t temperature. A point i 
then r eached where the r equired temperature and. the actual 
temperature are equal , a,nd stable ignition occurs. In thi 
case, the ibnition ystem may be inoperative and the engine 
will opera! e normally; igni tion is then accomplished solely by 
th e ho t spo t in the cylinder. 
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Preignit ion characteris tic vary with fu el type; for orne 
fuels, su h a benzene , preigni tion may b ecome severe 
enough to wreck an engine cylinder 0 quickly that no ap
preciable increase in temperature 01' decrease in engine ou tpu t 
can be observed. 

EFFECTS OF ENGI ' E VA RI ABl.ES 0 PREIGNITION 

An investigation r eport ed by Corrington and Fi b el' 
(referen ce 5) was undertaken to obtain information on the 
behavior of an engine during preianition operation. Spark 
plugs of variou h eat range were u ed a ource of pre
ignition in most of the tests of referen ce 5, In some cases, 
however , preigni tion was excited by exhau t valve. A valve 
hav ing a badly corroded h ead was in taIled in place of th e 

Tichrom e coated valves normall)~ employed; cold-operating 
spark plugs were used. 

Preignition wa excited at val'iou fuel-ail' ratios , power 
levels, engine speed , and mixture temperatures. 

The inve tigation r eported in refermce 5 wa made in a 
single, liquid-cooled engine cylinder. The setup consi ted 
of a multi cylind er engine block mo un ted in such a marrn er 
that anyone cylinder could be used. D etails of the installa
tion and the method of instrumentation are de cribed in 
references 5 and 6. 

Reproducibility of preignition runs .- Cylinder design and 
th e location and heat capacity of the preignition ource are 
factor tha t influence the b ehavior of an enaine during pre
ignition operation. R eproducibility of preignition data will 
b e imperfect, however, even if th e e factor and all operating 
condi tions are held con tanto For the tudies in which park 
plugs initiated preignition (refer en ce 5), th e cause of ir
reproducibility was the time r equired for the preignition to 
advance from normal spark timing to a point about 60° 
B. T. C. On occasional cycles, a run would start with 
ignition a few degrees early . The ignition time b ecame 
earlier a th e cycle with early ianition occurred more fre
qu ently. Cylinder temperature )'ose slowly during this 
period of operation. Wh en th e ignition time had advanced 
to about 60° B . T. C., the preignition proce s was greatly 
accelerated and uccessive runs were fairly reproducible. 
The time r equired was 30 to 60 seconds for preigni tion to 
becom e advanced to this criti ca.l value (60° B. T. C.). It is 
uggested in reference 5 tha t this variation in time to reach 

the criti cal value may r esult either from changes in condition 
of the spark plug due to depo it an 1 corrosion or error in 
setting the engine condi tions. 

Typical preignition runs. - Data from typical preignition 
run arc shown in figW'e IV- I. The location of the zero 
point on the ab ci a ha no igni:fi.cance inasmuch a th e 
cW've were adjustcd on the time calc so that th e points 
coincided where preignition b ecam e rapidly accelerated. 
This arrangement eliminate the period of poor r eproduci
bility from consideration. 

l 
I 
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F WVRE IY- 2.- Full·scalcsingle·cylinder test-engine induction system. (Fig. 2 0freference 5. ) 

The eUl"Yes in figure IV- l repre ent the average ~of the 
individual run and may be con id red t:vpical of engine 
operation d m·jng preignition at a given set of conditions. 
All CUl've Ii cus cd in ucceeding paragraph have been 
obtained in lhe ame manner from everal run at each 
operating condition. 

The preignition run in figure IV- 1 was tenninated by back
firing, as w true for most of the rLlns con lucted in ref rence 
5. Bacl\J[ri ng occm-s when the time of ignition i ~ con iderably 
earli er lhan that at which the inLake valves clo e (11 0 

B. T . C.). T he flame cannot pa s into th induction ystem 
unle a pre m'e risc OCCLlr ufficient to low down or to 
reverse Lhe flow through Lhe intake valve . 

ftel" a hackfire, the Iuel-air charge in the vaporization 
Lank (fig . I - 2) bmned and the re ullinO" pre m'e ri e caused 
rever al of the air flow at the Lank entrance. Beca use Lhe 
fuel wa inj eted at thi point, the flame bW'ned out qu ickly. 
CombuslioH in the cylinder was ree LabIi hed after about 1 
second, but lhe preiO"nilion om'ce wa ufficienll.\T ho t to 
cau e early ignilion again. Backfiring continued at in tervals 
until a change in lhe operalinG" condition cooled the pre
ignition sO Llrce . 

At high po\\-er output and fuel-air ratio leanel" than 0.095 , 
preignition cau ed backfiring. Preigni Lion wa til bIe at 
richer mixtlll" and igniLion occulTed ncar botLom ccnler. 

Effect of fuel- air ratio on preignition.- Fucl-air rat,io , be
cause of it influel1c on combustion temperaLur and raL 

of bm-ning, i one of the impor tant variable to be considered 
dminO" preigni tion operati n. The effect of fu el-air ratio on 
preignition i illu trated in figure IV-3. A een in figure 
IV- 3, the lime of ignition at the lean fuel -air ratio (0.070 ) 
advanced to about 220 0 B. T. C. (40 0 B. B. C.) about 7 
econds after the start of the rapidly advancing preignition 

period. Th lime of ignition at the tart of this perio 1 was 
about 4 0 B. T. C. At tIle rich fuel-air l'atio (0.099 ), the 
time of igni tion advanced Ie rapicUy than at the lean fuel-air 
ratio and became stable at about 1500 to 160 0 B. T. 0 

backfire occulTed. at the rich fuel-air ratio. 
The inCl'ea e in peal;: pressme wa about 20 percent at the 

lean fuel-ail" ratio and 25 percent at the rich fu el-ail" ratio; 
according Lo reference 5, however, the e increa e are in 
doubt becau e of catter in Lhe experimental elata. 

The power output (fig. IV- 3) dr'opped sharply dming the 
period of preigni tion. During the same period Lhe cylinder
head temperalmes increa ed sharply. As pointed out in 
reference 5, lhe pi ton temperatme might be expected to 
follow eun-e imilar to tho e hown for the cylin ler-head 
temperature with the po sibili ty that the temperatme rise 
might be even greater. 

Effect of power output on preignition .- The efrect of 
engine power level on preignition i hown in figure IV- 4. 
In rder lo oblain the e data, it was n(' e ary (reference 5) 
to usc spark plugs of till'ee di:fIerenL hea t range. The 1'e ult 
of the e te t in li cate that the time before backfiringincrea ed 
as the power level decrea cd. Thi re ult i consi tent wi h 
the clecrea e in cyclic temperatmes a the power decrea ed, a 
indicated by Lhe cylinder-head temperatme (fig. IV-4 ). 
The percentage increa e in peak cylinder pre tU'es increa ed 
as the powel" level decreased. 
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F":T ' RE 1\"- 3.- I<; lTecl of fu el·air 1"a Lio on engine bebav ior durin g preignition . Com pre ion 
rat iO , 6.65; engit1 (' spcC'd, 3000 rpm ; mixtul' temperature, 175° F ; coolan t. t(\mpcrat.ul·C, 
~50° F ; spark ad vance: inlet , 2 0 D. T . C .; outlet, 340 D. T. C.; preign ition source, spark 
plug in ex haust side. (Fig. 5 of reference 5.) 
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FIG URE IV-4.-Effect of power output on engine behavior d uring preignition. om pression 
ratio, 6.65; engine speed, 3000 rpm; mixture temperature, 1150 F; coolant temperat.ure, 
250° F; spark advance: inlet, 28° B . T. C.; outlet, 34° B. T. C.; fu el·air ratio, 0.070; pre· 
ignition sourC<'. spark plug in exhaust side. (Fig. 6 of reference 5.) 
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FIGURE IV-S.-Effect of engine speed on engine behavior during preignition. Compression 
ratio, 6.65; mixture temperature, 175° F; coolant temperature, 250° F; spark adv8n Ct': 
inlet, 28° B. T. C.; outlet, 34° B . T. C.; fuel·air ratio, 0.070; preignition source, spark plug 
in exhaust side. (Fig. 8 of reference 5.) 

Effect of engine speed on preignition,·-Preignition data 
obtained at two engine speeds are shown in figme IV-5. 
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in exhaust side. (Fig. 9 of reference 5.) 
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FIGURE IV- 7.- EfTect of preignition source on engine behav ior during preignition. om-
pression ratio, 6.65; engine speed, 3000 rpm; mixture temperature, 175° F ; coolant tempera
ture, 250° F; spark advance : inlet, 28° B. 'r. C.; ou tlet, 34° B. T. C.; fuel·air rat iO, O.OiO. 
(Fig. 10 of reference 5.) 

Thc e two run were made at about the same power leveL 
B ackfU'cs werc encountered in both case at about the arne 
timc of ignition (195° B. T . C.). 

Th c peak cylindcr p)'e SUl'C incrca cd abo ut 15 and 25 
percenL at enginc speed of 2000 and 3000 rpm, rc pectively. 
Tbi difreren can be partly explained by the ill crea e in the 
heat transferred per c~'cle at the lower enO'ine peed. (ee 
reference 5. ) The cylincler-h ead-lemperatul'e l'i e (fig. IV- 5) 
\Va Ie at the 10w('1' peed becau e ba kfiTing occlllTcd oon(')'. 
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Effect of mixture temperature on preignition , - Little 
difference was found in the preignition behavior of the 
engine that could be attributed to the influence of mixtme 
temperatw'e (ng. IV- 6). At a m ixture temperatm e of 
175 0 F , th peak pre m es were higher than at 275 0 F. 
The time-o-[-jgnition curve at 275 0 F is incomplete becau e 
of difficultie with in trumentation. (See l' Fer ence 5.) 

(a) P iston failure. Clearan ce between top of piston skirt and cy lindcr barrel, 0.004 inch 
less than normal; imep, 2i l pounds per sq uare inch; fucl-air rat io, 0.098. 

FIGURE IV- .- Exhaust-side , iew of pistons after prcignition runs. (Fig. l2 of rcference 5.l 

(b) PiStOll fa ilure. Clearance between top of piston skirt and cylinder barrel, normal (0.021 
in.); lmep, 364 pounds per square inch; fu el-air ratio, 0.094 . 

FIGURE IV-8.-Con tin~ed . Exba ust-side view of pistons after preignition runs. (Fig. 12 
of reference 5.) 

(c) Piston failurc. Clearance between LOP of piston skir t and cy linder barrel, 0.005 incb 
greater than normal; illlCP, 364 pounds per square inch; fu el-a ir rat io, 0.094. 

F IGURE IV-8.-Continued . Exhaust-side view of pistons aftcr preignition runs. (Fig. 12 
of reference 5.l 

(d) Undamaged pistoll. Clcarance between top of piston skirt and cylind r barrel, 0 . 0 1 ~ 

inch greater than normal; imep, 392 pou lld s per square inch . 

F IGURE IV-S.- Concluded . E xJlaust-side view of pistons alter preignition runs. (Fig. 12 
of reference 5.) 

Effect of ignition source on preignition,- In order to 
evaluate the effect of igni tion sow'ce on preigni tion, two run. 
were made that employed a ho t spark plug in one case ancl 
a ho t exhaust valve in the other. The resulting data are 
shown in figure IV- 7. Preignition aclvanced more slowly 
with the exhaust valve a the ource; however, ba ckfire \Va 
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(a) E xhaust valve after run of fi gure 1V-8 (b). (Fig . 14 of reference 5.) 

F IGURE IV-9.-D~mage to engine components during piston failures in preign itioll runs. 

encountered ooner when the park plug initiated the preig
m tlOn. The peak-pressure increa e and the power decrease 
were greater when the spark plug served as the source of 
preignition. 

Types of failure caused by preignition. - Typical examples 
of piston failures are shown in figure IV- 8. These failures 
occurred in runs with reduced piston cooling and at generally 

higher power levels t,han lho e of the runs de cribed in t,he 
preceding paragraphs. 

The fir t failure (fig. IV- 8 (a)) resulted from a run in 
which the clearan e between pi ton and cylinder was about 
0.004 inch less than normal (0.021 in.) for the engine. In 
t,hi ca e the piston eized and the ide of the pi ton melted. 
With normal clearance (fig. IV- (b)) a higher power level 
was necessary to cause failure. This failure differed from 
the failure hown in figlll'e IV- 8 (a) in that local melting 
took place in the cen ter of the piston crown. The failure 
shown in figlll'e IV- 8 (c) r esul ted from a run with the clear
ance 0.005 inch gr eater than normal. More local melting 
in the center of the piston crown was found with this clear
ance than was found in the run with normal clearance 
(fig. IV- 8 (b)). In the last run (fig. IV- 8 (d)), the clearance 
was incr ea ed 0.013 in h greater than normal and . eizure 
and sub equen t failul'e were no t experienced at the power 
level investigated. 

E xample of failures to other cylinder parts are shown in 
fi gure IV- 9. The exhaust valve (fig. IV- 9 (a)) burned 
during the run in which the piston failure in figure IV- 8 (b) 
was encoun teredo The valve failure is a ttributed (reference 5) 
to particles of aluminum or other ubstance lodging be
tween the valve and the valve seat. The cylinder barrel 
(fig. IV- 9 (b)) wa damaged when the piston shown in figure 
IV- 8 (c) failed. The ho t gases caused burning through the 
barrel into the coolant passage. 

(b) Cylindcr barrel after run of figure IV- (c). (Fig. 15 of reference 5.) 

FIG URE IV-9.-Conclud d . D amage to engine components du ring piston fa ilures in pre 
ignition rUllS. 
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FIGURE IV- IO.-Diagram of CFR cylinder used in small-scale engine studies Of fuel pre· 
ignition limits. (Fig. 1 of reference 10.) 
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FIGURE IV-H.- H ot spots employed in preignition studies. 

P R EIGNITIO N CH ARACT ERIS TICS OF FUELS 

The nature of preigni tion and the behavior of an engine 
during preigni tion operation ha been diseu ed ; the influen ce 
of fuel on preignition is no\\" con idered. The fundamen tal 
(elations that govern the preignition of fuel are t udied in 
reference 7 to 9. The re ul t a ci ted by M ale and E vvard 
rreference 10) indica te that the hot-spo t "thI'e hold" Lem
perature required to produce preigni t ion i relatively insen i
tive to fuel composition. The a bili ty of a fuel to heat an 
engine ho t pot to the preigni tion temperatur e by normal 
or surface combustion , however , was fo und dependen t upon 

220 

200 
. ~ 

iJ; 180 

~ 
Sf. 160 

~ 
- 140 
~ 
~ 120 
c:: 
~ 100 
'& 
ijJ 80 
ct 

60 

40 

l-
l-

f-

l-

I-

Fuel +-t 
f-

oS r"'eference fuel II I I I 
o S r eference fuel+4 ml TLL/qol 

f-:-l f- o AN-F-c9 (100j140j in I I I 
f- tJ. Benzene 
f- v DlIsobu tylene I 

I 1 1 1 1 I I 
Toiled symbols are check pOints 

~ 
. I <Ii 

~ 
I- '.1. 

\ I~. V v 
, ?t. ¥> J't' V 
:\ 'h 

~ 
~~ M 

If' 

I ~ ~ r::-c ~ / [;:1 
~ p:::: -~ rr v V V 
i'----- I ~ - I-zr" 

100 l.--< ~ r" 
~Q ~ f-tr I"P 

>ex, !J-I'1I (V 

...-cf. b--' 
"'" c.-5-c 

~~ - f-- --'-

I 
II 

t- ~ ~ 

I~ ) 

/ IJ 
W~ II 1/ 

I ~ 
II 

\ II> bI II 11 ~ f0' I~ v 
~ ,\ V / II II I 

1\ ~\\ V-' ~ II 
'\ )S\Q. 1/ A. V / 

1\ ~ i'---. ia. -!----- 0 V 
~ ~ -- t:/ 19° V ~ 
r----... r----... 

----
v / 

I 

l-

J j 
T 

IT 

, 

- l-

- "-

l-
I 

I ~ 
II 

f-

.04 .05 .06 .07 .08 .09 ./0 .11 _12 .13 .14 .15 
Fuel-air ratio 

F,GURE IV- 12.-Preignition limits of fu~ ls ill supercharged CFR engine. Com pression 
ratio, 7.0; engille speed, 1800 rpm; inlet-air temperature, 100° F ; coolant temperature, 250° F ; 
spark advance, 32° B. T. C.; preignitioll source, fumed bot spot. (Fig.4 of reference 10.) 

fu el compo ition, operating condition , and de ign of engine 
and ho t spo t . 

The investigation repor ted in r eference 10 wa in tenlecl to 
demonstrate the preignition-limited performance of everal 
fuels. A la ter investiga tion reporLed by ~/Iale (referen ce 11 ) 
illustr a tes bow the preignition-limi ted performance of fu el 
is affected by engine operating condition . Both the e in 
vestigations were conducted on mall-seal engine. 

Preignition limits of several fuels .- F or the t u ly of pre
igni t ion-limi ted performance of fu el (reference 10), a super
charged CFR engine with an aluminum pi ton and a oclium
cooled exhaust valve were used . The in take valve wa 
bronded (1 00 shroud ) and was in talled a hown in figure 

IV- 10 . According to reference 10, the shrouded yalve a ids 
in i ola ting the effect of preigni t ion from the effec ts of knock. 

I 
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F IGURE IV- 13.- Preignition limits of fuels in supercharged CFR engine. Compression 
ratio, 7.0; engine speed , 1800 rpm; inlet·air temperature, 225° F; coolant temperature, 
2500 F; spark advance, 20° B. T. C.; preignition source, open·tube bot spot. (F ig. 5 of 

reference 10.) 

This fact is substantiated by unpubli hed data showing that 
a shrouded intake valve decrea e the ensitivity of thermal
plug temperat ure to knock. I n order to fo llow the chano-ing 
pres UTe diagram during preignition and to detec t knock, a 
magneto triction pickup uni t wa u ed in conjunction with 
a ca thode-ray 0 cilloscope. The po ition of till pickup 
unit is hown in figuTe IV- 10. (S e reference 10.) 

The two types of ho t spot u ed in reference 10 are hown in 
figure IV- ll . For test in which the finned ho t spot (fio-. 
IV- ll (a)) was u ed , the inlet-ail' tempel'atme was 100° F 
and the park advance was 32° B . T . C. The inlet-ail' 

temperature was 225° F and lhe park advance 20° B. T . C. 
for the tests in which the opcn-tube ho t pot (fig. IV- II lb)) 
was used. 

Preignition-limited performan ce data for five fuels at two 
seLs of engine condiLions are hown in figuJ'es IV- 12 and 
IV- 13. In general, tb e curve of preigni tion-lim ited indi
cated mean effecLive pre sure have simila r ba pe wi lh lhe 
minimum power point occurrin o- a t fuel-air rat io richer 
than toi chiometric. Between fuel-air ratio of about 0.070 
to 0.0 5 the relative pei'formance of the fuel in order of 
decreasing performance wa 

reference fu el + 4 ml TEL/gal 
AN- F- 29 (100/140 grade) 

reference fuel 
Benzene 
D iisobu tylene 

The over-all pread in indica ted mean effect ive pre ure for 
the five fuels wa great r in figure IV- 13 than in fig ure IV- 12. 
Thi difference and the change in order of benzen e and 
diisobutylene at mixtures richer than 0.085 i attributed 
(refe1'en e 10) to difference in the ho t pol , or condition , 
or both. 

In figuTe IV- 12 and IV- 13, the reprod ucibili ly of preig
nition data i demon trated by check poin Ls on lhe curve 
for unleaded reference fuel. The deviation of th e data 
point from the faired curve are abou t the same as those 
found in determination of knock-limited performance . 

At con tant inlet-air pres ure, the maximum thermal
plug temperature were det rmined for th e fu el (reference 10). 
Thi step was considered nece ary because th e abili ty of a 
fuel to increase o-eneral engin e temperatures mio-h t a ffect the 
preignition characteri t ic of the fuel. Preignit ion-limited 
fu el-air ratio (fig. IV- 12) and th ermal-plug Lemperatw-e 
at correspondino- inlet-air pre ures are shown in the follow
ing table : 

Inlet·air pressure, in . H g abs 

20 30 40 
-_ .. _--

}"uel 
'l'hermal· Preig· 'l'hermal· Prrig· 'l' hermnl· Preig· 

plug nition- plug nition- plug nit ion-
tem per· li mi ted temper, limited temper· limited 
ature a fuel·air atw'e a fuel·air ature .. fu el·air 

(0 F ) ra tio b (0 F ) ratio b (0 F ) ra tio b 

-----1- - - - -----------_. ---
Benzene . .. ....... . ... 561 0. 123 669 0. 135 
D iisobutylene ... . . . ... 54 1 . 106 049 . 123 
S reference fueL ... ... 520 . 093 6-31 . 110 
AN- F- 29 .......... . .. 537 . 0 9 641 . 114 
S reference fu el+4 ml 

TEL .. . . ....... .. .. 520 631 . 10 

.. Observed at fuel-air ratio for maxim um thermal-plug temperature. 
b D ata taken [rom fig. IV- J2. 

761 0. 141 
735 . 133 
715 . 11 
728 . 125 

71 5 . Jl 8 

It wa concluded (reference 10) from lhe e da ta that 
thermal-plug temperatures do not offer a dependable basi 
for establishing fuel preignition rating. This conclusion 
was drawn from the inve tigations of reference fu el in 
which it was found that the ame thermal-plug tempera ture 
were obtained with and without tetraethyl lead, although 
the preignition-limi eel·performance curve were different 
(fig. IV- 12). 
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The pre ence of tetraethyl lead in S refer en e fuel ap
pears (fig. IV- 12) to increa e the preigni tion-limited per
formance. A imilar in e'tiO"ation in which trip tane wa 
used howed the arne trend (fiO". IV- l4). Also shown in 
figure I V- 14 is a curve repre nting the preignition-limited 
performance of A L F- 2 (2 - R ) aviation gasoline. The 
preignition-limited performan e of tbi fuel is very nearly 
the arne as that of trip tan conLaining 4 ml TEL per gal
lon. Thi re ult i of inter t ina m uch a the lrnock
limited performance of trip Lane i con iderably greater than 
that of AI - F- 2 fuel under most operatil1O" condition. 
( ee ell. II .) A curv for r ference fu 1 i includ d in 
figure IV- l4 for compari on . Thi curve wa determined at 
the time of the triptane and A L F- 2 run and is ligh tly 
difi'eren t from the reference fuel curv s in figure IV- 12 
and IV- 13. 

Preignition limits of aromatic amines.- The effect of ix 
a romatic amine on the preigni tion-limited performance of 
A L F- 2 (2 - R ) fuel \V re inve tigated in reference 12. 
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Fl(1URE 1 V- 14 .-Comparison of preignition limits of triptane (leaded and un leaded) with 
preign ition limits of other fu els in supercharged CFR engine. Compression ratiO, 7.0; 
engine speed, 1800 rpm; inlet·air lempcraiurr, 2250 F; coolant temperature, 250° Fj spark 
adv:,nce, 20° B . 1'. C .; pr~ignition s urce, open·tube hot spot. (Fig. 6 of reference 10. ) 
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I n this study, blends of AN - F- 2 (2 - R ) fuel conLl1in ing 2 
percen t by weight o[ the following amines were prepared and 
tested: xylidines, cum idines, -methyL-xylidines, -methyl
cumicline , -mcthylaniline, and N -methyltolu idines. A 
CFR engine was u ed for these experimenL. Per tinen t 
details of the setup bave been men tioned in connection with 
the run shown in fig ure IV- 12 to IV- l4. A more com
plete descrip tion i pre en ted in reference 11. 
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FiG URE IV- 16.- Effect of sp'rk: advance on preignition limits in supercharged CFR engine. 
Compression r:ltio, 7.0; engine speed, 1800 rpm; inlet-:lir temper:lture, 225° F ; cool:lnt tern· 
perature, 250° F ; preignition source, open-tube hot pot. (F ig. 15 of reference 11.) 

The results of the investigation of reference 12 arc pre
en ted in the following table in the form of ratios of pre

ignition-limited indicated mean effective pI' ssures of the 
ix blends to that of A - F- 2 (2 - R ) fu el. This basis of 

comparison was chosen in order to eliminate effects of 
day-to-day variations in performance of the engine as well 
as differences arising from changes in the hot pot. 
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FIG URE IV- 17,-Effect of inlet-air temperature on preignition limits in supercharged CFR 
engine, Compression ra tiO, 7.0; engine speed, 1800 rpm; coolant temperature, 250° F; 
spark ad\' :lncc, 20° B, T. C,; pre ignition sou rce, open-tube hot spot. (Fig, 16 of reference 11.) 

Fuel-air ratio 

0, 09 I 0, In 
Aromatic amino added to 
A l - F- 28 (28-R) (2 percent 0.06 
by wei rrht) 

U.07 O, OR 

imcp ratio · 
------------ -------------

None ___ __ __ .. __ __ ___ .. __ .. _____ 1.00 1. 00 1.110 1.00 
N-methylaniline___ _______ _______ 1.02 ,9R .09 ,99 
N,metbyltoluj(!ines____ ___ ___ ___ .91 ,92 . 94 ,97 
Xylidines .. _____ ___ __ _____ __ ____ ,96 ,95 .96 1.00 
-meth)" l xylidinc~_ .. __ ___ .. _ .. _ . 98 .ns .9S ,99 

Cumid ines _ ____ __________ _ .. .. .9 .91 ,91 ,91 
N-mothyloumldines _____ .... _.. .02 .90 ,96 ,97 

• R" tio of imep of blend to iruep of 28-R fuel. 

1.00 
1. 01 
. ~9 

I. 02 
1.00 
.91 
.00 

Of the aromatic amines examined III reference 12, 

-metbylaniline and N -methylxylidines had the highest 
preigni tion limits; however, within the experimen tal 
accuracy of the e test , the preignition limi ts of these two 
aromatic amines appear to be eq ual to the preignition limi t 
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FI(;lI RE IV- IS.- Effect of coolant temp()rature on preignition limits in supercbarged CFR 
engine. Compression ratio, 7.0; cngiJle speed, 1800 rpm; inlet-air temperature, 225° F; 
spark ad vance, 20° B. T. C.; preignition source, open-tube hot spot. (F ig. 17 of reference Il.) 
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FI(;URE IV-19_-Effect of engine sp()ed on preignit ion limits in sUp()rchargcd CFR engine. 
Compression ratio, 7.0; inlet-air temperature, 225° F; coolant temperature, 250° F ; spark 
advance, 20° B. T. C.; preignition source, open-tube hot spot. (Fig. I of referen ce IL) 

of th ba e fu el, A - F- 2 (2 - R ). At lean fn el-air ratios, 
the remaining aromatic amin s lo\vered the preignition limit 
of AN- F- 2 (2 - R ) fuel about 2 to 10 1 l' n t. At rich 
fuel-air ratio, the cumidine lowered the preignition limi t of 
A - F- 2 (2 - R) fuel al out 9 percent, wherea the other 
aromatic amine had little or no effect on the ba e fu el. 

EFFECT OF E GI E V A-RiA-BLE 0 PREIG lTION-L1MITE DPERFORMA- CE 

The influence of engine operating variable on preio-nition
limited performance i illustrated in reference 11. The 

tudy was made in a supercharged CFR engine; the follow
ing three fu els were used: S reference fuel, di i obu tylene, 
and benzene. The ho t po t wa an op ·n- tube type. (ee 
fig. IV- ll (b) .) 

---~. ---
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Effect of compression ratio on preignition limit.- The 
variation of preiO'nition-limited indicated mean effective 
pressure with compres ion ratio is hown in figure IV- 15. 
For the three fuel examined, the preignition-limi ted per
formance decreased as the compre sion ratio increased . 
At the stoichiometric fuel-ai.r ratio, this change for th e 
fuels varied between approximately 7 and 12 pounds per 
square inch pel' unit change in compression ra tio. The 
decrea e in preignition limits may be at tribu ted to th e 
increase in cyclic temperatures as the compression ratio is 
increased. 

Effect of spark advance on preigmtIOn limit.- In figure 
I V- 16, the preiO'nition-limited indicated mean effective 
pre sure is een to decrea e as the park was advanced. 
Among the fuels thi decrease was abou t 0.5 to 4 pounds pel' 
quare inch pel' degree of spark advan ce at stoichiometric 

mixtures. The magnitude of thi pread in indica ted mean 
effective pre ure among the fuels resul ts from the fact that 
the sensitivity of diisobu tylene to changes of spark advance is 
o d ifferent from the sensitivity of the otherfuel (fig. IV- 16). 

Effect of inlet-air temperature on preignition limit.- The 
effect of inlet-au' temperature on preigni tion-limi ted perform
ance i illustrated in figure IV- 17. The slopes of the curves 
for the three fuel are very imilal'. At stoichiometric 
mi.. .. \:tures, the decrease in preignition-luni ted indicated mean 
effective pressure in these experimen ts was abou t 0.1 to 
0.3 pound per square incb per of. H ere again the decrease 
in preignition limits can be attribu ted to increased cyclic 
temperatures. 

Effect of coolant temperature on preignition limit.- The 
effect of coolant temperature on preiO'ni tion limits of the 
three fuels was determined by u ing three differen t coolan t 
in an eyaporative cooling sy tem. The coolan ts used were 
water, ethylene glycol, and a mi..'Xture of water and ethylene 
glycol. The re ul ts of these tes ts are sho'wn in figure IV - 1 . 

A hown in figure IV-18, the preigni tion-limi ted perform
ance decreased as the coolant tempera ture 'was increased; 
however, a emphasized in reference 11, the effect is no t 
olely a temperatUl'e effect but include also the effect of 

difference in heat- tran fer char acter istics of the three 
coolan t. 

Effect of engine speed on preignition limit.- The results 
of run in which the effect of engine speed on preignition
limited per formance were investigated are shown in figure 
IV- 19. 11anyof these curves, especially tho e near stoich
iometri c mix ture, pass through a minimum. At the 
stoichiometri c mixture, minimum values of preignition
limited indicated mean effective pressure were found at 
engine speeds between 1500 and 21 00 rpm. 
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CHAPTER V 

HYDROCARBONS AND ETHERS AS ANTIKNOCK BLENDING AGENTS 

Improvements in aircraft power plants during the pa t 30 
year have re ulted in demands for fuels of increasingly high 
antilrnock performance. This trend has necessitated a 
thorough investigation of possible high-antilrnock com
pounds that mayor may not occur naturally in petroleum. 
The ta l( of urveying an endles proce ion of possible fuel
blending agents ha fallen to the petroleum industry and 
interested re earch groups. Through the combined effort 
of the organizations concerned, a large quantity of data ha 
been amassed. The e data permit an accurate appraisal of 
the merit of many chemical compound heretofore given 
little more than cursory consideration as fu el-blending 
agent. 

A a participant in this field of re ear h , the ACA in 1937 
pon ored a project by the J ational Bureau of tandard for 

the preparation of I-liter quanti tie of selected paraffin and 
olefin. The engine evaluation of the antiknock qualitie of 
these compound was fu'st conducted under the ponsor hip 
of the American P etroleum In titu te (API) and the result of 
thi work have been reported by Lovell (reference 1). In 
addiLion, Lhe API has spon ored a ynthe is program co n
duct,ed at the laboratories of Ohio State - niversity. All 
these program have been continued up to the present and 
were augmented during 1942-47 by additiona l synthesi and 
engine evaluation at the ACA Lewi laboratory. 

The ynthesis project at the National Bureau of tandards 
has been devoted to compound in the paraffinic and olefinic 
classes; the ynthe i project at the ACA Lewi laboratory 
ha been devoted to compounds in the aromatic and ether 
clas e ; and the ynthesis program at Ohio tate niver ity 
ha been devoted to compound in the e ancl other cla ses. 

The engine evaluation of pure compounds sponsored by 
the API wa conclucted in laboratories of the General 
Motor Corp. and the Ethyl Corp. The engine evaluation 
of blends reported in thi chapter wa condu cted at the 

ACA Lewi laboratory. 
R esulL of the NACA tudy of paraffin , olenns, aromatics , 

and ethel' are published in a number of report' (references 2 
to 14); each report con tain data for everal compound on 
factor such as blending characteri tics, temperature sen i
tivity, lead re pon e, and relation between molecular 
tru cture and antilrnock ratings. In the ucceeding ection 

of this chapter the effects of molecular structure on the c 
factors of performance are di cussed. 

E GINES A 0 EXPERIMENTAL CONDITIONS 

The engine evaluation of the antiknock characteristic of 
organic compounds was conducted in four te t engine : (1) 
a CFR engine conforming to pecifications for the A. S. T . ::-1. 
Aviation method (D614 -47T) for rating fu els; (2) CFR 
engine conforming to specification for the A. T.-:\I[. 

upercharge method (D909- 47T) for rating fuels; (3) an 
engine having a di placement of 17 .6 cubic inches (about 
ha If tha t of a CFR engine) an I pop ularly kno wn a the 17 .6 

7 

engi ne ; and (4) a f ull- cale aU'-cooled aircraft cylinder 
mounted on a CUE crankcase. 

The 17.6 and A. '. T. M . upercharge engines were 
equipped with dual fuel ystem, one line for the "warm-up
fuel " and one for the test fuel. Knocking was detected in 
both engine by mean of a cathode-ray 0 cilloscope in con
junction ,vith a magneto Lriction pickup unit. 

The full-scale single-cylinder test engine was fi tted wi th 
baffles and cooling air was directed toward the cylinder in 
order to simula te cooling conditions in flight. Further 
details of the fu ll-scale installation are given in reference 2. 

Pertinent operating condi tions for the various engines are 
presented in table V- I. The 17.6 engine wa operated at 
two inlet-ail' temperatures, 1000 and 2500 F, in order to 
obtain an incii cat.ion of the en itivity of fuel to changes in 
temperature. When {-he inlet-air temperature wa varied, 
all other conditions were held the same as hown in table V- I. 

'TABLE V- l.-EXGIXE OPERATI TO COXDITIONS 

Condition 

17.6 A. ~.T. M. 
!Aviation 

Engine 

I Fu !I·scale singlc 
A.S.T.M. cylinder 

Super- 1---.,--
chnrge Sim ulat d [Simula ted 

take-off cruisc 
------------------------------

Compression ratio _____ . ____ . 7. 0 Variable 7.0 7.3 7. 3 
Inlet·air tcmpcratur , OF _. __ 100 125 225 250 210 

250 
Inlet·mixture 

o ~' 
temperature, 220 

Inlet-ai r pressure. ___________ Variable Atmos pheric Variable Variable Variable 
F uel-air ratio ________________ Variable • 0.07 Variable V"riable Varhbla 

peed, rpm __________________ 1800 1200 1800 2500 2000 
Spark "dvance, deg B. T. C._ 30 35 45 20.'20 20/20 

oolant temperature, OF ____ 212 374 375 
Cooling-air 

OF 
temprraturc,b 85 85 

• Al"proximalc. 
b Cooling-air now was determined by running engine at brake menn eif('ctivc pressure or 

140 lb/sq in . ~nd furl-air ratio of 0. 10 and by adjusting air flow until temper~ ture of rear spark
plug bushing was 3r,5° F . 

The conditions hown in table V-I for the A. . T . M. 
Aviation and A. , . T. M. Supercharge engines are standard 
for the e engine when antiknock ratings are being de
termined . As indicated in table V- I , the A. . T. M . 
Aviation engine is a non upercharged engine in which the 
compression ratio i varied in order to determine the knock 
limi t of a given fu el at a lean fuel-air ratio with all condition 
other than compres ion ratio held reasonably con tanto On 
the other hand, the A. T. M. upercharge engine is 
operated with all condition except inlet-ail' pres m e and 
fuel-ail' ratio held con tanto Knock limits are determined 
by varying the manifold pre ure unti l knocking occur _ 
Although the fu el-air ratio can be varied for this engine, 
antiknock rati.ng are made at a rich fuel-air ratio, usually 
about 0.11. The A. . T. M . Aviation method (lean rating ) 
may thus be indicative of fuel performance at cru ise condi
tions; whereas the A. . T . M. upercharge method (r ich 
ratings) may be indicative of take-off performance. 

--I 
I 

I 
I 
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COMPOUN D S I NVESTIGATED The full-scale engme condi tion we1'C proposed by the 
C oordinating Research Council in an effo r t to s tandardi ze 
full- calc ingle-cylinder experimental engine operation 
throughou t the country. During the early stages of the 

T AOA investiga tion, fuel were invest igated in the full-scale 
ingle-cylinder engine (quantity permitting), but th e e 

m ethods were later a bandoned when it became apparent 
that the mall- calc engine adequa te ly de cribecl the fuel 
performa nce. 

The compound io ve tiga ted included] 3 branched paraf
fins, 5 branched olefin , 27 al'omatics, and 22 ethel' . The 
paraffin and olefins xamined were in the C5 to C9 molecular
we igh t range ; the a rom atics were in the 0 6 to 0 12 range; 
and th e eth er were in Lhe C4 Lo 0 11 range. 

The individual compound , too-e ther with physical prop
ertie determined by the National Bureau of tandard or 
the NACA Lewi L abol'atory , are lis ted in ta ble V-2. 

TABLE Y- 2.-PHY 'l e AL PROPERTTE 
(al Para ffin s a nd olefins. -

2·lII ethylbulane 

2,2·D imeLhylbutane 
2.3·D inwthylbutane 

2,2,3·Trimetllylbutane 
2.3·1)imcthylpentane 

Paraffins and ole fins 

.--- - •• - ----- 1 

.. _._ ... : '.:.:::::: ..... ' ... ..1 
..... -.---- ..... - --.- 1 

. 

li'ormu la 

ParaffInS 

-----

Boi ling point 
Freezi ng point '-- ----,------1 

(OC ) , , 

- 159. 90 

-99.73 
- 12.4 1 

1_ . :-:2~. ~~ 

(0 1") __ (0 C) 

-'----

82. 14 

121. 54 
136.38 

J 77. 57 
J93.62 

2i. 54 

49. 743 
57.990 

~0~7 1 
89.79 

L2,2,3.TrimethYlpentan e - _ .•• 
2,3,3·Trl methyl pentan e ... . 
2,3,4· Trimethylpentane ... . ...... - : :.: :::::::.::::::::::::::::::::::::1 c,a" I =l~: ~~o 

------.;------

229. 72 
23 .5i . 
236.25 

109.844 
114. 763 
J 13. 470 

j 
2,2,3,3·Tetramethylpentane _ 
2,2,3,4·Tetramethylpentane . 
2.2,4,4. Tetramethylpen tane . 
2,3,3,4·Tetramethylpentane . 
2,4· 1) i methyl·3o()thyl pen tane . 

• Data from reference 15. 

Olcfi n s 

(b) A romaties. 

Aromatic 

Benzene. .. ...... _.- ............... . 
Methylbenzene __ 

EthylOOnzene._. '" 
I ,2·j)imethylbenzene . 
1,3· Dimethylbenzenc . 
1,4·Dimethylbenzene 

n·Propylbenzene... _ ••.•. _ ............ __ ._ ... ... ____ .... __ _ 
lsopropylbenzcnc ... __ ...••.•... _ ...•.•.•....• . _ .. _._._._ .....••.•. _._. 
1·Methyl·2o()thylbenzene.. • •.•....... _ ........... _ .•....•..... ___ .. 
I·Methyl·3o()thylbenzene_ . . .. _ ......... _. ____ .••...... 

t~:t~~ ~:~g~~~~~~~:~:~: ~: : ___ . _._._ ~. _______ :=:_:===:=_==_=_======_= __________ _ 

I ·Methyl-4-cthylbenzene _ . -.- ... . - ..•.... _ • .. '1 
l,3,5·Trimethylbenzene _._ _ .. _. __ . _ ... _ .. 

n·Butylbenzene .. _ ..... __ .......•.•.•. _ .••. _. _._ ....... _ .... _ ...... _.'_ 
lsobu tylooDzcne._ ... _ .. _._... . ...... _._ .............. _._ ..•.••. _ .•. 
... c·Butylben zene ... _. __ ..•.. . .. __ ._ ..... _ .. _ .•..•. 
lerJ·Butylben zcne . __ ..•. _..... • .••.• _ ........ _ .....•. _._ ._ •.• _ ... __ _ 
l·Methyl-4-isopropyloollzcue ._._ ..... ... . •. _ ....................... _._ .•. 
l,2·Diethy lbenzene ... __ ....... _ .•... _._. __ ... _ .......... _._._ ... _ ... _ .• _ ... _ .. 
l,3·Diethylben zen e. __ ....... _ •.•.•............•.•.•.• _ •. _ .• _ ... __ ... _ ... _. 
1,4·Diethylbenzene .........•.•......... _ ...•... _._ .•. _ •••.•......•....•.•. _ .•. 
1,3·Dimetbyl·5-ct hylbenzene. ____ ...• _ .... 

1,3,5·TricthylOODzcne . _ .. _ ..• .......... _._. _ . .... ----- -. --.- --I 

, , 

Formu la 

C,H, 

c,a, 

-9.9 
-121. 6 
-66.54 

- 102. 1 

- 11 9 I 

-I 
-93.5 

- lOr,. 4 

284.4 1 
271. 112 
252. 10 
286.77 
278. II 

207 

241. 27 
214.59 
2'20.84 
234 

140.23 
133.01 
122.28 
141. 54 
136.73 

97 

11 6.26 
101. 44 
104.91 
11 2 

BOiling point 
Free7.ing point ' _____ -;-_____ 1 

(O C ) , 

5. 49 

-95.014 

-95.025 
-25.34 
- 4 .31 

13.25 

-g9.61 
-90. J6 
- 0.94 
-95.62 
-63.60 
-25. 97 
-44.23 
- 44. 5 

---
- . 19 
-51. , 
- 75. 73 
-57.96 
-68.39 
-32. 05 
- 4.64 
-43.31 
-84.43 

-4 1. 53 
-52.73 
- 74. 01 

-66. 44 

(OF) 

176. 2 

231. I 

276.8 
291. 9 
~ 2.4 
281. I 

3 !~. 7 
306.3 
329.2 
322.3 
323.6 
349. 0 
336. 7 
328.8 

361. ~ 
342.0 
343.9 
336.6 
351. 0 
361. 8 
35 .9 
262.7 
362.5 

372. 6 
37 .7 
393. J 

420.6 

(OC) 

80. 1 

110.6 

J36. 0 
144.4 
J39. 1 
138. 4 

159.3 
152. 4 
J65. 1 
161. 3 
162.0 
\76. I 
J69.3 
164 . 9 

1 .2 
l iZ. 2 
\73.3 
169.2 
177.2 
.183.2 
J I. 6 
183.7 
183. 6 

~ ~? 2 
J92.6 
200.6 

21 5.9 

Densitvat 
20° C 

(gram/ml) 

0.61S67 

0.64917 
.66164 

0. 69002 
. 69512 

0. 71605 
. 72620 
.71905 

0.7566 
. 7390 
.7196 
. 7547 
.7379 

0. 728 

0. 7434 
. 7150 
.7212 
. 739 

Density at 
20° C 

(gram/ml) 

0.8789 

0.8670 

0.8672 

:it · 642 
· 610 

O. 620 
62J 
07 

645 
611 

· 945 

:8~~ 
O:~~ · 27 
· 620 

665 
56 
797 

· 643 
:~r21 · 647 

O: ~F · 612 
. 8633 

O. 620 

Herrartiye 
index 

n :lO 
D 

I. 35373 

I. 36876 
I. 37495 

I. 38946 
1. 39200 

I. 40295 
I. 40752 
I. 40422 

I. 4234 
1.4146 
1.4068 
I. 42'20 
I. 4137 

1. 421 

1. 4275 
1. 4086 
I. 4160 
1. 423 

Refraeth 'e 

index n~ 

J. 5012 

J. 4967 

J. 4960 
1. 5052 
1. 4971 
1.4960 

1. 4920 
I. 4913 
I. 5045 
1. 4965 
I. 495J 
1. 5137 
1.504 
I. 4990 

I. 4898 
I. 4 60 
1. 4900 
1. 4925 
I. 4906 
1.5032 
I. 4955 

I: :~~~ 
I. 494., 
I. 4919 
1. 4969 

I. 4957 
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The third trend is concerned with th e increase in length of a carbon side chain or tile primary carbon chain of a molecule. 
The effe ct of such an addition is to decrease th e antiknock rating as illustrated by the following example: 

c 
I c c C 

(perfor mance number, 122) ....... c- -6-6-c (perfo rmance number, 115) 

c c c 
I I 

C- - - C (performance n um ber, 129)....... - - C- C- C (performance number , 11 8) 

In gencral , th e trends repor ted in reference 1 and 16 and 
d i cu ed in the preceding paragraph (fig . V- I (a») appeal' to 
be valid at mild 01' moderate enO'ine operating conditions. 
At evere opera ting conditions, however , exceptions do oe Lit' 

a regard centralization of the molecule or inerea cd bra neb
ing in th e molecule. 

At th e A. . T . ),1. Supe rcharge condi tion , whi ch , a 
indicated in table V-3, are of moderate everi ty, the NACA 
data (fig. "'\ - 1 (b» agree ub tantially with th e re ult found 
by Lovell (refer ence 1) . In this ca e (fig. V- I (b», 12 of th e 
13 paraffinic hydrocarbon investiga ted rai ed the knock:
lirni ted performance of th e base fu el ; the increases were in 
the range of 2 to 44 performance number . The antik nock 
rating of thc blend containinO' 2,2,3,3-tetrametbylpentane 
was th e highest obtained and the triptane blend was next. 

In order to illustrate the fact tbat increased centralization 
of the molecule doe not always r e ul t in high antiknock 
value th e A. . T. ),1. Aviation ratings are plotted again t 
lhe A. . T . 11. upercharge rating for five nonan blend ed 
wi th th mixed ba e fu 1 in figure V- 2. If, in this figure, 
2,2,3,3-te tram ethylpentane is consider ed the most compact 
molecule and 2,2,4,4-tetramethylpentane tbe least eompa , 

25-percenf (by vo lume) b lend s .1 . 1 
A.S. TM. Superc harge fue/-o i r ratio, 0. /1 

~/60~~--c~C-J~-r--~-r--r--+--~-T--+I~ 

~ c-c-c~c ~c e ~c c +---jf---+-+--j---~- --I--

~ /5o1----1-- l-'''''--''''-l---~-.-c---j--+--t---+-. --r--t---j 

g ee c _.-j-_I--+_--+-_-j--jL----j 
l. I I I "'- C C c 
~/401--+-_cr--~_c~b~c-c 1 " ~ c~t-c~I-C-

~ '""'''' E/30 f---r--r--r--r--+--+--+~+--+--+--+---j 
o "~ c 6J 
Q) 1---+-+-+----+--+---1--t---+--""+-I , I ,-

CL ~ clc-c~c~c 

~/201---+---~--+----+--~---1---t---+---r1--~~~~--+-~ 

~ 1--+--+--+----+---+---1---t---+--~c_~l~~ 
~" OL-~--~--~-J---L--~--~~---L~cJI_c~' -L--~ 

106 108 I/O //2 11 4 //6 118 
A.S.TM. Aviation performance number 

F ,r.URE V- 2.- RelaLion between A. S. T . M . Supercharge and A. S. T . ~I. AdaLion per~ 

formsnee numbers of nOl1snes in blend wiLh m ixed base fue] conSisting of 87.5 percent 
isooctane and 12.5 pcr()('nt ll·hcptane+4 til l ' I'EL pel' ga llon. 

then it is apparen t (becau e the correlating line ha a negative lope) that increa ing compactnes may improve antiJGlock 
performance LUlder one se t of condition and depreciate antiknock performance at othcr condition . As previoLlsl.\T men
tioned, the addition of methyl group , that i , increased branching, doe not always re ult in improved performanee. Tbis 
fa t i iIlu trated b~~ the following A. S. T . M . Av iat ion rat ing: 

C C 
1 I 

C- C- - - C (perfo rmance number, 122) 

c c C 
I I 

C- -C-C-C (perfo rmance number, 11 ) 
/' I 

/ C 

~ C' C 
".. I I 

C- C- - C-C (perform a nce nu mber, 110) 
I 

C 

It i empha ized, however , that the e exception appeal' to 
exi t at evere operating conditions a exemplified by th e 
A. ' .1'. :\1. Aviation engine. 

trend is sLlpported by th e following data from th e presen t 
inve tigation (appendix A, table A- I (a» : 

Olefins.- Fi,- olefin were examined in leaded blends 
with the mixed base fu el at tandard A. . T . M . Aviation 
and A. . T. ),1. upel'charge cond itions (appendLx A, tablc 
A- I (a» . The concentration of olefin in ach blend wa~ 
25 percent by volume. 

The data obtained are somewhat limi ted insofar a the 
relation between molecular stru cture and antiknock value i 
concerned ; however, comparison can be made wi th refer
ence 1 and 16 to determ in further the consi tency of trend 
noted by previous inve tigatoI . Loven (reference 1) found 
that for branched aliphatic compound if the parent paraffin 
hydrocarbon had a high an tiknock value the introduction of 
a double bond would decrease t be antiknock value. Tbi 

c c 
I I 

C-C-C- C-

c 
c- -C- C- C 

C c 
C - c ~t-c -C 

C 

Perfonnanc(' numbpr n( 
25.p,,'l'ccllt blend II 

A .. 'T' . ~'vf. A. S.1' .i\f. 
A \' j;1Lion ,-, upcrchal'g<' 

II 11 4 

1-.:!2 132 

130 141 

• All blends were leJded to 4 ml T EL/gal. 

Olefin 

c c 
1 I 

I C-C=C- C- C 

I CC c 
I I . 

c-c=c-r -c 
C C 
I I 

C-·C=C .. C ~C 
1 

C 

Performance number of 
25-pcrcenL blend' 

A . R. T. i\l. A. S. 1' . M. 
A dotion ... upc l"rhargo 

100 117 

10 1 104 

106 IO 
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I T l&;qi~' I L o A.s. T.M AVIation 
I-- 0 Full-scale single cylinder 

(toke-off) I 
1- (> Full-scole smgle cylmder -

(Crluise) I 1 I , 
_ k5-~ercJnt (by vblum~) b/~~ 

Full-scale s mgle-cylinder 

1.5 
fuel-air r a tIO, 0.065 

I- - :- l y Ii 
- 7 r 

\ 
1.4 

V \ 
/ 

y-' 

1\ 

l/" \ 
- \ 

\ --~ 
/ 

/ ---" ~ --V r--- ----' -......., 1.0 

r-

(a) 

130~ 
£: 

<lJ 

120j 
.9 

6 
Number 

IIO l 
7 8 9 10 ~ 

o f c arbon atoms in molecule 
C C- C C-C-C c-c-c-c 

o 6 6 6 6 
(a) n·Alkylbr nzenes; lea ll condition. 

rlGI,; RE V-3.- Knock-limited performance of aroma tics in blend with mixed base fu el con
sisting of 87.5 percent isooctane and 12.5 percent ,,·heptane+4 ml TEL pcr gallon. 

I n the forego ing example, the double bond in the olefin ap
peared in the 2 po ition and, with one exception, the rating 
for the olefin a re lower than tho e of th e corre ponding 
paraffins. The one exception is ho wn for th e A . . T . ::-'1. 
Supercharge ratings of 2,3-dimethylpentane and 2,3-dimethyl-
2-pentene where the olefin ha an antiknock ra ting three 
performance number higher than the paraffin . 

Of the fiv e olefin inve ligated , only two, 2,4,4- trimethyl
] -pentene and 2,4,4-trimethyl-2-pentene, indi cate th e effect 
o f the position of the do uble bond on antiknock perfor
mance . For the engine and the condition examin ed (ap
pendix A, tables A - I (a) and A - 5 (a)), the rating of th e e 
t\\·o compo und appear to be thr same at the more ever e 
conditions. At milder conditions, the 2,4,4-trimethyl-2-
pentene ha lower ratings than 2,4,4-trimethyl- l-pen tene. 
This trend is contrary to the trrnd fo und for traigh t-chain 
olefins but is in agreement with data for bran ched-chain 
olefins (refer ence 1). 

Aromatics. - The mo t complete set of ant iknock per
formance data obtained in the pre ent inve tiga tion re ul ted 
from engine Ludies made with 27 aromati c hydrocarbons in 
blend with elected ba e fu el. On the ba is of the e data, 
the rrIation between molecular tructure and antiknock 
yalu e and th e influence of engine operating condition on 
the e relations for the aromatics ran be readily een. 

The rr!ation between structure and antiknock perfor
mance for a series of n-alkvlbenzenes at a lean fuel-air ratio 
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F WU RE \ ·-3.-Continued . Knock·limited performance 01 aromatics in blend wilh m i\l'd 
base fuel consisting of 87.5 perccnt isoocLane and 12.5 percent n·heptane+4 III I TEL pcr 
gallon. 

is shown in figure V- 3 (a) . In th i figure it was nece sary to 
II e performance number for t he A. ' . T . ~1 . Aviation 
engine, inasmu ch a knock-limi ted indicated mean effective 
pres ure are not mea uJ'ed on thi engme. The fir t three 
carbon a toms add ed to the ide chain of th e aromatic 
compound ucce ively increa ed the blend knock limits. 
The lI,dd i tion of a four th carbon a tom to the ide chain 
cau ed a sharp drop in perform ance a t the fu ll-scale ingle
cylind er cruise condi tion and a sligh t drop in the A. . T . ~1. 
A via t ion engine. 

~/l ore pecifi cally , the data in fi gure V- 3 (a) indicate that, 
for th e full -scale single-cylinder cruise condition, the 25-
per ren t benzene blend has a knock limi t 20 percent higher 
th an the ba e fu el ; tolu ene is 2 percent higher; ethyl benzene, 
35 percen t higher ; n-propylbenzene, 47 percent high er; 
wher ea , n-bu tylbenzene is only 1] percent better than th e 
base fuel. A t the other experimen tal conditions (fig. V-3 (a)), 
the trend are the arne but th magni t ude of the increase 
i less. In fact , under imulated fuJl- cale take-off condi
tion the benzene blend is lower in performance than th e 
ba e fu el, whi ch is r epresented by the rat io 1.0. In the 
A. S. T . M. Aviation engine, the base fuel has a perfor
mance number of 120 and, \vjth the exception of n-propyl
I enzene, all the aroma tic blcnds have performance numbers 
lower th an 120. Thi depreciation in performance is 
characteri tic of aromatic at condition a evere a tho e 
encounter ed in th e A. . T. 1'1'1. Aviation engine. 

Figur V- 3 (b) i imilar to figure V- 3 (a) except that the 
fuel-air ratio i r ich and the A. . T. M. upercharge (rich) 
rating method ha replaced the A. . T. M. Aviation (lean) 
rating method. The trends shown are omewhat different 
from tho e in figure V- 3 (a) but the similarity between the 
A. . T . M . upercharge data and the full-scale data is 
apparent. At the condition invest igated , the first addi tion 
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FIGURE Y-3.-Continued. Knock-limited performance of aromatics in blend with mixed 
base fuel consisting of 7.5 percent isooctane and 12.5 percent n -heptane+4 ml TEL per 
gallon. 

of a carbon atom to the benzene ring produces a harp im
provement in performance; the next addition re ults in a 
decrea e except for the A. . T. ),1 . upercharge data, which 
are unchanged; the next addition lightly increa e the per
formance; and the addition of the fourth carbon atom Lo the 
ide chain re ul t in a very harp d crea e in knock limi t, a 

found at the lean condit ion (fig . V-3 (a)) . 
The change in performance accompanying change in 

molecular weigh t in an homologous seri.es is illustrated in 
.fio-ure V-3 (a) and V-3 (b) . The effect of differ n t i omeric 
structures on perfOInlanCe wb en the molecular weigh t j un
changed i hown in figure V- 3 (c). For thi example, the 
four bu tylbenzenes, n-butylbenzene, isobu tylbenzene, ec
butylbenzene, and tel't-butylbenzene, were chosen . \.t th e 
Lwo ] 7.6 engine condition and the A. . T. 11 . viation 
condition, changing from the normal to the iso , the secondary, 
and the tertiary truct ure progr ively improve the per
formance. Under imulated full- cale crui e condition , the 
i. obutylbenzene is lightly beLlerhan the sec-butylbenzene, 
but the mall difference in an tilmock value is probably 
in ignifican t. 

Data for the four bu tylbenzenes at a rich fuel-air raLio arc 
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F1GURE V-3.- Coniinued. Knock-limited performance of aromatics in hlend with mL'ed 
base fuel consisting of 7.5 percent isooctane and 12.5 percent n-heptane+4 ml TEL per 
gallon. 

presen ted in figure V-3 Cd). The trend hown in this figure 
are similar to tho e found in figure - 3 (c). 

Generally speaking, in figures V- 3 (a) to V- 3 (d), the 
trend in performance of the aromatic blend in the Landard 
A. . T. M. Aviation and A. . T . ~1 . upercharge engine 
were imilar to those in th other eno-ine. This imilarity 
among engines, however , i no t alway ob erved over wide 
ranges of operatino- condition . ev rthele , the ompari
on of performance characteristic of the organi compound 

throughout the remainder of this chap ter will be ba ed 
primarily upon the A. . T . M . Aviation and A. S. T . ~I. 

upercharge engin data becau e the e data were obtained 
in engine currently accep ted a Landard f r rating fuel . 

The knock-linli ted performance of dimethylbenzene 
(Arylenes) is illu trated in figure V- 3 (e). In boLh engine, 
the 1,3-dimethylb nzene blend gave higher performance than 
either 1,2- or 1,4-dimethylbenzene. The 1,4-climethylben
zene has an antilmock rating only lightly Ie s than that of 
1,3-dimethylbenzene bu t ill considerably higher than tha t 
of 1,2-dimethylbenzene. 

The trend shown in .figure V- 3 (f) for Lhe metbylethyl
benzene are the same a those ho vn in .fio-ure V-3 (e) for 
the dimethylbenzene ; tha t i , I-metbyl-3-ethylbenzene i 
appreciably better than I-meLhyl-2-ethylbenzene and lightly 
better than the I-meLbyl-4-ethylbenzene. A similar 1"e ult 
\Va obtained for the diethylbenzene (fig. - 3 (g)). 

The antilmocl" performance of disub ti tu ted compounds i 
illustrated in fi gure V- 3 (e) to V- 3 (g). Fio-ure V- 3 (h) 
illustrate antilmock trends for tri ub t ituLed compound. 

~_I 
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FIGURE V-3.-Continued. Knock-limited performance of aromatics in blend witb mixed 
base fuel conSisting of 87.5 percent isooctane and 12.5 percent n -beptane+4 ml TEL per 
gallon. 

The 1,2,4-trimethylbenzene blend has a slightly higher knock 
limit than the 1,2,3-trimethylbenzene blend in the A. . T. M . 

upercharge engine but ha a slightly lower knock limit in 
the A. S. T . M. Aviation engine. The 1,3,5-trimethylben
zene is considerably better than either of the other tri
methylbenzenes. 

The relative antilmock characteristic of all the aromatic 
hydrocarbons examined arc pre en ted in figure V- 3 (i) at 
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FlG OllE V-3.-Continued. Knock-limited performance Of aromatics in blend with mixed 
base fuel consisting of 87.5 percent isooctane and 12.5 percent n-beptane+4 ml TEL per 
gallon. 
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FIGURE V-3.-Continued. Knock-limited per formance of aromatics in blend with mixed 
base fuel conSisting of 87.5 percent iSOOCLane and 12.5 percent n-beptane+4 m l TEL per 
ga llon. 

A. S. T . M. Aviation lean conditions. About 15 aromatics 
improved the knock-limi ted performance of the ba e fuel. 
The e particular blend fall within a range about even 
performance number above the base fuel. From the e data 
at lean conditions, 1,3 ,5-trimethylbenzene and tert-butyl
benzene appear to be the most desirable aromatic in the 
25-percent blend investigated. 
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The aromatic blend are compared a t A. . T . Yr. upel'
charge rich condition in fig ure V- 3 (j) . In contra t to the 
A. S. T. M. Aviation data (fig. V- 3 (i)), the 2.5-percent addi-

tions of aromatic to the ba e fu I a used con iderablc im
provemen t in A. . T . M . upercharge performan ce, from 
a perform ance number of 112 for the base fu el to abou t 176 

-------. --_ .. ---
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for the best aromati. These re ults are con i tent with 
resul ts obtained by other investigator in that aromatics in 
fu el blends generally offer con iderable advantage at rich 
fu el-air ra tio but only moderate improvement or even de
preciation at lean fuel-ail' ratio under evere operating con
dition. The 1,3,5-trimethylbenzene and tert-butylbenzene 
blend , which have good antiknock characteristicsatA .. T _M. 
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FIGURE V-4.-Continued. Knock-limited performance of etbers in blend witb mixed base 
fuel conSisting of 7.5 percent isooctane and 12.5 percent n-beptane+4 ml TEL Ptr gallon . 

Aviation conditions (fig. V- 3 (i)), were still relatively high 
in performance at rich conditions (fig. V- 3 (j)) but were 
exceeded by other aromatic . Among these high-perform
ance aromatic were 1,3-dimethyl-5-ethylbenzene, I-methyl-
3,5-dietbylbenzene, I-methyl-4-tert-bu tylbenzene, and 1,3,5-
triethylbenzene. 

In the aromatic data ju t di cu ed, only one trend 
appear worthy of mention , namely, that meta ructllral 
arrangements are equal to or lightly better tban para 
an-ang ment in antikno k pel-forman and bo th arrange
men t are considerably better than the ortho trllctural 
arrangem nt. In one ca e (fig . V-3 (j)), how·ever, the para 
arrangement was better than the meta arrangemen t as 
shown by omparison of I-methyl-3-tert-bu tylbenzene and 
I-methyl-4-tert-butylbenzene. E entially the arne !,rend 

-------
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i reported in reference 1 for the rela tion among ortho, 
meta, and para compound . 

For Lhe paraffms (fig. V- I ), increasing tbe length of the 
primary carbon chain r e ulted in a decrea e in the anti
knock performance; however , for the aromatic (fig. V- 3 (a) 
and V- 3 (b )), an increase in length of a carbon id e 
chain i beneficial up to a cer tain poin t, but fur ther addi
tion to the ide chain are detrimental to the a n tiknock 
performance. 

Ethers .- The antiknock characteristic of three alky l 
ether are illustrated infig W'e V- 4 (a) and V-4 (b) for lean 
and rich fu el-air ra t ios, 1'e pectively. At I an condition 
(fig. -4 (a)) in tb A . . T . M . Aviation engine, isopropyl 
tert-bu tyl eth er wa appreciably bjgh er in antiknock: valu e 
than eith er methyl or ethyl tat-butyl ether. Ethy l tert
butyl ether appears to be sligh tly h igh er th an metbyl tert
butyl ther in thi engin e. In th e 17 .6 engine (fig. V- 4 (a)) 
at both condition , the 1"e ult obtained for th e three alky l 
ether were directly oppo ite to those found in the \.. . T . ::\1. 
Aviation engine. M thyl lel't-b u tyl ether wa equa l to or 
bet ter than ethyl tert-butyl ether and both were appreciably 
better than i opropyl tat-butyl ether. Thi.s trend was found 
al 0 at th e ri ch condi t ion hown in figure V- 4 (I ). 

The antiknock ch aracte ri t ic of fiv e phenyl alkyl ether 
a re shown in figure V- 4 (c) . In both engine methyl pheny l 
ether and tert-buty l phenyl eth er gave the lowest perform ance 
number. The r emaining three ether were about eq ual in 
performance in bo th engine. A compari on of figW'e 
V- 4 (a) and V-4 (c) show that the phenyl alkyl etbel's 
inve tiga ted have con idcrably poorer a n tiknock charact 1'

istics than do the tut-bu tyl alkyl ether at A. . T . 11. 
Aviation conditions. 

The effects of ortho , meta, and para tructu ral arrange
ments on the antiknock performance of phenyl alkyl ethel' 
a re illu tra ted in fig LU'e V- 4 Cd) . The basic ether for this 
particular example i m ethyl ph enyl eth er (ani ole), which 
is shown on the left sid e of the figure. The add i tion of a 
arbon atom to th e benz n ring to from o-methyta ni oLe 

cau ed a decrea e in performance. Adding a arbon atom 
in th e meta or para po ition to form m-methylani ole a nd 
p -m ethylani ole lightly increased th e antiknock perfor
mance. In each engin e, m-methylani ole and p-methyl
ani ole were about equal in performance numb l' and bo h 
were consid rably better than o-methylani ole. Till 1'e ult 
wa imilar to that obtained for the aromatic (fig. V-3 (e) 
to V-3 (g)). 

everal eth ers containing olefinic radical are hownin 
figu re V (e). I opropyl methallyl eth er and tert-bu tyl 
methallyl eth er blend had the highe t performance number 
of thi group of compound and phenyl methally l ether 
the lowe t . At A. '. T. ::\1. Aviation and A. . T . ::\1. Super
charge conditions, phenyl m ethallyl ether wa th e poore t 
of th e 22 ethers examin ed. 

Hydrog nating the b enzene nucleus of an isole Lo g i \Te 
methyl cyclohe.\.'}'l eth er is shown in fi gure V- 4 (f) to produce 
a large dl' p in performance number. Of the thre methyl 
eycloalkyl ether hown, aU of which were relativel low, 
methyl cyelop/"opyl ether was the highest at A. '. T . ~I. 
Super charge condition anel m ethyl cyclopen tyl eLher was 
high e t at A. '. T . Y1. Aviation condition . 

The relative antiknock characteri t ic of all the eth er 
inve tigate I are pre en ted in figure V-4 (g) at A. ' . T . ':-'1. 
A vtation (lean) co ndit ion . nder the e condition only 
the three. tat-butyl alk 1 ether rai cd th e knock limi t of the 
ba e fuel. The maximum improv m ent in performan ce 
number wa 29 a nd wa obtained with i opropyl lel't
butyl et her. 

The antiknock characleri t ic of all the ether in ve ligated 
are compared in figure V- 4 (h) at A. S. T . Iv!. upe rcharge 
(rich ) co ndition. Twelve of th ethel" improved th e per
forman ce of th e ba e fuel; the grea test increase in k nock
limi ted performance, about 63 perform an ce number , \Va 
obtai.ned with methyl tert-butyl eth er. Compal'i on of 
fi gure V- 4 (g) an 1 V- 4 (11) 1 ady , how that nin of the 
phenyl alk, 1 ethers have mu ch better an tiknock haracter
i t ics at ri ch mixt ure than at lean mi.,"Xture. It i al 0 

apparent that the m ethyl cycloalkyl eth er how li ttle 
promise as antiknock blendino- agen t at the A. '. T . M. 
Avia tion and L .., . T . ~1. Supercharge condition . 

Comparison of classes of compounds.- A a mat ter of 
intel'e t, the i omers having the highest antiknock rating 
in figw'e V- I , V-3 (i), V- 3 (j), V-4 (g), and V-4 (h) have 
been plotted in figure V- 5. The p rforman e numbers 
have b en plotted again t boiling point in order 1,0 il lustrate 
the mo t promi ing antiknock compo und in the boiling 
range of commercial ga oline. Com parison of lhe curves 
in figW'e V- 5 i not strictly valid , ina mUf'h a all the i omer 
in a given group of compounds hav e not b en tudied. 
Within the limi tation of the investigatioH, however, the e 
two fiO"ure do il1u tra te how the antikn ock characteri tics 
of th better paraffins, aromatics, and ther compare. 

W11 en the boiling range of aviation ga oline i a umed to 
be 100 0 to 33 0 F , it is seen (fig. V- 5 (a)) that for A. . T. M . 
Avia tion lean condition the Cs and C6 paraffin have the 
highest performance number in th e boiling range from 00 

to 120 0 F . I n th e boiling range between 130 0 find about 
300 0 F , the ethers have the highe t performance number. 
Above 300 0 F the bighe t performan ce number were obtained 
with the aromati blend . 

At A. . T . M . upercharge conditions (fig. V- 5 (b)), the 
paraffin blend had the highest performance number in the 
range of boiling temperatures from 00 to 1200 F . Above 
1200 F the ethers had the illghe t antiknock rating up 
to a boiling temperature of 220 0 F. At higher boiling 
temperatures the aromatics exhibited uperior antiknock 
characteri tics. 



KACA INVESTIGATION OF FUEL P E RFORM NCE IN PISTON- TYP E E TGlL"\fE 91 

150 
t.. 
J!, 140 

~/30 
c: 
~/C'O 
c: 
~IIO 
t.. 
,J?100 
t.. 

&: 90 

o Paraffins 
o Aromatics 
o Ethers 

25 -percen t (by vOlume) blends 

C, 

I~ ~ v.u... 
~ 

c, c Ic, 

------
K -- ;;-- '-...... c, Co 

""" c~, 
f--

~ 

Mixed 
~ bose fuel c, C'; "'{,. 

I c, c, 

I 

I -
(a) -~ - Gasoline boilinq ranqe-M 

-c" 
c,~ ~ 
r--... 

'-..... Coo 

80 

70 
50 100 150 200 250 300 350 400 450 

Bollinq poin t, oF' 

(a) Engine, A. . T . M. Aviation. 

Frr. URE V-5.-Comparison of isomers having highest antiknock values in blend with Inixed 
base ruel consisting of 7.5 percent isooctane and 12.5 percent n·heptane+4 1111 TEL per 

gallon. 

BLEND! G CHARA CTERISTICS 

In lhe preceding section, the discu sion of stru ctural 
trpnd wa basrd on studies in which 25 per cent of- a given 
compound was blended with a de ted ba e fuel. On the 
basis of uch studies, i L can be concluded that one compound 
is better than another or that all compounds aline themselve 
in an order of antiknock performance that is influenced by 
engine opel'aLing conditions. This situation is complicated, 
howevel', in that the relative order of antiknock value of a 
erirs of compounds at a fixed ongin e condition is influenced 

b.\' thc concentration of the compound in the blends upon 
wh ich such an inve t igation i based. In other words, one 
compound could be beltor than another if both were com
pared in 25-porccnt blends but the reverso could b , tr ue if 
both were comparrd in 50-percen t blends. 

Blrnding characteristics of various potential aviation-fuel 
blending agent have been the ubj ect of considerable investi
gation . A portion of the morl:' rccent finding in such tudies 
is l'epor tl:'d in refcrences 17 to 20. The result of th ese inve ti
gation show conclusively that compounds differ radically 
in their blending behavior as regards antiknock performance. 

Paraffins. - The blending characteri tics of paraffinic fuel 
at rich furl -ail' ratios may be expre sed by the following 
equation (scc chapter VIII): 

where 

mass fractions of components 1.2,:3 , 
1'e pectively, in blend 

!l612 7-52--7 

(1) 

., 

knock-limi ted indica ted mean effective pre-s
w'e of blend 

kno Ie-limi ted indicated mean effective prcs
ures of component 1,2,3, ... ,ro pectively 

The application of thi equation to data in the pre ent 
investigation i illustrated in 'figme V-6 (a) for the A. . T. ~I. 
. upercharge engine. The ordinat of this figure i f1. reciprocal 
cale and the absci sa is linear. For thc fuels hown , 

2,2,3 ,4-tetl'amethylpen tane, 2,3,3,4-tetl'amethylpentanc, and 
2,2,3-trimethylbutane, the blending relation with the base 
fuel i linear up to a concentration of 50 percent added 
paraffin . Knock-limited indicated mean effective pre smes 
(-fig. V- 6 (a)) for 2,2,3,4-tetramrthylpentane and 2,3,3,4-
tetramethylpentane are from refer ence 12 . imilar data 
for 2,2,3-trimethylbutane a re from reference 11. 

Although data for these fuels at lean fuel-au' ratios are no t 
hown herein, an examination of such data indicatod that the 

blending relation is nonlinear. The author of reference 17 
attribute this fact to th e variation of the end-gas temperatu re 
from one blend to another. That is, for a s~~ tem in which a 
paraffinic blending agen t is blended with a paraffinic ba e 
stock , the relation between the reciprocal of the knock
limited performance and the compo ition will be lineal' if the 
end-gas temperatUl'e, or a wall tempel'atme closel.\' related 
to the end-gas temperature, i held co nstant for each blend 
tested . 

Olefins .- Blending da ta for two olefin (reference 12) are 
shown in figme V- 6 (b) for the A. S. T . . ~I. upercharge 
engine opera ting at a rich fuel-ail' ratio . In this case, olrfinic 
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blending agent arc blended with n. 1 araffinic ba e fuel and the 
1'e ulting relation b etween the reciprocal of the knock-limited 
performance and composition is nonlinear. The blending 
equation (1) j ba cd upon one a umption , that for the 
quation to apply the blends hould be te ted at a constant 

per centage of exce of fuel or air. T he differences b etween 
toichiometric fuel-air ratios for olefins and paraffins, how

ever , do no appear sufficiently great to explain the non
linearity of this blending curve. 

Ar omatics.- The blending relations for the aromatic hydro
carbons (fig. V- 6 (c)), like tho e of the olefins (fiO'. V- 6 (b)), 
were found to be nonlinear in the A. . T .;vI. upercharge 
engine at rich mL'\tures. With the exception of 1,2-dimethyl
benzene and 1,2,4-trimetbylbenzene, all tbe aromatics in
creased the knock-limited performance of the ba e fuel at 
the concentration inve tigated. 

I t has previously been mentioned that the concentration 
level at which compounds are examined may have con ider
able effect on the r elative order of antiJmocl\: rating, as hown 
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in ~gure V- 6 (C) for isopropylbenzene . For example, a blend 
of 00 percent by volume of isopl'opylbenzene has the econd 
h igbe t antilmock rating of the aromatics inve tigated; at 
concentration below 35 percen t by volume, however, tl1(' 
performance of i opropylbenzene is exceeded by that of 
1,3-dimeth:rlb nzene, 1,3-diethylbenzene, l -ethyl-4-methyl
benzcne, and n-propylbenzene. 

Thi 1'e ult can pe1'hap b e seen a li ttle more clearly in 
fig\.U'c V- 7 (b), in which the bhnding data for the A. . T. M . 

upercharge engine arc illu trated by a bar char t. Tb e 
hydrocarbons are 11 ted on thi chart in order of decreasing 
antllmo k r a tlllg, a determin ed by the 50-percent blends. 
At lower concentration , however, the bar indicatr a differen t 
order of rating. 

At A. S. T . L Aviation conditions (fig. V- 7 (a)), the 
vaTiation of Imock-limited performance with composi tion 
wa fOLmd to b e different from that obtained at A. . T. 11 . 
Supercharge conditions (figs. V- 6 (c) and V- 7 (b)). For 
example, the data pre ented in figur V- 7 (a) indica te tha t 
the lmock-limited performance of the base fuel is decreased 
a the concentration of aromatic is increased . Moreover , in 
figure V- 7 (a) the aromatics do not rate in th e am e ord er 
at all concentrations. 

Ethers.- Blending data for ix ether determined at 
A. S. T. 111. upercharge condi tions are hown in figure 
V- (b ). M ethyl tert-butyl ether and ethyl tert-butyl ether 
have the highest antiknock characteri tics of Lhe LX ethers at 
all concen ration. Isopropyl tert-bu tyl eth er i also better 
than the three a,romatic ether at a concen tration of 50 
~ ercent; however , at concentration below about 20 percen t, 
1 opropyl tert-butyl eth er i lower than any of the other ethers . 

Th ether hown in figure V- (b ), like the olefins and 
aromati s, do not follow the rec iprocal blending relation 
defin ed by equat.ion (1). 
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FIr-liRE V-S.- Concluded . Comparison of knock·limited performance of ether blends with 
mixed base fuel conSisting of 7.5 percent isoocLanc and 12 .. 5 percent n-heptuoe+4 m l TEL 
per gallon. 

Th e blending relations for the ethel' in figure V- 8 (b) 
were investigated a t A. S. T. ~I. Aviation conditions an I 
the resul ts obtained are presen ted in fig ure V-8 (a). At 
th ese condi tions, th e th ree tett-butyl alkyl ethers all improved 
the knock-limited performance of the ba e fuel ; th e improve
m en t becam e greater as concrn tration was increased. 
On th e oth er h and , th e three aroma tic ethers decreased the 
perform ance of the baRe fu el ; the decrease became greater 
as the concentration wa iD crea ed . 

T EMPER ATUR E SENSITI VIT Y 

In order to determine the effects of changes of inlet-air 
temperature on knock-limi ted performan ce, most of th e 
hydro arbons and ethel' weI' evalua ted in the 17.6 engine 
at inl et-air temperatures of 100 0 and 2500 F . These tests 
were m ad e with each compound in 20-percen t-by-volume 
blends wi th isooctane. The final blend s were evaluated at 
bo th temperatures in tb e unleaded s ta te and wi th 4 ml TEL 
pel' gallon. (See appendix A, tables A- 3 and A-4, respec
tively .) Tbe greatest portion of the temperature-sensi tivity 
tudies of this inves tigation was conducted on blends with 
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compl'e sion-au' den ities and temperatlll'e 
by the following equations: 

are calculated 

where 

1ro (1'-1) 
Pc= iVa 

Pc compre sion-air density, pounds pel' cu bic inch 
Wo intake-ail' flow, pou nels pel' minute 
r compl'es ion ratio 
~ intake cycles pCI' minuLe 
Vet engine displacement volume, cubic incbe 
Tc compres ion-air temperatul'e, OR 
To intake-air temperatur , OR 

(2) 

(3) 

I' ratio of specific heat of charge aL con tant pre sure to 
that at constant volum (a sumed to be 1.4) 

Although the data in reference 13 were deLermined by 
varying the ompr SSiOll ratio , iL is apparent from the equa
tion of compr ession temperature that the effect of varying 
the compre ion raLio is equivalent Lo tha t of varying thl' 
intake-ail' temperature. 

The ensitivi tie of two paraffinie fu el (reference 13) arc 
hown in figures V- I O (a) and V- 10 (b) aL Lwo fucl-ail' ratios 

in a modified A. . T . :\1. upercharg ng ine. The two 
paraffin blencl are more sen itive than the ba e fud to change 
of ompres ion ratio 01' intake-ail' tempel'aLul'l', as iodicaLed 
by Lhe slope of the curvcs in figure V- 10 (a) and V- IO (b). 
T'he two pal'affin blend had lowcl' knock limit than the 
base fuel at eVC l'e 'onditions (high compre ion tl'mI era
tur es), but higher limits at mild conditions (low comp)'l's ion 
tcmperaLure ). 

Olefins, - Plot imilar to those in flgmes Y- IO (a) ancl 
V- IO (b) are hown in figlll'eS V- 10 (c) and V- ]O (eI ) for 

I I I Parlffin 
A 2, 3-0ime thy/pentane 
B 2,2,3. 3-Tetramethy/pentone 

25-p ercent fbf Volume) blends . 
Modified A. S . . M. Supercharqe en9me 
Fuel-air ra tio, 0.065 

x1O-3 

8~ 

Ar--~ I'-.. I------- ~ 

~ M/xed -- 7 - __ r--base rue/ 
, - - ----

~ ------

~ """"" r..:.:..::: 
~ 
~ 

"" (aJ 
I 

~ 
1300 14 00 /500 1600 1700 /800 

Compression tempera tur e, OR 

(1:1) Pc1raffins; I('an conditioJ1S. 

FJ GU Rt: V- tO.- Effect of com pres ion t mpCraLureon compression-air densil y for blends with 
mixed base fuel consisting of 8i.5 percent isooctane and 12.5 per ent n-neptane+4 ml 
'rEIJ per gallon. Compression ratio. varia hie; engine speed, 1 00 rpm; inlct~air tempera
ture, 250° F.; coolant t~mperaturc , 250° F; park ad,' anec, 30° B. ' r. C. 

three olefin.s in blend with the mixed base fu el (reference 13)_ 
At bo th fu el-ail' ratios, the tl1l'ee olefin blend were more 
sensi ti ve to a change of engine everi ty than the base fu eJ. 
At the severe conditions the thl'eo olefin blends had lower 
knock limits than did the base fuel, but at milder condi tions 
the olefi n blend had higher knock limi t . 

Aromaties ,- The temperatme en itivitie of aromatic 
blends determined in the 17.6 engine are hown in fiO'ul'es 
V- 9 (c) and V- 9 (d). The aromatic are li ted in figure V- 9 (c) 
in the order of deCl'easing sensitivity at the rich fuel -ail' 
ratio. As in the ca 0 of paraffin (figs. V- 9 (a) and V- 9 (b)), 
the en itivities were inconsi tent from one fuel -air ratio to 
another. lIIoreover, the sensitivitie were influenced b: 
tetraeth:d lead. 

The most ensitive aromatics at th e rich fuel-ail' ratio 
(fig. V- 9 (c)) were 1,3-dimethylbenzene, I-methyl-4-isopropyl
benzene, and tert-bu tylbenzene; wherea at the lean fuel -air 
ratio, a number of aromatic had high se nsitivit ies. In 
leaded blend (fig . V- 9 (d)), the d ifference in relative tem
peratul'e sen itivity among the aroma tics were not great at 
the rich fuel-ai.r ratio , but at a lean fuel-air ralio appreciabl e 
differences occulTed. AI, Lhe lean fuel-air ratio , a number of 
Lhe aromatics had en itivities 20 to 25 percenl grea ter than 
the ensitivi ly of the ba e fuel. 

It has been ho,,-n herein that 1 ,3,5-lrimeth~-lbenzene and 
tert-bu tylbenzene had higher performance n umber than th 
other aromati c inv Ligated at the lean cond ition of the 
A. . T. ~1 . Aviation metho 1 (fi g. V- 3 (i))_ For this reason 
tho temperature ensitivities of these two aroma tic are of 
particular intc're L. These two aromaLie in unleaded blend 
have temperaLure sl'nsitiviti es l'qual to or greale r tban scnsi
livitil' of th l' otllcr a romat ics invl's tiga ted aL the lean fud-
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FIGURE V- 10.- Continued. Effect of compress ion temperature on co mpression -air density 
for blends with mixed hase fuel consisting of 7.5 percent isooclane and 12.5 percent 
n-hcptane+4 ml 1'EL per ga llon. CO ml)ression ratio, "ariuble; engine speed, 1 00 rpm ; 
inlet-air temperature, 250° F; coolant Lemperature, 250° I?; spark ad\'ancc, 30° :0. re. C . 
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FIGl'RE Y- IO. ('onlinucd. Effect of cOl1lpn's.~ i on temp rature on comprc ion -a ir density 
fo r blends with mixed buse fuel consis ting of i .5 perccn t isooctane and 12.5 percent 
n-heplanc+ 1 Hll rl~ EL per gallon. COll1pn~s. ... ion ralio, va riahle; engine speed , 1800 rpm; 
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F lf i l" RE \~-lO.- Continued . Effect or compression temperat.ure on compressioll-air density 
for blends with mixed base fu el con i stin~ o[ i .5 percen t isooctane and 12.5 porcent 
n-heptane+4 ml TEL per gallon . om pro: ion ratio, var iab le; engine speed , 1800 rpm; 
inlet-air temperature, 250° F; coolant tempera ture, 2500 F ; spark advance, 30° D . 1"'. . 

ail' r a tio (fig. V-9 (c) ) . On the other hand, th e leaded blend 
hown in figure V- 9 (d) indicate tha L Lhe temp mime el1-

si tiviL.,- of tert-buLylbenzene is reduced con idembl:v, whereas 
l ,3,5-Ll'llne lhylbenzene is till quiLe sensi tive. 

imilarly , am ong th e het te r aromatic at A. . T . ~L 
up ['charge condi tions (fig. \"- 3 (j)) wel'e 1 , 3 -dime th~Tl-5 -

eLhylbenzene, I-methyl-3 ,5-diethylbenzene, ] -meth.d-4-tert-
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FIC, l" RE \ 9-JO.- Colltinued. Effect of compression temperat.ure 011 compl'l'ssion-uir densit y 
[or blends with mixed base fuel conSis ting o[ 7.5 percont isooctulH' and 12.5 perc Ilt 
n·hcptanc+4 tnl 'r RL per ga llon. omprcssion 111Lio, variable; engine speed, 1800 rpm: 
inlet-a ir tcmpera tUl e, 250° I"; coolant tem l)rralUr , 250° F ; spark ad va nce . 30° B . T. C. 
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F({;{'RE ' ·-JO.-Concluded . Effect of compression tempera ture on compress ion-air density 
[or blonds lI' ith mixed base [uel consisting o[ Si .5 percent isoocta ne and 12.5 p rcent 
n-heptane+4 ml 'PEL 1)01' ga llon . Co mpression ra tiO, ,·"da ble; engine peed , 1800 rpm; 
in lN-a ir temperature, 250° F; coola.nt tcmpcratul"r, 2.500 F ; spark ad vance, 30° B . '1'. C. 

butylben.zene, and l ,3,5-l l'i eLhylbenze l1 c. A indica tcd in 
figure V- 9 (c) for uJtlrac/ ed blend s a t a r ich fu e/-a ir rat.io, 
Lllese foul' aromatics how olll.\' m odera te tempera tuJ'(' sen-
itivity varying between 1.0 and 1.05. In leaded blend 

(fig . V- 9 (d)) and a L a rich fuel-a il' l'aLio, the foW' arom atic 
s till exhibi ted only modera Le temperature sen it ivi ty varying 
betwee n 1.0 and l.05 . 
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FIGt:R E V-II .-Comparison or isomers hadng highest temperature sensitidt ies in blend with 
isooctanc. Compression ratio, 7.0; engine speed, 1800 I pm; coolant temperature, 2120 F ; 
spark ad"ance, 30° B . T. C. 

ompre ion-ail' den i ly-temperature relations were dct 1'

mined for everal aromat.ic and arc reported in reference 10 . 
The relat.ion obtained for t.b1'e(' or the aromatics i pre ented 
in figure V- 10 (e) and V- IO (f ) in order to illustrate t.he 
nature of lhe r uIt . A inclicaled by the lope of the 
curve in the figures, the cnsitivities of the aromatic 
blend ar somewhat greater than the en itivity of the ba e 
fuel. 

Ethers.- T emperatlU'e en itivitie de ermined for LX 
ether are hown in figure V- 9 (e) and V- 9 (f) . The eLhe1's 
(unleaded blend ) are Ii ted in figure V-9 (e) in the order of 
deerea ing ensitivity at Lb e ri ch fu el-ail' ratio (0.11 ); at Lhis 
fuel-air ratio the th1'ec aromat ic cth er appear to be more 

Fuel- air ratio 
~ 0065 
~ .11 

20-percent (by volume) blends 
17.6 engine 

Bose fuel 

2 ,4-Dlmefhyl-3-ethylpentane 

2, 3-Dlmethylpen t one 

2, 2,3,3-Tetramethylpentone 

2,2,3- Trimethylbutane 

2,2,3.4 - Tetramethylpentane 

2,3,3,4- Tetrame thylpentane 
! ! ! (a)1 

.90 .95 aX) 1.05 
Relotlve lead 
susceptib i lity 

(a) Paraffins; in let-air t mperalure, 100° F. 

FJGt'RE V-12.-Lcad susceptibility (4 011 ' I'EL/gal) of blends witb isooctane. Com pression 
ratio, 7.0; engine speed, 1 00 rpm; coolant lemperature, 2120 F; spark advance, 30° B. T . C. 

sensitive to t.emperature changes than do the tert-but:d 
alkyl ether , with the po sible exception of m thyl tert-butyl 
ether. At the lean iu I-air ratio (0.065), ani ole appear to 
b the roo t sen itive of the ether ; h wevr, with on iclera
tion for the estimated r produ ibility of the e daLa there may 
be li ttle real difference in the ensitivitie of the ix ('thers 
shown. 

In leaded blend (fig . V- 9 (f)), the aromatic cthcl' are 
perhaps more temperature- en itive Lhan the tert-bu tyl 
alkyl ether with thc po ibIe exception of m eLh)-l tert-butyl 
ether at the lean fuel-ail' ratio . At. the rich fu el-air ratio , 
ani ole and p-mcLhylani ole how the highe L n LtrntlE' ; 
however , the experlmenlal accuracy may mlnimizc the ap
parent differenc s hown on th e figw'c . 

Comparison of classes of compouncls.- Th Lempcrature 
sensitiviLies f the val'ioll classe of compoun l are compared 
in figUl'e V- 11. The procedure u ed in preparing Lhe e plot 
wa the same as that u d for figure V- 5. 

In figure '\ - 11 at two fu el-ail' ratios, the low-boiling ethel' 
have the gl'eate t. tempel'atme en Itlvltle in Lhe boiling 
range of 1000 to 1750 F . Abo 175 0 F th aromatic are 
more en itive than the other cIa e cxamined. In the 
boiling range from 300 0 to 3500 F , ho\ CVCl', t.he ethel' have 
temperature en iLi vi Lie comparable to tho e of the 
aromatics. 

LEAD U CEPTIBILlT Y 

L ead u eept.ibili t.ie or th e variou orO'amc compounds 
inve tigated were determincd in the 17.6 ngine by comparing 
unlead d blend (20 p rceut by volume ) wilh bIen 1 (:on 
taining 4 ml TEL p l' gallon . Data wE're obtained aL two 
inlet-ail' temperatul'e , 1000 and 250 0 F . ( ce appcnclix A , 
table A- 7 .) 

Lead usceptibilit.y, or lead 1'e pon e, i u uall.\' defin ed a 
the incr ease in octane number or powcr ou Lpu t. 1'e ult.ing from 
the addit ion of a givcn quantit.y of tetraethylleacllo a fuel. 
For th.e present. inv(' ligation, however, lead su eepLi.bi li t~- i. 

Fue l-a ir ra t io 
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c::==:J .11 

20-per cent (by volume) blends 
17. 6 errgine 

Bose fuel 

2,4-Dlme thy/-3-e thylpentone 
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2,3,3,4- Tetramethylpentone 

FannZij2lfZZ2va 

rq:mmZ22zp mZ?2ZaZ2Z227Z1 

p 22?2aaVZF722222?72222?Z2n (b ) 
I I I I 

.9 1.0 1.1 1.2 
Relative leod suscepflbility 

(b) Para ffin ; inlet-ai r temperaLUre, 250° F . 

FIGURE V-J2.- Collti nued . Lead susceptibi li ty (4 011 TEL/gal) or blends with isooctane . 
Compression ratio, 7.0; engi ne speed, 1800 rpm; coolant temperature, 2120 F; spark ad \'ance. 
30° B. T. C. 

-------------- - ---
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F((;I'H E \ ·- 12.-ConLinucd. Le~d susceptibility (4 III I ' J'gL/gal) of b lends with isooctane. 
Com pre sion ratio, 7.0; engin e speed , 1800 rpm; coolant temperaturc, 212° F; spark advance, 
30° B. T. C. 

Bose fuel 

Fuel-air ra tio 

0065 
. 11 

20-percent (bv volume) b lends 
17. 6 engine . 

Methyl ted-butyl ether 

Anisole 

rzmmmmzmmzz7?mpOZJ 

p -Methylamsole 

Phenetole 

Isopropyl t ert-butyl ether 

Ethyl tert -butyl ether 

pvzmzmmOV1ama 

! (e) ! 

.9 1.0 1.1 1.2 
Relative lead susceptibility 

(e) Ether; inlet-a ir temperature, 100° F. 

F IGURE V-J2.- Continued. Lead susceptibiliLy (~ Illi 1'gL/gal) of blends with isooctane. 
Compression ratio, 7.0; engine speed , 1800 rpm; coolant temperature, 212° F; silark advance, 
30° B. '1'. C. 
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I-Methyl-3-e thylberJzen.e pzzzzmmzmzzqzm 
1,3,5-Trimefhylbenzene (Zd2mmzzz22PfZ1 

Isobutylbe.-,zene pzww==aqzm 
I -Methyl-3,5-diethylbenz ene fVflVZ2222Z22Z2ZfdJ 
Ethyl6enzene fVfl?V72Tt27??l?fP7J 

n - Propylbenzene F av?Zvwwvz//l 
tert -8utylbenzene Fa ?Z?fl???2?M V 2o/2Q?Z2222?ZZZ2?22Z??J 

I, 2-Diethylbp.nLene 

I-Methyl- 2- e thy lbenzene 

1, 2 , 4 -Trimethylbenzene 

1, 2,3-T"' imethylben~ene 

1,2 ' Dime Ih) Iben.,:ene 

2 1 

(d) 

.8 f O i2 l4 
Re laT i ve lead sUSC'rP flb dity 

(d) Aromatics; inlet-air tempera ture, 250° F. 

FiGURE V- 12.- Conti nued. Lead susceptibility (4 !TI l '1' E L/ga\) of blends with isooctane. 
Comprcssion ratio, 7.0; engine sp ed, 1 00 rpm; coolant temperaLUI e, 2lZO J~; spark ad vance, 
30° B. T . C. 

Fue l- o i r rofio 

0.065 
. 11 

20-percent (by volume) blends 
17.6 engine 

Bose fuel 

Methyl ted -bufyl emer 

Anisole 

p -Methylaniso le 

Phenetole 

Isopropyl tert-butyl ether 

£thyl tert-butyl efher 

ravzmzzm 

rzmmvaraamVZZOI 

E5azzmzzmzzzmozz2Z2ZI 
(f ) / 

.9 1.0 1. 1 1.2 
Re lotive lead susceptibility 

(f) Ethers; inlet-air temperature, 250° F. 

FW U RE V- 12.- Concluded . Lead susceptibility (4 ml TEL/gal) of blcLlds with isooctaLle. 
Compression ratio, 7.0; enginespeed, 1800 rpm; coohnt temperature, 2120 F; spark adl'ance, 
30° B. T . C. 
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1.35 

1.30. 

1.25 
.0 
~/.20 
.Cj 

~/.1 5 
Q) 

~l.Ia 
:J . ., 

'b 1.05 
c 
.3:.1.0.0 
<II 

. ~1.I 5 .... 

o Paraffins 
- 0 Ar omatios 

o £t1ers, , 
_, I I 

2D-per cent (by vo l ume) blends 
r-- 17.6 engine 

Fuel - air ra t i o, 0..065 C. 

I 
/ \ 

II \ 
c, / if,o G" 

\ C, j ~CIZ 

\c.~ --< V C. .;-/ c. 
C. t'~ c. C, (a l 

r ~c:....S!! 
Fuel C. 

F uel-air r a tio, 0./1 Cv V ~ I'-.,C,o .!?lIa 
~. 

1.0.5 
c\ d. 1 /'" C. ~7 c. \'F~' C, / 

lia~~ \ C, ---- :::::-:::-----

----Fuel 1\C· V V--1.0.0. 

r--l-- Gasoline b OI l ing range r--H 
.95 

100 /50 20.0. 250 300 350. 
Boi ling po int, OF 

(a) L ea n conditions _ 

(b) Rich conditions. 

(b ) 

400 450 

F,f.\; IU: V- \3_- C001 I)arison or isomers h,wing highest I a(l suscepLibility in b lends wi, \) 
isooctauc. Compression ratio, 7.0; engine speed, 1 00 rpm; inlet.·air temperature, 100° F ; 
coolant temperature, 2120 F; park advance. 300 B. 'r. C. 

expres ed in a manncr imilal' to that u ed for temperature 
en itivity: 

l
knock-limi ted imep of blend + 4 ml T E L/gal 

R elat ive lead} _ knock-limited imep of base fu el+ 4 ml TEL/gal 
susceptibility - kn ock-limi ted imep of blend + O ml TEL/gal 

kno ck-limited imep of base fu el + O ml TEL/gal 

A in the foregoing di cu ion of temperature sensitivity, 
th e estimated accuracy of the e ratios i about ± 0.05. 

Paraffins .- The lead su ceptibilitie of ix paraffinic 
blend are shown in figure V- 12 (a) and V- 12 (b ). In 
fi.gure V- 12 (a ) (inlet-air temperature, 1000 F ), the fuel are 
arranged in ord er of decl'ea ing re ponse at the rich mixture. 
AL this condition, 2,4-dimeLhyl-3-ethylpen tane exhibits the 
greate t usceptibility to t traethyl lead, but at the lean 
fuel-ail' ratio , 2,3-climethylpentane, 2,2,3-tl'imeth ylbutane, 
an l 2,2,3 ,4- tetrametbylpentane have the be t response_ 
The lead u eptibility i appreciably influenced by fu el-ail' 
ratio. 

In figme V - 12 (b) (inlet-ail' temperatme, 2500 F ), the fuel 
are Ii ted in Lh e am order as that of figure V- 12 (a), but 
lit tle 01' no difference in lead u cep tibility i apparent at the 
rich fuel-ail' ratio cxcep in th e ca e of 2,2,3-trimeth ylbutane. 

t th lean fu el-air ratio , 2,2,3 ,4-tetramethylpentane and 
2,3,3,4-tetram ethylpentane had the highe t lead uscep ti
bilitie . 

Olefins .- A limited amount of data was obtained in the 
17 .6 engine to sho''1 the lead usceptibilit. of olefin in 20-

perccnt-by-volume blend with i ooctane. (ee appendix A, 
table A- 7 (a).) For convenience , a portion of tbese data is 
summarized in the follow-ing table: 

Olefin 

i,ead susceptibility or 2O-per
rent olefi nic b lends rclath'c 
to i oociane 

[nlet-nir tpmpera ture (OF) 
--_._-,------

250 I()() 

Furl-air ratio 

0.01;5 0.11 0.065 UJ I 

2.3-dimelhyl-2-pen tenc _____________________________ ~ ~I~ -;;-9;-
2.3,4-1 rimetb yl-2-pentcnc ______________________ .__ _ 1.05 1.05 1. 0.'; 1.0" 
3,4,4-tl'lluethyl-2-pen tenp___________________________ 1.00 1. 00 1. 0., 1. 00 

Aromatics,- In figures V- 12 (c) and - 12 (d), the lead 
susceptibilities of aromatic blends are hown_ The blend s 
in figure V - 12 (c) are Ii ted in order of decreasing reo pon c 
at th e rich fuel-air ratio. At till ratio , the data indicate that 
I -methyl-4-ethylbenzene is the aromatic most u ceptible to 
addition of tetraethyl lead. This particular aromatic al 0 

h ad the greatest r e ponse at th lean fuel-air ratio. From 
figure V- 12 (c) and V- 12 (d), lead u ceptibility i obviou ly 
affected by fuel-air ratio . 

At the higher inlet-ail' temperature (fig. V- 12 (d)), thE' 
trend in lead susceptibility cliffeI' from that observed at 
1000 F (fig. V- 12 (c)) for the aromatics. For the rich fuel
air ratio (fig. V- 12 (d)), three of the aromatic, 1-methyl-
4-ethylbenzene, 1,3-dimethylbenzene, and 1-methyl-4-
i opropylbenzene, appear to be the most u ceptible. At 
the lean fuel-air r atio , however, ter't-butylbenzene i con
siderably more susceptible than the other aromatic . 

Ethers.- Lead usceptibilities of the eth er blend are 
presented in figmes V- 12 (e) and V- 12 (£) . A t an i111et-a il' 
temperature of 1000 F (fig. V- 12 (e)), methyl tert-butyl ethe L' 
and p -methylanisole have the greatest lead u c p tibilities 
at the lean fuel-ail' ratio . At the rich fuel-air ratio , m ethyl 
tert-butyl ether has the highe t su ceptibili ty with ani ole and 
p-methylanisole next. 

At an inlet-air temperature of 2500 F (fig. V- 12 (f)), the 
three teTt-butyl alk yl ethers have the highest usceptibili tics 
at the lean fuel-air ratio . The three aromatic ether and 
m ethyl teTt-butyl ether exhibi t the high e t u ceptibilitie at 
the r ich fu I-aiL' ratio. 

Comparison of classes of compounds.- In figure V- 13, 
th e lead u ceptibilitie are plotted ao-ainst boiling point for 
the i orner having highe t lead u ceptibili tie in each ela s 
of compound . At both lean (fig. V- 13 (a)) and rich (fig. 
V- 13 (b)) fu el-ail' ratios, the low-boiling etbers appear to 
be mo t u ceptible to tetraethyl lead in the boiling range 
from ] 25° to 1600 F . Above 1600 F , th e aromatics show 
the greate t lead re pon e. 

CONCL DI G REMA R KS 

On the ba i of an inve tigation of the type reported 
herein, it is difficul t to draw any peciflc conelu ion, ina -
much a antiknock characteristic are influenced by many 
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factor. Thc relative order of antiknock rating of a series 
of compounds is influenced by eno-ine condition , by the 
tetraethyl lead content, and by the concentration of blending 
agent in the base fu 1 with which a compari on is made. 
With consideration for these factors, tert-butylbenzene, 
methyl and ethyl tert-bu tyl ethers, 2,2,3-trin1ethylbutane, 
and several nonanes were among the best compound in 
their rE:' peetive oro-anic classes. This selection was based 
upon temperature en itivity and lead su ceptibility as well 
a antiknock value. 

In an effort to generalize th data obtained in this inve ti
gation, the sub equent conclusions are expre sed in terms of 
th e r E:'lation of variou~ p rformance factor to the gasoline 
boiling range a inAu('nced h~T the clas e of organic com
pOlmds investigated. Furthermore, the e conclusions must 
nece aril.r be r estricted to the limitation of this invest.i
gation and therefore canno t be applied wi thout exception. 

Antiknock ratings.- In the low-boiling gasoline range, the 
high e t antiknock ratings are among the more volatile 
paraffin and ethers. In the intermediate o-a olin e range, 
the ethers excel ; in the high-boiling range the aromatics have 
the highest antiknock ratings. 

Temperature sensitivity.- In the low-boiling gao oline 
range, the data are incomplete as regard temperatme ensi
tivity, but there are indications that the volatile ethers are 
more sensitive Lo temperature change than are the paraffins 
01' aromatics. In the intermediate and h igh-boiling range 
of gasoline, the aromatics are more sen itive to temperatme 
than the paraffins and the ethers. Moreover, tbe aromatics 
that have the high est antiknock ratings are also sen. itive 
to temperature. 

Lead suseeptibility.- In the low-boiling gasoline range, 
the data are incomplete as regards lead su ceptibility, but 
there are indication Lhat the more volatile ether are more 
susceptible to additions of tetraethyl lead than arc the 
paraffin and the aromatic . In the intermediate and h igh
boiling ranges of gasoline, the aromatics bow greater lead 
usceptibility than either the paraffins or the eLhcrs. 
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CHAPTER VI 

AROMATIC AMINES AS FUEL ADDITIVES 

In addition to tho e fuel component that may be cia sifiecl 
in the broad category of blending agent , there are other 
compounds known a fuel additives. These compounds are 
g nerally di tingui hed by their chemical di imilarity to the 
con tituent normally found in petroleum and by their pro
noun d frect, when pre eut in even mall oncentrati.on, 
on certain fuel characteristic. An optimum concentration 
of additive for over-all fuel performance can u ually be found 
that best sati fies allrequil'ements of the fuel; that i the 
concentration of additive that will yield maximum improve
ment in a given fuel characteri tic may have a deleteriou 
effect on another equally important characteri tic 0 that a 
compromi e must be made . 

By far the most important of the fu el addi ti ve are the 
o-called antikno Ie dope. Tetraethyl lead (ch. VII), one of 

the most widely publicized additives in use today, is kno"vn 
primarily for it knock-suppress ina qualitie. The cr iti cal 
hortaaes of L traethyllead and the high-antiknock blending 

agent during World War II stimulated the earch for other 
compounds that might be of value as ant iknock agent. Th e 

A A participated in thi search for new antiknock addi-
tives, and a ummarization of that ulTey of the aromatic 
amine is presented in thi chapter. 

Although the Luclie of the NACA placed gl'eate t empha-
i on the antiknock qualitie of the aromatic amine, other 

proper tie were inve tigated to determine the u efLl I co ncen
trations that could be employed. The e properties included 
low-temperature olu bility mea urement andletermination 
of the ga oline-water eli tribu tion coefficient. In add i tion, 
new method of analy i were devised to determine Lhe 
quantitie of amine present in prepared fuel. uch ana
lytical methods are nece ary for PLll'PO e of fuel inspection 
becau e the u e of additive i controlled by pecifications. 

A TIK OCK EVA LUATION O F AROMATIC AMI ES 

Engin es and test can ditions . - Two mall- cale engine and 
one full-scale single-cylinder test engine were u eel in th 
evaluation of th antiknock chal'acteri tic of aromatic 
amine. One mall- cale engine wa a CFR engine that 
conformed Lo Lhe A. . T. M . ,' upercha rge method for knock 
rating except for the fuel y tem and the method of knock 
detection. The fuel y tem wa an'anaeel 0 that fuel wa 
cil'culated through a primary pump, a fuel cooler, and back 
inLo the inje ·tion pump gallery. Knock was deLected by a 
magnetostriction pickup unit in conjunclion with a cathode
ray 0 cillo cope. Incipien lletonation wa taken a the 
cri terlon of knock. 

A pointed out in chapter II, antiknock behavior at one 
condition of engine operation doe noL afford a ati facLory 
ba i for e timation of performance at another ondition 01' 

in another engine. For thi rea on, the follo\ving three t 
of conditions were chosen for the small- cale engine evalua
tion of the aromatic amines. 

102 

.\ s. 1'. ~r. Ruperclu~r~c <; tandard 
condition' . _ .. ___ ._ ... ____ ._ .. _. 
ondition A _. ____________________ _ 

Condition n .. __ . ________ .. _______ _ 

fnlet·ai r 
temperature 

(0 F) 

----
225 
~50 
150 

I 

Spark ad vance 
(0 n. T. C .) 

45 
~O 
30 

Coolant 
ternJ:!erature 

(0 F ) 

375 
250 
250 

The engine speed of 1 00 rpm and compre ion ratio of 7.0 
weI' held con tanL throughouL the inye tigation. 

Of these three ets of conditions, the A. , . T . M. ~upel'
charge cone/ition is con idered to be the mo t evere by 
virtue of lhe advan ed park and high coolant tempera ture; 
condition A i omewbat milder; and condition B i the 
milrlest of the tIu·ee. Additional run were made in the 
second CFR engine, which ",as equipped to conform to 
pecmcations of the A. . T . ),1. Aviation method for knock 

rating . 
At each of Lhe e condition , 2-percenl (by weight) bIen I 

of the aromatic amine were examined with A - F- 2 (2 - R) 
fuel as the base fu e1. In order to elim inate reprodu cibility 
errol' , the straighl ba e fu el and th base fu el containing 
amine were compared on the arne day. The election of 
2 per cenL amine a the only concent ration to be inve tigated 
wa determined primarily by the quantitie of amine avail
able. 

The full-scale engine inve tigation \Va condu cted in an 
air-cooled aU'craft cylinder mounted on a Cooperative Uni-
vel' al Engine ( ; ) crankca e. The auxiliary apparatu 
u ed in the e test wa similar Lo thal de cr ibed in reference 1 
C'xcept that a heaL exchanaer wa in LaUed in the ooling-air 
line to on kol the cooling-air temperature; the e hau t 
ystem wa 0 modified that the engine could be operated 

either at atmo ph eric 0 1' redu ced exhau t pre sure. 
The cooling-ail' flow was determined for each run by oper

ating the engine at a brake mea.n effective pre ure of ]40 
pound per square inch and a fuel-ail' ratio of 0.10 and by 
ad ju ting the damper valve in the cooling-ai I' line un til a 
rear- park-plug-bushing temperature of 365° F wa reached. 
The cooling-air p1' ure h'op acro the cylinder wa main
tained con tant for each run . 

N[L'Xtu re-re ponse curv s were detCl'mined aL two operating 
condition: (1) simulated cruise condition I' commended by 
the Coordinating R e earch Council ( RC ), which spccif.v an 
engine peed of 2000 rpm, an inlet-air LempcraLure of 210° F, 
a spark advance of 20° B . T. C ., and atmo pheric exhau t 
pres u re; and (2) a modification of these ORC cond ition 
thaL con i ted of an advance park etting of 30° B. T. C. 
and a reduced cxhau t pre ure of 15 inche of mcr ury 
absolute. The exhau I, pre ure of 15 inche of mercury wa 
('hosen in view of earlier te t)'e ults (reference 2) in which a 
critical relation wa shown to exi t bet> een manifold and 
cxhau t p ro sure and kno k-limited power in the lean region 
where the manifold pre lire i within 10 and - 5 inche 
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TABLE VI- I.-ANTIKNOCK EFFECTI VENES OF AROMATIC Al\lll\'E ADDITI 1\'8 TO AK- F- 2 (2 R) FUEL I 
NI ALL- CALE (CFR) ENGINE CYLIK DER· 

Aromatic amine (2-percent addition to 
• 28- R fuel) 

I- I Basc fue l (28- H) 
2 Aniline 

3 N-MethylaniJine ______ _ 
4 K-Ethylaniline 
5 N-Propylanilin 
6 N-Isopropy lanifine 
7 N- Uutylanilin 
8 N-tert-Butylaniline 

Rc Jatiyc POW r 

0.062 om 

on<iition I Condition 

imep of aromatic amine plus 28- R 
ime l) of 28- R 

Fu I-air ratio 

0.09 

Condition 

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

A. . ' I' . M· I A B I A .. T. 1\ f. 1 ABA. . T. JI[· I A 
UlJercharge upcrcharge Supercharge ___ _ 

_:. _gg __ I __ L_~ __ 1 L?8 ' I . ~ I~ I_L_Cf_5_, ___ ;_, _~ _____ L_Cf_2_ 

B 

. 93 

. 91 
1.03 
.96 
.91 
.97 

1.11 
.99 

I. 00 
.96 

1. 00 
1.02 

1.JO 
1.04 
1.03 
1. 01 
1.03 
I. 01 

. 99 

.97 

.98 

.95 

.90 

. 84 

1. 15 
1.04 
I. 06 
.95 
.94 

1. 00 

1.13 
1.04 
1.06 
.99 

I. 01 
I. 01 

1.05 
1.04 
.96 
.96 
. 91 
.97 

100 
LIS 

I. 03 I. 04 
I. 00 I. 01 
I. 00 I. 01 
I. 00 I. 01 

0.11 

Condition 

A . . T.M. 
Supercbarge 

100 
1.09 

1. 14 
1.01 
I. 02 
1. 01 
1. 01 
1. 02 

A 

100 
1.11 

1.12 

I. 02 
1.04 
I. 01 
. 99 

n 

100 
1. 14 

1.10 
1.04 
1.06 
1. 01 
I. 01 
I. 02 

A. '. 'r.M. 
Aviation 
ratings b 

100 
105 

102 
100 

100 

I 

I 9 N,N-Dimethylaniline 
10 N,N-Diethylaniline __ 

-1---------- --

1. 15 I. II 

I. 05 1 1. 05 

------- I

I. 04 

11 o-'l'oluidine 
12 m-Toluidine 
13 p-Toluidine 
14 o-Ethylaniline _ 
15 p-EthylaniJine 
J6 o-lsopropylaniline ~ 
17 p-lsopropylanilinc 
18 p-lerl-Butylaniline 

19 2,4-Xylidine 
20 2,5-XyJidine 
21 2,6-XyJidine 
222,4-Diethylani line 
23 2-Mcthy l -5- isO I)rOP)'laniline ~ 

24 2,4,6-Tr imethylani line 

25 N-Methyl-o-toluidine 
26 N-Methyl-p-toluidine _ ~_ 
27 N-Methyl-p~thylaniJine 
2 N-Methyl-p-i oprorlylanilinc _ 
29 N-l'vlethyl-p·lerl-ButylaniJine 
30 N"-Ethyl-p-toluidine __ _ 
31 ~-lsopropyl-p-toluidine _ 
32 N-Isopropyl-p-isopropylaniline _ 

I 33 i\'-Methyl-2,4-xylidine 
1------------------------

34 N ,N, Dim thyl- 2 -methyJ- 5-isopropyl-
aniline ___ __ __ 

35 N,N - Dimethyl-2,4,6-trimcthylaniline 

36 N ,N- Dimethyl-ll-phenylenediamine 
37 ',N'-Dimethyl-p-phenylenediamine ' 
38 N,N-Diethyl-p-phenylenediamine 

39 DiphenyJamine __ _ ______ _ 

40 Methyldiphenylamine __ 

41 o-Methoxyaniline 

• Data from references 2 to 6. 
b Performance numbers. 
' 1.76 percent amine added. 

. 99 1.01 __ . 93 1.00 .98 . 99 
1.00 1.01 ___ _ .9.9 .99 I. 00 . (19 1.00 

.99 
1.03 

1.00 
1.01 

----1--,---1-----,------1-----------1---------------

.98 
1.03 
1.00 
. 9i 
. 92 

1.00 
1.06 

1.03 1.01 .92 1. 03 1.04 .99 1.0 1. 10 1.07 1.09 1.15 
1.15 1.09 .\10 1.1 6 1.09 1.05 1. 1.10 1.09 1.06 1.11 
1.08 1.02 1.06 1.13 1.11 1.09 1.13 1.12 1.11 1.14 1.11 
I. 01 1. 04 1. 00 1. 03 I. 01 .92 I. 05 I. 04 I. 00 I. 04 I. 07 
1.10 J.J2 .97 U31.12 1.04 1.121.14 1.09 1.131.12 
.99 1.00 .93 . 9 I. 03 . gO I. 01 I. 06 . 97 1. 01 I. 05 

1.09 1.10 1.00 1.0 1.16 1.02 1.11 1.13 1.11 1.161.12 
1.02 1.09 1.03 1.02 1.11 1.08 1.07 1.08 1.11 1.12 1.10 

------------1-------1---- ----1-------- ------:--------- --
. 93 l.04 1.13 .92 1.03 1.14 .99 1.12 1.13 1.05 1.12 1.12 
.98 I. 01 
. 95 I. 0<1 1.07 1.00 1.03 1.11 1.06 1.10 1.10 1.0i 1.151.12 
. 8i .98 1.04 .92 .92 1. 04 .93 1.03 1.03 .98 1.061.03 

6 l. 10 J.l I .86 I. 00 1. 12 .95 I. 07 I. 12 I. II I. 11 I. L2 

100 
J01 
100 

J04 

102 
100 

99. 5 

1.12 I 1.07 1.1 2 . 97 1.10 1.09 1.10 1 1.07 1.11 

------1---1·----1------1-----1------1----:------1----
________ 1 __ ' _. '_6_

1 
__ 1_.0_6_

1
. ___ ._9_2 ___ 1 __ 1_. _07 ____ 1._0_5_

1 
_____ . 9_8 ___ ~ ___ 1._08_

1 
___ '_. 0_5 _ _ __ 1._1_0_1 I. 1 97.5 

. 97 

.9 

.97 

.95 
1.00 
1.00 

9 
1.00 

1. 07 
I. 13 
1. 14 
I. 15 
1.J1 
1. 04 
.99 

1.00 

I. 08 .95 I. 07 I. 07 .95 I. 10 I. 09 I. 02 I. I I I. 14 100 
l.J6 .91 I.U7 1.17 1.05 1.20 1.19 1.19 1.18 I.L5 
l.J3 .98 1.1 1.16 1.06 1.141.L2 1.14 1.151.L3 100 
1.11 1.05 1.17 1.14 1.08 1.14 1.12 1.15 1.11 1.14 102 
1. 12 .91 1.131. 14 1.02 1.161.10 1.14 1.121.10 100 
I. 07 .9 1. 06 I. 06 .99 I. 04 I. 07 1. 02 I. 04 I. 06 102 
I. 00 7 . 99 I. 00 I. 01 I. 03 .96 1. 02 I. 03 
1.00 .99 1.02 1.03 1.00 1.01 1.02 1.00 1.03 1.03 104 

- -----------1-------1---- '---1--------·1--- ----:------ -------1-------

::: 1.:: ::01 I.: I.: I.: I.: I.~ I I.:: 1 I.: 1 I.: I ~:: 1:~ 
-----------1-----,----- --------1-------1---- : -----1--------

____ .9_7 _____ 1._04__ .98 .95 _._9__ .98 .88 .96 . 97 1: ___ . 9_4 ______ . 9_7_
1 
__ ._9_

1 
___ 93 __ 

1 
. 97 112 ____ I 89 1 131--___ /-. -99 1;'-1.1 I~I 1.16 I J.l6 1 

98 - - !!~ i-IO -- -.-89 ! : ~ I 1.-'9 --- I.-jo- U~ 1.19 -j.-j6--- J.17 1.I 99 

1. -10-- ----u-;- I.JO 11~- ---ui8 1 1. 08 I l.09 1==I. _iO_--l.-I-, -I----1.-1-1 ---~;-1-. 1-5-1-1-.,-0-1 ____ 1_20 __ __ 

1.00 1.06 1.16 l.JO 1.01 1 1. 04 I 1.04 I 1.01 1.00 I 1.01 1.01 l.0 101 

.76 I 1. 00 1--;-:-001 .74 I · 91 I~I .80 I 1. 01 ---ui81 .99 1. 03 1-1. '04--
1
---

mercury of the exh au t pre ure. The park advance of 
30° B. T. C. was chosen becau e of the intere t in ai l'craft
engine operation at advanced park under crui e conditions. 

influ n e of day-to-da y variations in engine reproducibility 
j reduced to a minimum because each blend \Va examined 
on the arne day a the ba e fu eL 

Th e data from table VI- l have been plo tted in figure VI- l 
to illustrate the relation tha t exist between antiknock 
effectiveness and molec ular stru cture. Because the A. S. T.11. 

upercharge method is a rich-mixture rating method, only 
the data at a fuel-air ra tio of 0.11 have been considered in 
thi analysi. 

In the full -scale engine studie , 2-percen t (by weiO"h t) amine 
blend with AN - F- 28 fuel wcre al 0 used. 

Knock-limited performance.- In order to present the mo t 
reliable comparison of the many amine examined, the anti
Imock rating of all blends are expres ed as power ratio 
(references 3 to 7). The mall-sca.le engine 1'e ults shown in 
table VI- 1 (except for A. . T. M . Aviation re ult ) are 
therefore expre sed as th e quotien t of the lmock-limited 
indicated mean eff ctive pre su r (imep) of the amin e blend 
divided by the knock-limi ted indicated mean effective pres-
ure of th e ba e fuel (AN - F- 28). By this method the 

Fuel ensitivity (ch. II) i an obstacle to the development 
of any rigid generalizations between chemical stru ture and 
performance. For example, in figure VI- l (a) at A. S. T. M. 
'- upercharge ondi tion , it i e n tha t 15 aromatic amines 
have antilmock valu e equal to or greater than aniline. At 
condition A (fig. VI- 1 (b)), 17 aromatic amine are equal to 
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r--t--t--+--+--I--+--II--l---I---le-N'C c---t--+----I 
(a) oe 

,94B~-L~7~-L~8~-L~9~-L~/0~-L~/I~C-L~/2~-L-/~3 
Number of corban afoms 

(a) A. . T . M . upercha rge s tand ard conditions. 

F ,GURE VI- J.- Antiknock e ffecti veoes of 2-peroont aromatic amine blends with A:-<-F- 28 
(28- Rl fue\. Fuel-a ir ra tio, 0.11. 

or greater than an iline, but at condition B (fig. VI- l (c)) , 
only 5 compound are equal t.o or g reater than aniline. 
Purely from con ideration of nominal engin e operating con
ditions it will be recalled that the A. . T . 11. upercharge 
condition i probably the mo t severe, with condi tion B the 
mildest, and condition A intermediate. I t is obviou , th en, 
that some risk is involved in a statem en t that any single 
amine i alway better than aniline. In fact, -methyl-p
toillidine is the only 'ompound that did exceed anilin in 
antiknock value at all three cond itions, and at condi tion B 
the margin of uperiority \Va I for aU practical purpo e I 

negligible. 
On the basi of the data contained in figures VI- I , 

however', two o-eneraJi7.u tions can be mad e wi th regard to 

1./8 
g~ C-b -N-C-~ 
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0 N 
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~ 

.; /~-g M cgc 
~-4~ C 
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~ ~~y 1\ c- \ 
oc ~ 1 

1.14 

\ ~~ NC 

) ~n 
cO \ \ N 

f--- oC-C 
f-oc 1\\ _\ ~ \ C 

N-C-C 
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N ,· \0 ~ ~ C-C-N'C-C Jt~r-\ OD-C 
\ 0 

\ c-c.e:~ ~ ~ .\ 0 N-C:C 
o-C 
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\ oc:~ 0 I~D 
1.00 

C ! I 
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-

.98 

(b ) 

7 

-N-C 
cOc 

8 9 10 II 
Number of corban afoms 

C 

(b) A. . T . M . Sup rcharge modified A condi t ions. 

e 

12 13 

1'10 RE VI- I .-Continued . Antil...-nock effectiveness of 2-pcroont a roma tic a mine blends wi t h 
AN-F - 28 e28- R ) fuel. Fuel-air ra tio, 0.11. 

tructural trend. The fir t of these is as follows: H'hen 
one hyd1'ogen atom in the - NH2 group oj any given primary 
aromatic amine is replaced by an alkyl group , the gl'eate t in 
Cl'ease or least decr-ea e in antiknock value jrom that oj th 
p1'ima1'y amine will result whf.n the alkyl <~ubstituent i s a 
methyl radi cal (- CFIa). Thi ta temen t i supported by the 
following da ta: 

A romAtic am ine 
A. S. T . M. 
Su [Jercha rge 

R laLh 'e Powcr 

Cond it ion A Condi tion 13 

____ - ---------1-----1--·-------- --
Aniline___ _ ________________________ ___ 1. 09 1. 11 1.11 
N-i\[et l1 ylani line _ ________ _______________ 1.1 4 I. 12 1. 10 
:-I -E t h)' I" niline _____________ ___________ 1. 01 1.04 1. 0 1 
:-:-P ropylaniJinc_________ ________________ 1.02 1. 02 1. 0B 
N-lJuLyla niJiM ______________ .__________ 1.01 1. 01 1. 01 
'i-Isopropyla niJinc_______________________ 1.01 1.0·1 1. 01 
N-ler/ -Bu tylaniJinc __________ ___ --_-_ .. _--_--_-II ___ 1. _0_~ _____ ._99 __ 1--1.0-~--1 

I' -Toluid inc .... _______________ ___ ____ __ 1.11 1.1 4 1.11 
N-M~Lh )' l - p-toluidin~ - - -- ----------- ____ 1.19 1.1~ 1.1 5 
N-Rth yl-p-tOluid inc_ _____________________ 1.02 1.0·1 L OG 
N-hopcopyl-p-to\uidino. _________ _______ . 96 1.02 1. 0:1 

p-Tsopropylan iline ______ . _________ - _____ _ 
T • I\,1 eih y l -p-i ~o pro py l fln iline __ . ___ ______ _ 

K -[snpropyl.p-isopropyl:1 nilinc. - --------

----·1------:-----
1.11 
I. 15 
1.00 

I. 16 1.1 2 
1. I I 1. 14 
1. 03 1. 0:3 
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1"1GURE VI- I .-Concluded. Antiknock elTectiveness of 2-percent aromatic amine blend with 
A - F- 28 ( - R) fu I. F url-ai r ratio. 0.1l. 
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For each of the e three series of compounds, the anliknoek 
values of the three primary amine considered as ba e 
(aniline, p -toluidine, and p-i opropylaniline) were increased 
more by the ubstitution of a methyl radical for one of the 
hydroO'en atom attached to the nitrogen than by ub titu
tion of any other radical. For the two ca es where the per
formance decrea ed (N-methylanilin aL condition Band 
N-methyl-p-isopropylaniline at condition A ), the decres. e in 
p erformance was less wi th the methyl radical than with any 
of the other radicals examined. 

The influence of r eplacing a hydrogen aLom attached to the 
n itrogen with an aromatic radical was inve Ligated for only 
one compound; howeve r, in thi one case the aromatic radical 
appeared approximately equal in efl' -ctivene s to a methyl 
radical, a shown b.v the following table: 

Rcluth-(' Power 

.\ rollt l1. Li c 3 11linc 

A. S. T . ]\f . Co nclilion \ Condilion B Supe!'charge . . 

_<\nilinc _________________________________ _ 
;\ - Nr f"Lhylani li nr ________________________ _ 
Diphf' Tl ylaminp ________ . ________________ _ 

I. 09 
I. 14 
1.11 

1.11 
I. 12 
1.15 

1. I~ 
1.10 
I. 10 

The second generali zation of the claLa can be made with 
reference to hydrogen substitutions on the aromatic ring: 
The addition of an alkyl Tadical to the aromatic ring of an 
aromatic amine is more e.t1ective insofar as antiknock value i· 
concerned when the addition is made in the para position rather 

A Coolont-thermometer weI! 
B Insula ting box 
C Bypass and valve 
o Somple Tube 
E Three-junction, i r on-constantan 

thermopile 
fC Dewar -flosk 
G St i rrer 
H Cald-junchon both 
I Centrifugal cir culating pump, 

variable speed 
J Refri geroti ng both 

rf(;L'RE VI- 2.- Apparatus for c1etcrmin" tion of cloud pOint. (Fig. 1 of reference 9.) 
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TABLE VI- 2.- ANTIKNOCK EFFECTIVE ESS OF AROMATIC-AMI NE ADDIT IONS TO A - F- 28 (28- R) F E L J A 
F ULL-SCALE AIR-COOLE D AIRCR AFT EN GINE CYLI NDER a 

[For eacb compound there are two rows of values. The first row is imep , Ib/sQ in .; t he secon d is im ep ratio, which is the ratio of th e ime p of 9 percen t 2 - R fuel plus 2 percent aromatic a mine 
to the imep of 2 -R.J 

R elat ive power (engine speed, 2000 rpm; in let-air tem perature, 2]00 F ; com pression ra tio, 7.3) 

park ad vance, 20° B. '1" . C .; exhaust pressure, 29±O.5 in . 

I 
Spa rk ad vance. 30° D. T . C.; exhaust pressu re , 16 in. 

A romatic am ine (2- percent add it ion [02 - R ) 
H g abs. B g abs. 

F uel·ai r ratio Fuel-a ir ratio 

0.065 0.07 

B ase fuel (28-R) ----- .--------------------------._----. 141 155 
1.00 1. 00 

,'.Methy ixylidiJlCs (mix d isomers) .....• _______ ... _____ . 164 193 
1. J6 1. 25 

N-Metbylcumidi.nes (mixed iso mers). ___ . ___ ._ ...... _ ... _ J95 208 I 1. 38 I. 34 

N-Metby ltoluidines (75 percen t p . , 25 percen t 0-) . ___ ._ •.. J95 216 

I I. 38 1. 39 

Xylidines (mixed isome rs) ---------------------------.-- li2 

I 
192 

I I. 22 1. 24 

C umidines (from refi n ry cu mene- mixed isom ers) ... _ ... I 4 

I 
200 

I 1. 30 1. 29 

N-Meth y lanil in e _ ... _._ .. ____ . ___ .............. ___ ._. 192 

I 
210 

I 1. 36 1. 36 

• Reference . 

a N,· N-Dime fhyl-p -I 
1--+-+ p heny lened lamine +--1-+----.1-+-I--+----1 

'" Diphenylamine / 
1--+- + " Antllne -j--+---It--f--t--!--+---+--I 

o N, N-Dieihy/-p - I 
1--+-+ pheny lenediamine +-+--j--+--+-+---II---

() 2-Methoxyoniline 
1--+-+ 6 m - Toluidine -j-+--I---+--t--t--+--+-

"l 0 - T olU/dlne 
C> 0 - £ th y lantltne -4- +--+-+--+-+---+-+--
<J N-Methylantllne I 
17 N -Mc:fhyldiphenylamine --f--+--+-+--+--+-
"J N, N-Dlme-thylontfine 
~ Xy ltd tnes (commercial) +-I-+-+--+--+---
Ll 2, 6-XY/ldme I 

I I 1 

20~~~C~·~N~-C~~4__+~C~-rC~·N~-C~-~C+__+--~4__+--~4_-
// )1 }i,v 

~~~ ~-+-+-+-+~~4-4-4--r-r-r-+-

/O~~~--~~-+--~~-+--~~-+--r-~_+--+_~ 

/ I O ND V 

- 60 71y 
/ J~~ Army -Navy freezing-point specIficat ion 

- 700 2 4 6 8 /0 / 2 
Amine concentration, per cent by weiqht 

0.08 

209 
1. 00 

222 
1. 06 

245 
1. 17 

244 
1.1 7 

230 
L ID 

237 
1.1 3 

240 
1. 15 

F IGUR E VI-3.-Solubility of aromatic amines in grade 65 base stock wit h aroma tic hydro· 
carbons extracted . ( Fig. 2 of reference 9.) 

I 0.09 I 0.1 0 0.065 0.07 0.08 I 0.09 0.1 0 

235 

I 
253 J66 J79 203 226 236 

1. 00 I. 00 I. 00 1.00 1.00 1. 00 1. 00 

256 

I 
283 173 I 4 709 232 249 

1. 09 I. 12 1. 04 1. 03 1.03 1.03 1. 06 

272 

I 
290 I 182 194 220 245 259 

1. 16 1.15 1. JO 1. 08 1.08 1.08 1. 10 

275 

I 2~. J4 
178 18? 20.1 

I 
239 260 

1.1 7 1. 07 1.05 l.01 1. 06 1.1 0 

257 280 173 

I 
184 21'1 

I 
237 257 

1. 09 1.11 1. 04 1. 03 1.05 1. 05 I. 09 

I 
257 28r II I 

li3 
I 

18 215 

I 
232 250 

1. 09 1.04 1. 05 1. 06 1. 03 l. 06 

I 269 

I 
290 

I 
l SI 

I 
190 21 

I 
240 

I 
2&2 

1. 14 1.1 5 1. 09 1.06 I. 07 1.06 1. 11 
. , I 

than in the or·tho or m eta posit?"ons. Thi tatemen t i based 
on the following data : 

R elali ve P ower 

AromnLic ami n(' 

1---- - --------
AniHnc __ ____ ____________________ ; _______ _ 1. 09 Lit 1. 14 
0-1'0Iud ino._ ......... _ ... ___ ............. . I. 07 1. 09 I. 15 

;~;fo~~~:~p~·.~~::::::::::::::::· :::::::::: I. 09 1. 06 1.11 
1. 11 I. 14 Lit 

_··\------1-----
N-lv(eth yla niline ________________________ _ 1. 14 I. 12 1.10 
K · iV[eLh yl-o·toluid inc ... _. ____ ...... _ .... . 1. 02 1.11 I. 14 
K ·Met h yl-p·tolui cline .. _ . __ ....... ____ .. . L IP 1. 1 I. I.> 

---------
Anilinc_ .... _ .. _._ ...............•... _ .. . 1. 09 I.Il I. 14 
o·Et hylaniline ..... __ . ________ ..•.... __ .. 1. 00 1. 04 1. 07 
p· E thyIDniline .....• - .... --- ... .•. ---.--- _____ -1-____ 11 _____ 1 1. 0~ I. 13 1.1 2 

Aniline ..........................•.. __ .... I. 09 1.11 I. 14 
a.Isoprop yla nilin p. .. __ .. _______________ _ . 97 1. 01 I. Oi' 
p. Isopropylaoj)jne_ ....... __ ._ ...•.. ___ ._ 1.1I 1.1 6 I. I ~ 

The small number ofA .. T. M . Aviation rat ings (table VI- I) 
doe no t ju tify inciu ion a upporting da ta for tbe 
foregoing generalizations. It is inter esting to no te, however , 
that he addition of diphenylamine improved the perform
ance of the ba e fuel by 15 performance numbers more than 
any of the other aromat ic amines for which A. . T . :\11. 
Aviation ratings were obtained. 

One addi tional observat.ion to be made from the data of 
table VI - 1 concerns the r eplacemen t by alkyl radical of 
bo th hydrogen atoms at tached to the nitrogen , that j , 

As shown by the following compari ons, the replacement of 
one hydrogen a tom by an alkyl radical i more effective for 
maintaining or improving the antiknock value of the star ting 
compound than replacement of both hydrogen atom : 

L __ ~_ 
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R clath-e PowC'r 

Aromatic amin(l' 
<\c . S. T . M . C d't' A ,.. I't' B Supcrc-hnr!(c o n I IOn , one I Ion 

Ani �i ne __ _ _______________________________ 1.09 1.11 1. 14 
;:;-~~ethy" nili ne --------------- ________ 1. 14 I. 12 1.10 
.L ..-, , ':-Dirnrth ylanili ne . _ _ __________ ______ . gn 1. 00 

------------- ------1 
Anilin _________________________ ___ ___ 1.09 1. 11 1. 14 
:-<-Ethy1anili ne .. ________________________ 1.01 1. 04 1. 04 
:-i', ' -Dirthylnn ilino----________ 1.00 1. 03 1.01 

, uitable quantitics of th e purc aromati c ammcs used in 
the mall- calc engine tudie werc not avail able for the 
full- calc engine inve tigation (reference ) ; therefore, a few 
isomeric mixture were examined. The resul t of the~e 
te t are pre ented in table VI- 2. 

The data show tha t all the aroma tic amine inCl'ea ed the 
1010 k-limi ted performan ce of th e ba e fuel at both full-scale 
engine condition throughout the fuel-ail' ratio range. At 
bo th cts of engine conditions and lean and r ich fuel-air 
ratio , the blend of 1\ -meth)-lcumidine , 1\ -methyltoluiclinc . 
and K -methylaniline were about equal in knock-limited 
performan ce, and all three weTe uperiol' to the other blends 
t ested. 

When the severi ty of tb e test cond ition was changed by 
ad vancing the spark and reducing the exhaust pressure , 
contrary effect " -ere noted for the everal bl end . In every 
ell. e the rich-mixtme (fuel-ail' ratio , 0.10) knock-limited 
performance of th e everal fuel was decrea cd by the change 
of condition . The lean-mixt.ure (fuel-ail' ratio , 0.065) per
forman ce of 2 - R fu el and th e blend containing K-methyl
x.didine wa in c~'eased , whcreas the blend containing xyli
din e remained about the arne. The percentage improve
ment in the knock-limited performance of tbe ba e fu el 
1'e ulting from addition of the amine was less at the con
dition of adyan ed spark and reduced exhau t pre ure than 
at tit e other condition . 

PHY ICAL PROPERTIE OF AROMATI C AMINE 

Of the physical properties examined in the ~ ACA investi
gation of aromatic amines, 10w-temperatlU'e solubili ty anel 
ga oline-water dis tribution coefficient received the greate t 
attention. The low-temperature olubili ty characteriE: Lic 
are of primary importance becau e of specification require
ments that the additive mu t remain in olu tion at the lowest 
temperature encountered in service. Current fuel pecifica
tions limit. the freezing point to a maximum of - 76 0 F 
(- 600 C). Ga oline-water di tribution coefficients a1' of 
interest becau e of the wide usage of wa ter-eli tribu tion 
storage ystem . In uch sy terns the addit ive may be 
extracted from th e fuel b)r diffusion when fu el and water are 
in intimate contact. 

Physical properties, oth er than low-temperature olubility 
and gasoline-water distribution coefficient , were determin ed 
for the amines examined and are pre nted in table VI- 3. 

Low-temperature solubility.- Solubilitie of 42 aromatic 
amines in blends with gasoline were mea ured at tempera
ture as Iowa - 5 0 F (- 65 0 C) and at concentration a 
high a 10 percent by weight (reference 9). The olubili ie 
of aromatic amines are appreciably affected by the compo-

TABLE Vl- 3.- PH Y l CAL PROPE RTIE OF 
AROMATI C AMIKE • 

I I I ndex of I Density 
Boilin g range b (OC) refrac- (grams/ 

l ion n~ 011) 
Aromatic ami ne 

I 184.5 I 1.5853 1.0220 
195-196 I. 5704 .9 60 
203- 204 1.5538 .9607 
220.5-223.5 1.5425 . 944 
240.6-240.5 1.5339 .9323 

Aniline. _________________________________ _ 
N-M eth y la nil ine - _______________________ _ 
N-Et h -lan iline __________________________ _ 
'N-Propylnn iline _________________________ _ 
N-Buty laoilinc _________________________ _ 

201.5- 209 I. 5404 .9374 
95 at 16mm 1.5270 .9244 

N-Isoprop yla" iline ______________________ _ 
N-tert-Buty lau iline _. ___________________ _ 

192.5- 193.5 1.5580 . 9564 
215- 217 I. 5418 .9347 
19 .5-201.5 I. 5718 .9989 
202.5-203.5 1.5674 .9 93 
° 44.D-44,4 

T, N-Dimeth y laniline ___________________ _ 
)J, N-D ieth yla niline _____________________ _ 

~~*~~t~!~':~!e ::::::::::::::::::::::::::::: : 
N-Meth y l-p-tolu id ine ________________ __ 209-211 1.5570 .9610 
N -Methy l-o- to lu id inc ~ ________________ __ 20 ,.5-207.5 I. 5646 .9763 

20 .5-215 1. 5600 . 9668 

216-213 I. 5590 .9638 

N -Meth yltoluidines (CO percent p- , 40 
percen t 0-) 

N -M e th y ltoluidi nes (80 percent po. 20 
percent 0-) 

N-E th yl-p-tolu idine __________________ __ 217- 220 I. 5439 . 9441 
N-I sopropy l-p-LOluidine ______________ __ 222-223 I. 5319 .9238 
o-Eth y l" niline _______ . __________________ __ 211 I. 5602 .9810 
p- E th y1nni line_ --- -------------------- 21 ri I. 5547 .9672 
:-i'-M eth yl-p-cth y lan ilinc ___________ __ 227.5 1.5485 .94 

222.5-230.5 1.5493 .9503 

95.5-98.0 at I. 53 .9445 

:-i'-M eth yle lhy la llil ine, mixed isomers 
(from chlorocth y loollzcnes) 

p-tert-Buty la n iline ______________________ __ 
5- 6 mm 

o-I sopropylan il ine. __ ~ ______________ . ____ _ 
p. Isoprop yla nil inc _______ . _______________ _ 

219-220 I. .~484 9643 
225.5- 226.5 I. 5432 .95 14 

N-M cthy l-p-isopropy laniline- _ . _______ . __ 
:--!· Isopropy l-p·isopropyla nilinc __________ _ 
2, 4,6· ' I'rim cth y laniline __________ ~ _____ _ 
C umidincs (from synti1ctic cumenes) ___ __ 
C umid ines (from rCfi n C'r y CUlr.C'llcs) ___ _ 
l'-M eth y1cu midin es (from bromocu mc-

ncs) 

240 I. 5330 .9347 
246-247 1.520J .9075 
110.0 at 15 m m 1.5502 . 9615 
225- 22fi 1.5448 . 9535 
226-24 1 1. 5434 . 9531 
237.5-241.5 I. 5390 . 9366 

N-M cth y1-p ·terl-bu ty1a nilinc _. _________ ._ 
o-M cthoxyanilino ___________ . ___________ __ 

245.5-249.5 1.5348 .9305 
224-225 1.5750 1.0931 

X y lidincs (commcrcial) _________________ __ 216-219.5 I. 5'01 . 9771 2,4-X ylid inc . ___________________________ __ 215.6-215.5 I. 5591 . 9751 2,5-Xylidinc _____________________________ _ 216 I. 5596 .9755 2,6-Xy lid ine ____________________________ __ 21f>-2 17 I. 5616 . 9768 
1 -M eth y /-2,4-xyJid in e --- _______________ __ 
N'- M eth y lxylidines (from brom o,,}'1 nes) __ 

22/- 222 I. 5542 . 95 2 
220-227 I. 5540 .9586 

2,4-D iethylanilinc - ______________________ _ 
2-M ethy l-5-isopropy 1anilinc ______________ _ 
N,N D im etby l-2-OIe th y l-5-isopropylllll iline_ 
N ,N -Dimethy 1-2,4.A·trimcthylao ilinc ___ __ 
P seudocum idin e (techn ical) _____________ _ 
Diphen yla mine __________________________ . 

24 1- 242 1.5433 .9511 
246-242 I.54OS .9435 
84at5 m m 1.5124 .9028 
213.5 1.511 6 . 9066 
225-24 1 I. 556 .9720 
°52.9-53 .6 

p-Phen yleoed iam ine _____________________ _ ° 140.6-142.0 
N -M ethyl-p-phen ylened iam in e __________ _ 
N,N-Dimeth y l-p-phen y1encd iam ine _____ _ 
N, -D iethy l-p-pheny lenedia mine- ____ __ 
N,N'-Dimeth yl-p-pheny lcnediam ine __ __ 
N-M eth yldipheo y1a minc ________________ _ 

121 at5 mm I. 621 
lOS-ill at 4- 5 nvn 
11 7at2.5m m 
11 7at l mm 
295-296 I. 6224 I. 0527 

• 'ra blc I of refercnce 9. 
b B oiling range a t 700 mm fig excep t w herc noted. 
, M e lting poin t measured for tb is solid rather t han boiling range. 

ition of ga oline to which the addition is made; therefore, 
three different ba e ga oline were used : 

1. Grade 65 ga oline from which aromatic hydrocarbon 
were ucce ively extracted with 10-percent fuming ulfuric 
acid and silica gel. 

2. Extracted grade 65 ga oline to which wa added 15 
percent by volume of an aromatic mixture of 5 parts xylene, 
2 par t cumene, and 1 par t toluene. 

3. Different batche of typical current aviation O'asoline, 
AN- F- 2 (Amendment 2) fuel containing 12 to 20 percent 
aromatic hydrocarbon by volume. 

The apparatus for determination of low-temperature sol
ubilities of the amine i hown in figure VI- 2. Briefly , the 
proced ure used in reference 9 to de termine the olubiJi ty 
consi ted in slowly cooling and stirring the ga oline-amine 
sample in the ample tube until the amine separated a a 
clo ud from the ga oline; the temperature at which the cloud 
formed was recorded. The ample wa then slowly warmed 
until the amine went into olution and thecloud di appeared; 
the tempera.ture wa again recorded. The e two tempera
ture were averaged to give the incipient-separation temper
ature or cloud point. Cloud point were l' producible to 
within ± 1.5 0 
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TABLE VI--L- SOLUBILIT)- OF ROMATIC A:\IIKBS 
IN THREE AVIATIOK F EL AT - 600 C' 

[Percentage by weight1 

Arom atic amine 
Arom atic
free grade 

65 

Aromatic
free grade 
65 plus J5 
percent by AN- F - 28 

Aniline ________________ _______________ _______ _ 
·MethylauHillc . __ _______ . _________________ _ 

1 -Elhylaniline ____ ________________________ __ 
N-Propylanilin _____________________________ _ 
N-Isopropylanilinc ___ _______________________ _ 
N-tert-B uty lunil inc _________________________ _ 
N,N-Dimethy laniline _____ _________________ _ 
N;'~-:qi~t.hy lanilinc ________________________ . 
o- Ioiuldlne ._. _______ __ __________________ ___ _ 
m-Toluidine ___ ___ ____ _______________________ _ 
N-Methyl-p-toluidine ___________________ ___ _ 
N-Methyl-o-lOluid ine ___ __ __________________ __ 
N-Methy llOluidine (from chlOroto luene ) __ _ 
N-Ethyl-p-toluidine ____________ _________ .. __ 
N-Isopropyl-p-tolu idine _________________ ___ . 
0- Ethylaniline __ ______ _ . ____ . ____ . ___________ _ 
N-Methyl-l}-ethylaniline __________________ _ 
N·MethyleLhy lani line. mixed isomerR (from 

chlorocLhylbenzenes) __ ___________________ '_ 
o-Isopropylaniline ____ . _____ . _______________ __ 
p-Isopropylaniline ________ ____ ___ ___________ __ 

' -Methyl-}}-isopropylaniline _. __________ . ___ _ 
N-lsopropy l-p-isopropylaniline _____________ '_ 
Cumidines (from synethetic cumenes) _____ . 
Cumidines (from refinery cumenes) _______ . 
N-~1ethy l cllmidinps «(rom bromocumcncs). __ 
N-Mcthy l-p-tert-bu tylauili llC ________________ _ 
2-Methoxyan ilinc _________ . _____________ . __ __ 
Xylidines (commercial) (reference 10) ____ __ 
2,6-Xylidine _ _______ __ ___ __________________ _ 
N- I ethyl-2,4-xylidine ________________ . ______ _ 
N-Methylxylidines (from bromOKyl nes) __ . 
2,4-Diethylaniline _____ . __ . ________________ _ 
2-Metbyl·5- isopropylaniline _. _. _________ . _ .. __ 

T,N-DimeLhyl·2-methyl-5-isoprol ylaniline __ 
~T,N-Dimethyl-2, 4 ,6-trimethylaniline ________ _ 
Pseudocumidine (technical) _ .. ___________ __ 
Diphenylamine _____ ...... _. ____________ ... __ . 
p-Pheny lenediamine _______________________ _ 
N-Methyl-p-phcneylcned iamine ___ __________ _ 
'" N-Din::elhyl-p-Pheuylened iam inc _________ _ 
X , N-Dietbyl-I'-phenylenediallline ______ ..• _ 
" ,N'-Dimetbyl-p-pbenylenediamine _____ _ _ 
,,-~ ie lhyldiphenylamine __ ____________ _____ __ 

• 'rable II of reference 9_ 

< 0. 5 
3. 6 

> 10 
> 10 
> 10 
> 10 

4. 7 
> 10 

1.3 
< 0.5 

> 10 
> 10 
> 10 
> 10 
> 10 

0.9 
> 10 

> 10 
> 10 
> 10 
> 10 
> 10 
> 10 
> 10 
> 10 
> 10 

< 0. 5 
3. i 
4.6 

> 10 
> 10 
> 10 
> 10 
> 10 
> 10 
> 10 

< 0.5 
'<0.5 
'<0.5 
< 0.5 
< 0.5 
< 0.5 

3.3 

'"olume 
aromatics b 

0.5 
12(-62° C) 

> 10 
> 10 
> 10 
> [0 

9. 8 
> 10 

4. 2 
2. 6 

> [0 
> 10 
> 10 
> 10 
> 10 
> 10 
> 10 

> 10 
> 10 
> 10 
> 10 
> 10 
> 10 
>10 
>10 
> 10 

< 0. 5 
> 10 

11.1 
> 10 
>10 
> 10 
>10 
> 10 
> 10 
> 10 

' < 0. 5 
' < 0.5 
< 0.5 

> 10 
> 10 
> 10 
> 10 
> 10 

.3 
> 10 

4.4 
3.6 

> 10 
> 10 
> 10 
>10 
> 10 
> 10 
> 10 

> 10 
> 10 
> 10 
> 10 
> 10 
> 10 
> 10 
> 10 
> 10 

< 0.5 
> 10 

9. I 
> 10 
>10 
> 10 
> 10 
> 10 
> 10 
> 10 

< 0.5 
'<0.5 
'<0.5 
< 0. 5 

> 10 

b Aromatic mixture consisted or (h'o parts xyle ne, two parts cum cne, and onc part. toluene. 
• Solubility a t room temper lure. 
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i"IGl' RE VI- 5.- Solubility of a romatic " mines in A:>:- F'- 28. Amendment- 2, fu el. ( Fig. 4 of 
reference 9.) 

The olubili tie of the amines in Lhe a romatic-free ga oline, 
in the ga oline of 15-pel' en L aromatic cootent, and in the 
A - F- 2 fu el a re presen ted in ftgure VI- 3, VI-4 , and VI- 5, 
respectiYcly. The amine that were oluble to at lea 10 
p rent by weigh t at - 760 F (-60 0 0 ) in each of the ga 0 -

line are 

N -Ethy la ni line 
-Propy lani.hne 

N -I opropylaniline 
-tert-Ell tylaniline 

1, -D ieLhylan iline 
N -:'l ethyl-p-toluidioe 
N -lIethyl-a-tolu idin e 
N-:'Iethyltoluidine (from chlorotoluenes) 

-Ethyl-p-toluidine 
-I opl'opyl-p-toluicline 

I-:'Iethyl-p-ethylaniline 
N-:'Iethylelhylan iline, ml.xecl .i orner" (f rom chloroeLhyl-

benzene ) 
a-I opropylaniline 
p-I sopropylaoiline 
N -_ Iethyl-p- i opropylaniline 
N-I opropyl-p-isopropylanili.n c 
Oumidin e (from syntheti c cumene 

umidine (from refinery cumcne ) 
N -:'Iethylcumid ines (from bromocul11 ' ne ) 
N -Methyl-p-tert-butylanilinc 

-:'Iethyl-2 ,4-xylicl ine 
-:'Iethyb:y lid ine (from bromoxylene ) 

2,4-Diethylaniline 
2-:'Iethyl-5-i opropylaniline 

-Dimethyl-2-methyl-5-isopropylaniline 
N , -Di thyl-2,4,6-t rimethylaniline 
P eudocumidine (technical) 
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At room Lemperutu 1"(', N -metbyl-p-phenylenecl iamin e and 
}J-phellylenediamine were les than 0.5 percen t (by weio-h t) 
soluble in the te to-a oline: no additional olubility data we re 
laken for the e compound. Al room temperatur , N,.r ,
dimethyl-p-phenylenediamine wa soluble to th e extent of 1 
lo 2 percent by weight but wa loo unstable to pe rmit accur
ale measurement of olubility by the method employed. 
~,N-Diethyl-p-ph enylenediamine was Le ted only in th e 
a romatic-fre ga oline . 

\Vhen figure VI- 3 and 1-4 arc compared, it is een that 
compo ition of the ba e fuel greatly influenced the olubi[
it ies of the amine. The addition of 15 percent a romatic Lo 
the a romatic-rree gasoline app roximately dou bled or tripled 
the amine olubility. olubilitie in AN - F- 2 fu el (flg. 
'1"1- 5) were about the ame as tho e in the gasoline containinO" 
15 percent aromatics. Rept'c'senlalive samples of A - F- 2 
fuel contained 12 to 20 percent (by volume) aromat i c ~ . 

A ummary of the solubilitie of the amines al - 76 0 F 
(- 60 0 C) in the difl"('l"ent le I, ga oline i pre 'ent d in tab le 
' -1- 4. The )"e ull were obtained by in terpolating or extra
polatino- the experime ntal data. Tb data obtained for 
commercial xylidines (reference 10) ar in luded for com
pan on. 

The solubili ty of an aromatic amin e in the aromatic-free 
ga oline at - 76 0 F (- 60 0 

) may be taken a an indicat ion 
of the maximum concentration in whi h the amine could b e 
added to current aviation fuel on the basis of olubili ty 
alone. The aromal ic hydJ"Ocarbon pre ent in most of the 
wartime aviation fuel provided a margin of safeLy in pre-
·enting thi concentration of am ine from separating at 

- 76 0 F (-600 C). 
Gasoline-water distribution coefficients .- If a fuel co n

taining an additive ucit as an a romatic amine i stored in 
contact wi th water for an extended perioel of time, a certain 
amount of the additive will be extracted by Lhe water. An 
analysis of a fuel- torage sy tern in which this extraction 
migh t OCCllr was made by Olson and T i cWer (reference 11 ) 
in order to develop an expre ion from which the loss of 
amine to water could b approximated. torage y t m of 
thi type have bee n variou ly termed "ove rwater torage 
y terns, water-displacement torage y terns, and aqua 
torage y t m ." 
A point d out in reference ] 1, it i unlikely that a ingle 

expre ion can be wl"ilten for u e under all cond i tion en
countered in pmelice , but cm"Lain assumptions permi t a 
mathematical clerivation of an equation that covers a wid e 
range of ituaLions. In Lhe operat ion of a tank uti li zing the 
water-displacement principle , fuel i removed from the tank 
by adding water at the bollom of the tank. F uel i added 
Lo the tank by removal of storage waLer from the tank. 
Two pha es, one of ga oline and one of water, exist in the 
lank, which is full of liquid at all t imes. 

The following a umption a r made in reference 11 in 
determining the expre ion" for ("oncentrat ion of addit ive in 
fuel sLored ov l' water at any volume of fuel: 

1. When equilibri urn cond i tions are reached, the el i t ri bu
tion law applie to t he add iLive; namely, the ratio between 
the concentration of the additive in the two pha e of the 
ga oline-water y tem icon tant at con tant temperature. 

Th e ratio i de cribed a the lis tribution co ffi cient and 
elenn ed as 

J": = {addi t ive co ncent ratioll in gasoli ne pha. (> 

add it ive concen t ration in water phase 

This co nsLant mu t be expe rimentally deLermined for each 
additive. It varies with temperature of the fuel and water 
and wi th the nature of the fuel. Any var iaLion in the di -
tribution coeffici nt cau cd by additive concentration may 
be as um ednegligible in the range of concentra t ions produ ed 
by the di tribu t ion procc s. 

2. The volume of the additive itself, when present to the 
extent of 2 Or 3 percent or Ie ,i negligible by compari on 
with th e vohm1 s of ga oline and waLer. The equilibrium 
concentration is the minimum concentrat ion of additive in 
the fuel at tlle v lum e in que Lion. 

The fo llowing ymbol arc u eel in the analy i of r efer
enc 11: 

[{ gasolin e-water eli tr ibution coefficient (experimentally 
dete rmined) 

X co ncentraLion of additive in gasoline before addition or 
removal of port ion of fuel 

X' concentration of additive in ga oline after add ition or 
removal of po rtion of fuel (at equilibrium) 

V volum e of torage tank 
Vg volume of fuel in tank befor . a Idition or r emoval of 

portion of fuel 
Vg' volum(' of fu el in tank aft r a lclition or removal of 

portion of fu el 
V w volume of water in Lanle before addition or removal of 

por tion of fu el 
V,o' volume of water in Lank after addilion or removal of 

por tion of fuel 
V/ volume of fu el added or wi thdrawn (V/= V/ - Vg) 
Y concentration of additive in water added or withdrawn 
Z co ncentration of additive in fuel added or withdrawn 

Because the manner in which an overwater- torage system 
i opera ted is one of the mo L imporLant variables influencing 
the additive concen tration in the tored fuel , two ca es rep
rese nting two very different operating procedme have been 
tu Lied: 

Case 1. - The fiJ · t ca e appl i e to ucce i ye addi lions or 
withch·awal of fuel tored in conLact with waler when an 
appreciable pe riod of time ha elap cd between each addition 
or withdrawal. 

In. order Lo approximat thi ituation it j a sUIned that 
during the actual addition or wi thdrawal of fuel , no additive 
is tran ferred betwee n the gasoline and water pha e bu t 
that equilibrium distribution of addi tive between the two 
pha es is attained during the period between ueces ive ad
dition or withdrawal of fu el. This assumption i ba ed 
on the lowness of the ra te of diffu sion of additive between th e 
two pha e. The following equation will agree more closel)' 
with the actual situation the longer the period hetween ad
dition 01' withdrawal of fuel: 

(XVg+ ZF/) +(X':W- YV/) = XI (Vg+ VI)+~ (V w- VI) 

(1 ) 
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This equation ma~· be expre eel in worels as follows: 

(Quantity of add iti ve in gasoline after addition or withcLrawal 
of fuel but before equ ili brium) + (quantity of additive 
in water after addit ion 0 1' ,,-ithdrawal of fuel but beforr 
equ ili brium) = (quanti ty of aclditivc in gasoline after equ i
librium ) + (quanti ty of addi tive in water after equilibrium ). 

Expanding and collect ing term giYe 

X' = KX Vg+ KZ VI+ X Vw-KY VI 
KVg+ KVr+ Vw- Vr 

(2) 

If fu el is el i plarrd from the tank by fre h water, Z = X , 
Y = O, Tlx' = Vg+ Vr and T',c'= Vw- Vr' Then 

(3) 

Case 2,- The second case appli es to sucee ive mall witb
drawal of fuel ove r an apprecia ble length of t ime. For tbi 
approximation, equilibrium di tribut ion of addit ive i a -
Ulneel to exi t bet ween gasoline and wa te l' at all times. An 

equation of thi or t permi t evaluat ion of additive conce n
trat ion under circumstance where withdrawal of fuel have 
bee n small , compared with the tank capacit~-, but ve l')- num
erou s. Equation (4) may thu be considered as the 1'e ul t of 
ap plying the equation of case 1 to an infinite number of 
t p , with eq'uilibrium establi h eel between each tep. 

Let to{ = X'-X , 6. Vg= 17x' - F g , and 6. V,o= V",' - Vw 
Thrn , 

X' ITx' + X;:WI = X '- tJ.X ( l1e' - tJ. Vg)+ 

(X I-i/X)c l Tw'- tJ. 1f",)+(X' - tJ.X)6. Vg 

oJ', in word , 

(4) 

(Quan tity of additive in fu el tored over \\"a ter) + (quantit." 
of aelditi ve in water) = (quanti ty of addi tive in tored 
fuel before removal of mall increment) + (quantity of 
additive in water before addition of increment of fresh 
water) + (quanti ty of additive removed in small in cre
ment of fu el), 

By removing second-order differentials, equation (4) can 
be expanded and implified: 

(5) 

But - tJ. Vw= tJ. Vg and V",' = V - Vx'; ther for 

!lX 6. I1g 
X' V/(K - 1)+ V 

(6) 

By integration from any concen tration X and yolumc Vg to 
X' and Vx' , 

1 

v, _ ,\T [ V/ (K - 1)+ V J K- l 
.d . - LJ,. Vg(K - l )+ V (7) 

TABLE VI- 5.- TORAGE- Y 'TEi\I IXVE TIGATIO N 

ample takcn • M al' 27 Juoe 7 July 3 July 13 
1943 \ June 19 

---
Fuel in tank before reo lO5 105 6105 2105 1105 

moval of batch, gal. 
Wa tcr ill tank before reo 16, 95 16, 95 I , 95 22, 895 23,895 

mova l of batch, gal. 
Fuel remo'·cd , gaL ..... (fu el placed ill 2000 4000 1000 1105 

storage sys· 
tern) 

Xylidines, grams/ lOO ml L~ (b) 
{{ 

0. 94 } 0.825 0.815 
(electromelrically) 26} .83 .82 

{ 26 } ........ (e) 
M ean 1.01 2 

Equilibriu m concen tra· --.------------- dO.900 • O. 6 0. 825 0.806 
tion, X ' (eQuaUoo (2) ) 

• Analys i~ indicated under each dale is prior to removal frol11 the storage tank of the quan· 
tity of fuel indicated under that date. 

b ample was inadvertently mixed with some xylidine-fre fuel. 
e The fuel stored over water go"e a negligible decrcase in knock rating wbeo compared 

with the original batch of fucl. 
d ample ca lculat ion for ruo on June 7: Bccause thc lallk contained nO fuel prior to th~ 

add ition of the 105 gallons on May 'ri, V,=O, X =O, and Y =O; therefore, from equation (2) 
X ' = (17) (1.01) (8105) 

(17) ( 105)+25,000- 105 
=0.900 (equilibrium concentration attained on standing), 

• ample calculat ion for I'lIn on Junc 19: In this casc, Z=X and Y =O. Equation (2) there· 
fore becomes cquation (3) and 

/00 

t: 
o 
.;:: 
e 
t 80 
o 
c 
o 
u 

~ 
.;:: 60 

~ o 

'2 
0> 40 
l 
o 

.... 
o 
Q) 
0> 
~ cO 
c 
Q) 

e 
~ 

o 

;('=0 00 ((1 6,895+(17) (6 105») =0 6 
J • (1 , 95+0i) (6 105) . 

k+-.-.~- . 
----= ~ . -;:.; :;..::--

~/-- y,-/ 

/ 
/ 

/ 
I 
I ---Cont inuous equilibrium 

--·---- Eoch botch removed is 10 

I percen t o f' tonk volume 
-- - Single botch removed 

; I 
I 
i 

If 

Ii 
, 

cO 40 60 80 100 
Percentage of tonI< contoinin9 gasoline 

FI(;l'RE Vf-6.- Additi \-e concentration in gasoline stored on~r water for distribution coe ffi 
cient of 20. ( Fig. I of reference II .) 

I n full- cale, oven vater- torage test of xylidine-blendcd 
fuel , 8105 gallon of aviation fuel were tored in a tank of 
25,000-O'allon capacity and immediatel~r ampled and ana
lyzed. The tored fu el (containing x~·li dine ) was sampled 
and analyzed periodically, and part of the fu el wa removed . 
Thi proce i a batch proce ; therefore, equation (2) i 
applicable. This te t provide an evaluation of the equation 
for the particular condi tion , 

With the a umption of an average temperature of 65° F 
for the tank ontrnts and fu el displacement with fre h \\'ater, 
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'8, yolume di Lribution coefficient of 17 \Va selcctcd fo l' 
xylidines (refe rence 12) , Th e rcsults of the full-scale, 
watel'- ,I-stem test and the equilibrium co nce ntrat ion calcu
lated from equation (2) arc compared in table VI-5, Th 
calculatedre ult agrce wcll with the expcrimen tal data for 
this particular te l. 

:N'ormally anticipatcd addiLin concentration in fu cl sto l'cd 
-over ,,-ater is shown in fiO'LIre VI- 6 for thrce lifferen t types of 
.tank operation, A volume distrib u t ion coeffi cien t of 20 is 
as umed inasmuch a cxpcrimcntal valu c range from 13 to 
26 for x,didine (refercnce 12), 

Tbr 10pmo L cu rvc of figure VI- 6 reprcsent f uel d i placcd 

I I 

from a full tan k in successive mall incrcments ovrr a period 
of time suffic ien tly long fo r eq ui librium Lo cxist con Linuously, 
Eq uation (7) appl ies for thi case, Thc sccond curve illu -
trate, the ' a. ria.t ioD in concen t ration to bc expected if fuel i 
displaced fro m a full Lank in L1cccssive quanlltle with 
equilibrium existing between withdrawa l , Equation (2) 
ap pli e fo r thi ca e, The lowcr curve ill ustrate the con
cen tratio n to be expecLed if fuel i d isplaccd from a full 
tank in a inglc, fairl y rap id operat ion witb equilibrium 
e tabli hed onJ," after Lhe withdrawal ; i l al 0 illustrates th e 
chang in co ncell tration I'e Lilting from the addition of a 
batch of fuel to a tank containing a Iclitiyc-free wa.ler, 

100 (XI = 100 J(vg , 
}---t--+---t X V..,' +.lo-g' t---t--+-- -t---t---t-- -t---t--+---t---/---t---/---t---i 

X' 

x 
I----i--_t_ Vw ' 

f( 

1----+----;... vg ' 

AdditIve concenfrafion in qasoline ofier odddion 
or removal of porflon of fuel (or eqUilibrium) 

Addiflve conce n fro fion in gasoline before addiTion or 
removal of porfion of fuel 

Volume of . wafer in Tonk after addition or removal of 
portion of fuel -j---t---I----j---.j---j---.j---+----l 

Gasolme-woter disinbufion coefficlen f (experlmenfally 
de fermined) 

Volume, or , rue l in fonk offe r addifi on or removol of 
porflon of fue l 

FIGUR E "Ii,-Maximum possible loss ofaddili,'e from fuel stored over water, A value for distribution coefficient is rcquired for I articular sYolem, bUl plot i indcpendent of original concentra
lion of additive, nature of fluids, or temperature, (Fig, 2 of r fcrcnce 13,) 
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Generally peaking, the los of an additive, uch a 
xylidine , with a di tribution coefficient of about 20 will noL 
be severe. The greate t loss will occur when the tank 
contain a ratio of A'}Tlidine-free water to fuel grec t r than 
a bouL 4:1 (reference 11 ) . 

It i emphasized that the equations presen ted in th e fore
going paragraph s apply only to the extent thaL he assump
Lions hold for a particul ar application. In practice, factor 
llch as temperature, varying ga oline-water in terface area, 

and Ir quency and quanti ty of addition or wi thdrawa'! will 
influence the res ul ts . 

A previou ly tated, the evaluation of 10 s of adclitiv to 
wat l' in a water-di placement fu el-storage ystem is de
pendent on the distribution coefficien t K for Lbe particular 
add.i tive under consideration. Olson, Ti chler, and Good
man (reference 13), and Goodman and Howard (r ference 14) 
have determined distribution coefficient tor 45 aromatic 
amine. 

Th ba e ga 'oline u ed in d termining the d i tri b u ti on 
coefficient was an aromatic-extracted grade 65 ga oline to 
which wa add ed] 5 percent (b volume) of an al'omatic
hydrocarbon mixture con i ting of five part xylene, two 
part cumene, and one part toluene. Blend of] , 3, and 
6 percent (by weight) aromatic amine in thi ba e fu el were 
examin d. E arlier data on xylidine (r ference 12) ho\ 
that temperature is the mo t ignificant variable affecting the 
distribution coefficient ; con equently, mea urements were 
made a 40° and 100° F. The d istribution oeffici en ts for 
the amine ar shown in table VI- 6. 

The effect of the distribution co fficien t in 10 s of additive 
to water in a waLer-displa ement ystem is illustrated in 
figure VI- 7 (reference 13). Tbi figure wa prepared by usc 
of the previously di cu cd equation (refer en e 11 ) and i 
ind epend en t of the original additive cone n tration , the 
nature of the two fluids , or the Lemp ra ture. Figure VI- 7 
how the minimum po sible additiv concentration in the 

fuel remaining in Lhe tank after part of the fu el i displaced 
from a full Lanh. with amine-free water. The gr ate L amin 
10 will occur if the fuel i removed in a ingle ba tch; how
ever, tbi. eldom occur in pracLice. A lower 10 of addi Live 
than indicated in figure VI- 7 will 1"e ul t if removal of the 
tored fuel i tepwise. 

Methods of analysis for aromatic amines . - For a period 
of about 2 years the NA A u cd pectrophotometric meas
urements of th e ultraviolet abso rp tion of aromatic amines in 
Lhe analysi for pre ence of amine in gasoline and water. 
Thi method of anal.v has been r ported in detail by 

Tischler and Howard (referen ces 15 and 16). The spectro
photometric method is more accurate than titra tion method 
and bas proved to b applicable to quantitativ dete rmina
tion in h.vdrocarbon solution of all monoaryl amines tested 
in the NACA laboratorie . 
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TABLE YI- 6.-DISTRIBUTION COEFFI CIENTS OF AROMATIC AM INES • 

Aromatic amine 

!\nilinc ______________________________________________________ ._. __ _ 

N -Methylanilin c __________________________________________________ _ 

N-f~thylaniline ____ _____ . _________________________ __ ____ . __________ _ 

N -Propylanilinc ___________________________________________________ _ 

N-Butylaniline __________________________________________________ - --

).T-l sopropylanilinc . ___________________________________________ ___ _ 

N-lprl-B utylaniJin e _______________________________________________ _ 

N. :\LDimethylanilinc _____________________________________________ _ 

N, N-Diethylanilinc __________ . ____________________________________ _ 

o-Toluidine ________________________________________________________ _ 

m-'roluidin 

p-Toluidin c _______________________________________________________ _ 

N-~1ethy l-p-toluidinc ____ ________ _________________________________ _ 

:-< -:lIethyl-o-tOlu idi nc ______________________________ __ ______________ _ 

N-!I[cthyltoluidines (60 perccnt Po, 40 percent 0-) _________________ _ _ 

l\'-Methylioluidines (80 percent p-, 20 percent 0-) ________________ ---

N-Ethyl-p-toluidine ___________________________ - __ - - - -- - - -- - - - -- ----

N-l opropyl-p-toluid ine _________ - ______ --- - - -- -- -- - -- - ---- ----- ----

o-Etbylanilinc ____________________ -- --- ---- ------- --- -- - -- -- --------

p-Ethylaniline ___________________ -- -- - -- - --- - -- -- --- - --- --- --- ------

Original con
centration in 
fu el (pcrcen t 

by weight) 

I 
3 
6 

I 
3 
6 

I 
3 
6 

I 
:3 
6 

1 
:J 
6 

1 
3 
6 

1 
3 
6 

I 
3 
6 

I 
3 
6 

I 
3 
6 

1 
3 
6 

1 
3 
6 

1 
3 
6 

I 
3 
6 

1 

~ 
I 
3 
6 

1 
3 
6 

1 
3 
6 

Concentrat.ion 
in water at 
equilibrium 
(percent by 

wcight) 

0. 405 
I. 200 
?1 78 

0.041 
.112 
.195 

0. 014 
.043 
.074 

0.003 
.009 
.0 19 

0.002 
.005 
.009 

0.016 
.048 
.099 

0.010 
. 025 
.043 

0.003 
.009 
.0 17 

0.0005 
.001 
. 0015 

0.150 
. 41 5 
.705 

0.154 
. 410 
.717 

0.196 
.571 

0.020 
.055 
.099 

0.021 

: g~~ 
0.029 
.07'1 
. 129 

0.022 
. 053 
.091 

0.004 
.010 
.0 17 

0.007 
. 020 
.035 

0.054 
.146 
. 244 

0.067 
. 171 
.288 

40 

Distribution 
coefficient on 
weight basis 

]{ w. 

1.48 
I. 53 
I. 84 

23 
26 
30 

70 
69 
80 

:100 
330 
320 

500 
600 
700 

62 
62 
60 

JOO 
120 
140 

300 
330 
350 

2000 
3000 
4000 

5.68 
6. 24 
7.62 

5.51 
6.37 
7.47 

4. 12 
4.30 

49 
54 
60 

47 
66 
76 

34 
40 
46 

45 
56 
65 

250 
300 
350 

140 
150 
170 

I 
20 
24 

14 
J7 
20 

'r emperaturc, 0 F 

D istrit ution 
coefficient on 

volume 
basis b, o 

J(tO' 

1.08 
1.12 
1. 35 

17 
19 
22 

51 
51 
59 

120 
240 
230 

370 
440 
500 

45 
45 
44 

73 
8 

105 

220 
240 
20,0 

J500 
2000 
3000 

4.16 

t~ 
4.04 
4.66 
5.47 

3.02 
3.15 

36 
40 
44 

34 
4 
56 

25 
29 
34 

33 
41 
48 

l EO 
220 
260 

105 
110 
125 

13 
15 
I 

10 
12 
15 

Concentration 
in water at 
equilibrium 
(perccnt by 

weight) 

0.287 
.850 

1. 557 

0.029 
.076 
.141 

0.009 
.026 
.050 

0. 002 
.007 
. 013 

0. 001 
.004 
.007 

0.012 
.034 
.064 

0.005 
.014 
.023 

0.003 
.008 
.014 

0.0003 
.0006 
.0008 

0.104 
.282 
.505 

0.123 
.352 
.569 

0.013 
.036 
.066 

0.011 
.029 
.051 

0.020 
.051 
.091 

0.015 
.038 
.064 

0.003 
.008 
.015 

0.005 
. 014 
.022 

0.032 
.OSS 
. 152 

0.040 
. 105 
.180 

100 

Distribution 
coefficient on 
wcight basis 

J(.ll' 

2.50 
2.57 
2.94 

34 
39 
41 

110 
]]5 
120 

500 
400 
460 

1000 
800 
900 

82 
87 
93 

200 
210 
260 

300 
370 
430 

3000 

~~g 
9.4 

10. 3 
It. 6 

8.6 
9.7 

11 .0 

7.2 
7. 
9 7 

76 
82 
90 

94 
105 
115 

49 
5 
65 

65 
79 
93 

300 
370 
400 

200 
210 
270 

30 
33 
39 

24 
28 
:13 

113 

Distribution 
coefficien t on 

vo)nme 
basis c,d 

J(tol 

I. 76 
J. 81 
2. 07 

24 
27 
29 

350 
280 
320 

700 
550 
630 

5 
6J 
65 

140 
~g? leO 

2JO 
260 
300 

2000 
4000 
6000 

6.6 

g 
5.7 
6. 
7. 7 

5.1 

U 
54 
5 
63 

66 
74 
SO 

35 
41 
46 

46 
56 
65 

140 
150 
190 

21 
23 
2i 

J7 
20 
2.3 
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TABLE VI- 6.-DI' ' TRTBCTlOI~ COEFFICIEXT OF AROMATI Al\UXE -Continued 

.-\ romatic amine 

N·~rethylcthylal1ilincs _ 

:\ ·:-lethyl·p-eth)' I"n ilin 

1'·lerl·Butylanilinc 

o· lsopropylaniline 

I'·lsopropylaniline 

··"Iethyl·p·isopropylaniline 

2,4.6·Trimethylaniline .. 

I Cumicl ines (From synthetic cumene) .. 

Original con· 
cent.ration in 
fuel (percent 
by weight) 

I 
3 
6 

I 
3 
6 

I 
3 
1\ 

I 
3 
6 

I 
3 
1\ 

--- .. _--
I 
3 
6 

I 
3 
6 

I 
~ 
6 

Concentration 
in water at 

eq uilibriulll 
(percent by 

weight) 

0.006 
.017 
.030 

0.006 
.01.; 
.028 

0. 008 
. 021 
. 035 

0.021 
.053 
.090 

0.021 
.04 
. Oi, 

-
0.003 

.006 

.009 

0.013 
. 036 
.065 

0.021 
.059 
. 100 

40 

Distribution 
coeOicient on 
weight basis 

K vl 

155 
I 0 
200 

IGO 
200 
210 

120 
140 
170 

47 
56 
66 

47 
62 
ii 

--- --
300 
500 
700 

76 
2 

91 

47 
51 
59 

Temperature. of 

Distribution 
ce tl1cient on 

\'olume 
basi b,t 

K ul 

11 5 
130 
145 

11 5 
145 
155 

~ 
10.) 
12.; 

31 
41 
48 

31 
4.~ 

56 

220 
370 
.>00 

5f. 
60 
oj 

34 
37 
43 

oncentration 
in water at. 

equilibrium 
(percent by 

weight) 

0.005 
. 011 
. 025 

0.003 
. 010 
.018 

0.005 
. 014 
.027 

0.010 
. 030 
.053 

0.012 
.033 
.059 

0. 001 
. 004 
.008 

0. 007 
. 021 
.040 

0.013 
.0'37 
.066 

100 

Distribution 
coefficient on 
weigbt ba is 

K~I 

200 
270 
240 

Distribution 
coefficient on 

volumt. 
basi c,d 
Kul 

140 
190 
170 

----
300 210 
300 210 
3aO 230 

200 1·10 
210 150 
220 155 

100 70 
100 70 
115 0 

2 
90 6.3 

100 70 

1000 700 
800 5.;0 
00 550 

140 100 
140 100 
150 105 

70 54 
0 56 

90 63 

I 

N-l\ l Clhylcumidines . __ ~ ___________ • ___________ _ 

2·.\fethoxyan iline 

I 
3 
6 

I 
3 
6 

0.009 
. 020 
.035 

O. I 

--------
110 
150 
170 

4.4 

I 0.003 300 I 210 I 110 .010 300 210 
12.1 .019 320 230 

-~---- -1-4. -3.28 0.129 6. 

Xylidines (technical ) ._. .. ...... _._ ...... _._._ ...... 1 
3 
6 

.491 
46 

0.050 
. 143 
.260 

5.15 
6.21 

19 
20 
22 

------
2,4·Xylidine 

2,5·Xylidine .. 

1

2,6.X Ylidllle .............. _. ------

N·Methyl·2,4·xylidlTle _... ._ ....... 

N-~ fethylxy lidin cs 

2,4- Di thylanilinc 

1 
3 
6 

I 
3 
6 

I 
3 
6 

I 
3 
6 

1 
3 
6 

2.Mcthyl·5·isopropylanilinc _ ... _ ......... _. __ ......... __ . ___ .. _. 1 

P udocumidine (tc,'hnical) _._. ____ . 

3 
6 

1 
3 
G 

0.053 1 
. 142 20 
. 257 22 

0.04 20 
. 132 22 
. 225 26 

0.063 15 
.173 16 
. 290 20 

0.009 110 
.01 165 
. 02 210 

0.010 100 
. 021 140 
.039 150 

0.005 200 
.014 210 
.026 230 

0.008 120 
.023 130 
.037 160 

0.036 2i 
.103 2 
. 172 34 

Standard water solution of th following amines cou ld not be prepared because of the "ery low water solubility of the am in 
N·Methyl·p·tert·butylaniJine 
N ·Isopropyl·p·lsopr pylaniJine 
N , N· j)imethyl·2-metbyl·5·isopropylaniline 

, N·Dirnethyl·2,4,6-trimethylaniline 
Diphenylamine 

·Methyl·diphenylamine . 

• Data from refer n(>?s 13 and 14. 
b ])~n ity of Itasoline solu tion at 40° F, 0.732 gram/m!. 
'Values for ]( .. , were computed by multiplying corresponding [(~I "alues by density of gasoline solu tion. 
d Density of gasoline solution at 100° F, 0.704 gram/m!. 

3.77 .350 ~:6 5.4 
4. ';'1 .6.12 .6 6. I 

14 0.033 29 1 20 
15 .083 35 25 
16 . 157 37 26 

-----

1 13 0.031 31 22 
15 9 32 23 
16 .170 34 24 

I .; 0.029 33 23 
16 .085 3-1 24 
19 . 149 39 27 

II 0. 010 2-1 17 
12 . 109 27 19 
15 . 190 31 22 

---- ---
I 0.005 200 140 

120 . 012 2.10 li5 
155 .017 3.;0 250 

------
73 O.oob ~oo 140 

105 .013 230 160 
110 .024 250 1i5 

145 0.003 300 210 
155 .008 370 260 
170 .014 430 300 

~ 0.005 200 140 
.014 210 150 

115 .026 230 160 

20 0.022 45 32 
21 .060 49 3·1 
25 . 1 55 39 



CHAPTER VII 

TETRAETHYL LEAD A 

For year tetraethyl lead Pb(C~H5)4 ha been considel'ed 
the mo t e(l'ectiw practical additiw for uppl'e ing kno kin 
eOIlY('ntional park-ignition engine. Tn compari on with 
the additive-type compound eli cu eel in chapter VI, tet ra
ethyllead icon iderabl)' more e(l'ective. An inve t igat ion 
reported h)- CalinO'aert (reference 1) indicates that th e 1<.nock-
uppre ing tencienc.,- of tetraeth.d lead i 11 time gr eater 

than that of aniline. 
On the ba i of co t and antikno'k dfeetivene alom-, 

tetraethyllead i far more de irable than an)- known blend
ing agen t , becau coli ttle i required in a fuel to eq ual the 
an tiknock efj'ect iycne of a much larger volume of blendlng 
agent. DdetC'J'ious effect may, howeyer, occur in engine 
when fuel containing high concentration of tetrae thyllead 
arC' 11 cd. These harmful efl'ects have nece ita ted strict 
regulation on the quanti ty that can be tolerated in fu el 
for variou type of ervice. 

In general. fuel u eel in commercial aviation ontain 
malleI' quantitic of tetraC'thylleacl than tho e u ed in mili

tar)' a ircraft. A t the ou tbrea I;: of vVorld 'W'ar II, Army
N fLYY aviation-fud pecification permi tted tetraEthyl lead 
in quantitie les than 3.0 ml per g<lllon . Thi limit wa 
later rai cd to 4.0 ml per O'allon; a critical hortage of more 
de irable blending agent occurred, the limi t was again 
rai cd to 4.6 ml per gallon. Cpon one occa ion during Lh e 
war, continued hortage of fuel tock and th e n eed [or 
much higher performance fuel result d in con idera ble ex
perimentation with fuels containing 6.0 ml per gallon . 

PRO E OF LEAD-DEPOSIT ACCUMULATIO 0 T 

AIRCRAFT-E GINE SPARK PL GS 

As noted in reference 2, onC' o[ the eli advantages of tetra
ethyl lead a an antiknock agent for aircraft fud i it 
eharactC'ri tie of depositing, C'ither a metallic lead 01' a a 
compound, on eombustion-chamber urfaces during engin e 
opcralion. ,' lIch (It-posi 1 on park plug, cause ignit ion 
failurr both b)" bridging the electrode gap and b.,- forming 
cond ucting palhs acl'O s the in ulaLor mfa e and a re us
peeted of 101l'C'r ing preignition ratings o[ park plugs (ch. IV ) 
and contributing to erosion o[ spa rk-plug electrode . For 
these rca on lead clepo ition on "park plug con tiLute a 
flying hazurd , increa e time and co t of engine maintenance , 
and limits the u e of tet raethyl lead in fuel . 

Th e investigation described in refe rence 2 illustrate the 
charaetNi tic of the progre iye build-up of spal'k-pluO' 
depo it. In onler to determine the progre ive accumula
Lion of clepo it on park phlO' , each park plug wa weighed 
p('('iodicall.\- throughout a ser ie of te t run in a CFR engine 
aL constant opera Ling condition . Additional runs were 
made in a iogle cylinder of a full-scale liquid-cooled ai r
craft engin e. Tlu'ee different Lypes of park phw, de ig
nated A, B , and , ,,-ere u eel. 

A FUEL ADDITIVE 

Variation of deposition with time. - The l'e ltlt of a d -
po it te t in the FR engine for a t~'p e A park plug arc 
hown in -Figur VII- l . Th e condition of large total depo it 

wa imulated without the nece ity of ex('('s ive opprating 
period by increa illg the tetraeLh~"llead content of the fuel 
to 34 ml pel' gallon . 

The accumulation of deposit increases witb operating 
time (fig. VII- I), but LhC' raLe of deposition decreases. After 
completion of thi te t , a n effor t was made to op('rate the 
engine wi th the coated park plug, but the te t \Va un uc
ce ful b cau e of hort circuitinO'. 

Effect of power level on deposition. - Operat ing condi Lion 
affect the accumulation of clC'po it on park plug , as illus
trated in figure VII- 2. Failure of the park pluO' during 
the low-power run occurred shortly after 14 hOllr of opera
tion because of the formn,lion of a small beacl of lead depo it 

E: 
-h." 
.~ 400~~-4~~~--1--+
o 
% 
Cl 

200 ~-t-/'--t---t-

Running time, hI' 
14 

FIGU RE VlI- I.-Lead deposition [or tyJX' A spark plug in CFR engi nt' with .\:-\- F-2S[u<'1 
lead d to 34 ml TEL per gallon. Compressiou ratio, 6.65; engine speed , 1800 rpm; imep, 
82 pounds peor square inch; fucl·a.ir ratiO, 0. 10; inlet-air temperature-, 850 F; coolant tem
JX'rature, 2120 F ; spark ad "a nce, 450 B. T. C. (Fig. 1 o[re[erence 2.) 

on an electrode gap. A photograph of lb park plug in 
t.hi ca e i hown in figure VII-3 . 

Accumulation of deposit masses.- park-plug drpo ~ilioll 

for a typc B parI;: ]ll.lg in Lbe full-scale ingle-cylinder test 
ongine is shown in "figw'c VIl- 4 (reference 2). The park 
plug wa loca ted in the exhau t po ition and the C'ngin \m 
operated under imulalecl crui e condition. Th e fuel con
tained 1 ml TEL per gallon. During this te L the condi
tion of the plug wa photoO'raphically recordecl at "ariou 
time interval (00'. VII- 5) . 'I.. ho\\'11 in the e photoO'raph , 
t.he depo it exisle 1 lmin O' operation in the form of molten 
globule, which chanO'e 1 po ition. The change in po ition 
arc att ribuLed Lo the influence of gravitaLion and molecular 
force and forces al'i ing from ga flow in the combu tion 
chamber (reference 2). The concentration of clepo it near 
the lowest point of the park-plug cavity became more pro
nounc d a the d po it increa rd . 

115 
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I I I I I I T 
Indica ted Indica fed 

I-- spec ific Engine mean effec five -
power speed pressure 

(ihpjcu in) (rpm) (/b/sq in) 
400 0 0./9 1800 82 -

0 .78 3 000 200 

/ 

./ 

V V 300 

( V 
/ 

V 
/ 

V 
/ J-L 

.,V V--
100 

V 
o 4 8 12 16 

Running time, hr 

FIG URE \ ' 1l- 2.- EfTecl f power le"rl on lead del)Osilion for tYlle C spa rk plu~ in C F R engine 
with A:\- I"-' fuel lead l'C1 lO 1.6 1111 TEL per ga llon . om pression ratio. 6.65; fuel-air 
ratio, 0.10; inlet-ail' temperat.ure, 90° F; coolant. l empt.' l'ilture, 2120 F: ~p:.l! k ucl\"anCf' , .J So 

O. '1' . C. (Fig. 2 of referencc 2.) 

FIGURE VIl- :3.- 'I'ypc C spark plug with lead in Icft gap. Failure of plug occurred after ].I 

hour operation a t low power in CFR engin. (Fig. 3 of refcren 2.) 

A poinLrd 0 L in reference 2, ob el'vation of deposit on 
many park pI g indicate that th 0 lepo it may vary 
con sid 1'0 bly in characteri tic anI apprarance under dif
ferent condition . on equently, no particular depo it can 
bo considered typical. D epo its imilar Lo tho c infigm c 
VII-5 have been ob erved on badl~T fouled park plug from 
ervice engine . 

Deposit losses.- From the data eli CLl e 1 in th foregoing 
paragraphs, it was concluded (refrrrn e 2) thaL the lnallllOr 
in which the mte of elepo ition varie (figs. VII- I, VII- 2, 
and VII- 4) sugge t that the net rate i the 1'e ult of depo i
tion (po ibl~' al con tant rate) and 10 of depo it at a rate 

800 

600 

J..:-
'e;; 400 
Q 

2-
c:\ 

200 

o 

I 
V 

/r 
1/ 

/ 
va 

/ 

If' 
4 

V l---r-o 
0 

I 1/ 
V 

,.V 
V 

/ 

I 

I 

8 12 16 24 
Runmnq time, hr 

FI Gl' RE \ - U - 1. I~c"d depos ition for type n spa rk plu~ in c,hausl l)asiLion of liqu id -cooled 
aircrafl cylinder wilh A:\- F-28 fuc'llc"clcd lO I ml TICI. per ga llon. ICn~ine spc·ed. 2000 
rpm: inlct.·air pressure, !lO inch('s of mercury nhs11ut ; Cucl-air rat io . 0.10; inlct-Ji r tcm pC'r· 
a ture, :)0 1" : coolant u'mpcra turC' , 250° F. ( Fie:, 4 orreft' I'(\IlCf' 2,) 

1 hour 

3 hours 

6 hours 

N",C" 
c- 136.43 
II· 15· 45 

10 h o urs 

15 hours 

18 hours 

F IGU RE VlJ-5.-.\ ccumula tion of lead deposiLs on t ype n spark plu ~ in ex haust pJsi ti an of 
liquid-cooled a ircraft cylinder. (Fig. 5 of referencp 2.) 

that increa ('s a the Lotal deposit incrca e. In or ler to 
Le t thi conclu ioo , a park plug wa operated in lhe FR 
engme on reference fuel containing (j rnl TEL prr gallon . 
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AfLer n~ hours of operalion, the deposit weigh t was found to 
be 159 milligrams. The spark plug was then replaced with
out cleaning and operated for 1 houl' under tbe same condi
t ions buL with unleaded . refcrence fuel. At tbe end of ] 
hour the deposit weight had clecrea eel to 112 milligrams, a 
decrea e of 30 percenL. A imilar test on another park 
plug resulted in a 35-percent weight loss. 

Significance of deposit weights.- spark I lug may fa il 
electrically when a deposi t of sufficient electric conductance 
to prevent parking i formed between the park-plug shell, or 
a ground electrodc, and the cen tel' elec trode. A very ma ll 
quantity of deposi 1, may cau 0 failure if the deposit d irectly 
bridges the electrode gap . (8 e fig. VII- 3.) There i 
evidence, however, thaL gap bridging is not the mo 1, com
mon type of failure of park plugs incorporating large nickel 
01' tungsten electrodes. In the more u ual case of failure 
b~- conduction along deposit on the in ulator, relatively 
large quantities of deposit. are neces aI'.\' before hort cir
cUlLmg occurs. The amount , distribution , and conduc
tivity of the depo it determine the path of hort circuiting. 
From th c photographic eviclenc in figurc VII- 5 it wa 
concluded (refel'(~nce 2) that , aside from ertain concen
tralina influences such as the force of gravi ty and large 
temperature difference, the depo it distribution i primarily 
a matter of chance. The amount of deposit and the chemical 
or physica.! propel' Lies of the deposit can then be con i lered 
a factors dete rmining the probability of failure. The 
actual failure, howcver, is dependent upon the el i tribution 
of leposiL. 

ETHYLENE DIBROMIDE IN TETRAETHYL LEAD FLUID 

One of the principal cau e of exhaust-valve failure in 
reciprocating engine ha been founeL to be eol'['O ion and. 
('oll apse of the valvc CI'0\\11 aL exce sively h igh operating 
lemperatures (refer ence 3) . Analy is of depo it on exhaust 
yalves ha hown eonelu ivel.,· that all th e lead presen t in 
the fuel has not been properl.\· cavenged from the cylindel'. 
Thi fact support the conclusion of Bank, (refer ence 4) 
and Hives and 'mitb (reference 5) that hot corrosion of 
exhaus L valves is a result of the action of lead oxide depo ited 
Oil the valve head dl.ll'ing opera lion with leaded fuel. 

In order to minimize the uncle irable lead doposits, e Lh~-
lelle dibromide is added lo the tetraethyllead before addition 
to lhe fuel. The ethylene clibromide reacts with lead in the 
C: ~'linder during combustion to form volatile compound 
lhat may be ea ily cavenaed with the exhaust gases. The 
mixll.ll'e of ethylen dibromide and Letraethy1 1ead (and mall 
quanti tie of dy and 1\:e1'O ene) prior to addi t ion to tho fuel 
is called tetraeth)-l lead fluid . The fluid cl.ll'rently u rd in 
a ircraf t fuel contains 0.96 gram of ethylene dibrom icl e pel' 
ml TEL. Tbis quantil.\· of ethylene dibl'omido is the amoun l 
(heor tically required to combine with all the lead in the 

mixture. Slich a m i.;dure of thc dibromi([(>' ancl tetrae thyl 
lead i pop ularly known a a l - T (one-theory) mix. 

An investigation (reference 6) was conducted to determine 
the influence of exce cthyleno dibl'omide on the degree of 
valve-crown COlTO ion occurring during l'llgioe operation. 
The effects resul ting from use of 1- T and 2- T mixes werc 
compared. B ecause the usc of exces clhylene dibromidr 
could cOliceivably roduce tbe knock-limile 1 performance of 
the leaded fue l, sLudie of knock-limited performance were' 
included . 

Effect on exhaust-valve corrosion.- R e ulLs of valYe
cor1'O ion te t in a fu ll- calc a il'-coolccl aircraft cylinder art' 
ummarizecl in the following La ble (r ference 6): 

I'uel ' \"righi loS' oJf ' '', h'c 
Length of run - - -

TEL I \fi ' (hI') Toia l I Rate R a il' (pereenialtr of I 
~gal) __ . ~_ ___ __ (gra ms) ( !1'nlm~ r) loss \\ ilh 1- 1' mi x) 

4. 53 1- '1' 22 .1. l 0.2:35 100 
2- '1' J 61 ~ 1.9i . 11 9 51 

6.0 3. Ii 
. 53 

O. lit) 
.r20 

' A:-<·F·2 (2 ·H) was used as basr fuel. 'I' his fu~ 1 contained about 4.53 m! TEL/gal. 

For the Le l in which the concentration of tetradhyllea(l 
\Va 4.53 ml pel' gallon , the exhausL-valve tempcratur wa 
held at approximatcl)- 1200 0 F . '\-'Yhen th e concentration wa 
increased to 6.0 ml pel' gallon , howeve[', the ('ombu tion-air 
in let Lemperature wa l' elu ced to 95 0 F as compared wi th 
150 0 F for the test with the fuel of lower tcLraeth)Tl lead 
oncentration. Thi change caused a lower exhau t-valve 

temp fa turc and p robably account foJ' the reduction in 
amount of valve 'OlTO ion in the te L of fuel with 6.0 ml 
TEL pel' aallon. 

Comparative photograph of the valve from the tests 
just de cribed arc shown in figmes VII- 6 and VII- 7. 

Effect on lead deposition.- Becaus of COlTO ion of the 
valve crown it \\Ta difficul t to determine quantitaLively Lhe 
eff et of et hylene dibromide on deposits. (Sec reference 6. ) 
For this r ea on , the measurement of depo i ts was confined 
to the piston crown and the park plugs. In Lhe test with 
the fuel contalning 4.53 ml TEL pel' gallon, the rate of lead 
deposi tion on the pi ton crOW11 with tbe 2- T mi.\: was about 
73 percen t of the rat dmmg th e te 1, with the 1- T mix, 

Tho effe ct of ethylono d ibromide on spa rk-plua deposi ts 
wa also determined for fuol containing 6.0 ml TEL pCI' 
gall on ; the e results a rc. hown IlJ the following table: 

" pa rk 1>lu?, I 
1--

Front . ______ ______ 1 

Rcar. ___________ _ _ 

~I ix 

1-'1" 
2- '1' 

\\'l\ ir hi or 
cll'pos it. 
(!-(ra m) 

0. 033 
. 021 

0. 10. 
. Ol~ 

RC:'nuct.ion in 
c1eflo~; 1 

(percen i) 

o 
75 

() 
8i 
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(a) \ 'ah 'c after 22 hOllrs of operation with 1-'1' mi x. (b) Yah -e after 16H hours of Ol>E'ra tiOn wilh 2-'\' mix. 

NIICII 
C,7178 

10·25 ... 

F Wl'RE VII-6.-E fTeet of c'cc's ethy lene d ihl omidc on exhaust ,-a h -cs in air,cooled a ircraft cylinder wilh fuel lead d to 4.53 ml TEL pel' gallon, ( Fig. 1 of reference 6.) 

Effect on knock-limited power .- Vrh en the lhylene 
dibromide con centration \Va incr eR ed Lo the quiyalen t of 
a 2- T mix, lh r re \Va flppa renll.\- no effect, on the knock limit 
ove l' lhe range of cO lldilion inve t io-ated in the full- calc 
a ir-coo led c.dinller (fig. ' TIJ_) . (SeE' refe rence 6 a nd 7. ) 

Olher te t wen' made Lo evaluaLc lhe ('[ ee l of lhylen e 
dibl'omiclE' on knock -l imited pO \\-E'r in a CFR lr , t engin~ 

o pera ling at ('ondilion pecia. cl for the A. S . T . '~ r. ,"' uper
charge m et hod ; lhe re ult are p resenl r d in la blr ' -JT- l. 

NACA 
·C·55"6 
7· 3· 4. 

(n) YHI", Mlcr I hours opl'ration with 1-'1' mix. (b) ' -ah - aflcr I hours operation with 2-'1' mh. 

"!Gl-RE " II-7.-EfTect of e\",,'5 l'thylenc dibromide on exhaust ' -oh -es in air-cooled ai rcraft oylinder with fuel leaded to 6.0 rol TEL PCI' glllon . ( Fig_ 2 of rl'fere~cc G.) 
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TABLE YIJ- l.- E F FEC'T OF ETHYLE~E DlBRmIIDE IX 
J.EADED A~D TJ~LEADED llEFEllE X CE F TJE L OX 
K~OCK-LDIITED POIYER 

[W here two ,·alu~s a re gi' ·en in t he table for the 8m e de termi na tion , the second ,·alue \\·as 
obta ined from a check run .] 

Leaded S refere nce fu~ 1 

Re la ti , -(> p O\\'(' r a 

Eth.vlene d ibromide 
in S refc l'('n cc ruel Fur l-air ra tio 

+6 ml T EL (ml/ga!) 

0. 062 0.070 

I 
0. 090 

- ------
2.67 (I- T ) -------- 1. 00 1. 00 1. 00 

0(0-1') ----._-- 0. 98 1. 00 1.01 
1.01 

4.01 ( 1.5-'1') ________ 1.01 I. 01 1.01 
.99 1.00 .98 

5.34 (2-T ) .----- -- 0.92 0.91 0. 94 
.95 

Unleaded reference fuel 

Rclatiq .. power b 

E th y lene d ibromide I 
in unleaded S Fuel-a ir ra tio rderence fue I 

(mligal) -

I U.062 0.070 0.090 
-

0 -- ------- ----- 1.00 1. 00 1. 00 

2.67 -------- ------ 0.98 0.96 0. 94 
.96 

5.34 ---- -------- 0.97 

I 
0.92 0. 92 

. 94 

• iml'p (S+6 ml TE L+ test conce ntra tion of e thylene dibromide) 
im" p (8+6 rnl TEL+ 2.G7 ml e thy lene dibrorn jd~ 0 - 1')-)

b iml'p (c+ test conce ntra tion of e thy lene dibromidc) 
imep ( ) 

0 
Fu el 

0 o 1 - T mix 

V o "2- T mix 

0 01. 

19' 
0 

"" 
j 

0 

I~ p 0 ~ 
0 if 

~ ""--<r'"' 
V U 

C 
0 

0 

0 ~ 
..g-

..q( 
u 

IrL -0-
1'I!r [U 

0 
.05 .06 .07 .08 

Fuel-air ratio 

I 
0. 110 

1.00 

1. 00 

1. 01 
1. 00 

0. 95 
. 9:3 

0.110 

I. 00 

0. 97 

I . 98 

I . 9G 0. 97 I 

~ r-o-
Lo-

r-o 

.09 .10 

FIGURE \,Il-S.- EtTect of excess et hy lene dibromide on knock-li mited performance in a ir
cooled aircra ft cyli nder. Engine speed , 2200 rpm ; inlet-a ir temperature, 250° F ; SI)3rk 
ad vanc1', 20° B . T . C . ( Fig. 3 0rreference G.) 

Increa ing the ethylene di bromide concentration from 0 to 
5.34 ml per gallon decreased. th e knock-limi Led power of the 
lead ed and unleaded S refe rence fu el about the ame amo un t, 
6 to 9 percen t depending upon the fuel-air ratio. Ch anging 
tbe concen tration of ethylene dibl'omide from 0 to 2.67 to 
4.01 ml per gallon had no effect on the knock-limited per
formance of th e lead ed fuel ; h owever , a change of 0 to 2.67 
ml per gallon decrea cd the knock-limi ted power of th(' un
leaded fuel a maximum of abou t 6 percen t. 

LEAD SUSCEPTIBILITY 

T he lead suscep tibili ty or lead respon e of a fu el is defined 
as the increa e in knock-limited performance of th e fu el rc
sul t ing from the addi tion of a given quantiL:v of tetraethyl 
lead. In 1943 the NACA conducte 1 an analysis of existing 
data on p ure hydrocarbon fuels to determin e th e manner in 
which the lead susccptibiliL.'" is influen ced by fuel Lype, enginc 
t.\-pe, and engine opera ting condition . This anftlysis (refer
ence and 9) wa based on data obtaincd from Lhe American 
P etroleum InstiLute (API) H ydrocarbon R esearch ProjeC't. 

DATA F ROM SUl'ER CH AR GED ENGIN ES 

In coopera tion wi th the API, the E thyl Corporation in
ves tigated the lead uscep tibilityof many pure compounds. 
Th se data were determined in a mall-scale engine h aving a 
d isplacemen t of 17 .6 cubi c inches. 

Paraffins .- E xamination of the E thyl Corp. data demon-
trated that the lead susceptibili ty could be represented as 

a t raigh t line by plotting the knock-limi ted indie-aLed mcan 
effec tive press ure of the pure fuels against the knock-limi ted 
ind icated mean eff ec tive pres m es of the leaded fuel (refcl"
ence 8). By this method, data for paraffinic fuels were 
plotted a hown in fig ure VII- 9 (a). It i obviou in this 
figure that the fuel which ha the highest permissi ble indi
cated m ean effec tive pres ure in the pure state has the greaL
es t lead response. The percentage increase in ind icated 
m ean effec tive pressure for l.0 ml TE L, however, is con tan t 
regard less of the permissible indica ted mean effective pres
sure. H eron and Beat ty (referen ce 10) found th i fact to 
be true for 6.0-ml additions of tetrae thyl lead. 

The susceptibili ty of isooctane to variOll quail t1 tICs of 
te traethyl lead is sh own in figure VII- 9 (b). B ecause it ,ya 
beli eved tha t the lead u cep tibility of all paraffins migh t be 
represen ted by a chart similar to figure VII- 9 (b ), a late r in
ve t igation (reference 9) was made with blend of two paraf
finic fuels (S and M reference fu els) containing up to .0 ml 
TEL per gallon . This stud.v was made in a supercharged 
CFR engine modified as described in reference II. 

D ata from referen ce 9 are plot ted in fl o-Ul'e VII- lO. The e 
plots are based on re ul ts repor ted by H eron and Beatty 
(reference 10) which indicate that for supercharged tests a 
linear relation exists between the reciprocal of the knock
limi ted indica ted mean effecti'-e pr sure an d bl end compo
si t ion. (See chapter VIII. ) 
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Th e lines of constan t tetraethyllead concen tration in these 
figure can b r PI' en ted by th equation of an equilateral 
hyperbola: 

P (A- N)= B 
where 
P knock-limi tf'd indicated mean effective pressure 
A constan t 
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volume pereentag of reference fu I in ),1 referen e fu I 
B slope 

The a ymptoLes of the hyperbola l' pre ented by eq uation (1) 
are' zero and A. 1'h constant A i independen t of tetraeLhyl 
lead concentration and fuel-air ratio and is eq ual Lo 145 (the 
in tersecLion of the curves wi th the ab ci a). 

In [j O' ure VII- ll , the data from figure VII- J 0 have' been 
conve rted to plot of the knock-limiled indicated mean 
eO'ecLive press ure of the clear fuel flgainsL the knock-limited 
indicated mean effect ive pre ure of the I aded fueL Thi 
l~Tpe of plot ha an advantage over that of figure VII- IO in 
that Lhe lead uscep tibi li L:v can be repl'esen lrd by a linear 
relation witho ut the u e of a reciprocal ale . 

A cale repre ent ing antiknock raLing in term of ocLane 
n umber and leaded i ooctane has been ad led to figure 
VII- II. Th i cale conespond to the ordinaLe valu s of 
knock-limi ted indicaLed mean effective pre ure; LhaL i , a 
gO-octane fuel whether clear or leaded (fig. VII- ll(a)) ha 
a knock-lim ited ind icated mean effecLive pre m'e of 5 
poun d pel' sq uare inch under Lhe conditions pre entecL 
With the add ition of this cale, Lhe char may be u ed to 
obtain either the knock-limited indicated mean effec tive 
pre sure or the octane rating of a paraffinic fuel containing 
variou quan titie of tetraethyl lead. Only the unleaded 
fuel need be te ted in order to e timate the lead re ponse 
for any concentration of tetraethyllead. 

The estimation of lead su cepLibiliLy according Lo the 
forego ing procedure i of vahle in the tudy of paraffinic fuels 
in whi ch the quantity of fuel available for te ting is limited. 
I n uch case the r ating of the clear fuel can be determined 
by a tandard rating method such as the A. . T . L . 'uper
charge rating method, and the raLing of the te t fuel plu 
variou amount of tetraethyl lead can be approximated 
from a chart pl'eviou ly e tablished for the elected rating 
method. 

Cyeloparaffins an d olefins .- In ltfficient data exist to 
e tabli h defini tely the uscep tibilit ies of tb e cycloparaffin 
(fig. VII- 12 (a)) and olefins (fig. VII- 12 (b)) . When figures 
VII- O, VII- 12 (a), and VII- 12 (b) are omparcd, the order 
of lead respon e for the paraffin , cycloparaffin , and olefin 
i found to be as follow 

I Perccnta~e increase irncp 
1 ___ -

H ydrocarbons (m l TEL/gal) 

1.0 2.0 3.0 4.0 5.0 6.0 

p a ra flins _________________________ 1-2-S ---3-6---:;--5-1 --;';--6-1-
Cycloparaflins __ ________________ 23 -------- -------- - ---- --- -------- --------
.00efin s__________________________ 14 -------- -------- -------- -------- --------

• Pe-rccntage incr(, ~l$e in imep for olefin was estimated from diisobutylcne. 

D ATA F ROM 0 S UPER HARG ED ENGI NES 

The rela tion between critical compre ion ratio and 
A .. . T _ 1[ . Mo tor method octane number can be repre ented 
by the equation for a byperbola. (ee fig, VII- 13,) The 
curve in thi figure was calculated from figure 1 of reference 12, 
which how the relation between height of compre ion 
chamber and A. . T . ~I[ . ~ fotor method octane number. 
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The equation f r the curve in figure VII- ] 3 is 

(R - 3.3 ) (125 - N I )= 125 (2) 
where . 
R critical compre ion ratio 

A. . T . 1\1. Mo tor method octane number 

The a ympLotes for th curve are cr it ical com pre sion ratio 
3.3 and A. , . T . ::\1. :.\[otor metho 1 octane number, 125. s 
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pointed out in referen 'e ,the e asymptote will vary wi th 
engine operating co ndi t ions. 

The curve ju t di Cll e li related to a linear method used 
by H eron and Beatty (1' Ierence 10) to expre lead LI cepti
bility (gain of octane number per ml TEL). The method 
i illu strated in fi o- ure VII- 14 (a) for data obtained by the 
API. The relation between figul'es VII- l :3 and VII- 14 (a) 
may be shown by extendin o- the line in figure VII- 14 (a) 
until they inter eet. Thi in tersection occur at an octane 
number of 125. If bo th scales of figure VII- 14 (a) were con
verted to cri tical compre ion ratios, the point of in tel·~ec tio n 

of the curve wou ld be at a compression ra tio of 3.3. The 'e 
twopoint ofi n tersec ti naretheasympto te of figure VII- ] 3. 
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By the use of critical compression ratio, an analy i 
similar to that u ed for supercharged te t engine data ha 
been made (reference 8). A shown in figures VII- 14 (b) 
and VII- 14 (c), the lead response of the paraffin may be 
represen ted by ingle traight lines for 1.0 and 3.0 ml TEL , 
re pectively. The equation for the e traigh t lines of con-
tant tetraethyllead concentration is 

where 
RI cri tical compression ratio of leaded fuel 
R critical compression ratio of pure fuel 

(3) 

K slope of line of con tant tetraethyllead concentration 

The cycloparaflins (figs. VII- 14 (d) and VII- 14 (e)) may 
also be repre ented by ingle traight lines. The lead 
susceptibility of the olefin (figs. VII- 14 (f) and VII- 14 (g)) 
is apparently affected by the position of the double bond and 
therefore a ingle line cannot be used to represent the class 
as a whole. 

For each cla of hydrocarbons a differen t value of K will 
be obtained (equation (3)) . The value of K determined 
for the data pre ented in thi analysis are as follows: 

Hydrocarbon 

Paraffins ............... . 
ycloparaffins ......... . 

Octene-2 ............... . 
Octene-I ............... . 

Slopes of lead snsceptibili ty 
curves 

For 1.0 ml 

1.34 
l. 24 
l. 22 
1.13 

For 3.0 ml 

1. 57 
l.41 
1.33 
l. 30 
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Becau e K i the lope of the line of constant tetraethyl 
lead concentrs,tion, it i neces ary to determine the lead 
respon e of only one compound in a particular hydrocarbon 
cla ifi cation in order to e timate the lead re pon e of other 
compound of the arne type from their pure ratings. The 
variation of K with tetraethyl lead co n entr-ation is hown 
in figure VII - 15. 

nlike supercharged data in which the percentage increa e 
in power icon tant for a given quantity of tetraethyl lead 
regardle of the pure fue l rating, the percentage increa e in 
cri i 0,1 compre sion ratio for a given quantity of tetraethyl 
lead varie with the pure fu el rating . Thi variation i 
iUu trated for the paraffin by the curve in ftgur e VJI- I6 . 

EFFECTS OF ENGI E CO DITIO NS ON LEAD 
US EPTIBILITY 

Fuel-air ratio.- The effects of fuel-air ratio on lead u cep
tibility are readily een in fi gure VII- l7 . Curve from (,he 
tandard reference fuel framework for the A. . T . 1\1. 
upercharge l' ting engine were u ed in preparing thi plot. 

I t i emphasized that the effect hown will vary con id erably 
from one engi e 01' condition to another. 

Inlet-air teIllperature .- The lead Llsceptibility from te t 

at different inlet-air temperature is presented in figure 
VII- I8 at two different fuel-air ratio. For the range of 
inlet-air temperatures examined , the lead u ceptib il ity of " 
reference fuel was constant.; that i , the percentage increa e 
of knock-limited indicated mean effective pres ur cau ed 
by the addition of a given amount of tetraethyl lead wa 
the arne regardle of the inlet-air temperature. 

Spark advance.- T e t made on reference fuel clear and 
with 2 ml TEL pel' gallon at par].;: advance of 20° and 35° 

B. T . C. are hown in figW'e VII- 19 . The e data indicate 
that the lead uceptibilityof reference fuel is independent 
of variation of park advan e. 
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CHAPTER VIII 

ANTIKNOCK BLENDING CHARACTERISTICS OF FUELS 

For m any years it has been known that all hydrocarbons 
do not exhibit the same a n t ilmock blendino- characLeri tic . 
Lovell and Campbell (reference 1) illustrated thi fact , and 

mi t tenberg et al (reference 2) likewise clearly demon tra ted 
Lhat th e anLiknock characteri tics of fuel blend depend 
upon the nature of the componen ts in the blend . 

An investiga tion was in it iated in 1943 by Sander (refer
en ce 3) to a ce rtain th e possibili ty of developing a method 
for predicting th e knock limi ts of fuel blends lUlder uper
charged and n on upercharged engine operating condi tion . 
I n th e orig inal phases of thi analy i , re ult of cr itical
com pre sion-ratio (nonsupercharged) ra ting m eth od rath er 
than result, o f supercharged method \vere emphasized 
beeau e more complete data were available and th e analy is 
requ ired \Va more detailed . 

YMBO LS 

The following symbols arc u ed in th is chap tel': 

,B con tan ts characteristic of fuels 
a,b,c con tant 
F = I(BIRI-B2R2) + B2R2 
G = N 1(B1-B2)+ B2= N 1B 1+(1- I)B2 
II h eigh t of compre sion chamber , inch es 
k quantity of Imock-producing agen t generated per 

unit m ass 
N m ass fraction 
P knock-limi ted indicated m ean eff ctive pre m e 
R compression rat io 
VV,X, Y constan ts in byperbolic blenc1ino- r elation 

{3 blending con tan t 
p density 
Su bscrip ts: 
a value of ub crip t 1 at a ymptoLe 
b blend 
cr 
d 

i 
m 

] ,2,3,. ... 

cri tical 
per taining to knock agen t produ ed under condi

t ions at which blend willimock 
]soo tane 
pertaining to knock -producing agen t at cond i tion 

of incipien t knock 
to tal 
per taining to compon en ts 1,2,3 ... in fuel blend 

DERI VATI O S OF BLENDING E O UATIO S 

The deri vat ion developed in referen ce 3 r equire a lear 
understanding of the principle. of knock tes ting by uper-
harged and non upercharged m ethod . In upercharged 

engine tests, all con ditions except inle t-air pres ure and fuel
a ir ratio are h eld constan t . Fuel-air ra io mayor m ay not 
be con tan t d epen ding upon the operaLing technique em
ployed. I nlel-a ir pre ure i increased until a predeterm ined 

tandard k nock in tens ity is observed. The lm ock-lim ited 
indicated m ean effective pre ure or th e den iLy of air in the 
cylinder charo-e may be u ed a a m ea ure of the Im ock limit 
of th e fuel being te ted . 

In nonsuper harged engine te ts, all condiLions excep L 
compre ion ratio are h eld con tanto Th compre sion ratio 
is increa ed un til the standard knock inten ity i r eached. 
The compress ion ratio a t tb i inten i ty i the m easure of the 
Imock limi t and is generally termed cri tical compre ion 
ratio. Change of inlet-air pres m e do noL affect any of 
the cyclic temperatures; however, an increa e of com pre ion 
ratio increa e the tempera ture at the end of compre ion, 
Lh e combustion Lemperat ure, and the end-gas temperaLure. 
The primary difference between nonsuperch arged and uper
ch arge 1 engine m ethods thu lie in tb e fact that knock 
limi t in non uperch al'ged eno-ine are m ea ured at varying 
end-gas temperature, wherea in super h arged engine 
knock limi ts are determined a t th e arne encl-ga temperature. 
( ee reference 4. ) 

I n order to derive the de ired blend ing equ a tion , certain 
a sumption were made in r efer ence 3 r egarding th e mecha
n i m of Imock: 

(1 ) Knock r e ul t from th e reaction of orne intermediate 
produ cts during combustion, and the nature of th ese products 
as well a the r eaction between them i the arne regardless 
of the fu el u ed . Thi a umption i introduced in order 
tha t the Imock ing proper t ie of fuel may be treated a 
ad d i t ive propertie . 

(2) Knock 0 curs when th e m as of Imock-producing 
agen t pel' uni t volume r each e a given value a t any end-ga 
tempera ture. 

(3) A t any one end-gas temperature and for anyone fuel 
componen t, the rna per uni t volume of tb e k nock-producing 
agent evolved by that componen t is directly proportional to 
the m ass of the component per uni t volume; or, as stated in 
referen ce 3, a uni t rna s of a par ticular component will gen
erate a certain rna s of knock-producing agen t r egardle of 
the other componen ts in th e blend . 

(4) I n order to con ider tb e d ifferen ce in knock limi t of 
the blend componen ts, it is a urn d tha t for anyone end-gas 
tem perature, th e rna per unit volume of the kn ock
prod ucing ao-ents i a function of the molecular tructu re 
of th e fuel. 

(5) Durino- eombu tion the tempera tuTe increase for all 
f uels or blend under con iderat ion i th e arne. On the 
bas i of this as ump t ion i t i possible to r elate fuel knock 
li mit to engine ompression den ity and temperature instead 
of end-ga den ity and temperature. ~Iany hydrocarbons 
of in ter e fulfi ll thi cond it ion, bu t some cla e of fuel , 
uch a alcoh ols an d ethers, do not (r eferen ce 3) . 

The initial tep in th e derivation of the de ired equation i 
ju tified by assumption (1) and (2) . 

127 
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wher e 
Pm 

PI, Pt, P3, . 

(1 ) 

rna per unit volume of knock-produ cing 
agent at condition of incipient Imock 

rna p er unit volume of knock agent pro
duced by ea ch componen under conditions 
at which the blend will knock 

It ha been stated previously tha t the end-ga tempera
tures are cons tan t for super charged-engine te t bu t vary 
wi th the cri tical compre sion ratio of the fu el in non uper
charged-engin'3 te t ; therefore, from a umptions (3 ) and (4) 
th e followin g relations hold for super charged te t : 

wher e 

I , 2, 3 rna fraction of component 1, 2, 3, r espec-
tively, in fuel blend 

total mas of fuel per unit volume 
q uantity of lmock-produ cing agent generated 

per unit rna by component I , 2, 3, r e pec
tively 

When the pure compound 1 i te ted , the knock-limited 
density of fu el in the charge is PI. I and 

Therefore, 

and 

imilady , 

and 

k - Pm 
1 - -

P I, I 

Pm 
P2=- PI 2 

Pt,2 

Pm 
P3=- Pt 3 

Pt,3 

Sub ti tulin,,( th ese valuc of PI, P2, P3, 

yield 

an d 

Pm 
Pm=- Pt 

PI, I + Pm 
2 - PI 

Pt,3 

.l= N I + _2 + N 3+ .. , 
P t P t , I P t, 2 P t, 3 

(2) 

. in equation (1) 

3+ .. . 

(3) 

A limi ted by t he a ump tion , equaLion (3) i a blending 
equation appl icable to supercharged-enO'ine data . B ecause 
the compression ratio and fu el-air ratio mus t be the arne for 
the variou component in a given applica tion of this equa
tion, knock-IiI ited inlet-air densit ies may be u ed in tead of 
the fuel den ilie for values of Pt, Pt, l , Pt,2 , Pt,3 .. . With 
thi ub t i ution , equat ion (3 ) may be expressed in words as 

follows : The reciprocal of the knock-liInited inlet-ail' den ity 
of a fuel blend tes ted by a upercha!'O'cd-en O'inc m ethod i the 
weigh ted average of the reciprocal of the knock-limited 
inlet-air den itie of the pure component . 

Indicated m ean effective pre ure i proportional Lo inlet
air den ity ; therefore, i t can be ub titu ted in equa t ion (3 ) 
for den i ty : 

(3b) 

where 
Pb knock-liInited indica ted m ean efr ec ive pre sure 

of fuel blend 
P I, P 2 , P 3 knock-liInited indicated m ean effec tive p re ure 

of component 1, 2, 3, re p ectively , when te ted 
individually 

For non upercharged te t , the charge d en ity at h e end 
of compre ion i proport ional to th e compre sion ra tio . 
B y u e of an equation iInilar to equa tion (2) , PI wa related 
to th e com pres ion ra tio in tead of th e rna of fuel p r uni t 
volume (referen ce 3) . The value of k l' however , v arie with 
ompression ra tio because the compl'e ion temperature 

varie wi th compre ion ratio. In order to account for the 
variation of kl' th e following relat ion wa a umed (l'eference3 ) 
between PI and compres ion ratio R : 

where 
A I, BI con tan t characteri tic of fLl el 1 
SiInilarly, 

and 

where 

(4) 

12, B2, A 3, B3 con tant characteri Lic of fu el 2 and 3 
ubs ti tuting these v alue in equa tion (1) g i,e 

The value of A l may be de termined by le tting 
N 3= O, and R = R I,cT wher Rl ,cT i the cri t ical 
ratio of fucll when te ted individually . 

Likewi e, 

and 
A 3= Pm- B3R3,cT 

ub tituting in equation (5) gives 

1= 1 , N 2 = O, 

compre IOn 

(6) 

As liInited by th e a umption , equa Lion (6) is the blending 
equa tion applicable to non Llperchal'ged-engine data . 
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In this equation B" B2 , Ba . .. are defined as blending 
cons tant and each fuel has a blending onstant that i inde
penden t of the other fuel in the blend and i determin ed by 
the critical com pre sion ratio of the fu I and the rate of 
change of knock limit wi th inl et-air tempera ture. 

For two-component blends, N 2= I - N, and equation (6) 
may be written a 

,(BIR,. CT- B2R2• CT ) + B 2R2• CT 

N 1(B1- B 2)+ B 2 
(7) 

Eq uation (7) 
a ympto tic to 

the equation of an equila teral hyperbola 

and 

where 
N a ., value of I at asymptote 
Ra value of R a t a ymptote 
The a ympto lic form of equation (7) i 

( \ 
\ I 

According Lo refer ence 3, it is unneces ary to know the 
absolute value of the con tant in equa tion (6 ) and (7), bu t 
the relative values mu t be 1 nown ; that is, one componen t 
may be as igned an arbitrary value of the cons tan , thereby 
fixing the value of the constan ts for all other component 
t ested at the same condition. Values of B for other om
ponent ma:-- be found by determining the cri tical compr e -
sion ra tio of th pUTe component and of one blend of th 
component with another component for which the blending 
con tant is known. With these value the equation can be 
solved fo r tho value of the unknown blending con tan to When 
the rela tive valLle of B hav b en determined for all com
pound , th e knock limit of all blend may be compu ted from 
the blending equation. 

GR AP H I CAL OLUTION OF BLENDI G EOUATlO FOR 
o SUP ER CHARGED,E CIN E DA T A 

A graphical method wa sugges ted in reference 3 for deter
mination of the blendina characteri tic of fuel wh n te ted 
in nonsupel'charged engines. Equation (7) may be put into 
the followina form : 

F=RG (9) 
where 

fLnd 

If R i held con tan t, Fis proportional to G. In figUTe VIII- I , 
th e value of F ha be n plotted again t the value of G for 
values of R between 2 and 15. Ina much a G i actualJy 
the weighted average value of B, a nd B2 , the ab ej sa of 

10'--'-'--~~--~-'-r~TTr-r-~--r-~ 
Cr iti c o l 15/4 13, "VI / 10 / 91 

t---t--+- compr ession I' C 7/ / 8 

9iT-t---t-
r0

-j-f i O __ ' R Ct-'" _1-IIH-f11 /-If/-tl/~V--J,I-.j/ 
/1/ / / / / / / 

81T~~--rrlffl//~/~/+V~V~V+-Hl 
/ / 'LV / / / IV 

7 

..... ' 
§5 
..... 
(I) 

c: 
(3 

4 

3 

2 

o .2 .4 .68 1.0 1.2 
Blending cons tan t, B or C 

FIG URE VIIT- i.- Blending chart for A. S. T. M. r otor method. ( Fig. 1 of reference 3.) 

figul' VIII- l ha been mark d G or B. All poten tial fuel 
compon n t whose critical compres ion r atios and blendina 
con tan t are known may b plotted on thi chart. 

A traigh t line joining the poin t for any two component 
r epresents all blonds of the two component . Thi relation i 
true beca use F and G are linear function of Nl and, conse
quently, F is a lin ar fUllct.ion of G. A point. r epresen ting 
any blend of the two component divide the line in the same 
mLio a that in which tbe components exi t in th blend. For 
example, a blend containing 60 percent 2,2,4- trimethylpen
tane (i ooctane) and 40 percent n-hep tane will be on the line 
joining the point for the two componen t and will be 60 per
c n t of the di tance from n-heptane to 2,2,4-Ll'imethylpenLane. 

EX P ERIME TA L VERIFI CA'flO OF BLE DI G EO UATIONS 

H eron and Beat ty (reference 5) have shown that if the 
r eciprocal of the knock-limi ted indicated mean effec tive pre -
ures of blend of i ooctane and 71 -heptane i plo t ted again t 

the per en tage of i ooctane in th blends, a traight line will 
re ul t. Thi fact ub tan tiate equation (3) for Llpercharged
engine da ta. The data obtained in reference 5 are shown in 
figure VIII- 2 (a). 
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(a) 17.6 engine. Compres~ion ratio, 5.6: engine spcerl , 900 rpm; inlet-air temperature, 225" F ; 
coolant tempera ture, 300° F; spark advance, 20° B. 1' . C_ (Fig. 2 of reference 3.) 

FIGURE VIII- 2.-E ffect of blend compo ition on knock-limited performancc_ 

Further vermcation of thi relation i pre ented in frgu/'e 
VIII- 2 (b), which show daLa 1'0), Sand 11 reference fu el 
bl end inve tig ted in reference 3. 

Data ob tained in reference 2 and 6 were used in refel'
('nee 3 for veri£cation of the blendiJ1g equation developed for 
non upercharg,' d engine te t . The blending equa Lion foJ' 
11-heptane and isoocLane under . T . ::\1. ::\Iotor method 
con Ii Lion is h own in reference 2 to be 

wh ere 

= (1.369 - [-1\ 179 
i 1.9 54 - £1) 

isooctane in blend, pel'crnt 
I-1 h eigh t of ('ompres ion chamber, inch e 

(1 0) 

The valu e of j is given on a volumetri c basi in ref rence 2 
bu t, ince the en itie of the two components are about th e 
ame, may be used a th e ma fraction. The length of th e 

engin e troke as 4.5 inch es; therefore, the rela tion between 
Rand I-1 can b e expre ed a follow : 

(11 ) 

ombining equaLion (10 ) and (11 ) give 

(R - 3.3)(125-Nj) = 125 (12) 

The eq uilateral hyperbola repre enled by equation (12) i 
a ymptotic to R = 3.3 and N i= 125. The rela tion between 
Rand i 1 hown in figure VIII- 3(a) . Ina much as the 
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(b) CFR engine. Com pre ion ra tio, i .O; engine speed , 2000 rpm ; inlet-air temperature, 
250° :F; coolant temperature, 250° F ; spark advance, 35° B. T . C . ( Fig. 3 of reference 3.) 

FIGU RE YIII- 2.-ConcJuded. Effect of blend co mposition on knock-limi ted performance. 
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(a) A. S. 1' . f . M otor method . (Fig. 4 of refer nee 3.) 

F IGU RE VIII-3.- B1ending characteris tics of 2,2,4-trimethylpem ane and )I-heptane. 
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(b) A . S. 'r . M . Motor method ; reciprocal plot. (Fig. 5 of reference 3. ) 

F IG U RE VIII-3.-Continued. Blending characteristics of 2.2,4·trimethylpentane and 
n-heptan". 
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(c) A. S. T. M. Research method : reciprocal plot. ( Fig. (\ of reference 3.) 

FWl' RE VIII-3.-Concluded . Blending characteristics of 2,2,4-trillleLhylpentane and 
n-h<?- ptane. 

component of l hi y Lem arc n -heptane and isooctane, 
i equivalenL 1,0 octane n umber. (ee ch . III. ) The curve 
in figure VIII- 3(a) i drawll from equation (12), whercas 
lhe data points hown are taken directly from reference 2. 
The data from figurc VIII- 3(a) wcre replo t ted (reference 3) 
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F' GU RE VIII .-Verifica tion of hyperbolic blending relation for knock ra tings of fuel 
blends by A. S. T . 1\1. lotor m thod . (Fig. 7 of reference 3.) Equation of byperbola: 
( R- X )(Y-N) = Il'. 

a hown in fig ure VIII- 3(b) a confirmation of the hyper
bolic blending relation. 

Similar data for the A. . T . ~L R e carch method werc 
reported by Br ok (reference 6) and arc plotted in figurc 
VIII- 3 (c). H ere again the relation i lincar, but the inter
cep t are l 20 and l. 53 a compa red with l25 and l.0 fot' the 
A . S. T. ~r. M oto r method hown in figure VIII- 3 (b) . The 
equation for the A. . T . M . Re earch method data i 

(R -4.2)(120- = 7 .3 (13 ) 

From the fo regoing compari son of the A. S . T . ~L ~,fotor 
and R esearch method , i t was concluded (reference 3) that 
t he asympto te of the blending hy perbola hange with chang
ing engine condit ion . 

B len ling rcla ti on for other two-component blending 
y tern are shown in figure VIII- 4. The data for the e 
y Lem were taken [rom refe rcnce 2. Three Lwo-eomponent 
y terns investigated in reference 2 did not foll ow the hype 1'-

boEc rela tion . These y tern arc shown in figu re VIII- 5. 
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FIGl"n E VllI-5.-Blc·nding charact risticsofd iisobuiylene, benzene, and toluene in n-heptane 
by A. S. '1'. M. Motor method. (F ig. 6 of reference 3.) 

A In take val vO 
B Rear spark plug 
C Exhaust valve 
D Front spark plug 

E Exhaust end zone 
F Thermocouple to measw'e temperature of 

combustion-cbamber wall at exbau tend 
zone 

G Piston 

FIGUllE VlII-6.-Vi w of combustion chamber showing location of thermocouple in end 
zone. (Fig. 1 of reference .) 

In connection with the sy tem of blend of n-heptane and 
benzene (fig. VIII- 5), it was found that up to a concentration 
of 90 percent benzene a hyperbolic relation is valid, but 
the value for pure benzene does not follow the relation (refer
ence 3). In explanation of this discrepancy it hould be 
noted that the author of reference 2 expressed the belief that 
the knock rating of pure benzene might be in error . 

In order to illustrate the invariance of the blending 
constant, a erie of calculations wa made involving everal 
hydrocarbons (reference 3). The con tant evolved in the e 
calculation have been plotted on figure VIII- I. Value for 
cyclopentane and n-propylbenzene were compu ted from data 
reported in reference 7. 

APPLICABILITY OF EQUATIONS TO DIFFER ENT BLE ' 01 G AGENTS 
A D ADDITIVE 

The preliminary data u ed i.n upport of the derivation 
developed in the foregoing page were admi ttedly meager ; 
consequently, an exten ive inv tigation wa initiated to 
determin e the gen ral applicability of the blending equation. 
In the course of thi.s investigation a number of fuels of variou 
types were studied under different engine operating condi
tion in upel'charged engine . The result of thi investiga
tion are reported in the ucceeding paragraph . 

Paraffi ns. - The base fuel u ed in thi phase of the tudy 
were an alkylate blending agent and a virgin ba e ga oline. 
The blending agent examined were: 

Triptane (2,2,3-trimethylbutane) 
I opentane (2-methylbutane) 
Diisopropyl (2,3-dimethylbutane) 
I eohexane (2,2-dimethylbu tane) 
Hot-acid ocLane 

All blending agent and base tocks contained 4.0 ml TEL 
per gallon. In pection data for these fu els are included in 
appendix A, Lable A- 9. (ee reference and 9.) 

The experimental tudie of these fu els were made in a 
single ai)'-cooled aircraft cylinder mounted on a CUE rank
ca e. This appal'atu i de cribed in detail in reference 9 
with the exception of a pecial thermocouple embedded in 
the cylinder head about Xs inch from the combustion
chamber wall at a position e timaLed to be very ncar the 
exhau t end zone (fig. VIII- 6). The temperature at this 
thermocouple was held con tant by mean of an automatic 
potentiome er regulator that controlled cooling-air flow 
across the cylinder. Thi instrumentation i consistent with 
the a umption made in reference 3 that for th blending . 
equation to be applicable to upercharged engine data th 
cyclic and end-gas temperature must be held con tanto 

In figure VIII- 7, a portion of the data determin ed in the 
investigation of r eference is hown. The ordinaLe scales 
of these figur are inverted r eciprocal cale. When plotted 
in thi maImer, the data should fall on a straight line if the 
re ults are applicable to equation (3b). It i apparent in 
the e figures tha t the paraffinic fuel examined, with the 
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1600 10 EO 30 40 50 60 70 80 90 100 
High-perforrronce compcnent In blend, percent by weight 

(a) Fuel-air ra tio, 0_067_ 
(b) Fu I-air ratio, 0_10_ 

FlOGR E ,"HI-7.- Blending characteristics of I)ara ffms in ,-irgi n base stock leadcd to 4 011 
T EL per gallon in full-scale air-cooled aircraft cylinder _ Compression ratio, 7.7; engine 
speed, 2000 rpm; s park ad vance, 20° D. T . C.; inlet mixture temperaturC', 350° F; exhaust 
back pre ur , atmospheric_ (Da ta taken from reference .) 

exception of neohexane at lhe lean fuel-air ratio, arc in ac ord 
wiLh the blending equation for supercharged-engine data_ 

The e data were obtained at a park advance of 20° B. T_ C., 
a condition con idered to be relatively mild ; conseq uen tly, 
additional tests were made at a morc evere ondition ( parJ, 
advance, 30° B . T_ C_ )_ The results of th e advanced spark 
ludic arc essenlially the ame a tho e hown in figmc 

V1II- 7; that i , the relation betwccn the reciprocal indicated 
mean efl' ctive pre sme llnd composition was linear. In this 
ca e, howcver, data for neohexane follow d the relaLion at 
both lean and rich mixLure _ ( ce reference _) 

Aromatics,- Experimental verification of the blendino
relation for aromatic fuel proved Lo be difficult inasmu ch a 
pure aromatic have exeepLionally high knock limi t and are 
prone to preignite_ ( ee reference 10_) D espi te the e ob-
Lacle , how vcr, a rea onable quantity of da,ta wa obtained 

Lo det I-mine the limitation of Lhi cla of compound _ In 
pur uing this pha e of the inve tigation, DO fl'or t wa made to 
attain the knock limit of the pure aromatic _ Instead, each 
aromatic wa blended with a paraffinic base tock and the 
concentration wa inerea cd until Lhe power level wa con-
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(b) Cyclopara ffLlls in virgin base stock _ 

r-
---! 

-- --..., 

1600 10 cO 30 40 50 60 70 80 90 100 
Mefhylcyclopentone, percent by weight 

(c) M eLhylcyclopentane in aviation aIkylato_ 

FIGURE VIlI- _-Blending characteri tics of variou fuels leaded to 4 ml TEL per gallon in 
full-scale air-cooled aircraft cylinder_ Compre sion ratiO, 7.3; engi ne peed, 2250 r pm; 
spark adva nce, 20° B _ T . C.; inlet mixture temperature, 240° F ; end-zone temperature, 
400° F; exhaust back pressure, 15 incbes of mercury absolu te; fuel-air ratio, 0.10_ (Data 
taken from rcferenco 10_) 

idered too high to warrant furlher incl'ea e _ Re ult of 
Lhe e te t a,re hown in figUl'e VI II- 8 (a) _ Here it i seen 
that the relation between composition and reciprocal indi
cated mean effec tive pres me is nonlinear. 
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Hot-acid octane +4 ml iEL/gal 

Virgin bose A Iky10 te 
+4 ml '---><'_-"-_"--"'_-"-_""-"~L--"-_""----'"_____'L_-"-',,-=,"_----'l _ _'L~,=---",=-=:_"___,,"---' + 4 ml 

TEL/gal TEL/go I 

Ca) A. S. '1'. M. Supercharge method . (Fig. 3 of rcferencc 12.) 

FIGURE VUl- 12.- Blending charts ror hot-acid octane, 8vil1tiotl a lk ylaLC. and yirgin base stock. 

Hor-acid octane ;-4 m/ TEL/ga / 

Virgin bose AII·~ylate 
+ 4 ml '---"'-_-"---">L-----'l'---"!._l>L.~L.>..-"-_ _'L._'_'"_____'L___'_'_ _ __'''__>.! _ _'L __ '''''_ _ _'''__:_''__.:._"'____' ;- 4 rr.1 

TEL/gal TEL/gal 

(b) A. . '1'. M . Aviation method. (Fig. 5 of refcre ncc 12.) 

FIGURE VIU-12.- ContiLlUcd. Blending charts for hot-acid octane, a \'ia tion alk ylate, a nd virgin base stock. 
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(c) A. s. T . M . Supercharge and A. S. T . M . Aviation methods. (Fig. 6 of reference 12.) 

F IGURE VIII- 12.-Concluded . Blending charts for bot·acid octane, a via tion alkylate, a nd v irgin ba,e stock. 
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FIGU UE VIII- 13. A. S. T. M . Av iation blending cbaracteristics of bot-acid octane, aviat ion 
alk ylate, an(virgin basc stock leaded to 4 w I TEL per gallon, (Fig. 4 01 reference 12.) 

however , the charts prepared are subject to orne error that 
ar ises from the assumption tha t curve of constant perform
ance number on triangular coordinate paper are linear. 
l\Ioreover, a nonlinear relation in a plot of the type hown in 
figure VIII- II results in a variation of slope with performance 
number on the final triangular plot. 

The procedure used for determining the line of constant 
A. S. '1'. M . Aviation performance number for blends of the 
same fu els used in preparing figure VIII- 12 (a) differs from 
that used for A. S. T. M. performance in that performance 
numbers are plot ted directly against composition on linear 
coordinate paper and an estimated "best" cur ve is drawn 
tlu'ough the da ta poin ts to determine the binary blendinO' 
relations shown in figure VIII- 13, There i nothing to 
ju tify the use of this empirical method for dealing with 
A. S. T. M. Aviation ratings other than the fact that the end 
resul t agrees reasonably well with the experimental results. 
One or two exceptions to this method will be pointed out 
later. 

The composi tion at, the intersection of a given constant 
performance line with the blending lines (fig. VIII- 13) were 
plotted on triangular coordinate paper and joined by straight 
li nes . The r e ulting performance lines are shown in figure 
VIII- 12 (b) . The final chart (fig. VIII- 12 (c)) was obtained 
by superimposing figure VIII- 12 (b) on figure VIII- 12 (a) . 
Additional char ts are shown in appendL,( B, figure B-1 and 
B- 2 for other blending agents and ba e stocks. (All blends 
contained 4 ml TEL/gal. ) 

In appendix B , figure B- 1 (e) represents the y tern of 
blends for cumene, virgin ba e, and alkylate; th e lines show
ing A. S. T. M . upercharge performance numbers wcrc 
determined by plotting peak knock-limited-powcr value 
rather than power value at a fuel-ail' ratio of 0.11 . Tbi 
deviation from the procedure u ed for all other charts wa 
nece sitated by the fact that mo t of thc mixture-re ponse 
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FIGURE VlII- 14.- A. S. T . M. Supercharge mi xtur ·response cur ves lor blends of cum ne 
and virgin base stock leaded to 4 ml T EL per ga llon. (Fig. 9 (a) of reference 12.) 

curve for the cumene blends intersected at fu el-ail' ratios 
between 0.10 and 0.11. (See fig . VIII- l4 .) The fuel-ail' 
rat io for peak-knock-limited power varied between 0.115 and 
0.1 32 for the cumene blend. 0 chart wa prepared for 
blend of cmnene, aviation alkylate, and one-pa cs,talytic 
s tock becau rich-mixtur p ak weI' no t obtained for a 
sufficient number of the binary blend of cumene and one
pass cataly tic stock. 

For the charts repre enting blends of xylene (appendix B , 
figs. B- 1 (f) and B- 2 (g)), A. S. T. M. Aviation performan ce 
lines were omit ted. Thi omission arise from the i'act tha t 
the curve of compo ition against performance number for 
binary blends of xylene and aviation slkylate passed through 
a mmlIDum . (See fig. VIII- 15.) 

In general , data ob tained on the A. . T . 11. Avi a tion 
engine for the aromati blends could not, be handled wi t,h 
complete satisfac tion by the empirical procedure previou ly 

L 

---- ---.: /' 
V -- ---: -- L---"'" 

20 4 0 60 80 100 
Mixed xyfenes, percent 

F ,GURE VlII- 15.-A. . T. M. A viaLion blending charaClcristicsof mixed xylene and av ia tion 
alkylate. (Fig. IO of refercnce 12.) 

explained. For this reason the accuracy of th e lines of 
constan t A. S. T. M . Aviation performance shown for the 
aromatic-paraffinic systems is questionable. 

Quaternary blends. - The performance char ts pre en ted 
in the preceding section are of in teres t primarijy from con
sideration of maximum knock-limi ted performan ce attainable 
wi th various combinations of fu el blending agen ts and bas 
stocks. On the other hand, producers of aviation fu el are 
interes ted in the maximum lmock-free power a ttainable with 
a fini hed blend tha t meets physical-proper ty specifica tions 
for avia tion fuels. Accordingly, everal charts h ave been 
prepared to illustrate how physical proper ties might be 
taken in to consideration. In the e example th e only 
physical proper ty considered i th e R eid vapor pres ure. 
Curren t avia tion fuel pecification preclude the u e of 
fu el having vapor pre sures in excess of 7 pounds per square 
inch . 

In order to prepare these charts, adjustments in R eid 
vapor pre sures of th e main componen t were made by 
adding isopentane, which in the pure ta te has a vapor 
pre sure of about 20 pound per square inch . Th addi tion 
of i opentane to adjust the vapor pres ure of th e componen ts 
in a sys tem such as that shown in figure VIII- 16 will nece -
arily affect the maximllID lmock-free power attainable 

becau e of the performance rating of isopen tane relative to 
the ratings of the other component in the ysLem , as hown 
in table VIII- I. 

TABLE VIII- I.- A. S. T. M. AVIAT IO AND A. S. T . M. UPER
CHARG E PERFORMANCE R ATINGS AND REID VAPOR 
PRE SURE F OR VARIO -S A VIATIO N-F EL COMPON EN TS 

Blending agent 

Isopentanc_. _. __ . __ . _______ ... _._. __ -_ -_. 
1 cohexane -_____ ~ ___ _____ ._._ ----- -- --- __ 
M ethyl tert·butyl eLh L .. __ . _____ . __ ._ .. _ 
Diisopropyl _____ . _____ ._ .. _. ____ . _. --. -._ 
Virgin base stock . _________ . ____ .. __ .. __ ._ 
Alkylate. ___ ... ___ . ____ . __ . __ .. _. ______ ._. 
Benzene. ______ ___________ ______ _ - __ .-- -__ 
Triptane ... __ . __ .. __ ._ .. _ ... ________ ._. __ 
H ot-acid octane .. _. __ . ______ . -_ -- ---.---_. 
1'oluene ___ .. ____ . _. _______ . _. _______ . - - __ 
Mixed xylene5 ____ . _. ____ ._ .. ___ . ____ -. -_. 
C umene ..... __ ._. _________ .. ____ . ____ ._._ 

Reid va por 
pressure 

(lb/sQ in .) 

19.6 
9.7 
.8 

7. 4 
5.9 
4. 7 
3.5 
3.0 
2. 7 
1.1 
.5 
.3 

I>erformance number It 

A. S. 1' . M. A. S. T. M . 
Aviation ISuperCharge b 

<]33 
161 

> 161 
142 

73 
119 

d 

149 
127 
118 
124 

5 

, 144 
159 

>200 
202 
94 

137 
>200 
>200 

197 
>200 
>200 
>200 

• Performance nu mbers arc for pure blending agcnt containing 4 ml TEL/gal. 
b Performance numbers o,'er 161 are eXLrapolated (fig. VIII- IO). R atings arc for fu el·air 

rat io of 0. 11 . 
, Extrapolatcd from expcrimental data for blends containing up to 80 percent isopentane. 
d Assumed to be (he sa me as the rating for unleaded benzene. 
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F IGURE VIII- 16.-Blending chart for triptane, 3"ia tion alkylatc, and virgin ba stock by A. .1' . M. A "ialion and A. S. 1'. M . Supercharge methods. (Fig. 7 (3) of reference 12.) A . . 1'. ;\[ . 
uperchargc fuel·air ratio, 0.11. 

In figure VIII- 16, foJ' example, a blend of 58 .5 percen t 
triptane, 30.5 percent alkylate, and 11 percent v irgin ba e 
stock ha a lean-rich performance-n umber rating of 135/200 
and a R eid vapor pressure of approximately 3.5 pounds per 
quare inch. In order to obtain the same performance 

(135/200) with a blend of triptane, alkylate, and virgin ba e 
tock that ha been isopentanized to a R eid vapor pre ure 

of 7 pounds per square inch (maximum permi tted ), a blend 
of 55 percent triptane, 17 percen t alkylate, 7 percen t virgin 
base tock, and 21 percent i opentane could be u ed . The 
addition of i opentane has thus effectively decreased th e 
quantity of tr'iptane needed to obtain the 135/200 perform
ance ra ting. I opentane has b tter performance character
istics than the alkylate or the virgin ba e tock u ed, as well 
as a high er R eid vapor pressure than th e other bree con
stituents in the blend. (ee table VIII- I. ) 

I t mu t be emphasized that the precedinO' example i given 
merely as an illustration of a fuel characteristic other than 
antiknock quality that must be con idered for a fini hed fu el 
blend . Thi example i not intended to inlply that the 
preparati.on of fu el blends with Reid vapor pressure adjusted 
to meet specificat ions will nece arily produce blen ds that 
will meet all other pertinent specification. 

Several performancc charts for q uaternary blends con
taining i opentane were prepar d for comparison with the 

char ts previou ly described for ternary blends . In each of 
the quaternary ystem the yapor pre sure wa adjusted to 
7 pound per quare inch . T hree a umption were made 
in the preparation of the e char t : 

(1) The relation between composition and R eid vapor 
pre ure j linear for binary blend of isopentane with 
anoth er paraffinic fuel. 

(2) The relation between compo ition and the rcciprocal 
of the A. . T . M . ~ up r harg (rich) Imocl' -limited indicated 
mean effective pressure i linear for binary blends of iso
pent.ane wi th another paraffini c fuel. 

(3) Th relation between composition and the A. . T. M. 
A viation performance number i linear for binary blend of 
i open tane with another paraffinic fuel. 

On the basi of the available data, assumption (3) appeal' 
to be valid for only a few ca es. For tIll reason th e 
A. S. T . M. Aviation performance line on the charts for 
quatern a.ry blends may be in error. 

A an example of the preparation of the performance' 
char t for a quaternary sy tern, a ume tha t it i de ired to 
isopentani ze the blend repre en ted by fi gure VIII- 16. The' 
first step in thi problem is to determine the amount of 
i open tane to be added to ea h of the pure component 
to obtain a Reid vapor pressure of 7 pound per quare inch 
and to determine the 1'C ultan t lean and ri ch performance-
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76% tnptane +24% i sopentone +4 ml TEL/gal 

- A. S. r M Supercharge 
performance number 

---- A. S. T M. A vlofian 
per f ormonce number 

:-' 
~ 

180'f-, 
~ 

170 9., 
..0 

<" 
-u 
~ 

160 ~ 
-~-*-~~~~~~~ ~ 

~ 
C'> 

<.'> 

-.~-*-~~ /50 ?c 
, -:>, 

~~~~-\ ~ 

+8% isopcnfone '----'"'------'.-...::x.-..::L_-""'..,_x.._:lL~:IL_~L_~L._~~~~.:;L_.:_.L_.:,;:~_S(':,,~IL~'__ 

+ 4 ml TEL/gal 110 120 130 

85% olky/ote 
+15% isopentone 

+4 ml TEL/gal 

(a) Plain triangular coordinate. 

FIGUR E VIU- 17.-Blending chart for triplane, aviation al kylate, Yirgin base slock, and isopenlane by A. S. T . M . Aviation and A. . T . ,\L upercharge methods. Reid vapor pre ure, 
approximately 7 pounds per square inch; A. . T. 11>1. Supercharge fu el-air ratio, 0. 11. (Fig. II of reference 12.) 
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FIGUR E VllJ- li.-Coneluded. Bl nding charts for tril tane, . ,·iation alkylat ,virgin base tock, and i opentanc by A .. T. M. Aviation and A . . T.)1. Supercharge methods. Reid vapor 
preSSUI r, a pproximately 7 p~wld per square inch; A. S. T . M . Supercharge fuel-air ra tio, 6. 11. ( Fig. II of reference 12.) P rcentage isopentane can be determined by subtracting Sum of 
percentages of olhel components from JOO. 
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o urn bel' rating for these blend . T his information a deter~ 
min ed from the foregoing assumption and table VIII- 1 i 
presented in the following table: 

Fuel blend 

76 percent triptane + 24 percent isopentan + 4 ml TEL/gaL _._ .. ___________________________________ . 
85 percent alkylate + 15 percen t i opentane + 4 ml 'J'E L/gaL ________ . _______________________________ _ 
92 percent virgin base + 8 percent isopentane + 4 ml 1' EL/gaL ___________ ~ __ _________________________ _ _ 

A.S.T.M. 
Aviation 

performance 
number 

145 

121 

78 

A. S. '1'. 11'1. 
Supercharge in· 
dicated meao 

etrective 
pressure 

(Ib/sq in. ) 

455 

200 

142 

. The triangular chart hown in figure VIII- 17 (a) \V a 
obtained by treating these three blends (all of which haY(' 
Reid vapor pre ure of 7 Ib/ q in. ) a epm'ate componen t 
by the procedure u I'd in preparing fig ure VIII- 16. Any 
point on figure VIII- 17 (a) repre en t the A. . T . ~1. 

vialion and the A. . T. ~I. upercharge performance 
number of a quaternary blend. T he act ual q uan tity of each 
component in the blend, however , cannot be l'radily de
te rmined from the chart becau e the percen tage given on 
the altitude of th e triangle bow only the amoun t of the 
binary blend at the vertexes. For thi r ea on, the grid of 
the chari was so adju ted, a hown in figure VIII- 17 (b), 
that Ule quantity of anyone of the four components in the 
blend could be read directly from the char t. 

A an illu tration of the method for determining the com-

po iti on of a fuel in figme VIII- 17 (b), suppo e that it is 
desired to prepare a blend of triptane, aviation alkylate, 
virgin ba estock, ancl isopentane having a lean-ri ch rating 
of 130/180. The concentrations of triptane, alkylate, and 
virgin base in the blend having the desired rating can be 
read directly from the al titude' of the triangle in thr manner 
u cd in previou chart . The e concentration are 4 , 19, 
and 13 percent, 1'e pectively. The concentration of i 0-

pen tane can be drtermined by subtracting the urn of the 
percen tage of the other components from 100. 

Performance chart for other quaternary sy trm are pre-
en ted in figUTe VIII- I . The experimental value for the 

R eid vapor pre UTe of dii opropyl (table VIllI) 7.4 ; 
h owever , in preparinO' figures VIII- 1 (b) to VIII- J (d), a 
value of 7.0 was as umed for thi fuel. 

Accuracy of performance charts. - The accuracy of the 
char t was determined by electing ternary or quaternary 
blend from the various chart and testing the e blend b~T 

the tandard A. . T . 1. Aviation and A. . T . ~I. . uper
charge procedm e. Inasmuch a the ri ch rating shown on 
the chart were e timated at a fuel-air ratio of 0.11 , the 
check rating were determined at this same fuel-air ra tio . 

The check blend te ted are hown with thei r ratings in 
table VIII- 2. The e blend are al 0 hown on the yariou 
char t (appendix B and fig . VI II- 12 (e), VIII- 16, and 
VIII- 18 (a) to VIII- 18 (c)) by the symbol . The fuel 
numbers shown adj acen t to each of th e ymbo) on the 
char t corre poneL to the fuel numbers given in this table. 

Tr iptane +4 ml TEL/gal 

A. S . T.M. 

-- A. S . T. M. Supercharge 
performance number 

- --- A. S T. M. Aviation 
performance number 

(a) Blends of triptane, aviation alkylate, bot·acid octane, llnd isopentane. 

Hof ~ocid ocfane 
+4 m l 

TEL/gal 

F IG URE VIII- 18.-Blending charts ror quaternary blends by A. 8. T. M. Aviation and A.. S. T. M. Supercharge methods. Reid vapor pressure, approximately 7 pounds per square inch ; 
A. . 'l' . M . Supercharge fuel·air ratio, 0.11. (Fig. 12 of reference 12.) Percentage isopentane can be determined by subtracting sum of perceutages of otber components from 100. 
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Triptone +4 ml TEL/ gol 

-- A. S T. M. Superchor ge 
performance number 

-- -- A. S. TM. Aviation 
performance number 

+4 m l L-~~-L~~~L-~L-~~~ __ ~~~~~~~LL~~~~ __ ~~~-L~~~~~ 

Diisopropyl 
+4 ml 
TEL/gol TEL/gal 

A S T M. Superchorge per -rormance n umber 

(b) Blends o( triptane, aviation a lk ylate, d iisopropyl, and isopentane. 

F IGU RE VlII- J8.-Conlinued . Blendi ng chan (or qua ternary blends by A. S. T. M. Aviation and A .. T . M . upercharge methods. R id Yapor pr~ssu re, approximately 7 poun ds per 
sq uare inch; A .. T. M . Su percharge (uel·air ratio, 0. 11. ( Fig. 12 o( re(erence 12.) Percentage isopentane can be determ ined by subtracti ng urn o( perc'Cn ages lor other eompon nts 
(rom 100. 

Trtp tone + 4 ml TEL/gol 

Hol-acld octane 

-- A 5 T. M SuperCharge 
per formance number 
A S T M Aviation 
performance number 

+ 4 ml '---""--=--'--'--"'--_---'-"_-L~~'---.>..L 
190 

T£Ljga/ A. S . T M. Superchar ge performance number 

(c) Blends o( triptane, hot·acid octane, diisopropyl, and isopentane. 

• 

F IGURE VIlI- 18.- COIl tinucd . Blending charts (or Quawm ury blends by A .. 'l' . M. Aviation and A . S. '1'. 111. Supercharge method. Reid yapol' PI' nrC, 31 prOxImately 7 pounds per 
square inch; A . . T. M. Su percharge (uel-ai r ratio, 0. 11. (l"ig. 12 o( reference 12.) Percentage isopentane ca n be detcrmined by subtracting' sum o( perccnla!(cs Of other components 
from JOO. 



Alkylate 
+4 ml 

Tn/gal 
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Diisapropyl +4 ml TEL/gal 

- - A. S. T. M. Supercharge 
performance number 
A. S. T. M. AVIOf/on 
performance number 

Hot-acid octane 
-'-_-,"---""---'-~"--.L_"---L -'---L.~,,--L-'-_A-----' + 4 ml 

~ ~ ~~ 
A S. T. M. Supercharge performance number 

(d) Blends of diisopropyl, a viation alkyls Le, hot-acid octane. And isopenLanc. 
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FIG UItE VIII-18.-Concluded. Blending charts for quaternary blends by A. . T. M . A,' iation and A. . T. ~1. . uperchargc method . Reid vapor pressure, approximately i pounds per 
sqnare inch; .\ . . T. M . UI rrcharge fucl·air I'I1t io, 0.11. ( Fig. 12 oi "eference 12.) Perce ntage hopentane can be detcrmined by subtracting sum of pcrccnta~es of othcr components 
from 100. 

/60 

V> 
/ 

CXl V 
140 

/0 
v: o 0 

? 
V 

V o A. S. T.M. Avi ation rat i ngs 
a A. S. T.M. Supercharge ra ti n gs 80 0 ( f uel-a/r rari a, 0 .1/) 

60 
80 100 120 /40 160 

Estimated perfon'rJance number (from c harts) 

FlGUUE YILl- 19.- om pal iso n of estimated a nd ObEen "ed knoc k·1imilcci p rfonnancc ratingR 
determined by A. S. '1' . M . A "ia lion and .\ . S. T. i\L uperchar~e n:eLtods. A. . ' l'. M . 

u perchargc fuel·air raLio . 0.1 t. (Fig. 13 of reference 12.) 

All tbe data in table VIII- 2 a re p rese nted in figurc VIII- 19 
to sbow the relation betwee n e timated and observed per
formancc numbers. For t he 25 blend hown in figurc 
VIU - ] 9, t he average deviat ion from the mRtch line was 3.1 
performance mmlbeJ's for the lean rating and 1.5 for the 
ri h rating . 

In co nsideration of the a curacy of the chart it mu t be 
emphasized that the previously mentioned eli crepancie 
noted in the lean ratings of binary blend containing aro
matics are I'C ponsible fell' orne of the large deviations in 
table VIII- 2. 

Discussion of performance charts.- Thc performance 
chart prepared in connection wi th thi chap LeI' can be u ed 
for certain general compal'i on of paraffins, aromatic- , and 
eUler. In fi gur VIII- 16, for example, at the point repre
sen ting a blend of 0 percen t aviation alkylate , 20 percent 
virgin base to 'k, and 4 ml TEL peJ' O'allon , the lean~ri ch 

rating i 110/122. If a stra igh t linc is followed from thi 
point toward the triptane vertex until 20 percent triptane 
has been added . the ratinO' becomes 11 /145. The add ition 
of 20 percen t tl'i P tane Lo the base blend has thu increasecl 
the lean rating of the ba e blend by performance numbers 
and the ri ch rating by 23. If, howev r , the chart for ben
zene (appendix B , fig. B- 1 (d)) with the arne ba e stocks 

i examined, it is e n that a 20-pel'cent add j tion of benzene 
change the rating of tbe Larting blend from 110/122 to 
]06/146. The add it ion of 20 percent benzene ha therefore 
elecl'ea ed th e lean rating by 4 performanc numbers, wherea 
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TABLE VIII- 2.--A . . T . M . AVIATJO AND A . . T . 1vI. SUPER
CHARGE P ' RFORMAN E RATING OF T E RNARY A D 
Q1:. T E RNARY F UEL BLEND 

[T he fo llowing abbre\' ia tions are used throughou t the table: VB S for vi r~in base stock ; 
alkylate for aviation alkylate; onc-pass stock for onc-pa s cataly t ic stock; and M1' B ther 
for methy llerl-bu tyl etber] 

Fuel F uel com position · 

rrcrnary blends 

A- 17i - -1 59~ky~~t~~~~~ __ ~~~~~~~~~~ __ ~~_~:: ~~~ _ 
A L _ lJ % hot-acid octane+4 % VBS+41% alkyla __ __________ _____ _____ ______ ___ _ 
A- 233 _ 20% trip tane+5% VB + 75% alk yla tc ___ _ 
A-2:35 __ 29% triPtane+2O% VB +51% a lky late __ _ 
A- Z34 _1 3 % t.r!PtallC+35% VBS+27% alk ylate __ _ 
A--/OO _ 43% trJptanc+28% VB +29% alkylatc __ _ 
.\ 1_ 12% t riptane+14% VB S+74% alkylate __ _ 
A 86 __ 13% t riptane+6J% VBS+26% a lkyla te __ _ 
.\ 78 _ 43% dii"opropyl+ 12% VBS+45% al-kylate __ ___ _____ __________ __ ___ ____ ____ _ 
. \ -524- _ 34% diisopropyl+52% VBS+14% al-kylate __________ __ __ . ___ __ _______ _____ _ 
_\ --/, 3_ 56% neohexane+ 14% VBS+30% alkylatc_ 
_\ - 52:3- 12% n ohcxane+43% VB + 45% alkyla te 
_\ 82 23'10 benzenc+34% VB + 43% alk yla te __ 
_\--122 __ 47% benzcoc+41 % VB S+ 12% alkyla te __ _ 
_\ - 184 __ 14% tolu(I1e+M% VBS+32% a lkylatc __ _ 
.\ - 521_. 23% tol u(·ne+17% VB +60% a lkylate. __ _ 
_\ - 520 _1 33% M 'f'B cther+55% VB S+ I2% al-

.\ -5.39 _ _ 607~1IN,eB ethcr+59%\;Dfi"+35%-aikyi"te: 

.\ - 470 _ 55% hor-acid octane+13% one-pass 
stock+:l2% alkylate __________________ _ 

_\ 71- _ 35% l ript ane+45% one-pass stock+20% alk ylat,· _________________________ __ __ . __ 
_\ - 4 0 __ 20% t ript ane+ 16% onc-pass stock+64% ulk ylat" __ __ _____ ___ ___________________ . 
_\ -555_ 39% diisopropyl+ 24% one-pass ' ock+ 37% alkylatc _____________ ______ _______ _ 

1 QlInl~rnary hlends 

. \ - 472_ I 19% trip tanc+ IO% hot-acid octane+ 
52.5'70 alk yla te+l .5% isopen tane ____ __ _ 

_\ --174 11.5% tr iptane+25.5% d iisopropy l+ 
50 .5% alkylate+12.5% isopcnlane _____ _ 

_\ -473 34% diisopropyl+ 12.5% bOl-acid oc_ 
ta llo+41.5% alkylate+12% isopelltane __ 

• Each fuel contains a pproximately 4 mJ TEL/gal. 
b Ratings made at fU I'J-air rat io of 0.11. 

Performance numbers 

A . . 1'. M . 
A viation 
ratings 

E sti- ! Ob
mated ser \'l'd 

11 2 

I ~~ 
119 
114 
11 9 
11 6 
95 

l Zl 

103 
131 
102 
97 

7 
92 

107 

106 
94 

118 

108 

117 

118 

128 

130 

129 

110 

90 
126 
120 
lI S 
116 
117 
93 

122 

101 
124 
103 
100 

77 
97 

106 

l Q~ 
99 

118 

111 

112 

11 5 

131 

136 

131 

A. 8. 'T . "M-. 
Su perehar~e 

ra t ings b 

E Sli- ! Ob
mated ser ved 

150 149 

110 111 
150 151 
150 151 
150 150 
160 I 
140 142 
110 112 

150 150 

120 121 
140 140 
110 III 
140 139 
160 1M 
130 130 
160 IS6 

160 1M 
11 0 11 1 

160 159 

160 I S9 

150 150 

150 150 

160 157 

160 I S9 

159 159 

th e rich rating ha been incr ased by 24. From lbi com
parison it follow tha t in Lhi example the aromatic (benzene) 
and the paraffin (tl'iptane) are equally effective for increa -

L.~ 

ing the A. . T . :N1. upercharge (rich) performan ce but that 
triptane i more effective than benzene for improv ing lean 
performance. 
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CHAPTER IX 

FUEL VOLATILITY 

A number of problem arise from the influence of fuel 
volatility on engine and air craft performance. Among the e 
are vapor lock, mL"Xture di tribution, ea e of starting, cold 
weather operation, and vaporization loss. In order to per
mit rea onable control of these factors, fuel specification 
include pro vi ion for regulation of volatili ty. The particu
lar limits e tabli hed on the volatility characteristi of fuels 
are ba ed on numerou laboratory inve tigation and con-
iderable ervice experience. ome of the labora tory re
earche on volatility characteristic of fuel are de cr ibed in 

thi chapter. 

MIXTURE DJ TRIBUTION 

I n multicylindel' engine an important requiite of good 
performance i uniform di tribution of the fuel-air charge to 
the individual cylinder. However, de ign factor rela ting 
to engine induction sy tems (for example, intake manifold , 
carburetor, and upercharo-er ) tend to make the problem 
of di tribution one of varying significance with each particu
lar engine. A ide from the undesirable effect on general 
engine operation, nonuniform di tribu tion increa e fuel con-
ump tion and cooling requirement and decrease over-all 

lmock limit. For a given engine and a fu el of given vola
tility, the mixture di tl'ibut.ion is affected by over-all fuel-air 
ratio of the engine, engine peed, upercharger o-ear ratio , 
charge weight {low or engine power, thl'otLle tting, and 
combu tion-air inlet temperatu re. The inve tigation of refer
ence 1 illu trate the degree to which the c engine variable 
may affect mixture distribution. 

Distribution of fuel-air mL"Xture to the variou cylinder wa 
determined by exhausL-o-a analysis (reference 2) by an im
proved ampling technique reported by ook and Olson 
(reference 3). The engine u ed wa an 1 -cylind er , double
row, radial air-cooled engine in taIled on a te t tand and 
fitted wi th a flight cowling. (See fig . IX- I. ) The engine 
wa equipped with a s ingle- tage superchal'o-er with low and 
high gear ratio of 7.6 and 9.45, respectively. Additional 
in lallation detail may be found in r efN·ence I. 

The carbureLor-deck pre ure wa maintained atmospheric 
and the thro ttle etting wa varied to maintain iL"Xed power 
for the te t in which the over-all fuel-air ratio, the engine 
peed, the power, or the intake-air temperature was varied. 

( ee reference 1.) The resull therefore show the effect of 
both the variable under investigation and the a ociated 
variation of throttle etting and are repre entative of normal 
ea-level performance. When Lhe engine power and speed 

were varied, one of the mo t important influences on mixtme
distribution change wa the variation in thro ttle angle re-
ulting from atmo pheric carburetor-deck pressure . During 

the te ts of varying throttle ettino-, the carbmetor-deck 
pres me wa chano-ed to maintain con tant power ; operation 
at altitude wa thereby imulaled. 

FW liRE lX- I.- I nsia liation of lesl engine and cow ling. (Fig. J of referencc 1.) 

Effect of over-all fuel- air ratio on mixture distribution.
In fi gure D{- 2 the influence of over-all fu el-air rat io on dis
tr ibution i iIll! traLed. IL i r eadily een in this figure that 
the distribution is best at lean fuel-air ra t io. The difference 
between th e ri che t and the leane t cylinder at an over-all 
fu el-air ratio of 0.101 i reduced from 0.032 to 0.003 at an 
over-all fuel-air ratio of 0.059. This general trend wa found 
to be true at all operating condi t ion , although Lhe magnitude 
of the difference varied. The trend i attribu ted to the 
Iact that more neatly complete fuel eYaporation occur at 
low fuel flows where the irregularitie oI distribution cau ed 
by the concentration of fuel droplet are reduced. (. ee 
reference 1.) 
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FIGURE IX- 2.- Variation of mixture dislribution wilh over·all fuel·air ratio. Engine speed, 
1600 rpm; engine power, 800 brake hor power; low upercharger gear ratio. (Fig. 7 (a) 
of reference I. ) 
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(a) Enginp power , 800 brake hors(\powcr: over-all ruel-air ratio, 0.106. 
(b) Engine power, lOOO brake hoI' power; over·a ll fuel·air ratio, 0.1 10. 

FiG URE l X-3 .- Varial ion of mixture di tributior. with engine speed . (Fig. 9 of refer nee 1.) 
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Figure IX-4.-Variation of mixture distribution with supercharger gcar ra tio. Engine 
speed . 2COO rpm ; engine powcr , brake hoI' power . ( Fig. 10 (a) of reference I. ) 
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NACA INVESTIGATION OF FUEL P E RFORMA JCE IN PISTON -TYP E ENGll E 147 

.I I 

. 1 0 

9f-.0 

. 12 

. I I 

.1 0 

~.09 

" '-
. ~ .12 

" -.!.. 
Ib 
~.II 

.1 () 

.09 

.12 

.11 

10 

.09 

~i IIr '" f\ '-i Enqine 

jJ .,...... : , , ~ conditions 
1400 bhp 

(~' "\ .,..A " ,\ V H ~ '" V <:400 rpm 
't 1'\ 

o Sea-level throttle settmq 
o Wide-open throttle 

l0' r.\ 
' , V 1200 bhp , , 

J.\.-0 
. ., 

~ - -S\. V , , .'" 2200 rpm 
, , It' '\,,,.- V ' , , 

~ 

-

~ ~ \ 
, , 1000 bhp ,..... ~ 

'- .lr/ V .J? ~ 2200 rpm 

"V \ 
)-' y ?-V 

, 
, 

V ~ 
, 

'>-< / '"'--< , . , - 800 bhp 
.;s: 

~r'-, - - - .).{ ~ ~ V 2200 r pm 

......... I I I 
3 5 7 9 II 13 15 17 

2 4 6 8 10 12 14 16 18 
Cylinder 

FIGU RE rX-6.-Variation o[ mixture distribution with throttle setting. Over·all ruel·air 
ratio, O.l()(); low supercharger gear ratio. (Fig. 12 (a) or rercrence I .) 

Effect of engine speed on mixture distribution.- The r e
sults of tests at low supercharger gear r atio indicated that 
the variation of mLxture strength between the riche t and 
the leanest cylinders i not appreciably affected by changes 
of engine speed between 1600 and 2400 rpm (fig. IX- 3) 
despite the accompanyilw variation in thro ttle angle. The 
general shape of the distribu tion patterns doe vary some
what. For example, in figure IX- 3 two peaks may be een 
OcculTing in the neighborhood of cylinders 10 and 16 at low 
engine speed. The peak near cylinder 16 is climini hed whereas 
that near cylinder 10 becomes more prominen t a the peed 
increases. At h igh peeds each of the maximum points tends 
to move to the adjacent cylinder in a direction oppo ite that 
of the impeller rotation, that i , from cylinders 10 and 16 to 
cylinders 8 and 14, respectively. 

Effect of supercharger gear ratio on mlxture distribution .
T he effect of supercharger gear ratio on mix tm di tribution 
i shown in figure IX- 4. AL the high upercharger gear ra tio, 
the mixtme distribution was considerably improved over the 
distribution at low gear raLio. It was suggested in r eference 
1 that the more nearly uniform mixture di tribu tion at the 
hio-her impeller speeds ,"vas due to the higher combustion-ail' 
temperature and th 1'e ulting better evaporation of the fuel 
passing through th e supercharger as well as from the more 
thorough m ixing at the diffuser entrance. I t should be re
called however, that in the preceding dis ussion no effect 
on mixtul'e di tri bution was found when the impeller peed 
was increa ed by increa ing engine speed a t constan t super
charger gear rfLtio. 
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~' I r.U RE IX-S.- E ffect or ruel·a ir ratio on rue I consumption at variou engine speeds. Engine 
power, SOD brake horsepower; low superchgrgcr gear ratio. (F ig. J7 of reference 1.) 

Effect of variation of power on mixture distribution .
NIix ture-di tribu tion curves for variou values of brake 
horsepower are hown in fig ure IX- 5 for an over-all fuel-air 
ratio of 0.089. The differences in mixture strength between 
th e rich es t and leanest cylinder are not greatly affected by 
power level. Similar resul t weI' obtained at over-all fu el
ail'ratio leaner and richer than 0.089. 

Effect of throttle setting on mixture distribution.- Test 
were conducted a t d iffer en t throttle ettings to determine the 
change in mix ture distribu tion. The resul ts obtained at one 
fuel-air r a tio are shown in figure IX- 6. The most ignificant 
d ifference In the di tribution pattern weI' observed at the 
low power condi tions. At 800 brake horsepower, for example, 
cylinder 14, the leane t cylinder at ea-Ievel thr ottle setting, 
became the richest cylinder at wide-open throttle. 

Al though th e mix ture di tribu tion patterns were differenL 
at the various power levels and throttle etting , no trend of 
improvemen t in el i tribu tion was apparent. 
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(Fig. 16 of reference 1.) 

Effect of combustion-air temperature on mixture distri 
bution.- ixture di tribution pattern for carburetor-deck 
temperature of 45°, 90°, and 134° Fare hown in figurc 
IX- 7. The general hape of the curve in thi figm'e arc 
imilar, but the cliff rene betwe n the riche t and leane t 

cylinder dccrea e with increasing carbmetor-deck temper
atme. This trend may be attributed to inc1'ea ed fuel 
evaporation !Lt the hi O"hcl' temperature and the re ultinO" 
better mL\':iug of fu I and air. 

Effect of mixture distribution on fuel consumption.- In a 
multicylinder engine, operation with nonuniform distribu
tion 1'e ult in higher fuel con umption . The relation be
tween brake peci.fic fuel con umption and fuel -air ratio 
(fig. IX- ) i uch that the over-all brake peci.fic fuel con-
umption for nonuniform mixtme eli tribution is nece arily 

gr eater than that for uniform di tribution. alculation 
(referenc 1) indicated, however, that the difference i more 
pronounced when the pOOl' distribution i obtained at a lean 
over-all fucI- ir ratio . If mixtUl'e distribution i uniform, 
the brake pecific fu el con umption of the entire enO"m e i 
the arne as that of each cylinder ina mueh a the fuel-air 
ratio for each cylinder i equal to that of the engine average. 

If the extent to whi h the over-all fuel-au: ratio may be 
reduced j (hecau e of detonation or cooling) de termined by 
th e leane t cylinder, the effect of nonuniform mixture eli -
tribution is importan t. The relation between the fuel-ail' 
ratio of the leane t cylinder and th e over-all fu el-air ratio is 
pre ented in figUl'e IX- 9. Also hown i the CUl've repre ent
ing unifOlm~ distribution . At any given value of the ab ei a 

the difference between the two curv e repre ents tbe increase 
in over-all fuel-air ratio required by uonuniform di tribution 
to attain a given value of fu I-air ratio for the leanest cylinder. 

Inasmuch a the mixtme cii tribution is more nearly uni
form at low over-all fuel-air ratios (fig. IX- 2), the difference 
between the over-all fuel-ail" ratio and that of the leanest 
cylinder (fig. IX- 9) decrea e with clecrea ing mLxture 
trength . 

IMPROVEMENT OF MIXTURE DIST RIB UT ION BY MECHA I CAL CHAN G ES 

One approach to the problem of elimination of nonuniform 
di tribution i through the use of improved induction device 
to permit introduction of more nearly vaporized fu el to the 
intake manifold. An i1lVe t igation (reference 4) conducted 
by the NACA dll1'iug World War II wa concerned with the 
development of an inj ection- type impeller that would im
prove the uniformi ty of fuel-air mixture and thus promote 
more uniform di tribution to the engine c linder . 

Injection impeller.- The variation in fu el-ail' ratio among 
the engin e cylinder j influenced b)- centrifugal and gravi ta
tional separation of fuel droplet from the air as well a by 
coarse, nonuniform inj ection of fu el in to the ail.' tream . 

onsequently, an improvement in di tribut ion can be 
achieved by iuj ecting the fuel at a point where the fuel 
droplet a re lea t likely to eparate from the combustion 
air and at the arne time by elimina ting the coal' e droplet 
pre ent in the harge-air stream. 

The impeller eleveloped in r eference 4 was de igned to 
avoid th cau e of nonuuiform eli tribution b.v inj ecting 
fuel ncar the impeller outlet, where elbow and carburetor 
di turbance itl'e at a minimum and where hiO"h velocity and 
turbulen t condition might be utilized to reduce the effec t 

':,~uel-;r1j ecflon passoge 
r - -Impeller tronsfer 

~::6;::("=~~' passoge 

~ -Pue l-distr ibut,on 
onnulu s 

Nozzle 
ring---..J H A C A 

C - .30lJ - 879 

IZ - I' - ~4 

FIG URE IX- IO.-Injection im peller . (F ig. 2 of refer nee 5.) 
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of gravitational force and to provide better mixing and 
fuel evaporation. The impeller (fig. IX- 10) is a centrifugal 
impeller modified to act a a fuel distributor as well as a 
supercharger. The fuel pa age di charge from a centrally 
located supply chamb r into the ai.r pa sage at a point 
ufficiently near the impeller tip to avoid fuel impingemen t 

on the tationary hl'Oud. Fuel i di charged with it cen trifu
gal forc that exceeds the gravitational forces; con equently, 
a uniform peripheral fuel di charge from the impeller is 
atta ined. 

Metered fuel pa e from the carbure tor t~ a stationary 
nozzle ring, in tead of feeding to the conventional carburetor 
spray bar, and is delivered from the ring into a collector cup 
that rotates with the impeller. Between the nozzle ring 
and the collector cup is an air gap whi ch ellminates surging 
in the system. The fuel £lows by c.pntrifugal action tbrouah 
the collector cup and the impeller transfer passage to the 
fuel-distribution annulu . From the alUlUlus the fuel i 
tlwOW'11 through the rad ial hole into the au: stream. 

A companson of the mLxture distribu tion resul ting from 
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FIGURE IX- 12.-Effect of injection impcller on mixture distribution of engine at reduced 
fuel flow. (F ig. 7 of reference 4.) 

a tandard carburetor pray bar with that from the injection 
impeller is presen ted in figUTe IX- ll . A ummar.\" of the 
data from thi figme i gi en in t.able IX- I. 

At 1200, 1500, and 1700 brake horsepower (table IX-I), 
the mLxture spread was considerably les with the inj Pction 
impeller tban wi th the tandard carburetor spray bar; ho~'

ever , at 2000 brake horsepower the improvement was lrss 
noticeable. The poorer showing at 2000 hoI' epower is 
attribu ted in reference 4 to the fact that the impeller does 
not operate as atisfactorily at the higher fuel flow , wherea 

TABLE L - I.-EFFECT OF I NJ E TION IMPELLER OX 
MIXTURE DISTRIBUTION • 

Fuel-air ratio 

Brake horsepower 1200 1500 JiOO I 2000 
-
Stand- Injec- tand- Injec· tand- Injec- Stand- Injcc· 

Metbod of fuel ard tion ard tiOll ard Lion .rd lion 
injection spray impel- spray impel- spray impel- spray impel-

har Jer bar Jer bar Jer bar Jer 
---------------

Maximum ______ 0. 079 0.076 0.102 0.09 O. J03 0.098 0.109 0.110 
------ --------Minimum _______ 0.061 0. 070 0.076 0.088 0.085 0.092 0.09'; 0.098 
------ ----

G.Oi2I • pread __________ 0.018 0. 006 0.026 O.OlD 0.006 0.014 
0.018 

• Rep rocluc d from refe rence 4. 

I 
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the spray bar apparently provides better mixture distribu
tion at Lhe high!'r flow . 

A compari on of the mixtUl"e di tribution at r ed uced fuel 
flow for the injf~ction impeller with the mixture di tl'ibution 
at higher fu el flow for the tandard pray bar is hown in 
fig Ul"e IX- 12. .A summary of the data from thi figure is 
given in table IX- 2. 

For 1500 and. 2000 brake hoI' epower (table IX- 2) , the 
variation in mixture distribution with the impeller a t 
reduced fu el flo ws are much maller than the var iaLions a t 
higher fu el flow" (table IX- I ) . At 1700 brake hor epower 
the variation are greater. On the ba i of the e data it 
was ugge t d (l'efer ence 4) that the ability of Lh e inj ection 
impeller to overC'ome the efl'e t of gravitational and centrifu 
gal fu 1 eparation is inhibited at high power and fu el flow 

TABLE IX- 2.-EFFECT OF I NJ ECTION IYlPE LLER OK :'ifIX
T RE Dl TRIB TIO ' AT RED ED F EL FLOW • 

Fu~l·air ratio 
----

Brake horsepow('r 1500 1700 I 
M ethod of fuel injection 

Standard Injection I Standard 
I njection I spray im l)eller 81 ray impeller ba r bar 

---------
Maximum ---------. 0. 102 0.077 0. 103 0.034 

---------
l\-l inimum ____________ 0.076 0. 071 0. 0 0.083 

---------
Spread . -.--------- .- 0.026 0.006 0. 01 0. 011 

-

• R e-produced from re rl~rence 4. 

2000 

ta ndard [njection 
sb'a~y impeller 

0. 103 0.090 

0. 095 0.0 4 

0.014 0.005 

by orne de ign factor , the effe t of which are eliminated at 
r educed values of fuel flow . 

EFFECTS OF T HREE F EL· l J ECTI O METH ODS ON M I XT RE 
DISTRlBUTIO , WITH LOW. VO LATILITY FUEL 

In order to compare the effcct of three method of fu el in
jection on engine performance, an inve tigation (r eference 5) 
wa conductcd utilizing low-volatili ty fuel ( o-called afety 
fu el). Low-volatili ty fuel ha long been con idered a a 
ub titute fuel for conven tional aviation ga oline to r educe 

the fire hazard in aircraft, Conventional gasoline, because 
of it high vapo!' pre sure (R eid vapor pres ure, 7 lb/ q in. ), 
i much more easily vaporized in an induction y tern than 
i low-volatility fuel (R eid vapor pre Llrc, 0.1 lb/sq in. ); 
consequently, afety fu el offer a more rigid te t of inj ection 
method . Phy ical properties for ga oline and low-vola
Lili ty fu el (referen ce 5) are compared in the following table: 

1--
Property 

Grade ............................. _ ... _________ ... . 
Tetraethyllead contentjeml!gal. ..... ____ ... __ ..... _ 
F lash point, clo (\ cup, 0 , _____________________ • ____ _ 

Dis tillation range, OF : 
Initial boiling point. .... __ ......... __________ .. 
lO·pereent evaporated ............ __ ............ . 
5O-percent ~'·a porated . ____ ........ __ . __ ........ . 

~-I~:rt~~fj~;aJ~~~l~~e-~ : = = = = = = = = = = = = _ = = = = = = = = = = = = = Fl'eezin~ point, ° F . _ . __________ . ___________________ _ 
R eid vapor pressure, Ib/sq in __ ....... __ ..... __ .... .. 
Hesid ue, copper dish, mg/ IOO m l . __ .... ____ . ___ ... .. 
Accclerated gum content, mg/ IOO mI.. ... _ ........ .. 
Accelerated gum precipitaLe, mg/ IOO ml. .. "."."" 
Sulfur content. p~rccnl. . ____ .......... __ ._ ... __ .. __ 
B ealing ,'alue, Btu/lb _____ ... ___ ......... __ ...... __ . 
13 ydrogen'Cll rbon ra l io ........... __ ........... _._. __ 

pccific gra,' ity a t 00° F ....... __ ....... __ . __ . ____ .. 

Gasoline 

100/ 130 
4. 55 

Below - 30 

108 
141 
205 
255 
332 

Below - 76 
7 

2. 0 
2. 3 
0.2 

0.012 
18740 
0. 166 
0.719 

Low·vola tility 
fuel 

106/ 139 
4. 63 

122 

320 
334 
346 
362 
384 

B~ low - 76 
O. I 
2.0 
2. 0 
0. 6 

0.0001 
1 650 
0.165 
0. 782 

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

,r - e?4 orifices - 0..0.93 dlOrn . 

tltltttHt (P P ~--3-~-,6=--=--=---~~.;....+~-,~-*-, fc-~~' -%-*+-~-*'-%t';"'" %- 16-*-r' -%~+~#-*-, -%-*-+-%4+-%~+~%-:~'-.~~~=-3-Jf6-----.J 
4 A 

~------------------------~%------------------------------~ 

Section A-A ( a) 

(8) Hand8rd Blr 

',- -116 d ,om. /" - - Orifices alined in plane perpendicular 
_-:~ ta longitudinal axis of bar 

_ - /' ,r' - /6 orifices - 0. 036 d iom. , 
,,' /" · /6 o rifices-D.D5e? diom, ; A' ~ " , 

~~~~: :~I: _~~O : ~::-:: ~l:: --F ~~ ~~l :--r:c:~~~+-:: + : ~ --=j: ~- : ij b 
/f,61::/7f6+ /716+ /r,t;+ /+ /+ /7I'6+ /%6+ /7(6+/Ii'S-H 

~.% A' I %_J I 
~----------------------------- /2% ~ 

Sec tion A~A' (b) 

(b ) Impingin~·Jet Bar . 

IGt ' RE lX- 13.-Comparison of s tandard nozzle bar with impinging·jets nozzle ba r. (All dimen ions gi" en in inChes.) (Fig. 3 of reference 5.) 
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Previous inve tigations (reference 6 and 7) have howD 
tha t low-volatility fuel can be utilized ucce fully in recip
procating engi ne by direct injectioni nto the cyli nders. 
However, the complexi.ties of a direct inj ection ystem can 
be avoided by better atomization of fuel a nd injection into 
the manifold. Aside from the injection impeller discussed 
in the preceding paragraphs, the N ACA has investigated 
the impinging-jet nozzle bar as a means of achieving better 
fuel atomization. With the inj ection impeller , finely 
dispersed fuel enter the combustion-ail' tream neal' the 
impeller exit, whereas the impinging-j ets nozzle bar in
troduce the finely atomized fuel into the a ir tream immed i
ately after the carburetor . A standard nozzle bar and 
the impinging-j ets bar are compared in figure IX- 13. In 
the standard bar are located 24 orifices as compared to 32 
for the impinging-j ets bar. The orifices in the standard 
bar are larger and the fuel i discharged in less than half 
the length of the bal'. These factors result in poorer atom
izat ion and only partial overage of tbe combustion-ai r 
duct. The orifices in the impinging-jet bar are at right 
angles to each other and the prays impinge to form finely 
atomized fuel. 
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rucl·air ratio, O.OiO. 

(b) Engine speed, 2100 rpm; engine power, HOO brake horsepowcr ; approximate average 
ruel·air ratio. 0.082. 

F IG l," RE IX - 14.- omparison of mixture distribution obta ined wi th variOUS met hods of rue] 
injection. Combustion·air tempera ture, tOO° F . (Fig. 6 or rererence 5.) 

In order to evaluate the three methods of inj ecting lo'w
volatility fuel, a standard mixture-distribution pattern was 
selec ted. This pattern was produ ed at val'io u pO\\Ters by 
inj ection of ga oline through the standard nozzle bar. 
Comparison of mixture-distribu tion pat tern for the three 
method of inj ecting low-volatili ty fuel with the pattcrn for 
the s ta ndard gaso 1 ine tes tare ho w n in figure IX - 14 . Th e 
spreads in fuel-ail' ratio obtained in the tandal'd engine 
were 0.017 , 0. 024, 0.021, and 0.023 at 1200, 1400, 1600 , 
a nd 1800 brake hoI' epower , 1'e pectively . 

At 1200 brake horsepower (fig. IX- 14(a)) the injection 
impell er gav a eli ribu tion patteru imilar to that of the 
standard engine; the over-all spread in fuel-air ratio wa 
sligh tly less than that of the standard engine. The other 
m ethod gave patterns omewhat different from those of 
the tandard engine in that the over-all spread in fuel-air 
ratio were greater. 

At 1400 brake hoI' epower (fig. IX-14(b)) the inj ection 
impeller again gave better distribution with low-volatility 
fuel than the standard engine did with gasoline; however, 
the impinging-j ets bar wa wor e than the tandarcl engine. 
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(e) Engine speed. 2200 rpm ; engine power, 1600 brake horsepower ; a pproximate average 
ruel-air ra tiO, 0.087. 

Cd ) Engine speed, 2300 rpm; engine power, 1800 brake horse power ; a pproximate !l.\-erage 
fu el·air ratio, 0.091. 

Ff(W IlE IX - H.- Concl uded. Comparison of mixture distribution obtained with \'arious 
methods or ruel injection . Combustion·air temperature. 100° F . (Fig. 6 of refcrence 5.) 
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imilar resul were obtained at brake hOI epowel's of 1600 
and 1800 (fig. IX- l4 (c) and IX- 14(d)) . Complete data 
were not obtained at 1 00 brake horsepower inasmuch as 
thi power was unattainable wi th either the tandard nozzle 
bar or the impinging-jets bar. 

It can be oncluded from the foregoing data that th e 
mix ture-dis tribu tion patterns produced by the inj ection 
impelJ er with low-vola,tili ty fu el are better than those found 
with a s tandard nozzle bar and ga oline a a fu eL 

EFFECTS OF FUEL VOLATI LIT Y 0 ENG I E PER FO RMANCE 

The effec t of fuel volatility on engine performance was 
invc tigat d by White and Engelman (reference 8). Foul' 
fuel were te ted over a range of inlet-air temperatures 
between 46° F and 72° F. In general the 1'e ults of this 
study were inconclusive; however , the followinO' summary 
i offered. 

The fuel having the lowest 90-percent point (A. S. T . M . 
Distillation Procedure D86-40) gave the best power and 
fu el economy_ Difference in performance among th e other 
fuel were relatively slight and could not be attributed to 
differences in volatility. The 90-percent points of the 
four fuel were 255°, 270°, 295°, and 306° F _ The most 
volatile fu el wer e found to give more uniform mixture 
di tribution. 

FUEL VAPO R LOSS FR OM AJR CR AFT FUEL TAN K S 

The development of high-al titude, long-range aircraft 
ha re ulted in considerable concern over th e los of fuel 
vapor through fu el tank vents during flight_ The loss of 
fuel represents an increase in the fu el consumed during 
fljgh t and thus au es a redu ction in cruising range and load
carrying apaci ty . 

Vo c vvm 
pumps - -- .. ,. , : ',: .. 

Manua lly CO'1trolled 
b le ed valvEls--- - - -- ___ _ _ 

Sole n oid volve - ----

Fuel vapor c ondense r-- _ _ _ 

Condensate col/ectin g bott le-..." 

nexible vent- 7 

" ... 

The variables affecting fu el vapor loss were evaluated in 
a eries of simulated-flight te ts (r eference 9). A mall 
fuel tank on a bench-test installation (fig. IX- 15) was 
employed to facilitate instrumentation and handling of 
the equipment during the test _ A similar apparatus wa 
installed in a twin-engine airplane in order to correla te 
simulated-fligh t data with actual-flight data. (ee fig_ 
IX- 16.) D etails of the apparatu may b e found in 
reference 9. 

Effect of rate of climb on fuel vapor loss .- The fuel in th e 
tank (fig. IX- 15) was ubj ected to imulated flights at rate 
of climb of 1000, 2000 , and 4000 feet per minute to an alti t ud e 
of 40,000 fee t ; the r esults are hown in figure IX- 17 _ These 
data are replotted in figure IX- I8 with fu el vapor 10 s as a 
flllction of altitude_ At any given al titude th e los increa ed 
only lightly with increased rate of climb for the rate tes ted ; 
however , the losse due to foaming at the higher rates of 
climb when the fuel tank is filled close to capacity were not 
investigated. 

Effect of altitude on fuel vapor loss.- The variation of fu el 
vapor loss with altitude in figure IX- l is lin ear above ome 
critical altitude (the theoretical al titude at which fu el vapor 
10 begin ) . For thi linear portion of the curve the following 
formula was derived (reference 9) : 

where 

L _ Z - Zc 
1.9 

L fuel vapor loss, percen t 
Z altitude, in 1000 feet 
Zc critical alti tude, in 1000 feet (intersection of linear 

portion of loss-against-altitude curve with base lin e, 
fig _ IX- I ) 
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Water re t urn 
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Air 

---- - - M ------ Te mper ed wate r 
Fue l vopor 

---K--- Retu r n e d k e ros e ne 
--- --- K ------ Coo led kerosene 
---E--- Th ermocoupl e leads 

FIG URE I X- JS.-Bencb-t t installa tion for determination of fuel vapor loss under simulatcd fl igbt conditions. (Fig. 1 of reference 9.) 
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F IGU RE IX- 16. Flight-test installation for determination of fuel vapor loss. (Fig. 2 ol relercnee 9.) 

Effects of initial fuel temperature on fuel vapor loss.
The effect of initial fuel temperature on fuel vapor 10 j 

hown in figure IX- 19. These result were obtained from 
imulat d flight tests in which the condition of climb to 

30,000 feet wa investigated for each of the initial fuel 
temperature how11 on the figure. The e data have been 
replotted in figure IX- ZO to illu trate the variation of fuel 
vapor 10 at the end of climb with initial fuel temperature. 
Above a fuel temperature of about 70° F the 10 s varies 
linearly with fuel t mperature. It wa uggested in r eference 
9 that the fuel vapor 10 durinO' climb to an alti tude of 

30,000 feet at initial fuel temperatures above 70° F could 
possibly be predicted from the following equation: 

L= K(T- Tc) 
where 
L fuel vapor 10 s, percen t 
T initial fuel temperature, OF 
Tc temperature above which 10 varie linearly with 

temperature (inter ection of lineal' portion of curve in 
fig . IX- 20 with ab cis a), OF . 

K con tant (0.1 percent pel' OF, from fig. IX- Z'O) 
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FI(,; UR>; IX- l7.- }' ucl vapor loss during simulated flights to 40,000 fce t at various rates of 
climb. (Fig. 7 of reference 9.) 
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FI ,unE IX- J .- Var iation of fue l vapor loss with a ltitude during sim ulated flights at various 
rates of climb. (Fig. of r fcrcnce 9.) 

Effect of fuel weathering on fuel vapor loss .- Several uc
cessive stand:~rd simula ted fligh ts wer e made on the ame 
tank of fuel in order to determine the effect of weathering on 
vapor los. (1'ee fi g. IX- 21.) In thi particular test the total 
volume 10 s of fu el 1'e ul ting from the three simulated fl igh t 
was about 20 perc n t. Th effect of such 10 se on fuel 
properties are di eu s d later in this chapter. 

Effects of fuel agitation on fuel vapor loss .- An attempt 
wa made in reference 9 to determine t he effect of ag itation 
on vapor los. The effect of low-amplitude v ibration were 
in ve tigated by vibrating the tank vertically during a 
imulated ili!,h t. The tank \Va vibrated at frequ encie of 

168 and 120 cycle per econd at amplitude of 0.0009 and 
0.001 incb, l'e pectively. An air-operated vibrator attached 
to the tank ~ a u ed for thi PUl'pO e. This type of vibrat ion 
had no ignificant effect on fuel vapor 10 . 

The effect of tUTb ulence on vapor 10 \Va invest igated 
(reference 9) by u e of a throe-biad d propeller installed in 
he tank. T his mechani m imulated the turbulence ari ing 

from use of 5ubmel'g d fuel boo tel' pump. Two se ri of 
Lest were m de: on in which the fu I wa thl'U t downward, 
a nd ano ther in which the fu el was thru t upward . The re lil t 
are hown in figure IX-22. For the range of p ed inves i
gated the fuel vapor 10 s in creased wi th peed irre pective of 
t he direction of thru t. 

A third method of agita tion ,,-a inve tigated in which th e 
fuel tank wa' 0 cillaLed to simulate 10 hing of the fuel dLU'ing 
Ai?:ht. Tbe tank wa rocked through an angle of 50 at ra tes 
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FIr-eRE l X- l9.- Variation of fuel vapor loss with initial fucl temperaturc, during simulated 
fligh t. (Fig. II of reference 9.) 
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fWVRE [X- 20.- Variation of fucl "apor 10 at end of climb period with initial fucl temper
ature during simu lated fl ight. (Fig. J2 of rcferenee 9.) 

of 40 and 60 cycle per m i nu teo Fuel vapor 10 s wa increased 
(fig . IX- 23) by tbi method of ag itation_ 

Flight correlation.- A compariso n wa mad e between the 
fligh t and bench- te t apparatuse u cd for determination of 
fuel vapor los. ('ee reference 9.) The Bigh t paths followed 
in the e test are hown in figure IX- 24. In both case tb 
ini tial fu el temperaLlU'e wa 10 0 F. The fuel vapor loss 
1'e ul ting from eacb of the two method i hown in figw'e 
IX- 25. The difference in vapor 10 m ea w'eeL by the two 
method wa about 0.06 percent. 

EFFECT OF F EL VAPOR LOSS ON INS P ECTIO ' 
PROPERTIES OF AVIATlON F EL 

The effect of fuel vapor loss on the pl'opertie of two 
typical service fuel (AN- F- 2 (2 - R) and K- F-33 (33- R)) 
were investigated in reference 10. The e fuel were weathered 
in a imulated-alt itude apparat u shown diagrammatically 
in figure IX- 26. This appal'atu repre ent an improvemrnt 
over the a pparatu de cribed in the prece ling octio n of thi 
chapter . (. 'ee fig. IX- 15.) 

1 
I 
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F H1UIlE IX-21.- Fuel va por loss during suc()('ssivc standard s imula ted flight s with gi,·rn 
ruel sa m p le. ( Fig. 1:1 or rererence 9.) 
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F lne RE IX- 22.- Fuel vapor 10 s at end or standard s imulated fli ght with induced ruel tur· 
bulence prod uced by rotat ing propeller with blade a ngle a t 30°. ( fig. 17 or rererence 9.) 
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"''''''''E IX- 23.- F m·1 ,·a por loss d uring standard simulated fli ght with rue I tOllk oscillated 
lhrough angl of 5° . ( Fig . 1 of refcrence 9.) 

The fu els weI' weatherC'd during a imulated fligh t co n-
i ting of climb at a rate of ] 000 feet per minute to an 

alt itude of 30,000 feet . The altitude of 30,000 feeL wa 
maintained for approximately 10 minutes after the end of 
the climb . Becau e fuel vapor los is dependent on the 
tC'mpel'ature (fig. rX- 19) of lhe fuel in an airplane Lank at 
the time of take-off, two inilia,l fuel temperatm es (90 0 and 
1 :30 0 F) were u ed in the weathering test of each fu eL 

The data obtained from the weathering tests indicated 
that with 2 - R about 3.6 percent (by weiO'ht) of the fuel wa 
10 t during a imulated flight in which the initial fuel tempel'-
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FI GU BB IX- 24.- Flight pa ths follo \\"~d ror both simula ted and actua l fl ight tesls. ( Fig. 19 
of rererence g.) 
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F((;(JRE IX - 25.- Fuel vapor los during s imula ted a nd actua l fiights. ( fig. 20 or r e (~r~nce 9.) 
i nitial (u~ 1 te mperature. 108° F . 

ature was 90 0 F. Fo r an initial temperature of 1300 F th e 
loss wa abo ut ] 2. percent. Wi th 33- R the losse were 
about 3.5 and 14.3 percent at temperatures of 90 0 and 1300 F , 
respectively. 

In pection data for bo th weathered and unweathered fuel 
ample are shown in tabic rX- 3. The data in thi lablC' 

show that, as a resul t of the weathering 10 , the di tillation 
temperatures were increased and the Reid vapor pres ure 
de rea ed . The greatest increa e in distillati n lemperatul'l' 
occurred in the low temperature range. ~pecific gravitie , 
aromatic concentration , and tetraethyl lead concentration 
were increased . 

If the data for Lhe weathered sample a r compared with 
the pecincation limits, it is een that the amples of 28- R 
an d 33- R fuel , weathered from an initial temperaturc of 
90 0 F , meet the req uirement with the exception of lead 
con en tration . Th 50-per nt- vapol'ated temperaturc for 
33- R i about 30 higher than permitted, but thi difference is 
wi thin the precision of the A. , '. T .:VI. di ti llation procedurc . 

Fo r an ini tial fuel temperaLu re of 130 0 F Lhe weath red 
ample of 2 - R still meet the requirement with the excep

t ion of tetraethyl lead concentration, wherea 33- R is 
UHaccep table beca Ll e of the high 50-pcreen t-evapora tcd 
temperature a well as the high tetraethyl lead concentration . 
Both weathered ample have a R eid vapor pre sure of 4.6 
pound pel' square inch , whieh i a lower value than that of 
rno t aviation fu els. Under CUlTent aviation-fuel specifica
t ion , a low R eid vapo r pressure i. permissible a long as Lhe 
low-end distilla tion temperatur arc within the specified 
limi ts. 
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TABLE IX- 3.- IN PECTIOi\ DATA FOR \Y EATJI ERED KD UK \Y EATHERED A~lPLE . OF 2 - H AKD 33- R F UELS · 

2 - R 

Unwru tl1 -
c ,.~d 

I 
A 1'< - 1'"- 2 

sp(lcifi cllLions 

1'eLraeih yl lead . m]/gaL _________________________________________________ . 4. 6 (rna,.) 4.61 

Specific grav iLY 60° /60° F __ . ___ _ 0.725 

H cid va por pressure, Ib/sQ in ________________________________ __ _________ . 7. 0 (max.) 6.6 

Aromatics, precent by ' "OJU1l1C ____________ A _______________________ _ 15. I 

A. s. '1' . M. d isLilia lion 

Percentage e vaporated 

o _________________________________________________________________ _ 109 10 _________ ____ . __ t___________ __ ___ _ __ _ ______________ _ 167 (max.) 137 40 ______________ . __________ ________________________________ _____________ _ 167 (min.) 194 50 ______________ . ______________ _ _____ _ __________________ _ 221 (max.) 21 3 90 __ __ ___________ ._____________________ ____ _ _________________________ _ 2 4 (max.) 274 
356 (max.) 322 
307 (min .) n o ~~~ ~~~nO~ -n.;d- 5ii:i..;~ce~i:po;~ts : ::: :::::: :::::::::::::::::::::::: ::::: ::: 
1. 5 (max.) 0.6 Residue, perceni _ ------------------- --------------------------------- __ I 

---------.)-------) 
Loss, perce nL ___ -- _ -- ------- -- _ ------- __ ------ ---- -- _ ------ --- ---- --- -- ___ I 1. 5 (max.) 1.4 

• 'I' able I of refe rence 10. 
b T emperawre of f el a t sta rt of simula ted flight. 

33- R 

\'" ~a Lh~ ,.~d I L'nwca th- ! "· ~athe red 
AX- F-33 

b 90° F i b 130° F 
sp~c ifi ca Li on s ered 

I b 90° F b 130° F 

4.81 I 5. 49 I 4.6 (max.) 4.53 I 4.72 5.29 

o. 7~9 I 0.739 0. 708 0. 710 0. 718 

6. 0 I 4.6 7. 0 (max .) 6.6 5. 9 4.6 

15.3 
1 

17. 7 7.8 7.7 9. 3 

T'em pcraLuf(-', o F 

108 117 ------------ 103 104 11 6 
142 160 167 (max.) 134 140 163 
~OO ~ 1 3 167 (min .) 196 204 220 
217 225 221 (max .) 219 224 232 
276 283 2i5 (max.) 272 274 279 
326 ~~~ 356 (max .) 344 349 357 
359 307 (min .) 353 364 395 

0.6 0. 4 I. 5 (max.) 0.9 0.9 0.8 

1.4 0. 8 I. 5 (max.) 1.1 1.1 0.7 
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F IG RE IX - 26.- Simu lated-a liitude ben ch-tesi installa tion for deLermina tion Of fuel ,·apor 10 s. ( Fi g. I of reference to.) 
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In an earlier investigation (reference 11 ) an equation wa 
derived to permit estimation of fuel vapor los by change in 
pecific gravity. 

where 

L percentage fu el loss 
A final specific gravity of fuel at 20 0 C (6 0 F ) 
Ao initial specific gravity of fuel at. 20 0 C (68 0 F ) 
K constant, characteri tic of each fuel 

The valucs of th e cons tan t K wer evaluated (reference 11 ) 
for the ix fuels used in thi study and 'were plotted against 
tbe initial pecific gravity (Ao) in figure IX- 27 . 

EFFECT OF FUEL VAPOR LOSS ON KNOCK-LIM ITED PERFORMA CE 

The A. . T. M. Aviation (lean) and A. S. T. M . uper
charge (rich) antilmock rating for 28- R and 33 -R arc 
hown in the following table (reference 10). Two row of 

ratings are givE'n for each fuel. The first row is milliliters 
of tetraeth~'l lead per gallon in reference fuel and Lhe 
econd row i performance number. Th e A. . T. ,M. 

Aviation rating determined for unwea th ered 28- R and 
33- R {u'e higher than the nominal rating for these fu els. 

Fllel Condition 

-----------------------------------
28- R Nominal rhUng _____ _____ . _______________ ___ , __ _ _ 

2Q- U Unwea thered __ , _____________ ___ , _____ ________ __ _ _ 

2~- R Weathered ( BooOF ) __ .. __ .. ______ .. ______ ____ _ 

2 - R Weathered ( al30° F ) ___ ________ _____ ___ ____ .. __ .. 

33- R ~ominnl ra ting __ _ .. _____ .. ________ .. _ _________ _ 

:;3- R Unweathered __ __ ___ ______________________ . __ . __ _ 

:l:l- R Weathered (BOOO F ) .. ________________ . __ _____ . ___ _ 

3,'l-R Weathered (· 1300 F ) _________ . _ ____ ._. __ ______ . 

aT cmpC'rllLul'C of fuel at stll l't of simulated flight. 

A. S. T . M. A. S . T.M. 
A vi3Lion Supercharge 

rating rating 
1------1 ---'--

o 
100 

0.0 
103 

0. 10 
104 

0. 07 
W~ 

0. 47 
11 5 

O. G8 
120 

0. 75 
121 

0. 75 
121 

1. 28 
130 

I. 31 
130 

I. ~ I 
130 

l. 52 
I3:l 

2. 7~ 
145 

2. F. 
144 

2.67 
144 

2. fl2 
l Hi 

The daLa indicat.e tb aL the 10 of fuel vapor res ulting 
from weathering h as liUle or no eff ect. on the ratings of the 
l \vo f ue). If Lhe change. in ra ling, ca n be a umed to be 
ignificanL, [he A. S. T , ~I. AviaLion and A. . T . ).1. upcr

charge performance number of both fuels increase slightly. 
The e comparison should be "alid inasmuch as the data 
we re obLained on Lhe same operating day. 
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CHAPTER X 

INTERNAL COOLING 

Over a period of year , impro\·em ents in fuel performance 
have mad e i t n ece sary to improve engine-cooling l'a cilitie 
in ord er to tak e full advantage of power potentiali t ie of a 
given fu el. Cooling studies (reference 1) indicate that more 
and more heat mu t be dispo e L of through the engine wa.lls 
a th e specifi c power output of th e engine is in crea eel. If 
adeq uate cooling is as wned to be olely dependent on heat 
lron fer through the cylind er wall , the earcu for better 
engtn cooling if' a continuinCT proces accompany ing Lbo 
ever-increasing ntiknock quali ty of conventional fu els. 
Although these comm ent perta in prima,rily to air-eooled 
engin es, th e same m igh t be aid of liquid· cooled engIn es III 

regard to radiator size and cooling drag. 
Complete dependency on heat t ransfer through ey linder 

walls for adequate cooling can, however , be avoided h.v a 
method commo y called internal cooling. In ternal coo ling 
may be defined as the inj ec tion of an alLxilial':'" liquid in to 
the fuel-a ir ch arge at om e po int before th engin e in take 
port. A desirable li q uid for in te rnal cooling hould have a 
h igh la tent heat of va.poriza,tio n, since the more heal ex
t racted from the charge fuel-a ir mixture, tbe g reate r the 
cooling attained. The redu ction in temperatu re of the 
mixture achieved by the u e of an internal coo lant will 
re ul t in lower cylind er Lemp ratU l'e and will extend thr 
knock-free performance rano-e. In addition to lh advan
tage of in creased permissi ble power, two other goal in th e 
us of in ternal coolant are & ving in fuel and saying 111 

lolalliquicl consumption . 
E!lch of thes - objective ma.\· b e , ough t in i tself b.\" el i re

gard ing chang Eo in the olher two ori t may be ough t io co m
bin ation with one or bOlh of the other s in an effort to balance 
adv antages against di advDlllage. The most out tanding 
adva nla,ge of i tern a l ('oo li ng i , ho\\"eYCI", th.e increa e in 
k nock-limi ted Or coo ling-limiled pOWel' tha t i t DlfLkes 
po sible. 

II here ga oline hOl"lage exi l becau e of out -of-lhe-wa.v 
dr Linalion of transp0 l'l airplane or becau (' of air route 
requiring t ranspor tat ion b:· air of lhe gasolin e lIsed , the 
po si bilily of _aving in gasoline i pa rti cula rl.\- pertinent. 
,' uch savings mar re ul L from the use of in te rnal cooling 
rather than fuel enri ch menl to suppre knock a l high 

I'll"''''' X - I.- Intake' manifold with w3t~r spray bars in po ilion. ( Fig. I of reference 4. ) 
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power oulipuL. In this co. e water wo ul d be th e mo t effi
cient internal coolant if freezing temper-atu res were nO L ell
co un te red in the in ternal-coolant system . T emperaLu re 
below freezing would neces ita te eith er th e add it ion of a 
freezing-point depee ant or the use of a lagged or bea led 
water ystem. pecial case and requirem en t mu t ob
violl ly dete rmine which of these method i most ad l"an
tageo us. 

The m aterial that appear in th e succeeding portions of 
thi chap ter considers only th e case of internal cooling where
in the coolan t i inj ected at ome poin t in the intake-air ys
tern of the engine. 'iVate r inj ection was treated bri efl y in 
chap ter I , howeve r, whem it wa.s found that kno ck co uld be 
uppres ed in an engin e by inj ection of wate r di rectly in to 

the combustion end zone. This method wa uggested a 
a mean of economizing on th e qu an tity of coolant th at. 
m igh t be required to reduce knock. 

EFFECT OF J TER AL COOLANT S ON ENGINE PER~'ORMAN E 

Several in v(' tigations (reference 2 to 4) have been con
d ucted b.v the N ACA in which the ef\' ecti enes of in ternal 
cooling with respect Lo knock-limi ted and temp erature
limited perfonnace has been ill ustrated. In one of these 
in v-estigations (reference 4) a V-type 12-cylincler liquid 
cooled aircraft engin e \V a u cd a the test engine. 

Water wa con t inuously inj ected through 12 pra.l" bar 
inser ted in to the intake manifold thro ugh hole drilled in 
the top of the m anifolds abo ut 1 in ch back from the faces of 
the m anifold mounting flanges, a hown in figu re X - I. 
The pray bar (fig. X - 2) were of %2-in ch-diameter, ta inles 
steel t ubing abou t 2 }~ inches long with ix hol e , each 0. 016 
inch in diamete r, a rranged in two row of three hole each , Lo 
pm:" water direc tl:' into each inta.ke por l. ' Va ter wa 

applied to the spra:" bar by individual line from a tan k, 
whi ch was kepl und er press ure with comp ressed air. 

FJr.l"RE X- 2.- Closeup of water spray bar inserted in intake manifold . ( Pig. 2 of rH,'renee 4.) 

--~-"---T------.-~-- -~- -- - ___ ____ ~ ___ __ _ 
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\Yith this injcction sy telll , knock-limited performance 
(lata wcre obtained at carburctor-air temperatures of 158°, 
10J 0, and 50° F (fig. X - 3). In figure X - 3 (a) the peaks of 
th(' knock-limi ted brake hoI' ('power cu rves occ ur at lICCCS-

ively leaner mixtures a the water-fuel ratio is increa ecl. 
At a waLer-fuel ratio of 0.6, a rapid decl'ea c in Im ock-limited 
pow('r was /'ound as t11(' furl-ail' ratio was incr eased beyond 
about 0.092. ~imilar re ult W(,1'(' fo und at the other car
burdor-ail' Lemp('ratu]'e ; how('v(']' , at a carb ureto r-ai l' tem
p(' rature of 50° F (fig. X- :3 (c)) tb e harp decline in knock
limited brake horsepo wer at a waLer-fuel J'ntio of 0.6 occulTecl 
fl t fuel-air ratio greater than 0.0 . 

At. the three carburetor-ail' temperatures invc t igated, the 
bmke specifi c fuel con wnpLion wa lower with water injec
t.ion than without at ru('I-air ratio leaner t hfLll 0.092 . Thi 
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FIG URE X-3.-Knock-limited performance with water injection. V-type 12-c.vlinder Iiqu id
cooled engine; fu el, A N-F- 28 , Amendm nt- 2; engine speed , 3000 rpm . 
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FJ(;U RE X-3.- Continued . Knock-lim ited perform ance with water injection . v -type 
12-cylinder liquid-cooled enginc; III 1, A.N- F- 2 , Amendment- 2; eng ine speed, 3000 rpm. 

redu ction i cau cd par tly by incl'ea cd mechanical effi ciency 
of the engine at the 11io-h pe,,'er 'Outpu ts at.tainable with 
water in jection. 

Cress plot of th e da tn in figure X- 3 arc hown in figure 
X fer two fuel-ail' ratie . WiLh th exception of the data 
aL 0.095 fuel-ni l' ratio and 50° F carburetor-air temperature, 
increase of water-fuel rn.tio resulted in increa os of knock
limited brfLke hor epewcl'. For th e excepted data, watcJ'
fuell'atios greater than 0.45 res ult ed in a decl'ea e of knock
limi ted power. 

The effect of internal cooling on cylinder-head tempera
ture was also ob erved in refcrence 4. The average cylind /'
head temperature for the engine arc shown in figure X- 5 a a 
function of water-fuel ratio and knock-limited power. It is 
apparent in chi figlU'C that a the water-fuel ratio mcreR es, 
the power increase contin Llously ; however, the cylinder
head temperature pa through a ma.:...-irnum. The water
fuel ratio at which t]us maxlmum occurs incr eases a the 
cnrburetor-air temperatlU'e increases. 
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FI(WRE X-3.-Concludfd. Knock-limited performance with water injection . v-type 
12-cylinder liq uid-cooled engine: fuel, AK- F-28, Amendment-2; engine speed, 3000 rpm. 

Effect of internal cooling on fuel consumption.- Undel' 
high-power cruise operation, over-all fuel enrichmen t may 
be necessary in order to preven t an incrcase in cylinder t em
pc ratm es bry ond the specified maximum. This practice ob
v iOllSly r e ult in higher fuel consumption than would ordi
narily bc desired in the intercs t of range con iderations. 
However , the arne eml 1'e ul t can be achieved by adding 
additional fu el ouly to the ho ttest cylinders. 

This fact i ubstan tiatrd by l'esul t ob tained in an unpub
lishrd N ACA in ve tigation conducted in an air-cooled cnginc. 
The res ul ts indicated tha t lower brake specific fuel consump
tion could be 0 b tainrd a t high cruisinO' power, with no in
creasc in maximum r eal'-spark-plug-gasket tempcrat LU'es, by 
inj ect ing additional fu el to the ho t tes t cylinder and operat ing 
the engine in automatic-lean mixturc set ting instead of the 
au tomatic-rich mixlme se tting usually r ecommended . The 
fu el savings var ied between 6 and 10 percent for two engines 
te ted in flight and one engine t e ted in an altitude wind 
lunn rl. It was found , howevrl', that little or no fuel saving 

is r ealized when additional fuel i supplied to the hot cylinder 
unles the tempera tUl'e pread among the cylinders before 
enrichmen t is very large. 

Ano ther investigation conducted io an air-cooled engine 
(referen ce 5) showed that fur ther gains in fu el economy 
could be achieved by using water instead of fu el to cool the 
hottest cylind!:'!' . In thi par ticular t udy , it was found that 
the u e of water in tead of exce fuel to maintai n engine 
temperature limi ts at powers normally requiring a fuel-ail' 
ratio of about 0.09 J'e ulted in a decl'eftse of approximate ly 
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FWl1RE X-4.- Variation of knock-lim ited brake hoI' cpowcr with water-fucl ratio for three 
carburetor-air temperatures and two fu el-a ir ratios. V-t.ypc lZ-cylinder liq uid-cooled 
engine; fu el, At - F-28, Amendment-2; engine speed , 3000 rpm . ('ross plot from fi gure 
X -3 . (Fig . 14 of reference 4.) 

26 pcrcen t in brake specific fuel consumption with an in
crca e of about 3 percen t in brake specific liquid consump tion . 

It is obvious from the foregoing discu ion th at wate r 
injection in aU'craf engine permi t temperature-limite I 
cruising powers to be reached a reduced engine speed and 
increa ed brake mean effec tive pres m e with fu el-ail' mix
tmes vcry neal' tha t for maximum economy. FmtherlllOl'e, 
significan t improvemen t in fueJ consumption ca n be at 
tain ed wi thou t appreciable increases in over-all liq uicl con
sunlption . 

~~--------~ - - --.----.----- -------- --------- --- -- -- -
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These findings have been fUl'ther substantiated by a tudy 
reported in reference 6 in which it wa found that for typical 
air-cooled aircraft engines operating under cruising conditions 
in which overheating i ordinarily prevented by enriching 
the fuel-air mixture to the entire engin e, the fu el consump
tion may be reduced 7 to :31 percent by adding wfiter or fu el 
to only t.he overh eated cylin [ers. 

Effect of intern a1 cooling on spark-ad vance req uirements.
Internal cooling can al 0 be utilized to take advantage of 
gains that may be achiev d by retarding the spark timing 
of an engine. This fact was demonstrated in an in ve ' tiga
tion (referen ce 7) conducted in a liquid-cooled ingle-cylinder 
test engine. Two positions were u ed for the inj ect ion of 
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FH1lJRE X-5.-Variation of average eyliJlder-head temperature with water-fue l ratio at knock
limited power for three carburetor-air temperatu res. v-type 12-cylinder liqu id-cooled 
engine; fu el, AN -F -28, Amendment-2; engine speed, 3000 rpm. (Fig. 13 of reference 4.) 
:\umbers on curves are values of knock-limited brake horse power. 

internal coolant: po ition A before the vaporizat ion tank 
and position B at the' in take el bow. In both po itions the 
coolant wa discharged downstream. The positions of 
injection are illustrated in figw'e X - 6. 

The effect of in ternal-roolant- fuel ratio on spark advan ce 
for peak power is hown in figure X - 7. For both types of 
injection, the spark advance required for peak power was 
greater when the coolant was inj ec ted before the vaporiza
tion tank than at the inj ection elbow; however , the difference 
was small when a 50 : 50 mixture of wat r and ethyl alcohol 
was used as the coolant. This resul t indicates that the 
water, when injected before the vaporization tank and 
allowed to mix thoroughl.'! with the fuel-ail' mixture, slo,ved 
the flame peed more than when injected at the in take elbow. 
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FWU RE X-6.-[nd uction syste m used with multicyliJlder-block adaptation to CUE crallk
case showing two positions of internal-coolant nozzle. (Fig. 2 of reference i.) 

The flame speed was slowed to about the same degree 
r egardless of injec tion position for the 50 : 50 mixture of 
water and ethyl alcohol. 

At the same in ternal-coolaot- fuelTatio (fig. X - 7) and for 
the same coolant in jec tor location, the water- ethyl-alcohol 
mixture retarded burning less than the inj ection of pure 
water. This differ ence can be attributed to the fact that 
the alcohol i a fuel and as s Ll ch i contribut ing to the com
bustion process. 

In fio-me X - 8 is illustrated tho effect of internal-coolant
fu el ratio on the mixtW"e temperatw'es con esponding to the 
data of figure X - 7. The data for figure X - repre ent 
the ca e in which the coolants weTe inj ected ahead of the 
vaporiza tion tank. The mixture temperatme decreased 
until the fu el-air mLxtme became saturated and for fw·ther 
additions of coolant beyond thi point the mixture tempera
t ure r emained constant. In a imilar manner, the power at 
peak-power spark advance increased becau e of the ineteased 
charge weight inducted into the cylinder un til the internal
coolant- fu el ratio for satmation wa reached at whieh 
point the power leveled off. (See fig. X-g. ) Beyond the 
poin t of complete satUl"ation the additional cooling of 
the mixture must occur after the intake valves close, which 
make it impo ible to increase engine power tlu'ough an 
effect on air flow. Fw-ther additions of coolanl raused a 

-, 
I 



f 

162 R EPORT 1 o 26-NATION AL ADVISOR Y COl\1.MITTEE FOR AERON AUTIC 

<:.,; 

h 

48 54 

Qj44 50 

I;), 

{l 
C 
<Ii 

~40 4 6 
Cl. 

~ 
I\J 
Cl. 
l 

~36 42 
'U 
\.J 

~ g 

---
----
---

-----

I I I I 
I nferna l coolant 

Wate r 

Wa fer 
Wa ter a nd ethyl alcoho l 
(50:50 by' weight) 
o ter and e thyl alcohol 
(50: 50 by we iqhf) 

/ 
V 

/ .,../ 

..-

/ .,. ..- "-

" , 

/ 
,," 1/ ' 

./ ,/ /' 
" ,/ , / ' 

1 .1. I 
P o siflon o f 

injection -
Be fo re vaporization 

Tank 
In fake manifold -
Before vaporiza t ion 

lan k 
In take manif old _ 

/ 
V 

/ 
V 

L' 
V 

.,. .,. 
/ / /. ./ 

V / ~.,... 
/ 

/i " .,. V .,. 
,~ / 

,;Y 
/' 

.:.,32 38 
I.. 
\) 

~ ~~ 
j?-::'/ ,/' 
, ....--- ' 

~-:. 

28 3 4
0 .2 .4 .6 .8 1.0 

In t ernal coo/ant - fuel ra t io 

FWU RE X- 7.- Etrect of internal coolant-fuel ratio on spark advance for peak IJOWCr for two 
internal coolants an,] two positions of injection. ingle-cylinder adaptat ion of multicyl
inder engine to CUE cral1kcase; cOlllpression rat io, 6.65; engi ne speed, 3000 rpm; fuel-air 
ratio O.OS; inlet-oil temperature, 1850 F; outlet-coolant temperature, 2500 F ; inlet-ai l' tem
pcrat.urc, 2500 F ; inh't-air pressure, 50 inches of mercury absolute . ( Fig. 11 of reference i .) 

dee)' ase in the power obtainable at peak-power spark 
advance because ome heat of vaporization wa extracted 
from the ail' d rin g the compression troke; decreased c.'-cle 
effi ciency resuJ ted. The power increase at peak-power spark 
advance wa small when coolan t wa injected at the intake 
elbow (fig. X - g) becau e so li ttle timc was available for 
charge cooling before the in take valves closed. 

Th percenLage los in po,vel' at va,rious value of spark 
advance over that ob tained by using peak-power spark ad
vance i sbown in figm e X - 10 for each in ternal-cool an t
fuell'atio inve tigated, The data in this figm e indicate tha t 
operation with normal park timing at a given coolan t-fuel 
ratio and po ition of inj ection resul ts in a power loss approxi
mately twice as high for water a for the mLxture of water 
and ethyl aJcohol. 

USE OF I N T ER NA L COOLI N G FOR IN CR E ASED TAKE-OFF POW E R 

In ] 944 an analysis was made b~T the N A A to evaluate 
the u e of in te1'1lal cooling a a means of in cl'ea ing take-off 
power. This tudy (reference 8) was made for foUl' airplanes 
to determine the effects of a 25-per ce n t increase in take-off 
power on the take-off load of th e airpl ane. The operat ing 

cha,racteris tic of the a irplanes considered a.rc pre en ted III 

the fo]]owing table: 

Airplane 

Heavy bombeL _____ _____________ ___ ______ _ 
Pursu it _____________ ____ _________ ___ __ ____ _ 
Torp~do bomber __ ____ _______ ___ _____ _____ _ 
Shipboorcl fi",h r.er ___ ____ ______ __ __________ _ 

Normal 
take-on: 
horse
PQwer 

4800 
2000 
J700 
2000 

l\ ormal fu el 
c1:1pacity 

-----
(ga l) (lb) 

J433 8598 
210 1260 
301 1806 
34~ 2064 

o ross 
weight.. 

of 
ajrplane 

(1b) 

41 ,000 
J I, 870 
15,364 
12 . . 5ii 

For these airpl anes the estimaLed increa e 111 take-of!' load 
for a 25-percen t increa e in Lake-off power j as follo\\' : 

Airplane 

H 
p 

cavy bombeL __ ____ _ 
ursuiL __ . __ __ . . _._ . _ 
orpedo bombeL _____ T 

8h ipboard figlller _____ 

230 

1\ 

\\ 
~, 

210 

\ \ 
L\ \ 

\ ' 1\ 

190 

\ 
l'1 

Load Load 

I 
Usa ble l 'sa ble PercentM!(~ 

increase increase load load incff~ase 

(percent) (1b) increase (gal of (gal of 
(1b) gasoline) gtlsoline) 

II. 5 471 0 363 1 427 30 
12.0 1430 1097 J29 65 
10.5 1610 1300 153 51 
10.5 1320 1037 122 ~6 

In t ernol coolanT 
--- water 
--- Ware r ond ethyl a lcohol f----

(50:50 by wetqm-; 
, 

\ 
. 

, 

\ 
J\ 

\ \ 
\ 

~ 
, 

\ 
\ 

l'i 
\ 
~ 

\ 
\ 

i 
130 

~ 
, 

r-\ 
~ 

110 

------=-- -

-

.2 .4 .6 .8 1.0 
Internol c oolanT-fuel ratio 

FIG U HE X- .-E ffect of internal coolant-ruel ratio on mixtu re temperature for two in ternal 
coolants injected before the vapOl'izRtioll tank. Siugle-cylinder adaptation of multicylinde l' 
engine to U "E crankcase; compression ratio , 6.65; engine speed, 3000 rpm; rucl-air ratio, 
O.OS; inlet-oil temperature, 1850 F; outlet-coolant lemperatUl' ,2500 F ; inlet-a ir temperature, 
2500 F ; inlet-air pre sure, 50 inches of nwrcury absol ute. ( Fig. 12 of reference 7.) 

l_~ __ ~ _________________ _ I 

________ . __________ J 
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I I. 1 I I I I I 
In fernal coolanT Position o f 

-- Water 
inJe cflon -

Befo re vaporization 
Tanl<. 

--- Water InTake manifold -

255 

- - Wafer a nd e fh yl alcohol Before vapor iza t ion 
(50: 50 by weight) fank 

--- Wafer and ethyl alcohol In take manifo ld -(50: 50 by wei9hT) 

r--
~c50 

/V 
-

V . / -. 1----. C)-

.~ 
:!2 

/ 

c 
~245 

V 
/ V-/ 

o 
Q 

"B 
QJ 
Q. 

/ 
L 

II 

l 
{:. 240 / / 

/ / QJ 
\J 

~ 
-t - -----
Cl 235 

-'c 
/ 

/ /' 
/ / 

-::.-::;, 
,----..----~ -----

----l 
\) 

~ 
-l-.. 
\) 

':;; 
/ ~:/ 

0.230 
I!J 

(i t<~ 

V 
~ 

.2 .4 .6 .8 !.O 
Internal coolant- fuel ratio 

FWVRE X-9.-Effect of internal coolant-fur) raLio on engine power at spark adnlllcc fOr 
peak pow"r for two internal coolants anel tWo positions of in jection. Single-cyli nder adap_ 
lation of multieylindcr eng ine to C U" crankcase; compression rat io, 6.65; engi ne speed. 
3000 rpm; fuel-air ratio, 0.03; inlet-oil temperature, 1850 F; outlot-coolant temperature. 
2,;00 F; inlN-air temperature, 2500 F; inlet-air prC'SSLl rC, 50 inches or m rcurya.bsolute. (Fig . 
13 of reference T.) 

The data pre cnted in the i'ol'cO'oing table indicate- Lhat 
mal'ked increa es in the u able load, or in thi u able load 
iran lat C'd into gallons of ga oline, may be achieved tlu'ough 
II e of in lemal cooling for 25-percC'nt increa C'd take-off po wer. 
These numerical C'stimatC' a rC' llC'CC aril.v depen de-n t upo n 
lIt a, umcd value for man~' factor _ For cxample, th C' (-J 

pa rti cular calculations incl udC' the followin O' as ump tions: 
(1) lhat 0.7 pound of coolant per pound of fuel is 

r equired to pl'oducC' a 25-p rcC'nt incrca e in take-off 
power. This quan Li(~' of coolan L is about 45 per 'cn t 
highcr than is indicated b.Y expe rimental data in 
order to provide a faclor of aCet,v in the calcu lation . 

(2) that ufficient coolanL is provided fo r 5-m inll tC' 
op ration 

(3) that the increa C' in propellC'[' woigh t for the add i
tional power output is about 100 po un ds 

(4) that the coolant ySlem exclll ivc of the- tan k weight 
j about 75 pounds. 

96 I ~ 7-52--12 

1 1 1 .1 I 
I n ternol coolant-
-fuel rar io 

3- 0.8 I", 

I 

0. 

6 

5 

4 

I--

" 

.6 :---... 

r .4 
"'-. 

.2 :::--0 

.8 

\ 

, 
, 

~ 
b-.. ~ 

i'---

\ 
\ 

\ 

Place of injecfion 
Intake manifold 

, 
"'-. 

'-, 

"'~ i'--. ..... 
i'--. -....... r-- ------t-- ~ ---

.6 I"" Before vaporization tonk 

I 

o 
2 

0. 

3 

(a) 

r--

r--

'\ 
"\ 

.4 
"-

.2 ~ 

o ------ :-----

.8 
..... 

_.6 
, 

.......... 
. 4 r-....... 
.2 ~ 0. 

.8 , 

'\ 

" '" ~ 

'" '" .....,~ ~ 

'-----
--- ------

--......... r-- - -
Intake manifold 

, .... 
.... 

-----i-- I'----r--

1', Before vaporization tonk 

.6 

.4 "--.... 
(b) -<? 

0. :::--o 
Inlet 28 

Exhaus t 34 

"" ::-....... ........... 
'-r-.:: b- --......... ---3D 32 34 36 3B 
36 3B 40 42 44 

Spark advance, deg B. r:G. 

(a) " -ater. 
(b) 50:50 Wat"r'llthyl alcohol. 

40 
46 

42 
48 

ITWli'RE X - tO.- Loss in power incurred by operating \,"ithouL peak-powc.r spark adva.nce ror 
sc\'eral internal coolant-fucl raLios and for t.wo pos itions of injection, ingle-cylinder 
adaptation of multicylinder engi ne to U E crankcase; compre ion ratio, 6.65; engine speed. 
3000 rpm ; fuel-air ratio. O.OS; inlet-oil temperature. 1 SO F; ouliet-coolant temperature, 
2500 f; inlet·air temperal lire, 2500 F ; inlet air pressure, 50 inches of mercury nhsoll!le_ (fig. 
I~ of re[crence 9.) 

Ollle.r detail of lll C' c t imate may be found in refor('nc(' 
In addition to the gain in u able load, certain gain mn,v 

be realized in rate of cli mb and take-off nm_ The incJ'eas 
of 25 percent in take-oft' powcr indicated an incl'ca c in rate 

- - - - - - - - - - - --- -- - - -- -~ -~~-
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of climb from 3100 to 4100 fce per minute up to an altitude 
of 12,000 feet for the pur uit-type airplane and ] 600 to 2200 
feet pel' minute for the torpedo bomber. The es timated 
take-off di tances for tb e four airplan e are a follow : 

Airplane 

1' a kc-n ff (lis
Konnol take-off tanc~ 25-percenL 

dist.anrp increase in 
(I L) lake-off power 

(ft) 
------------- ------------.-------

l1ra"Y bomb.'r __________ _____ _____ ____ _____________ _ 
Pursuit ____ __ . ____ . ____ .. ______ __________________ _ 
Torpedo bomber __________ ____ __ ___ _____ ____ ____ __ _ 
. hipho3rd ftl?hter ____________________ ____________ _ 

1 I I _~ I ! IL .~ 

1i00 
noo 
31l() 
350 

1300 
1000 
200 
250 

J I I I I r-Super chor ger outlet pressure_ 
r-Humidlf!J - Temper-(In. Hg obs) (percen ) ature --30 170 

~/50 
~-

'-.... 
0 /30 
S .... 
o 
(f) 

... 110 
C) 

I.. 

& 
~ 90 
'8 
~ 
§- 70 
CS) 

~/60 
o 
~ 

~ /40 o 
It.. o 

~/20 
.... e 
~/OO 
~ 
..... 
g 80 
~ 

.... _ .... 
...-

",,"'-

-- ...-

:::::-
~ 
~ 

/' 
/ 

V 

... ,< 
~ ~: 

~ ~ V' 
~ V/ V' 

V /' 
V ' 

V 

----- 60 

----- -
- I-.... --

", -

...-

-- I--.-- ' ,-

f-- --- ----
---
~ 

.......-

V -;::; ~ 
~ V :::.-- -------V V 

~ 

----V V .......- ---I--
c.---

(OF) -

-1-- 100 100° -- loe 80° -- ------- 0 -.... --- -I-- 100 eoo 

I--c-- I-- 0 ------f--
,....-

(a) 
Out let pressure '---
r rom supercharger 

(in Hg abs.) ~r--

80 

---
~ -- 70 
~ 60 

--::::: f--V ---- 50 
~ I----L----- 40 

...-' 

----
V L---.....- 30 -

----
I-" 

:...-- 20 -
------

(b) 

69so 200 250 300 350 400 450 
Oufle t-air temperature from supercharger; oF' 

(a.) Air at different hum idities into supercharger. 
(b) Dry ai r into supercharg~r. 

FIGURE X - I I. - Relation between outlet·air temperature from su percharger and fin al tem
peratu re of air wben sufficient cooling water is inducted for saturation of a ir. Watrr 
inducted as a liquid at 60° F _ (Fig. 7 of reference 9.) 

PRACTIC AL ASPECTS OF INTAKE- AIR COOLING BY WATER I N J ECTIO N 

Ina much as the application of internal cooling to aircraf t 
would n ece aTily require the in tallation of additional equip
men t, con id ration has been given to mean by which in
ternal cooling might be applied wi thou t ignifican t incroa 0 in 
aircraft weigh t. Cal ulation have been made (l'efrl'el)cc 9) 
to determine the extent to which the engine intakc a ir is 
cooled by wat r injection. The re ults of these calcul at ions, 

presented in fi gure X- ll , indicate that the degree of coolin g 
achieved by water inj e t ion is uffi cien t to p crmi t th e elimi
nation of normal inLel'cooling and af ter-cooling in the sup r
charger . Consequcntly, the weigh t of equipment nece sary 
for in ternal cooling miO'ht be offset b.'- the elimination of the 
supercharger intrl' ooler or aftercooler _ 

Fw-ther calculation reported in reference 9 indi ca te that 
the water to be u cd as internal coolant can be obtained by 
recovery from the exha u t gas_ uffi cien t waLeI' can be 
recovered from 50 percent of the exhau t gas to prov ide an 
inducted water-fuel ratio of 0.5 . 

EVAL AT IO OF VA RI OUS LIQ UID AS INTE R AL OOLA TS 

As part of the problem of applying internal cooling to 
a ircraft, exton ive inve tigations have been conducted to 
evaluate the pCl'fol'ma.nce of various liquid a in ternal cool
ants. One sli ch investigation, reported in reference 10, 
compal'f's the performance of (J ) water, (2) m ethyl alcohol 
and water , (3) ammonia, m eth.'-l alcohol, and wateT, (4) 
monomethylamin e and water , (5) dimethylamine and water, 
and (6) trim eth.damine and wa tel'. The e Luelie were 
made on a high-speed upercharged FR engi.ne whi ch i 
described in detail in reference 10. The in ternal coolan t 
wa continuOl! ly inj ec ted at room temperature into the 
inj ection elbow ju t above the fuel inj ect.ion nozzle and 
parallel t.o the ail' flow. 

The re ult of the investigation summarized in table X - I 
indicate that when water is u eel a an in te rnal coolant the 
greate t improvement in knocl;:-limited performan ce of 
AN - F - 28 fu el is achi eved at lean fu el-ail" ratio. The mi.x:
ture of methyl alcohol and watcr i a slightly better coolant 
than water at lean mix t ures but considerably betLer at rich 
mLx tures . A poinLecl out earlier in th i ch apter , the methyl 
alcohol is a fu el and a u h contribu te to the combu t ion 
proce s as well a, the cooling. Of the coolants li ted in 
table X- I , mix ture of water with monom ethylamin e or 
dimethylam ine howed the gr atest improvement in the 
lU1ock-limited performance of AN- F- 2 ; the increa e m 

T BLE X- 1.- L\1PROVE;\lE:\T IX I\:XOCK-LD'UTED ENOl -E 
P E RFORMAK E OF AK- F- 2 FuEL ACHIEVE D BY IN
TERNAL COOLIKG 

lCFR engine; co mpreSSion ratio, 7.0; engin~ spe~d. 2500 rpm: inl~t-air temperature, 250° F ; 
in let-coolant temperature, 250° F; spark ad '·an ee. 30° B. T. C.] 

HelaLi \'~ power raLio 
im~p (fucl + internal coola nt) 

imep (fuel a lone) 
Internal coolant (0.5 1b/lb fuel) 

Furl-air ratio 

0. 05 0.06 0. 0 0. 09 
1---------------1-------------
NOI'l(~ ____________________________________ _ 1. 00 1.00 1.00 1. 00 

1--------------1·------------W ater __ _____ ___ ________________________ _ . I. 14 L 52 1.41 1.2 
1-- - - ----------- ------------

Methylalcohol and water (70:30 by volume) I. 51 1.59 I. J I. i5 
1---------------1-------------

l\Ionomethylamine and waler (32:68 by 
weight) _ ______ __________________ 1.98 " 1. I • I. 86 -I. 

1--------------1------------
Dimcthylam ine and Water (26:74 by weighL). 1. 2 1.7 I. n 

• A ft('rfirin g encountered . 
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knock-limited indicated mean effective p re m e ranged be
tween 78 and 9 percent for different fuel-air ra,tio. Th e 
use of trimethylamine-water olutioD a an internal coolant 
lowered the knock-limit d pedormance of AN- F- 2 . 

The addition of anhydrou ammonia to the solu l,ion of 
methyl alcohol and water before injection (J'eferrnce 10) 
reduced the knock-inllibiting efl'ect of the solu tion of methyl 
alcohol and water and promoted afterfiring. Afte l'firing 
a1 0 occmred when monometbylamine-watel' olu tion wa 
used as an internal coolant (table X- I). 

The effect of inlet-air tempera lure on the knock-limi ted 
performance of the internal coolant d iscussed previously is 
also reported in reference 10. A summary of the e data 
(table X- 2) show that the addition of water reduced tbe 
temperature en itivity of A - F - 2 fuel. The othe]" cool
ant appeared to inc'l'ea e the cnsitivity at lean fuel-air 
ratios but de Teased the sen itivity at rich fuel-air ra tios. 

Perhaps the mo t impl'e sive example of the advantage 
found for the internal coolants evaluated i.n reference 10 i 
the knock-limited performance of monomethylamine-water 
mixture at an inlet-air lemperature of ] 50° F . This par-
icular internal coolant , when added to AN- F- 28 fu el, aJ

lowed a knock-limit d power of 1.96 horsepower per cubi c 
inch of cylinder di placement (imep of 620 Ib/ q in. ) at a 
fuel-ail' ratio of 0.049. The corre ponding indicated specific 
fuel and liquid consumplions were 0.37 and 0.55 pound per 
horsepower-hour, re pectively. 

The investigat ions reported in reference 10 '\-ere condu cted 
in an engine in lallation in which the range of operat ion was 
limited to a fuel flow of 30 pounds per hoUt" and an inlet-ail· 
pre sure of 150 inche of mercury ab olute . Becau e of the 
continued interest in monomethylamine and dimethylamine 
as inteJ'llal coolants, thr installation wa later revi ed to 
extend the range of operation to a fue l fl ow of 0 pound per 
hour and an inlet-air pressure of 225 inches of mercury 
absol ute. Following the e revisions the test with mono
methylamine and dimethylamine were ]'r umed ; howe \rer , 
two engine cylinders were cracked when th e knock-limited 
performance with the internal coolant reached a level of 700 

TABLE X- 2.-EFFEC'T OF IKLET-AIR TEMPERATURE 0 1 
IG\oCK-LDfITED EKGI.:\TE PERFORMAN CE OF AN- F- 2 
FlJEL lJ ED JK COK J1:K C'TlO-:\ W] TH 1:'\ TERN AL COOLANT 

Ie F'R eng inr; co mprC'ss ion rn I in, i.O; cnginr s pC'cd. 2.500 rpm ; inlet-coolant temperature, 
250° F;spark ad,·ance . 30° B. '1'. C.] 

lmep at inlet-air Icmperature of 150° F 

Imcp at in let·air tempera ture of 250° F 

Internal coolant (0.5 Il1/1b fu el) 
Furl-air ratio 

0. 05 0. 06 0. 0 

Xono _____________ . _____ . ______ .. _____ . _. I. 24 I. 46 1. 32 

Water ___ ___________________ __ __________ _ _ 
1.23 I . II 

-----1------1------
M et hyl alcohol a nd waLer (70:30 by vol-

1. 57 1.23 ume) .. _. ______ . _________ . __ .__________ 1.46 
1-----1---

~J onomelhylamine and water (32:68 by 
welght) __ ._ ... __ .... ______________ .. ___ I. 43 

----1-------1----
Dimethylamine and watcr (26:74 by 

woighl) _. __ _ . ________________ . ______ ._._. 1.42 • 1. 51 

• Art~rtlring ~ncounl~r('d nt inl ~ t-3ir ICmporature of 150° F . 

0.09 

I. 20 

1. 09 

1.13 

TABLE X- 3.- KKO CK-LDlITED RELAT] \·E PO\YERS RE
SULTI NG FROM THE USE OF I)\TER-:\AL COOLA-:\T. 
WITH AK- F- 2 ( A:.vrE-:\D~1E)\T 2) F"CEL 

lCF R engine; cotnprc sion raliu, 7.0; engine spC'C'd . 2500 rpm; inlpt~a iT tl"mpernture, 250° F; 
coolant temperaturc, 250° F : s)JHrk a(h·a n ~, 30° B . T . C.l 

Internal coolant 

W.i~h t of 
coolant 

per pound 
of fuel 

(Ib) 

l mep (ruel+inlernal coolant) 
--lmep (fu el a l~ 

Furl-air I'alio II. 

o.os 0.0; 0.07 0.08 0.09 0.\0 
1-----------,'-----1----- -------
I_N_'O_"C __ - _._--_--_. -_--_-_--_--_--_-_--_--_--_-! _____ I __ I. _00 _1_.00 __ 1_. 00 __ 1_. 00 __ 1_. 00 __ 1._00_ 

W atN ... ____ .___________________ 0. 25 I. 25 I. 21 I. 21 J. Hi J. 08 
I. 4 I. 48 I. 37 I. 24 J. 13 .50 

1----------------1----1-- --- ---------
Monol:;ethylamine a nd water 0.25 I - I 41\ I f~\ ) 75 1 -0 I fO 

(32:0 by woight) .50 2: 22 2: 16 2: IS 2: Ii 2: ;4 2: I 
I---~---=---------I----I-- ------------

DimcLhylamiIJcand water (27:73 
by weight) 

0.25 I. 72 I. 42 I. 51 I. 59 I. 57 1.55 

. 75 I. 89 I. 9i 2. ro 2. 83 3. 32 __ _ 

. 50 I. fl2 I.fll 2. 02 2. 16 2. 24 2. 33 I 
• Anl~ contriblllion of the amines LO tl!e encrgr of combustion was ('ntircly neglected in 

computlllg fuc l flows. 

pounds per quare inch . In order to \"e lime the inve tiga
tion, a specially designed OFR cyli.nder was oblained to 
permi t tudie at the exceptionally high powers aUained with 
monomethylamine and dimethylamine . The investigation 
\Va again re umed and v irtually completed before the next 
engine failure occurred. 

In the extended study of the two int ernal coolants (refer
ence ] I ) tests were conducted ov r a ,,-ider range of fuel-air 
ratio and at h igher ratios of coolant to fuel. The re ults 
are ummarized in table X - 3. IL is een in thi table that 
the amines are con id erably better than water as internal 
coolant . Of the two amine examined, monomethylamine 
is superior to dimethylam in e at coolan t-fuel ratio of 0.25; 
however , at a coolan t-fuel ratio of 0.50, monomethylamine is 
bet ter than d imethylamine at lean fuel-air ratio but slightly 
poorer at ri ch fu el-ai.r rat ios. It is of interest to note that 
the inj ection of 0.75 pound of dim ethylamine-watcr solution 
per pound offuel permi tted the a tlainment of a knock-limited 
indicated mean effective pressure of 967 pound per square 
inch , corre ponding to 3.05 indicated horsepower per cubic
inch displacemen t, at a fuel-air ratio of 0.092. Failure of a 
cylinder tud terminated the test at, thi poin t; however, 
after an overhaul tbe tests we],e again re umecl and the 
cylinder wall failed at an indicated mean effective pressure of 
95 pound pel" quare inch during a te t with di.m elhylamine

water solu tion at a coolant-fuel ra tio of 0.75 . 
During the investigation reporled in reference 11 a run 

was mad e to determine the influence of exhaust back pres Ul'e 
on the knock-limi ted performance when dimrthylamine-water 
olution was used a an internal coolant. The re ults indi

cated that incroa es in exhau t back pre sure had li ttle or 
no efl'cct on the perform ance at fuel-air ratios Jeaner than 
0.095 . At richer fu el-air ra tio serious decrea e in power 
output were enco untered and engine operation was quite 
rough. 

An examination of the data in reference II indicated thai 
for cer tain power level in the r ich-mixture rang the follow
ing combinations of internal coolants 1"e ulted in the lowes t 
indicat ·d p cific liquid onsumption: 

. -----~~ -- - - .- --- -- --
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Imcp range 
(Ib/sq ill_) 

Corresponding 
minimum 
isle range 
(Ib/hp-hr ) 

[nlernal coolant 
Internal 
coolant
fue l ra tio 

Below 220 ___ _ 0.44 to 0.53 ___ :\'onc _____ ___ ____ ____ ________ ___________ _ 
220 l0 3iO _____ 0.53toO.P3 ____ Monomethylamincsolulion ________ ___ _ 0.25 
3iO to 440 ___ __ 0.\:3toO.;I. __ DimcLhylaminesolu tion ___ ______ ___ __ _ .50 
440 to oeo ___ __ 0.71 to 1.I0 ___ Dimelhl'laminc solution __________ ______ . i5 

The succ ' s of aliphatic amines a internal coolants , 
reported in rcfel'C'Dces 10 and 11 , led to further tudie with 
other amine reported in reference 12. The additional 
ammes evaluated werc ethylenedi amine, diethylamine , t ri
ethylamine, and butylamine. The l'e ult of the investiga
tion (reference l ~n are ummarizecl in table X-4. 

It i apparent in table X-4 that of all the amiDe tested 
monomethylamille and dimctbylamine s till offer the g reatest 
pos ibilities as internal coolants, although ethylenediamine 
doe permit higher knock-free power at lean fuel-ail' ratios . 

In the inve tigation (reference 12) an effort wa mad e to 
reach the high t possible knock-limited indicated m ean 
effective pre ure with climethylamine. At a fuel-ail' ratio 
of 0.093 and a coolant-fuel ra tio of 0.75 , a knock-limite I 
indicated mean I'ffectivc pressure of 1024 pounl pel' square 
inch was a tarned. 0 rnginr failure occu rred but this 
te t was limited by thr a vaila ble in take-a ir slIpply. 

T BLE X- 4.- RELATL\ ·E I\::\'OCK-LDIITE D 1. OWIms RE
ULTI "G FRO~IC, E OF I:\,TER:\"AL-COOLA:1\T ADDITIVE 

I I\' \NATER AT OOLA:\,T-FlJEL RATIO OF 0.50 

[C FR engine; fucl AN- F-28. Amcndmeni- 2; com pression ratio, i .O; engin speed, 2500 rpm' 
inlet-a ir temperature, 250° r ; spa rk ad"anee , 30° U . 'r . C.; jacket temperature, 250° r] , 

Interna l-coolant additi,·c 

Imep (fu el+watcr+add iUve) 
1mep (fucl+wa ter ,llone) 

Vuel-air ratio .. 

AddithO(1 
in coolant 
so lu t ion 
(percent 

hy weight) 1--_-,,---,--,---,----
0.0.\ 0.06 0.07 0.08 O. OJ O. 10 

1------ -------1----1·------------
None__ __________________________ 1.00 l. 00 1. 00 1. 00 1.00 1.00 

Mo nomcthyla mine _____________ 1--3;--~ 1.32 \.'32--;:-:;"2'"'1.91 2.42 

\)imcthyla minc___ _____________ 21i 1. 54 1.41 1.46 1. 82 2. 08 2.-

Ethylened ia mine _______________ 25 I. l 1.61 1. 38 1.44 1.45 1.42 

Diethylamine ________ ___ ______ _ 25 1.00 Q6 Qn Qn QOO I.M 
----1-------------

'I' rie thylam inc ____ . ______________ 2.; ______ 0.92 O.il 0.80 0.E4 0. 8.3 

1

----1--- ----------
Butyla mine _____________________ 2.5 1.02 0.82 0.90 0.93 0.93 0.90 

"1'he amincs were !ll)t considered as ruels and lil (' ir hetllS or combustion \\"('1"(' neglected in 
co mputin g- the (uel-a ir ratios. 

In a later inve tio-ation (rrfe rence 13) he follo\vin o- om
pound were evaluated as in ternal coolants; however , none 
were found to be as efl' ecLive as monom etbylaminr , d i
methylamme, and ethylenediamine: 

Alkyl amines: 
Isopl'opylaminc 
Iso butylamine 
tert-Butylamine 
~10noamylamine 

Alkanolamines: 
Ethanolamine 
Diethanolamine 
2-Amino-2-m · thyl-1-propanol 

Amides: 
FOl'mamid 

Amides-·Continued 
N -Ethylformamide 

-Ethylacetamide 
N -Ethylpropionamide 

-I -Dimethylformamide 
,N -DiethylacetamicJr 

H etel'ocyclic compounds: 
2,2-Dimethylethylenimin e 
~1ol'pholine 

Pyridine 
2 -:'le thylpyricline 
3-~Ie thylpyridine 
4-~lethylpyridille 

2,6-Dimethylpyridine 
2-Vinyipyridine 
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APPENDIX A 

ADDITIONAL DATA ON PERFORMANCE OF VARIOUS FUELS 
TABLE A- l.-A. . T . 11. AVIATIOX A ~ D A. S. T . ~1 . SUPER 'H ARGE PERFOR~fA ~CE X ' ~fBERS OF LE ADED .'L T]) UNLEADED 

BLEKD,' WITH ISOOCTA).TE AKD WITH :'IlIXED BA E F ~EL OX I TT).T G OF 7.5 PER C EXT (BY YOL"C" :'I IE) I OOCTANE 
AXD 12.5 PEHCEKT n-H E PTA XE • 

(a) Pa ramn a nd o lcfi ns. 

p(,l'rorm ancc n U Jl1b~ r 

--
A. 0.; . T . -.\1 . A \' jaLion mcthod I 

..... S. T. ~1. uP!'rehnrec mCLhod 
(F/A=O.II) 

p}lr<l(1\n~ and olt · tin~ 1'0 rmu la 
Vnl~adrd I 4 m l 'J'E L!gHI -1 ml TET./'!nl 

Volum percent Ilamffin Or olefin in blrnd wit h Yolu me perc-ent paraffin Or oletln in bl~nd with mixcd basc [llel .--1 
iSOOCl a n e 

1 
10 I 20 I 

2-Methylbutane ' - --- _.- 1 C,H" I -------- f - - - - - - - 1 
- 2-,2---I)-i-n,-e-tl-,y- l-b-u-La- n- e- ' --------- I C,H 

2,3-Di mcthylbutanc t" . 

2,2,3-Trimethy lbutane ' __ I 
2,3-\)imcthy lpen tane __ _ 

2,2,3-Trimcthylpentane ' I 
2.3,3-Trim CLhylpentane c . ._ 
2.3,4-Trimethylpcntane c._ 

2,2,3,3-TetramcthyJpentane (" 
2,2,3,4-Tctramethylpen tane __ 
2,2,4,4.TctramCLhylpentane e 
2,3,3,4-TeLmmeth ylpentanc __ 
2,4-Dimethyl-3-ethylpentane _ 

2,3-Dim thyl-2-pen tene _______ _ 

2,3,4-Trimcthyl-2-pentene __ 
2,4,4-'I'ri methyl- l-pentene ' 
2.4.4-Tri mc t hyl-2-pentcne c. 
3,4,4-TrirneLhyl-2-pentene 

H 

1 ----
C,H " 

----- I 
c,n " I 
c,n " I 

I 
,. I 
" 1 

1 

I -------- I -------
--- -+-----

101 

I 
104 I ----- 88 

----
j I ------ --- ---

------ I 
____ 0-

I 
84 

96 9(; 
- ---- -- --

93 

I 
93 

-------- 86 

-- ----- f 78 I 
80 

I 
77 

I 
---- ---

--- --
S6 fJ2 

10 1 20 10 I 2.1 

Parafhns 
--------~----------

I - - - - -~ -- 1 -- - - - - 128 
-----

I 
1 

1 

---- ------ ~ - ----- 129 
-- --- I .-----

J 
---.-+- 129 

151 I 151 

I 
124 

I 
135 

--- I 145 -------- Jl 8 

-- . - I ---
j 

---
j 

130 
-- -- -- ---.-- --- .. _-- 124 

---._.-- , -----.-- -------- 122 
-----

I 
12 -------- 107 

145 133 120 II 
--- ----- Jl 8 

137 131 117 11 0 
-.-- I 140 ------ 11 5 

Olctln s 

-- I 108 I -------- ! 100 

127 

I 
11 3 

I 
11 3 

I 
101 
105 
lOS 

1 3~ 1:0 11 4 I()() 

I 50 I In I 25 I 50 

--

1 ------- - 1 115 121 130 

f I 11 i 122 129 , , 117 130 147 

I 
142 

I 
127 146 200 

-------- -----.-- 114 -----
-- -

I 
123 14l 174 

- - -- m 138 166 
----- 132 147 

I 
--- ---- 127 156 > 230 

III 125 141 175 
11 1 11 0 lOS 

I()() 

I 
125 143 192 

---.---- -- --.-- 127 

---
I -- •• 0. 1 -- ------ 1 117 I ------ -

I 
77 

I 
112 

I 
104 77 

-- 131 146 159 
-- -- 11.5 Jl9 103 

118 lOS 93 

--- -
(b) Aroma tics . 

P('rr"lrmanC£> I1l l mb ' l" 

A. S. re . ) r. A ,-int ion nll'tho.i I 
A. S. T . :11. Supercharge mcthnd 

(F/_ l=O.II ) , 
-

Fnllll111a nleaded I 4 m l TE L/gal 4 ml TEL/ga l 

Yolume percent a romatic in b lend with isooclane Volume p<' r(.'C'nL aromatic in b lend with mixed bal::E' (u('1 b 

Benzene 

~[ethylbenzenc 

Ethylbenzene _ 
1.2- Dimcthylbenzenc . __ 
I ,3-Dimethylbenzene ____ _ 
1,4-Dimethylbenzene ___ _ 

,,-Propy lbenzene~ 
Isopropylbenzenc ______ _ 
1-Meth yl-2-ethylbenzcnc_ 
I -Methyl-3-ethyl benzenc 
I-Mcthyl-4-ethylbcnzene 
I ,2,3-Trimethy lbenzene ___ _ 
1,2,4·Trimcthy lbenzcnc . ____ _ 
1,3,5-'l'rim t h y lbcnzene ____ _ 

1/- Bu tyl benzenc _~ ______ - __ _ 
Isobutylbenzenc __________ _ 
sec-Butylbenzene _________ _ 
tert-Bu tylbenz nc ___________ _ 
I -~leth yl-4-isopropyl benzene 
I ,2-Diethylbenzene __________ _ 
1,3-Diethylbenzene ________ _ 
t ,4- Diethylbcnzene . _________ _ 
1,3- Dim thyl-5-ethylbenzene ___ _ 

1 

-I 

:1 

I-Jl'[ethyl-3-1fTl-butylbenzene I 
I -Methyl+lfTl-but ylbenzene __ 
I-Mcthyl-3,5-diethylbenzene _____ _ 

C,H , 

e,n, 
C,H IO 

C,H" 

--1-.3-,5- --'J'-r-ie-t-tl-y-lbr--n-ze- n-e--_-_-_-_-------- f----e-,-, 1-1-,,--

10 

96 
9 

96 

91 

96 
97 
96 
9 
98 

96 

I 20 
----

89 
93 
93 
99 
95 
84 
92 
94 
95 

93 
97 
95 

93 

I JO 

146 

1<1 1 
150 

1'16 
151 

145 

1 

-
20 10 

----

• P(.'rrormancc l1umb(lrs gr~8tcr than 161 wer d tCl'mincd as follows: 
r[orma nee nu mber= 161. . imep of blen d . 

pe lmcp of Isooctane+6 ml TE L/gal 
b A . S. T. tvL Aviation and A. . T. Jll. upe reharg performance nu mbers of m ixed ba [uel, 120 and 11 2, rcspecLi" e ly . 

~5 I SO 

118 

9i 

J II 
] 16 
11 2 
126 
11 3 

I 10 

127 
133 

134 

107 
J37 

123 
125 
125 
]35 
130 

136 

• A. S. ' I' . . \1. Supercharge data [or compound determi ned at a n industr ia l laboratory; A. S. T. ~r. A,'iation data determillcd at:-;A :I Lewi~ lahoTaLory. 

I 25 I 50 

J52 205 
J53 284 
124 
168 
160 214 
104 
1I3 14i 
168 > 300 

135 156 
144 1i4 
147 - I ii 
162 287 
I 223 
124 
165 226 
163 
171 

J69 
li6 
Ii> 

1i0 

167 

I 
I 

1 

I 

1 
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TABLE A- J.- A. T . :'If. A DATIOX AXD A. S. T. i\1. S1JPERCHARGE PERF R:\IAX CE Xl;:\fBER OF LE DED Al\D rXLEADED 
BLEKD "nTH 1, 00 'TAKE AKD WITH i\IIXED BASE F1JEL COKSI '1'1 'G OF 7.5 PERCEKT (BY VOL1J:\1E) I OOCTAXE 
AX D 12.5 PER( 'EX T n-HEPT A . E "- Concluded 

Ether Formu la nleaded 

(e) Ethers. 

Perform ance num be- r 

A. S. T . M. A "iation method 

4 ml TEL/gal 

I A. S. T. M. , upercpar~p method 
( F/A=O.ll ) 

4 m l TEL/eal 

Volume {X'rcentaromatics in blend with isooctanc Volume percent ether in blend with mixed base fu pl b 

Me thyl/eTI· butyl eth r. . 
Ethyl teTl·butyl e ther ... 
Isopropyllerl·butyl et her .. . ... . 
M ethyl phenyl ether (an isole) ...... . 
Ethyl phenyl ether (phenetole) ...... . 
M ethyl p·tolyl ether (p·methylanisole) . 
",·Methylanisole ................ . 
o·Met hylani sole 
p-tert·Butylanisole ....... . 
,,·P ropyl phen yl ether. 
Isopropyl phenyl NI"'r 
ter/·Outy l phenyl eth,<r. 
M ethyl benzyl etheL ... 
Isopropyl benzyl eth(·r . 
Phenyl meth.llyl cther . 

IHhyl methallyl ether . 
Isopropy l meth.llyl ether 
tert ·Dutyl methallyl !'ther 
\)imethallyl etheL ..... 
Methyl eyelopropyl ~t her 
Methyl eyelopcntyl Hher .. 
Methy l cyclohelyl ether .. ' . 
Propylene o.ide ............ .. 

to 

c,rr"o tOO 
C,H .. O 100 
C,H "O 103 
C,H,O 93 
C,H IOO 99 
C,H IOO 99 
C,H IOO 
C,HIOO 
CIlH "O 
C,H "O 
C,H "O 
CIOH .. O 
C,H IOO 
C,.H .. O 
CIOB "O 
C,B IOO 
C,B "O 
C,H"O 
C,B"O 
C,H.O 
C,H "O 
C,H "O 
C,H,O 

20 10 20 10 

102 149 • 153 134 
104 157 161 140 
104 160 161 137 
90 141 121 1I 
97 140 120 120 
99 144 133 120 

• P erformance numher. grealN lhan 161 were d('tcrmincd as follows: 
rformance number = 161. . imep of blend . 

pe unep oftsooctane+6 rul TEL/gal 
b A . . 'r. M. A \' iatiol'l and A. S. T . l\ 1. SUlX'rchargc pe rformance numbers of mixed base fue l, 120 and J 12, reslX'cth'cly . 
C Approximate \'alue 

25 50 10 25 50 

143 t50 137 175 250 
144 150 132 150 I 5 
149 160 126 150 IS.; 
107 94 125 142 1 ~7 
III 100 128 146 137 
lI2 100 133 145 130 
lIO 147 

2 9 1 
lIO 147 
1I0 149 
110 150 
107 137 
104 lit 
119 140 
4 f\4 
93 92 

100 102 
100 109 
ii 90 
76 9~ 
80 83 
68 79 

100 131 

TABLE A- 2.- A. S. T . ~ L :'FPERCHARGE KKO CK,LI MITED IXDJCATED i\IE . X EFFECTI VE PRESSuRE RATIOS OF BLEXDS 
\;"' ITH MIXED BA 'E F'C'EL COKSISTIKG OF 7.5 PERCEXT (BY VOLU :'I lE) IROO TAXE AXD 12.5 PERCEXT n-H EPT .\ XE + 4 
ML TEL PER GALLOX 

Paraffin. a d olefins FUrllluia 10 

r tandard conditions) 

(a ) Paraffins and olefins. 

[mep ratio· 

Volume percent added paraffin or olefin in blend with mixed base fuel 

25 

Fuel·air ratio 

_______ ..-- ___ ... _1 _____ 0._0_65--'-1_ 0._0_7-'...1_0_. °_8_5_1_ 0_. 1_0--,-_0._I_I -,-_Q. 065 ~ I 0.OS5 I 0. 10 0.005 I 0. 07 

Paramns 

50 

I 0 O .j I 0. 10 I 0. II I 

2.2.3.T rimeth Ylbutaoe .................... ! C,B" 1 1.. 02. 1 . .. 0. 5. 1 1.. 08 1 1.09 1.11 1..
9
162 1..2961 1 19268 1 11.2900 1 11.3000 1 149 1 1.51 1 1.66 1 173 1 174 

2.3·D'methylpentanc..................... . . . . . . ... 

I-~...::-~:-~-:~-:~-\~-t-~a.:..n~...:...~-g-~~-l-f~-~-,t-~-:~-~-.·-:-::-:-:-::-:-::-'-:-:'I:-'-C-'-B-'-'-I 090
95 

O:~~ : :04
03 

: :08
09 
ill 0:. ~8~ o.:l l:~ U~ l : ~ 0:7~ o: ~g ~:OO I : :~ I H~ 

2.3.3.4·Tetramcthylpelltane ........... .. 
2.4·\)imethyl·3~ thylpeJ1la ne .. .... .." I. 05 I. 05 I. 07 I. 09 1.10 

Olefins 

2.3·Dimethy!·2·penlene ........ ····· .. · .. I_C_,_H_ .. _.1___ .--- .. -. .... -... 0. 75 1 0.79 O. 0.95 I I. 02 -... I ''''1'-'' I.... -.-. 
2.3 .4. T r imethy l.2.p<.ntene .......... __ .... j (' ,H" 0.84 --0.2 0:921.00 1.00 ---0:69 ~ """"D.72

1
D.610:93 0.59 ---0.50 o.:;sl0.5l~ 

3.4.4·Trimetbyl·2·pentene ............. . 7 .87 1.00 1.02 1.03 . 75 .73 . 79 .91 . 97 . 66 .59 .59 . 72 . 4 

• lru~p rat io 
kn ock·limited imep of blend with 4 ml TEL/gal 

knock·limited imep of mixed base fu el with 4 ml TEL/gar 
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TABLE A- 2.- A. T. M. St;PERCHAllGE Ic\OCI(-LnUTE D I NDI CAT ED :\ rEAi'I E FFECTIVE PRE SuRE R.\ TIO. OF BLEXD 
WITH MIXED BASE F"C'EL COK I TIKG OF 87.5 PER EKT (BY OLC:-' lE) 1800 TAXE AXD 12.5 PERCEXT n-HEPTAXE+4 
ML TEL PER GALLOK-Concluded 

Aromatic Formula 10 

[Sta ndard connitioosi 

(b) Aroma tics . 

I mep ratio Ii 

Volumc percent a romatic in blend with mixed base ruel 

25 50 
--------------________ L-_____________________ J-__________________ __ 

Fuel·air rslio 

(c) Ethers. 

f mcp ra tio' 

Volu me Pl'rccnt ether in blend w ith mixed b!1se ruel 

Et her Formula IO 50 

F uel-air ratio 

1 _____________ 1. ____ ._
0
_.0_

6
_.; I~J~:_~~J~I~~:~J 0.0(i5 1~1~:~_.:'J~I~~~J 0.065 1~ O.085 1~1 0. 11 __ 1 

Methyltert-bLltylethcr _________ C,B "O 1.07 1.01 1.11 1.18 1.21 1. 34 1.13 1. 3 ' 1. 52 I.t9 2.2'2 1.44 1.85 2.08 2.34 . 
Etilyitert-hutylcther _________ C, H"O 1.I3 I.t2 I. t4 1.16 I. li 1.37 1. 15 1. 25 1.34 1.37 1.97 1.25 1.4 1. 56 1.70 I 
Iso propyl tert-butyl ether .________ C,B"O I. 13 I. Gi I. 09 I. 10 I. II I. 34 I. 26 I. 24 I. 29 J. 33 2.5 b J. 45 I. 45 I. 53 J. 66

1 

M ethyl phenyl ct her (anisolo) ___ ___ ____ C,HsO . n4 .93 I. 03 I. 07 I. to .87 . i2 .96 1.13 I. 25 .89 .63 .55 .92 I. 21 
Ethyl phenyl Nher (phene tolc) ____ C,BIOO .97 .94 I. 05 I. II I. 12 .9'9 I I. 05 I. 2t J. 30 . 95 .65 .64 .96 I. 21 
Methyl p-Iolyl CLher (p-melhylanisole) _ C H IOO .99 .90 I. 05 I. 13 I. 16 . 9J . 74 .98 I. t5 J. ~9 .94 .65 .56 .9 I. 19 
m-Methylanisole _______________________ C,B IOO . 97 .90 1. 0i 1.21 1. 31 
o-Methylanisole ____________________ _ C,H IOO . 60 .52 .57 .75 . 85 
p-tert-Butylanisole ____________________ __ C"E"O . 95 .91 .94 I. 10 I. n 
,,-Propyl phenly ether _____________ C,B "O 1.06 1.00 I.li 1.2i 1.35 
Isopropyl phenyl ef her __ __________ _ C,B "O . f1.!J .90 I. 05 I. 26 I. 3., 
tert-Butyl phenyl ethcr._ _______________ CIOBIlO .81 .92 I. 06 I. 21 
M e thyl benzyl ether_ _ _______________ C,B IOO 3' ,89 .95 .96 .99 
l sopropylbenzyl ethcr. _______________ C,oB .. O . 95 . 96 1.1 0 1. 20 1.24 
Phrnylmcthaliylether _________ _____ CIOB " O . 48 .44 .38 .45 . 54 
M ethyl mcthallyl ether__ ____________ C,B,oO , 64 .66 . i9 I . 83 
Isopropyl metha llyl ethcr. ________ __ C, H IlO . ii .71 .85 .90 .92 
tert-Butyl metha llyl ether_ ________ _ _ C, H " O .66 . I .90 . 97 
Dimethallylether. _____________________ C,HIIO . 64 .68 .7 . 1 
Methyl cyclopropyl elhor. ______ ________ C.R ,O .6t .57 . 72 2 5 
M e thyl cyclopcntyl ether. ____________ C,B "O . 67 .61 .69 .75 . 75 
M e thyl cyclohexyl ether _ ___ ________ __ C,BIIO .63 .65 .61 .67 . iO 
Propylene oxi(\c _______________________ __ C,H ,O . 94 .87 J. 01 J. 12 I. 15 

knock-limit d imep or blend with 4 ml TE L/ga l 
• lmep ratio knock-l imited imep or mixed base rue l with 4 m l ' r EL/gal 
b Approximafe value. 

--- - -- --- - - -- - - -- - - - -- -~--~-~~-~-~--~--~--' 
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TABLE A- 3.- 17.6 ENGI1\E I\:1\OCE:-LIMJTED I NDICATED MEA1\ EFFECTIVE PRE URE RATIOS OF UNLEADED 
BLENDS \VITH ISOOCTANE 

I Compression ratio, 7.0; enginc speed, 1800 rpm; coolant temperaturc. 2120 F; spark ad"ance, 300 B. '1'. .J 
<al Paraffins and olefins. 

Paraflins alld olefins Formula 

I 2,2,3-'l'rimethylbutallC _________________ __ _ 
2,3- Oimctbylpentan,, __ ________ __ ________ _ 

I mep rat.io a 

Inlet-air temperature, 2500 F Inlet-air tcmperatuI(', 100° F 

Volume percen t added paraffin or olefin in blend witb iSOOClane 

10 25 50 

Fuel-air ratio 

0.065 I 0.07 I 0.085 I O. 10 I O. II I 0. 065 I 0.07 I 0.085 I O. 10 I o. 11 I 0.005 I 0.07 I 0.085 I O. 10 I O. II 

Paraffins 

1. 02 
____ ____ ____ .95 .96 .94 .94 .94 .93 .93 . 95 .94 .93 

1- -------·1-----
2,2,3,3-'l'etramethylpentane __ __ -- _ ---- -- --I 

1.02 1.03 1.09 1. 10 1.08 1 1.07 1.09 1 1.17 1 1.20 1 1.16 \ 1.15 1.21 J. 20 1.20 

____ ---:-:-:-:-- ---:-:-:-:-- ---:-:-:-:-- l.J2 J.l41.2O l.321J.3l ~11.22l.27l.27\J:27-C,!:1 ,. 
2.2,3,4-'l'etramCLhy Ipen tane ______________ _ 
2,3t31 ~-'T'ctramethylpeD tane_~ ___ ~ ________ _ 
2,4-Dlmethyl-3-ethylpentane _______ _____ _ 

2,3-Dirnethyl-2-penlene _______ -- _ --- _ -- ___ I C,H" 
-------

2.3,4-Trirnethyl-2-penteDe ________ -- ----- - _I C,H" 
3,4,4-'l'rimeth yl-2-pen lene ___ __ _____ ______ _ 

Aromatic .Formula 

0.96 
.97 

0.90 
.96 

0.96 1. 011. 11 1.J3 .91 .911.001. 15 1.221.091.101.151.211.22 
.98 1.03 1.06 1.J3 .95 .96 1.07 I.H; 1.27 1.17 1.19 1.22 1.27 1.27 

.. . . .... .... ... W ' .00 '00 , ... ' .00 ,~ ' " '" . ~ ''' 1 
Oletins 

1 ---- 1 ---- ---- I ---- 0. 99 1 0.99 I 1.01 I 1.09 1.15 I 1.14 1.12 1 1.17 1 1.23 , 1.27 

1
---0.901(J.'89 --0.911---0:96 o:79'lo:79'!--0.-7I---0.82I(J.'89!Q.95 Q.951---0:96lo.;;g\1.02 . 9 .W 100 I .~ .~ . ~ . ~ .~ 1. 00 I .~ I~ I . ~ IW I. W 

(b) Aromatics. 

lineD ratio" 

Inlpt-air temperature, 2500 F Inl e t-air temperature, 100° F' 

\-olu me percent a romatic in blend with isooctane 

10 25 50 

Fucl-air ratio 

0. 065 1 0.07 0.085 1 0. 10 I O. I I I 0. 065 1 0.07 1 0. 085 1 0.10 1 0. 11 1 0. 065 1 0.07 1 O. C 5 1 0. 10 1 O. II 

I_B_CD_z_c_n_e_--_-_-_--_-_--_-_-_--_-_-_--_-_-_--_-_-__ -_-_--_-_-_--_-_-I __ c_,_H_, ___ I._1._0_0_1 1.01 1.02 1 1.03 1 1.04 1 1.00 1 1. OJ 1 1. 02 1 J. lo-).,,;.:7 1 1.08 10~ 1 1. 0 1 112 1 1.:, 

~1cthylbcmcnr _____ _____________________ C,il, 1.04 1.02 1. 05 I 1. 08 1.11 1.04 I 1.02 1.11 1.2J I 1..0 I 1.05 101 I 1.1 I 1.21 I 1. _4 

EtbylbenzeDc- ______________ __ ___ _ -- _____ I---C-,-H-,,--I--1-. 0-2-1-1.-0-2-1-1-. 0-4- --1.- 1-1- --J-. 1-6- - 1-. 0-2-I-J-' 0-0- --1-. 0-7- --1.- 2-J-I-I-' 3-1-1-1-' 1-9- --1-. 2-1-1--1.-2-8-1-1-' 3-5-I-J-' 3-6-
1,2-Dirnethylbenzene-- - ----------- ------- . 95 .95 .93 .97 1.00 .90 .89 .87 .93 .99 .97 .9 1.00 1.02 1.06 
1,3-Dimctbylbcnzenc __________ __ _________ .97.9 1. 03 1. 07 1. 08 .93 .94 1. 08 I. 14 1. 18 I. 14 I. J5 I. 22 I. 35 1. 40 
1,4 -Dimeth yllX'nzen~__ _ ___________ _ ______ 1.011.011.10 1.12 1.14 1. 04 1. 04 1.161.28 1. 38 1.151.201.291. 341.40 

- -------------------------1------- -------------------------------------
n-Propylbcnzenc_ .. _______________ _____ ___ C,B " 0.99 0.99 1.00 1.10 1. J6 0.99 0.99 1.02 1.15 1. 23 1.14 1.14 1.1 9 1. 30 1. 32 
l sopropylbcnzenc __ _______________________ 1. 01 1.00 1.09 1.14 1.16 1. 05 .98 1.07 1.20 1.29 1.15 I.W I.Z9 1. 32 1. 34 
I-Methyl-2-ethylb'·nzcne_ ________ ________ 1. 03 1.01 1. 03 1.07 1.10 1.03 1.04 1. 09 1. 0 1.10 
1-:,,1cthyl-3-ctbylbenzcne __ ________ _______ 1.11 1.11 1.21 1. 29 1. 33 1. 28 1.31 1. 39 1.41 \.4 3 
1-Mctbyl-4-cthylbenzcne ____ _____ ______ __ 1.00 1. 00 1.05 J.O 1. 09 1.00 1.00 1. 11 1.14 1.18 1.01 1.03 1.11 1.17 1.21 
1,2,3-Trim tbylbellzene________ __ _________ . 97 .97 .9Q 1.00 1,02 1..0946 1.03 1.05 1.07 1.09 
1,2,4-Trimetbylbcnzene ___________________ .91 .93 .95 .W 1. 01 .87 6 .91 .96 , lor5 .95 1.02 1. 07 1.10 
),3,5-Trinwthylbcll1.cnc___________________ ~ __ .9 __ ~~--=-- __ ,9_1_~_I_. O __ ~ ::J, 42 _ 1_, 1_5_~~~~ 

n-Butylbenzcne__________________________ C"H " 0.95 09 ' 0.97 099 1.02 093 096 096 099 ) 104 104 105 108 I 10 1.09 
Isobutylbem.eM_____ _____________________ .~g 1'50 1. g; ~ .g2 ~ ~~ g~ J~ ).ga ~ . ~~ .. ·f ~~ ::~ ::~ : ~~ i.~j U8 I 
f:~i~~t&l~~~,~~C~"e.-_-~ ~~::::::::::::::::::: 9 1 no 1 05 I 12 I 19 95 . 95 I. 08 1 15 ' I 27 I 24 1 23 I. 32 1.4J I 43 
l-yfethyl-4-isopropylbenzenc _______ __ _____ .98 W I 04 1 07 I 12 94 .95 I 02 I 10 I 20 1 J4 I 14 I 21 I 33 1 37 
1,2-Dictbylbenzene__ _ __ __________________ 1 03 1. 01 I 03 I 08 ' I J 1 1. 04 J 06 J 11 J II I 12 
1,3- Die tbylbenzenc-- - -- - ----------------- 1 01 1.01 105 112 1 19 1 05 1 04 111 124 1 1. 38 127 127 1 39 146 1.49 
1,4-Diethylbcnzel'e----------------------- 1.11 1.12 1.13 1. 34 1.41 1. 32 J,33 1.41 1.4-1 1.41 
1.3-Dimelh yl-5-ethylbcnzcnc______________ 1.10 1. 07 1.17 1.24 1. 29 1.24 1.26 1. 31 1. 35 1.32 

I-Meth Yl-3-1erl-bu t
y

lbcDzene ____ _________ 1 C"B" I ,--:---. ,-------- I :----: 1_-::_- : : :~ I : : :~ ::~~ I Uf I : :33~ t :33~ U~ 1 : :33 ~ I :~90 1 ] :33~ I l-McthyH-tert-butylbcnzenc ___ ________ _ _ 
1-~ethy l-3,.)-diethylbenzcne -------------- . ________________ 1.10 1.11 1.23 1. 36 1.44 1.301.361. 4 1. .111.51 

J ,3,5-'l'riethylben:<cne-- --- ___ ---- -- -- - --- -I---c-,-,n-· -18--1:-----1---:-:-:-:--1---:-:-:-:--1~!---:-:-:-:--1~1~ l:191~ 1~4211.351~37rl.WrL501~ I 

. k nock-limited imcp of blend 
• Imcp ra tlo=kfi(,ck_limitcd irnep of isooctanc 

I 
I 
I 
I 

I 

-~~-~-~---~----.--.----.------- - ------ - --- -- ---~ _______________ J 

I 
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TARLE A-3.- 17.6 E TGl NE I\: TOCK-LIMITED I NDICATED MEAN EFFECTIVE PRESSURE RATIOS OF UNLEADED 
BLEND 'vVITH J OOCTANE-Concluded 

- - ----

. 
Elher 

ompressioll ratio, 7.0; engine speed, 1800 rpm; coolant temperature, 212· F; spark advance, 30· B. T. C.] 

(c) Ethers. 

I 
Imcp ratio fI. 

Inlet·air temperature, 250· F I 
Volume percent ether in blend with isooctane 

}"ormulll 

I I 10 20 

FueJ-a ir ratio 

In let·a ir tempera ture, 100· F 

20 

O. OfJ5 0.07 0.085 ~1~~065 1~~ O. LO I O. II 1 O. 085 1 O. 07 0.0 5 _~I~ ------------
::-'Il'lhyl lerl-butyl ether ___________________ C,B .. O 1. 06 1. 07 1.10 1. 16 1. III 1. 15 1. 14 1.20 1. 34 1. 3 1.26 1. 2 1. 35 1.37 E thyl ler/-butyl ethcr _____________________ C,B"O 1.14 1. 15 I. 19 I. 20 1. 21 1. 24 1. 25 1. 28 I. 37 1. 45 1. 33 1. 32 1. 31 I. 35 
Isopropyl tert-but};1 ether _________________ c,a "o 1. 11 1.11 1. 12 I. 15 1.14 1. 19 1. 19 1. 21 1. 27 1. 30 1. 29 1. 29 1. 27 I. 27 
M ethyl phenyl e t er (ao isole) ____________ C,B ,O 1.06 I. 05 1. 07 1.1 0 1. 15 1. 13 1.10 1. 09 1. 20 1. 32 1. 28 1. 27 1. 26 1. 31 
Ethyl phenyl ether (phenetole) ______ __ ___ (',a 100 1. 12 1.11 1.11 I. 16 1. 18 1. 27 1. 24 I. 17 I. 31 I. 40 I. 40 I. 37 I. 33 1. 41 
::-'Ielhyl p-tolyl ether (p-methylan isole) ___ e,II "O I. 12 I. 09 1. 12 1.1 I. 21 1. 20 I. 14 I. 17 1. 2 1. 3 I. 29 I. 29 1. 34 1. 42 

I t" knock-limited imep of blend 
• mep ra ,0= knock-limited imep of isooctane· 

TABLE A- 4.-17.6 ENGINE KXOCK-LI MITED INDICATED :-'1EAX EFFECTIVE PRESSUR E RATIOS OF BLENDS 
WITH ISOOCTANE + 4 :\[ L TEL PER GALLON 

r-------

]>aratlins and olcfins 

[Compression ralio, 7.0; engine speed, 1800 rpm; coolant temperaturc, 2120 F i spflrk advance, 30° B. T . C.] 

(a) P aramns and olefi ns. 

Imep ratio' 

Inlet-a ir temperature, 250· F Inlet-air temperature, 100· F 

Yolume percent added paramn or olefin in blend wi t h isooctane 
Formula 

10 20 20 

Fm;+sir rati o 

1. 35 
I. 37 
l. 26 
l. 34 
I. 41 
1.44 

____________ 0_.0_85_1 007 1 0. 085 1 0.10 1 0. 11 1 0085 1 0. 07 1 0085 1 0.10 I 0.11 1 0. 085 / 0. 07 ~ ~ i~ 
ParaOin 

I. 06 1.09 1.10 
2,3-Dimct hy lpentanc _________ _ 

I. 10 1.1 3 
.96 

1.1 6 
.97 

I. 22 
.98 

1. 23 
.96 

I. 24 
.95 

I. 20 
.96 

1. 1 
.97 

1.22 
.97 

I. 20 
.96 

1.19 
.95 

2,2,3-TrimcthYlbUla n-e-__ -_-_ _-_ __I e,B" I _1._0_5 

1----------------11·--·--.------------------------------ ---------------
2,2.3,3-Telramcthylpcntane_ __-:_---:--_---.1 (',B " ---- ---- ---- -- I. 19 I. I 1. ~ I 1. 34 I. 32 1. 23 I. 25 1. 2 1. 29 !. 29 
2,2,3.4-Tetramethylpcntane_ !. 02 I. 03 I. 04 I. 09 I. 11 I. 04 I. 06 1. 10 I. 19 I. 2J I. 17 1. 1 I. 21 I. 21 I. 19 
2,3,3,4-Trtrameth ylpcntane 1_1._0_5_ 1.05 1. 09 1. 14 1.17 1. 10 1. 10 1.15 1.24 1.27 1.17 1.1 1.20 1.20 1.19 
2.4-D imethyl-3-ethy lpcntane _____ _ __ ____ ____ __ 1.01 1. 01 1.02 1.01 .9Y 1.00 1.01 1.01 1.01 1.00 

Olefin s 

("Ell ---- ---- ---- ---- ---- 0.95 0.95 ~I~ 1.16 ~I~I-~.:~-J-~.:-~ 1.23 

2.3.4-Trimethyl-2-pentcnc . _ ___ e,a " 0.91 0.91 O. 9 0.94 0.97 O. 1 0.81 0.78 1 O. 5 0.92 0.99 1. 00 1. 00 1. 05 1. 09 
3,4.4-Trimrlhyl-2-pcmene _ _____ .96 . 96 . 97 1. 01 1. 05 .93 .92 . 92 .99 1. 07 1. 10 I. 10 I. 10 I. 15 I. 1 

2,3-Dimethyl-2-pentcne _____ . ___ _ 

______________________ ~ ______ ~ __ ~ ________ ~ ____ ~ __ ~ ____ ~ ______________ ~ __ ~ ______________ ~ __ ~ __ ---I 

· Im('p ratio 
knock-limited imep of bl nd with 4 m l TEL/gal 

knock-limited imcp 01 isooctane with 4 ml TE1"/gal 
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TABLE A- 4.-17.6 EKGI ' E K ' OCl -LIMITED IKDI CATED MEA - EFFECTIVE PRES liRE RATTO OF BLEND 
WITH ISOO CT ~ E +4 ML TEL PER GALLOK- ontinued 

Aromatic 

Compression ra tio, 7.0; engine speed, 1800 rpm ; coolant temperature, 212° F ; spark a(h ·a nce. 30° B. '1' . C.] 

( b) Aromatics. 

Imep ratio '" 

Inlet-air temperature, 2500 F 

Volume percent aroma tic in blend with i ooctane 
Formula 

LO 20 

Fuel·air ra t io 

[nlet·air temperature. 100° F 

20 

________ . ____ . ______ 1 _____ 1 __ 0_. 0_6_5 1~ 0085 1~~~~~~~~~~~~1~ 
Benzene ..... ........... ............ (' ,B , I. 00 1. 02 1.06 1.08 1.09 0.99 1.04 1.10 I. 14 1.17 1.11 1.11 1.17 1. 21 1. 23 

1----1---:-- --- - -- - -- - - - - - ---- ---- - - - ---- - -
M cthylbenzene .. ...................... ("R , I. oi 1.03 1.04 1.05 1.10 1.05 1. 07 1.11 1.19 1. 26 1.13 1.17 I. 23 1. 29 I. 31 
------------1----1------ - -- - -- - -- - ----- - - ---- - --- - - --- ---- ---
EI hylbenzene ......................... (' , H IO 
1,2·Dimethylbenzene .................... . 
1.3·Dimethylbcnzene .................. .. 
1.4· Dimc thylben zen .................. .. 

n- Propyl benzene . ... ~ ~ --- -~ ~ -- f'9E 11 
I"o propylben zene ----- ... -----.- -.--
I·M ethy1·2·et hylbemenc ---------.-.-
I· Me thyl·3·e lhyl be llzenc . -------.- -.--
I· M ethyl-4·ethyl be llzene ----- .. 
I, 2.3·1'ri methyl bemen e ----- ... -.--
1,2.4·Trimethylben;,ene --. ~ ---- -~ - - ~-
1.3.5·Trime thylbemcne. -~- - ----- -----

07 
9 

I. 07 
1. 04 

1.05 
1.04 

1. 03 

.91 
1.00 

1. 07 
. 91 

1.09 
1.08 

I. 05 
1.10 

1.04 

. 94 
1.03 

1.08 
.88 

1.13 
1.12 

1.09 
I. 12 

1.14 

.97 
1.12 

1.10 
.87 

1.19 
1. 14 

1.14 
1.16 

I. 17 

. 95 
1.16 

1.13 
. 6 

I. 23 
1.16 

1.16 
1. 20 

1. 20 

.94 
1.17 

1.14 
. 77 

I. 12 
1.05 

1.11 
1.10 
.96 

I. 26 
1.11 

3 
.85 

1. 02 

I. 17 
.82 

1. 16 
I. 13 

I. 13 
I. 12 
1.00 
I. 32 
I. 12 

7 

I. 07 

1.22 
.84 

1.29 
1. 23 

I. 21 
1.19 
1.03 
I. 39 
1. 21 
. 90 
. 95 

I. 24 

I. 31 
.83 

I. 41 
I. 34 

1.29 
I. 31 
I. 01 
I. 46 
I. 33 

9 
. 94 

I. 40 

1. 36 
. 2 

I. 46 
I. 41 

1. 33 
1. 38 
. 9 

I. 46 
I. 41 
.91 
.94 

I. 47 

1. 2jl .: 1. 3~ . 
1. 28 I. 29 
I. 23 I. 28 

I. 34 1. 38 
1.33 I. 35 
1.00 1.00 
I. 42 I. 46 
I. 34 I. 35 

.90 
I. 26 1.29 

1. 36 
4 

1. 44 
I. 42 

I. 42 
I. 35 
1.01 
I. 52 
I. 45 
. 90 
.94 

1. 49 

1. 37 
.86 

1.4 
1.47 

1.36 
I. 38 
l.oo 
1.4 
1.42 
.93 
. 94 

1. 55 

I. 38 
. 7 

I. 51 
1.4 

I. 31 
I. 41 
.99 

I. 47 
1. 41 
. 94 
. 95 

1. 55 - ----------------1-·_·-- - - - - - _ . ------ - - - --------- --- - - - - - - ------ - - -

-

l1·Bulylbenzcnc ......................... C'JOE" I. 01 I. 03 I. 04 I. 03 I. 06 I. 02 I. 04 I. 07 1.10 I. \I I. 10 1.11 I. 12 I. 14 1.14 
Iso butylbenzene . ...................... 1.09 1.08 1.09 1.14 1.1 5 1.14 1.1 5 1.18 1.25 1.29 1.20 1.22 1.23 1. 25 1.24 
sec·Butylbcnzc nc ........... ............ I. 09 I. I. 08 I. 14 I. 17 1.16 I. 13 I. 20 I. 29 I. 35 I. 26 I. 28 I. 30 I. 31 1. 31 
tert·Butylbenzcnc .................... 1.12 1.12 1.12 1.16 1.1 1. 32 1.30 1. 31 1. 36 1.41 1. 37 1.36 1.39 1.41 1.42 
I·Methyl-4·isopropylbc nzenc .. ........... I. 08 I. 08 1.13 I. 17 1.1 9 1.12 I. 13 I. 22 I. 39 I. 45 I. 30 I. 32 1. 42 1. 42 I. 43 
1,2.0iethylbenzc nc ......... . .......... 1.00 1.03 1.07 1.11 1.10 1.11 1.10 1.11 1.10 1.08 
1.3· Diethylbcnzc nc.................... 1.08 1.11 1.181.22 1.25 1.171.25 1.32 1.481.04 1.45 1.471. 53 1. 53 1. 53 
1.4· Dipthylbemcne ........ ......... .... I. 25 I. 27 1. 32 I. 42 1. 45 I. 40 I. 47 I. 5~ 1. 49 I. 47 
1.3·Dimethyl·5·Hhylbenzcnc. . .......... 1.17 I. 24 I. 35 I. 38 I. I. 39 I. 46 I. 53 I. 46 I. 43 

I. M c th.YI.3.terl. but l' lbenZ ne ............. 1 C~I~~~~~ ~~l.32-1.-4-1-l.42~ ~ ~I.-:u~ 
I· Methyl-4·lert ·but ylbenzene .. . ........ .. .. ........ .... .... 1.23 1.25 1.32 1.36 1. 36 1.31 1.40 1.44 1.45 1.45 
I· Methyl·3,5·dic th ylbcnzellc ............ .... .... . ... .... . ... I. 22 I. 25 1. 36 1. 44 1. 50 l. 47 1. 54 1. 59 I. 56 1. 04 

1.3.5·1'rie thylbemcne .................... lc~l-:-:-:-:-------------~ ~ 1.36 ~ J.5I ~ l.581.59/1.53/1.53 

ft lm(lp rat io 
knock·limited imep of blend wi t h 4 ml1'EL/val 

kn ock·limited imep of isooctanc witll 4 ml TEL/gal' 

T BLF: A- 4.- 17.6 E ' CJKE KNOCK·LIl\lITED lr:DlCATED l\1EAN EFFEC'Tl VI::: PRESSlR!:: H.ATlO OF BU::\DS 
" ' ITH I OOCTA 'E+4 ML TEL PER GALLOl'\- oncluded 

Compression ratio, 7.0; engine speed, I 00 rpm; eoolant temperature . 212° F; spark advance. 30° B . 1' . C.] 

(c) Ethers. 

" fnH'p ratio II. 

I 
(nlet-air temperature, 2500 F 

/ 

fn let-air temperature, 1000 F 

Volume percent cthe-r in blend wi! h isooctane 

Ether F ormula 

I I 10 20 20 

I 

ruel-air nH io 

-

0.065 0. 07 0.085 0.10 O. II O. 065 ~I 0.08; ~1_o_. I_I _1 O.CG; I~ _0.085 1~~_ ------
M ethyl lert·butyl etheL ............... .. C,H " O I. 14 
ICthyl(FrI·butyl ct h r ................... ('0/1,,0 I. 15 
Isopropyl tert·buty l ether ................ C,E " O I. 13 
Methyl pllcnyl ether (anisole) ........... C,E , O I 07 
Ethyl phen yl ethe·r (phene tole) ........ C,H .. O 1.11 
Melhyl [J·tolyl e l her (v·methyl.nisole) -- C,E"O 1.12 

... (mep ratio 
knock·limited imep of blend " ' iill 4 ml 'l' EL/gal 

kll ock·l imiLed imep of isooclane with 4 ml TEL/ga l 

1.1 5 
I. 13 
1.11 
I. 07 
1.09 
I. 12 

--- _.-,---- --.-- ----- ---

I. 19 I. 21 I. 22 
1.12 1. 15 I. 15 
I. 13 I. 15 I. 15 
l. 07 I. 13 I. 16 
1.1 5 1.1 I. 18 
I.\(i I. 26 I 29 

I. ~6 I. 26 I. 32 I. ~2 1. 43 I. 41 I. 43 I. 45 I. 47 I. 4(i 
I. 41 1. 39 I. 37 I. 3, I. ~ r; I. 41 I. 42 I. 40 I. 37 I. 33 
I. 32 I. 27 I. 24 I. 27 l. 'li 

I 
1. 33 I. 35 I. 31 1. 27 I. 24 

I. 16 I. 14 1. 11 I. 26 I. 37 I. 34 I. 33 I 33 1. 39 I. 40 
1.2 I. 25 I. 29 I. ~9 1. 45 1. 44 I. 43 I. 43 I. 44 1. 45 
1.16 I. 17 1. 25 I. 36 I. 43 I. 43 I. 41 I 40 I. 45 I. 48 

____ .. _______________ -.J 
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TABLE Ar 5.-I\: XOC'K-LDIITED IKDI CATE D .\lEAX E F'F'E CT! 'E PRES 1:RE R ATIO OF' BLE KD \nTH MI X.ED B.·\ 'E F1:EL 
COX J TIXG OF 7.5 P ERCEKT (B Y VOLU ME) I OOCTAKE AND 12.5 P E R CEKT n-H EPTAK E +4 l\1L TEL PER GALLO:\'" 

(a) Paraflln s and olefins: 25 "olume perce n L blends. 

IFor 17.6 engine: compression Tatio, 7.0; engine speerl, 1800 rpm ; coolant tem perature, 2120 F ; spark adyancc, 300 B. T. C. F or fll ll ·~eale single·cy linder at simu lated takc-off: compression 
ratio, 7.3: engine speed, 2500 rpm; inlet·air temperature, 2500 F ; spark advance, 300 B . T . C.: cooli ng ·ai r fl ow ueh t hat rear·spark·plug·bushing temperature eqllals 3650 Fat 140 bmep and 
0.10 (uel-air rat io. For full -sca le single-cylinder engine a t s imu lated cruise: same cond it ions as (or take-o ff except (or engine speed, 2000 rpm; in let·ai r temperature , 2100 F.] 

Ime p rat.io ~ 

17.6 engine Full·scale single·cylinder engule 

Para ffin , and ol(,fins Formu la Inlet-air temperat ure, 2500 F / I n let·a ir temperature, 1000 F Sim ulated take-off conditions 
/ 

Simulated cruise conditions 

Fuel-air ratio 

I 0.0651 0.07 /0.08510.1 0 / 0.11 /0.065 1 0.07 I 0.085 1 0.1 0 1 0.11 10.065 1 0.07 1 0.085 1 0.10 1 0.11 I 0.065 1 0.0; / 0.08'; 1 0.10 1 0.11 

Paraffins 

2-Mcth r lh utane ----I C,B" ---- 1 ---- ---- ---- 1 ---- 1 ---- I ---- 1---- 1 ---- 1 1. 07 1 1. 05 1.14 I 10 I. 09 1 1 10 I. 12 I 14 I. 11 I. 07 

2.2-Dimethylbutane _ _ _ (',D" ~1~~~~I~-:~I~I~IJ:I3I--;-;01.08lO7 1. 05 ill~--;-;OlO7J:07 
2.3-))im Lhy lbutano ___ __________ __ __________ ~_=.:..~~~~~~~ 1. 27 1 25 ~~~~~~~~ 

~:53;7',;;~~I~;II\~~~~~~'e ___ : _____ ::1 (' ,D " : :~ ::~ I U~ : : ~ :. ~ ~ - :~ I ~ _ =: ~ _ ~~ ~ _ ~~ ~~=~ ~ ~ ~: ~ _~~ ~ ~ ~~ ~ ~~~ ~ ~~: , ~ _ ~~ ~ ~ ~~ ~ _ ~~ ~ ~ ~~ ~ ~~~ 
2.2.3-'1'rllllClhy lpontano ____ ___ ., (,.D., ____ ~I~~:-:-:-~~~~~~ L26 ~I:27 1.25 ~~:27~1.26 1 ~ ~ 
2.3.3-'I; rlmoth);lpentallo _ __ ____ ____ ____ __ __ ____ ____ __ __ ____ ____ I 26 I. 21 I 22 I. 21 I. ~O I 19 I. ~O 1.1 I 22 L 21 

2.~,4-1T1mc l h) l p~ntane _ __ __ ~~..:.~-=-=-~~~~..:.~~~~~~~~....:~~~~ 
2,2,~ ,3-Tctr" m( thylpell tanr (',H" 1. 26 1. 26 1. 35 1. 39 1. 37 
2,2,3 .4-TotramethylllentnM-- --------- 1.1 2 1.10 I. 16 1. 23 1. 26 I. 20 I. 21 J. 24 I. 24 I. 24 I. 22 I. 20 1. 26 I. 29 L 22 
2,2,4.4-Tetramcthy lpentanc I. 14 I. 06 0.99 0.99 L 02 1. 05 I. 03 . 98 I. 00 I. 00 
2,3,3,4-Tot ramcthylpclllane _ I. 13 1.11 1.1 9 1. 29 1. 30 1. 22 1.22 1.27 1. 30 1.-28 1.21 1. 15 1.21 1.27 1.28 
2,4-Dimethyl-3·ethylr' nlnne _ _ _.- I. 04 L OU 1. 08 1. 08 I. 07 

Olefin s 

2.3- Dimothy l-2-pentenc (',H" 1.03 1. 07 1. 12 U 6 I. 20 o~9ii I 2.3.4-Trim~thyl-2-pcntcne C,B" . 94 . 94 . 94 .99 I. 05 1. 12 1.1 1 1.11 I. 14 1.16 0.95 I. D., 1.00 1.04 
2,4.4-Trinwthy I-I-p!'ntene . - --- ~- ---. 1.04 1.01 1.14 1. 32 1.37 I. 26 1.23 L31 1.35 1.33 
2.4.4-Trimethy l-2-pentone _ 1. 06 I. 01 1.08 1.12 I. 21 I. 25 I. 20 1.17 1.12 1.1 5 
3,4 .4-TrimNh yl-2-pen ten!,_ --.----- .99 1. 01 1.04 Ll O 1. 13 I. 25 1.22 J. 20 1. 23 1. 25 1.18 1.12 1.17 1.13 J. 12 

lme p ratio II 

I i .6 en gille F u ll-scalc single-cylinder engine 

Al"f.mntic Formu la In le t-a ir tem pe rature, 2500 F / Inlet.a ir temperature, 1000 F Sim u la ted take-o tT cond itions Simu lated cruise conditions 

Fuel-air ratio 

________ 0 · 065 I~I O.085 1~~ 0.065 0.07 0.085 ~~ 0.065 1 0.07 1°.085 ~~ 0.065 1 0.07 o.o"~5 ~~ 
___ I C,lI , 1. 04 1. 08 1.1 5 1. 22 1. 2 LI B 1. 21 1.23 1. 27 1.28 0. 97 0.93 / 1. 14 1.19 1.20 1. 20 1 1. 19 1.17 1.23 1.25 

--l-c--th- y- I-b-e-m-.e-n-e-------·---I (',11 , ~ ~ ~ ~ ~ ~ -=-~ ~ ill l.I2l.4J 1.40 1.381.2811.3011.4J ~ "'1.42 
Ethylhen1-!'n!' . ------ ___ I (',B I• ~~~~~~~~~l.I2l.22l.33I.36I.34I.35IJ.39IJ:'45J.39J~ 
1,2-Dimeth ylbcnzen!' _ __ 0. 81 O. 4 0. 89 0. 91 0.92 0.89 0. 90 0. 91 0.92 0.94 . i7 . 71 . 98 .99 .99 .77 . 2 .98 .99 .98 
1,3- Dimethylbcnzenc _ 1. 21 1. 22 1.46 1. 53 1. 54 1. 34 1.38 1. 51 1. 56 1. 57 ____ ____ ____ __ __ _ __ ____ ____ ____ _ __ _ __ . 
1.4-Dimrl hy lbcnzene __ _ _________ • ___________ _____ . ________ 1. 191. 21 1.55 1. 64 1. 64 1. 23 1. 311.68 1.62 I. t8 

·-,-'--P-r-O-p-yl-bc- n-zc-n-e- __ -_------·- (', R " - 7.22 ~ 1.311.311.341.341.36 J.391.381.4O --------- -7.4] J:'45 1. ~~ 1.40 l.38 
[soprop y lbe n zene .. _____ J. 25 1. 27 1. 40 1. 45 1. 48 I. 25 1. 27 1. 39 I. 47 I. 43 I. 40 1. 36 I. 52 1. 4 I. 41 
I-Methy l-2"'th y l-be n zene 1. 02 I. 06 I. 09 1. 06 I. 05 -1 -~ .-;6-' 1' 
::~ml;~I:~~~~~n;~~~g:;~ : ~:~ UJ :: ~~ U~ U~ 1. 33 1.33 1.59 1.59 1. 5 1.1 9 l~ l8 1.59 1.62 1.58 1.53 1.52 1.65 1.66 - 0-

1,2.3-Trimrthylbcnzcn!' _ -- .94 .94 .99 . 9 .99 --.--"" - -1-. ' 7- I 
1,2.4-1'rim!'t hy lbcnzcne _ .86 .92 I. OJ 1. 03 I. 05 .96 . 99 1. O-! I. 04 I. 06 . ~ .87 1.11 1. 10 I. 10 .74 7 I. 05 1. 08 ~ 
1,3.5-1'rim('th ylbcn z!'n!' 1. 13 1.22 1.45 1. 5 1. 66 1.1 9 1. 25 1. 63 1.72 1. 34 1.39 1.54 1.62 1.64 

}';~~~?i!l;e~;~~r~~-~::::::__ ::I-('-I'-H-I-· -+-l :.-~- l:~ n~ l: 3~~ U~ Ur Hi 1:~6i th Ug -=--=--=--=--=- U~ H! U* U~ -IT51 I uc-D u tylbcnzcnc _______ _ 
lerl-D lI t" lbcnzen!' _______ _ ___ I 1.24 1.22 1. 34 1.41 1. 44 1.46 1. 52 1. 54 1.54 1. 54 1. 24 1. 30 1.50 1.53 1.52 1. 49 1.49 1. .17 1. ~5 1.49 

i:t\<;\~'j;~41i~~~~~~~Y l brnZCne -- :::: i: ~~ U~ U~ u: U~ 1. 41 I. 44 1.51 1. 53 1.53 1.51 1.51 I. 60 I. 52 ~ ~~~ I 
1.3-Dicthylbcnzenc 1. 25 1. 26 1.43 1.48 1. 511.47 1. 48 1. 57 1.601. 60 1. 26 1.41 1. 71 1. 62 1.54 1. 671.711.781.63 1. 55 
1,4- Dirt hy lbcn zcne _ _ _ 1.43 1. 50 1. 57 1. 55 1. 52 
1.3-D imcthy l-5-ethylbenzrne L 36 1. 45 L 49 L 49 I. 47 

I-Methrl-3-ler/-bu tylbenzrne --------I-C- II-H-,,- - 11 -1-.-4-0 ~ l.521l.551.501~ ~I-=----------------------- --:~-:-I 
I-Mcthyl-4-lerl-blll y lbcnzenr _ _ _ __ 1. 44 1.49 1. 57 1. 59 1. 57 ____ ____ ____ __ __ 
L-Methy l-3,5-d iethy lbc nzcn!, _ _ ____ I. 44 I. 00 I. 65 1. il I. 69 ____ __ __ __ __ __ __ 

Br nz('ne 

1.3.5-Triethylbcnzenc -- -- _________ I e"H" 1.441UrI L 62 11.63I --;-:(iO I~I~I~ ~I~~:-:-:-~ ~I~ ~ ~ ~~~~-:I 

I . knock-limited imep of bJend with 4 ml TEL/gal 
• mep ratIo kn ock-Iimi led imep o( mixed base fu el with 4 Illl T EL/ga l ' 

I 
I 
1 

I 
1 

I 
I 

I 

I 
1 



174 REPORT 1 026- NATIO TAL AD\"! ORY COMJ\llTTEE FOR AERO -ADTlC;;; 

TABLE A- 5.- J';:XOC'J(·LL'lUTED IJ\DICATED MEAN EFFECTIVE PRES, URE RATIOS OF BLE:\J) , \\TrH ~lIXED BASE Ft:EL 
CO:\ r TJ:\(; OF 7.5 PER EXT (BY VOLU~lE) J OOCTAJ\E A:\J) 12.5 PER CEJ\Tn· HEPTAKE + 4 ~lLTETJ PER GALLOK-Concluded 

(c) Ethers. 

lCompression ratio, i .O; engine sr {'cd, 1 00 q rn : coolant t r l11rt'ra t1 ' l"~ . 2120 F ; spark a(h'a n ('~, 30° B . T . C.] 

E thpr F ormula 

Yo}ume 
percent 

ether in 
bl end 

100 

17.G En gine im(> J) nltio" 

inlet-air trm prra lurt· 
(OF ) 

~I 

Furl-::t ir ra tio 

0.OC5 1 0. Oi ~I~ _ 0_._11_1_0, Of 5 

'M eth yll a l·butyl ('{I-,('-r-.-.. -.-.. -.-.-.. -.-.. -.-.. -.-.• -.-.. -.-.-.. -.-.. ·
I
--.-H- ,-, O--I·--IO--I--I-. -18- I. I i 1.17 I. I I. 16 I 

Eth yllert·bulyl ('Ih r r ... .. ......................... . C,H Il O 1.11 I. II I. 10 I. 09 1. 0(, 
1.14 
1.11 
I. 13 
1.11 
I. 15 
I. 1.0 

I so prolly ll erl ·but yl ether .. .... .. ................... C,B " O 1.11 1.11 1.11 1.10 1.11 I 
M ethyl phenyl ell"r (anisole) .... .. ....... .. ....... C,D .O I. 18 I. 20 I. 17 1. I I. I 
E th yl phenyl plher (phenetole) .. ........ .. ...... .. . CsH ID O I. 17 I.lh I. 16 I. Ii 1.17 
M eth y l p·tol y l ether ( p·meth ylanisoll'} .. .. ........ .. C,B " O I. 18 I. 15 I. 18 1.1 9 I. 20 

M eth yll erl·bul y l el her ........ .... .. .. ..... ...... . I- c -.n-·-12-0-+·--2-5--1-17j:50 1.50 -~53---1. -51- --U;-
Eth y llerl·bu lyl Nh" r. ................... .. ......... ,Bu O I. 44 I. 43 I. 41 I. 36 I. 32 I. 4i 
Itopropyllerl·hu t yl etller ....... .. ........ .. ...... .. . C,D " O 1. 36 1. 37 1. 3 1. 35 1. 33 1. 33 
M e th y l phenyl c lh. ' r (anisole) ............... . ....... C,H sO 1. 46 I. 48 I. 45 I. 50 I. 54 I. 31 
Eth y l phenyl ether (phcnctole) .......... .. ........ .. C,B IDO 1. 57 I. 55 I. 54 I. 55 I. 5f> I. 39 
M ethyl p·tol )' 1 ethH (p·meth yla niso le) .............. C,B " O I. 55 I. 50 I. 52 I. 59 I. 65 I. 3 

- --------------- ---------------
M eth yl/erl·butyl etheL ........ .. ......... . ........ . 
EthylltT/·bul yl el her ...... .. .... ....... __ ___ . __ __ .. 

.B u O 50 2. 2 2.31 2.56 2.59 2. 40 2.0i 
C,B .. O 2.27 2.35 2.2 2. 14 2.02 I. 99 

Isopropyl terl·but yl ether .... .. .. __ __ .. .. .......... . 
M ethyl phen),1 ether (anisole) .......... .... .. .. .. .. . 
Eth yl phen yl r ther (phenetole) ... .... .... ... .. .. .. . 
M ethyl p' LOly l,' tl",r (p·methyla nisole) .... __ .. _ .. .. . 

,D lOO 2. 14 2. 16 2. 10 2. 00 1. 9 2.00 
C,B tO 2. r3 2. 72 1.11 

,B IOO 2. 0 2. rI 2. f-3 2 . • 2 1. .7 
C,B IOO 2. 71 Z.42 2. 74 2.96 I. 4:3 

r . k nock·limited imep of blend with 4 ml 'J'ELjgal 
• me p ra tio = knock-limit d imep of mixed base fu el with 4 ml T E L /gal' 

0.07 

I. 14 
1. 12 
I. 13 
1.11 
1. 14 
1. 15 

I. 4:1 
1. 45 
1. 33 
I. 29 
I , :34 
I. :13 

1. 4 
I . 
1. 9 
I. ,,0 
I. 64 
1. 2 

250 

o. 085 I O. 10 O. 11 

I. 15 
1. 13 
l.l 0 
1.1 2 
1.11 
1.1 9 

1. 15 
1. 13 
1.10 
1.15 
I. 12 
1.19 

I.I :J 
1.1 :1 
1.11 
I. 16 
1.15 
I. 20 

--1.-49-1l.521.51 
I. 3 I. 39 1. 39 
1. 31 1. 31 1.31 
1. 27 , 1.36 1.41 
1. 30 I. 37 1. 43 
I. 37 I. 44 I. 52 

I i:~6 i:~ Ui 
1. 8 1. 90 1. 95 
1.41 1. 74 2.0i 
1. 52 1. 99 2.22 
I. 24 1 40 I. 65 

TABLE A- 6.- ] 'i'.6 EKGEE TE~IPERAT1JR E EX 11'1\'1TY OF BLE:\D RELATI\,E TO I OOCTA:\E A:\D :-IIXEJ) BA E F'C E Tr 
CO:\SISTl:\G OF 7. 5 PERCE]\T (BY \' 01, i\1E) ISOOCTAXE AXD 12.5 PERCE?';:T n·HEPTA:\E + 4 ~[L TEL PER GALLO:\ 

Paraffin' and olefin s 

2, 2,3-T ri methylbulanc 
2, 3· ])imeLh ylpc n tsne 

2,2,3,3-1'et ra met,hylpc nta nc 
2, 2,3. 4-TetrarncthylpenLane 
2,3,3 , 4·T etra mrt hyll nta ne . 
2, 4.[)imeth y l·3·eth y iJw nta ne 

------
2. 3- Oimethyl-2-J)t'ntcnc . 

2. 3, 4 ·1'rimeth yl··2· pcn t~ne 
3, 4,4 ·1'rime th yl·2·penl em' 

[Compression ratio, i.O; en ~dne speed , 1 00 rpm ; coolant tempcraLurc, 21 20 F : s park ad,ance, 30° B . 'T. C.1 

Porlllllia 

(a) Para ffin ~ a nd oldi n . 

Relath'c temperature sells itid LY ft. 

20 volum e percen t ad ded para ffin or olefin in blen d wi t h isoocta ne 

U nleacled 

FUl'l-ai l' ratio 

0.065 1 o.o:j 0.0 5 1 ~o ' 0. 11 I 0.Oti5 1 0.0; 1- 0.0 0 I 0. 10 

Para mn .... 

25 \'olume percent added pa ra ffin or 
olefin in blend with mixed base fu el 

4 rnl TEL/gal 

0.11 I O.O';,j I 0.0; I 0.05 1 0. 10 0. 11 

____ .:I._::_8_3_1
1 8g 1 : ~8 I : gg 1 :'88 1 : gg 1 :'88 1 : ~ : . ~ I ns 

1 

Hg 1 j ~ 1 11 . 000~g ::?g 1 r:~ l : ~ 1 ufl j :~ -~:~ O: ~~ 
·1 

(' ;1·1" I. 05 I IO~ 1 1.00 I I. ~ 1 1. 00 

! !S 1 : ~ 1 : ~ 1:-~ . --·1 

--.---

I 
--·1 ... 

(' , II ", 

J 05 I 00 I. 00 . 95 I. 00 I. 00 I. 00 I. 00 I. 00 

Olefins 

I. 05 
1.1 0 

___ I~~I~_1._1 5_I~J .~~ I I. ~O 1 1.20 1~I~J~ __ ·_I_:.~J~::..l.:.::.~.J--= 
I

I ~O 1 U O I. 25 I I. 20 I 1. 15 I I. 20 I I. 25 I I. 30 I I. 25 I I. ~O I I. 20 I l. 20 I I. 20 I I. 15 1 l. 10 

(" 11,, 

(',B " 
1 15 1.10 1. 15 I. ~O 1.1 5 1. 20 1. 20 I. ~O 1. 151. 10 1. 25 1. 20 1.1 5 1.10 1.1 0 

. . .. imep ralio of blend (inle t·ai r temperature, Jooo F ) 
• Rels tl \'c l em[X'laLllI"C scnslll\'u Y=i mep ratio or blend (inlCL-air te m perature , 2500 F )' 

- -,----- - ---

l 
I 
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T .\BLE A-6.-17.6 EXG IXE TE:\ [PERATtJR E SE - ITI\TfY OF BLEXDS R ELAT l VE TO I OOCTAKE AXD :\llXE D B.\8E FUEL 
('OX81 'T1K G OF 7..'i PERCEXT (BY YOLtJ ;-'rE) I 'OOCTAKE AKD 12.5 PE RCENT n-H EPT AKE +4 :'IL TEL PER G.\LLOX-('ontinue I 

Aromatic 

Benzene . . __ ...... _ .. 
.\[cthylhenzene .. 
Ethy l bel1z~l1 e .. "_ 
1,2- Diroethylbenzene 
I. ;j· J)imethylbenzcne 
1,4-0imethylbenzcne 

11-Propyl benzene . __ .. . 
Isopropylbenz ne .. 
I-Methyl·2-ethylbeI17.cnc 
1·l\Iethyl-3-et hy lbenzenc 
1-~I~thyl-4·cth ylbenzenc 
I, 2, 3-Trimethylbenzen~ 
I, 2, 4·Trimethy lbenzenc 't 3, 5-'rrim~Lhy lbenze-n(' 

I/·Butylbenzcne .. 
lsobutylbenzene 
aec-Buty lbcnzene .. _ 
ter l·l3uty lbcnzcnc __ __ 
1-i\Iethyl-4-isopropyl b(mzene 
I. 2-Diethylbcnzene ._ 
1,3-Diethylbcnzcnc ._ 
I, 4-Diethylbenzenc _. .. 
1,3-Dimcthyl·5·cthylbcnzene 

I· '\[ethyl·3·/ert·butylbel17.cne 
1·.\ fethyl-4·tert-butylbcnzcnc 
1·:\Icthyl-3,5·dicLhylbcnzene 

1,3·5·1'riethylbenzcne _ .. 

[Cornpr{'ss ion rstio, i .O: engine speed , I 00 rpm; coolant temperatu re, 2120 "'; s pal'k advance. 30° D. '1'. C.l 

(b) Aroma Lics. 

'1 

Formu la 

C,B , 1.10 I. 05 
('; II, I. 00 I. 05 
C,H IO I. 15 I. 20 

1. 10 1.10 
1. 25 I. 20 
1.10 1. 15 

---------
C,lI " 1.1 5 1.1 5 

1.10 I. 20 
1.00 I. 05 
1.] 5 l. 20 
1.00 I. 0.5 
I. 05 I. 0.5 
1.10 1.10 
I. 25 I. 20 

R('lativc L{'rn p<,ratul'c sCflsith' ity 1\ 

20 volume percen t aromatic in blend with isOoctanc 

I. 0.'; 1.00 1.00 1.10 1. 0:; I. 05 
I. 05 1.00 1. 00 1.]0 1.10 1.10 
I. 20 1.10 1. 05 1.15 I. 15 I. 10 
1.1 5 1.10 1.05 I. 05 1. 00 1.00 
I. 15 I. 20 I. 20 I. 15 1.10 1. 10 
1.10 I. 05 1.00 1. 15 1. 15 1.1 5 

---------------- ---
I. 15 I. 15 1.05 I. 20 I. 20 1.1 5 
I. 20 1.10 1.05 1. 20 I. 20 1.1 5 
I. 05 I. 00 I. CO 1.05 1.00 1. 00 
I. )., 1.10 1.05 I. 15 1.10 1.10 
1.00 I. 05 I. 05 I. 20 I. 20 1. 20 
I. 05 I. 05 1.05 I. 05 1. 00 1. 00 
1.10 1.10 I. 05 I. 05 I. 00 1.00 
I. 20 1.1 5 1.05 I. 25 I. 20 I. 20 

2.~ vo Lume PCI'(,(\l1t aromatic in blend 
with rnixNI h~Hr rupl 

.) 1111 TEf.,/gr.1 

I. 05 I. 05 
1.10 I. 05 
I. 05 1.00 
I. 05 I. 05 
1. 05 I. 05 
1.10 I. 05 

--- ----
I. 05 1.00 
1. 05 1.00 
1. 00 1.00 
1.00 1.00 
1.05 I. 00 
I. 05 1.05 
I. 00 1.00 
1.10 1.05 

I. 15 

1.10 
1.10 

1.10 

I. 2.5 

1.10 

1.10 

I. 0·, 
I. 15 

1. 10 

I. ~O 

1.10 

0.11 :, 

I. 0.5 

1.00 
1.05 

1.05 

I. 2.S 

1.05 

0.10 0.11 

-----
1.05 1.00 

1.00 
I I. 00 1.00 1.00 

1. 05 I. 05 

1.15 I. 05 

1.00 1.00 

(' " fI " 1.10 1.10 1.10 1.10 1.0.5 1.10 LOS 1.05 1.051.051.101.]01.0.51.00 1.00 
1. 15 1.20 1. 20 1.1 .5 1.10 1. 05 1.05 1.05 1.00 .95 1.1 5 1.10 1.]0 1.05 1.00 
1.15 1.15 1.10 1.05 1.00 1.10 1. 15 1.10 1.00 .95 1.05 1. 10 1.05 1.05 1.00 
1. 30 1.30 1. 20 1. 25 1.15 1.05 1.0:; 1.05 1.05 1.00 1. 20 1.25 1. 15 1.10 1.05 
1. 20 1. 201.:01.201.151. 15 1.1 5 1.151.00 1.001.151. 15 1. 101.051.05 
1.00 1.05 1.10 1. 00 1.00 1.10 1.05 1.05 1.00 1.00 
1. 20 1.20 1.25 1. 20 1.10 1.25 1. 20 1.1 5 1.05 1.00 1.20 1.15 1.10 1.10 1.05 
I. 20 I. 20 I. 15 I. 10 I. 00 I. 10 I. 15 I. 15 I. 05 I I. 00 

C-;;rr:- : : :~- :';:-/* 1 ::: / ::: / :::: I :::: I : : ::-1 : ::: ::: -'---1---1 1- -
1. 15 1.1 :; 1.10 1.05 1. 00 1.10 1.10 1.10 1.05 1.05 __ ._ 

____ .: __ 1._2_0_~~._I._I_O_~~~_I._I_O_~~~_. ______ 1 ____ _ 

('lO B , I I. 25 I. 25 I I. 25 I I. 15 I I. 0.5 I I. 25 I I. 2.5 I I. 10 I I. CO I. 00 .. - I -- I - I I ---
.. Relativl' t.emperature scnsitivit v= i III P ratio or blend (inlet·air te mperature, 100

0 
F) . 

. illlep raLio of b lend (inleL·air tem~raLUre. 250 0 F) 

TABLE A- 6.-17.6 ENG1K1£ TE:\lPERAT "RE SJt; TSITIVITY OF BLE "DS R E LATIVE TO ISOOCTAKE AND :'lIXED BA E FUEL 
(,ONSISTIKG OF 7.5 PER(,EKT (BY VOLUM E) ISOOCTAXE A:-<D 12.5 PER('EXT n-HEPTAl"'E+4 :'IL TEL PER GA LLO X
Concluded 

[Co mpress ion rntio. i.O; ('ngine spced, J CO rpm; coolant temperature, 2120 F ; spark nd,·anc ' . 30° D. '1'. C.l 

Ether 

~ I Nhyl tert·buty l el her 
Ethyl tert-butyl ether _ 
Isoprop yl teTt-butyl ~thrr ._ 
:llethyl phenyl ether (an isole) . 
Ethyl phenyl cther (phenp-

tole). 
l\-i cthyl p-toly l ether (p-meth-

I Formula 

(' , 11 ,,0 
(', I-l "O 
(,; H"O 
('; il ,O 
(',H " O 

('.U"O 
y la nisole) I 

(c) EUlc rs. 

Re laUve. te mperature senSitivity a 

I~l her in blend wiLh mixed ba~e fuel, ~rcen L by \'o l um~ 

20 10 25 

1 ______ u_·_n_le_ad_e_(_I ____ ~~ __________________________________ 4 _'n_I_'I_.1_'_f.,/_g_a_1 ________________________________ __ 

\ Feel·air raLio .____ _ ___ -,._-:-___ 1 

o 065 0 07 0 085 0 10 0 II 0 065 0 07 O. 085 0 JO 0 II 0 065 0 07 0 085 0 10 0 II 0 0651 0 07 0 085 0 10/ o. 1I io 0651 0. 07 0. 08510 10 0 II 

I~~~~~;~~;-;;-;~;-;~~-~;~;-;~~~~;.I~~~~~ 
I 05 I 0.5 I 00 I 00 95 I. 00 I. 00 I 00 I 00 I 00 I 00 l. 00 95 95 .95 l. 00 I 00 I. 00 I 00 95 I. 15 11. 25 I. 30 I. 10 I. 00 
I 10 1. 10 I 05 I. 00 95 I. 00 I 05 I 05 ] 00 95 I 00 I. 00 I. 00 I. 00 I 00 I. 05 I. 05 I. 05 I 05 I 00 I 05 ] 10 I. 10 I. 05 I. 00 I 
11.51.15 1.15 110 1.00 1. 15 1.15 120 110 105 1.0.5 1.10 1.05 1 05 1 00 1.10 115 1.1 5 1.10 1.10 1 '<0 1.30 

( 10 1.10 1.1 5 I 10 I. 00 I. 15 I 15 I 10 I. 05 I 00 I 00 I. 00 I 05 I. 05 I 00 II. 15 I 15 I. 20 I 15 I. 10 I 70 I 70 I. 35 I. 20 

I. 0.5 I. 15 I. 15 I. 10 I. 05 I. 25 I. ~O I. 10 I. 05 I. 05 I. 00 I. 00 I. 00 I. 00 I. 00 I. 10 ( 15 I. 10 I. lO r- 10 -(. 10 II. 95 11. 95 I.~ 

• RelMive temperature sensi tivity 
imcp raLio of blend (inlet·air tcm~rature, 1000 F ) 
imep raLio of blend (inlet·air tcm~ratllre, 2500 Fi 
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TABLE A- 7.- 17.6 EKGIKE LEAD 'US CEPTIBILITY OF BLEXDS RELATIVE TO 1800 TA NE 

J>araflin ard oll'fins 

[Compression rat io, i.O; engin e sp eed, 1800 rpm ; coolant temperature, 2120 F ; spark aovan ce, 300 B. T. C.] 

(a) Paraffins and o l efi.Il ~ . 

Relnth'c lead susceptibility II. 

InleL-a ir t.emperature, 250 0 F 

Volume percent paraOi n or olefi n in b lend with isooctao(' 

Formula 

20 

Pur l-air ratio 

InJet-air temperature , 100° F 

20 

0.065 I om I 0.085 I 0. 10 I 0. 11 I 0.065 I. 0.0; 1 0.08.\ 1 0.10 I 0. 11 I 0.065 1 O.Oi 0.05 1 0.10 I 0.1 1 

Pa raffins 

2,2.3-'rrimethylbutanc __________________ c,n " 1.05 1. 05 1.05 1. 00 1 1.00 1. 05 1.10 1.10 1.05 1. 05 1.05 1.05 1.00 1. 00 1.00 
2, 3-Dimechyl pentan'·____________________ _. ______________ 1.00 1.00 1. 05 1. 051.00 1. 05 1. 05 1. 05 1. 00 1.00 

-------1-----1-----------------------------------------
2,2,3,3-Tctramethylpentane _____________ Cgn " ____ ____ ____ ____ I. 05 I. 05 I. 10 I. 00 1. 00 I. 00 I. 00 1. 00 1. 00 I. 00 
2,2, 3,4-Tetram ethylpemanc_ _______ ____ I. 05 I. 05 I. 05 I. 00 I I. 00 I. 15 I. 15 I. 10 I. Ot; I. 00 I. 05 I. 05 I. 05 I. 00 I. 00 
2,3, 3. 4-Tetramethylpenta nc_____________ 1.10 I. 05 1. 05 I. 10 I. 05 I. 15 I. 1.\ I. 05 I. 05 1. 00 I. 00 I. 00 I. 00 .95 . 95 
2, 4-Dimethyl-3-ethyl. pen tanp _____________ I. 05 I. 00 I. 00 I. 00 I. 00 . 95 I. 00 . 95 I. 00 I. 05 

Olpfins 

1_2_,_3_-D_ i'_"_e_th_Y_'_-2_-I_)e_n_t_e'_'e_-_-_-_--_-_-_--_-_-_--_-_--_-_-I __ C_-_,B_,_,~ ~~ ~ ~ ~ ~ ~ ~I~ ~ ~ ~ ~~ ~ ~ ~ 
2,3, 4-Trimelhyl-2-p,·ntpnc _____ __________ C,B" 1.00 1.00 1. 00 1.05 1.00 1.05 1.05 1 1.00 1. 05 1.05 1.05 1.05 1.05 1.05 1.05 
3, 4,4-Trimethyl-2-ppntene __ _____________ 1. 00 1.00 1.00 1. 00 1.00 1. 00 1. 00 1. 00 1. 00 1. 00 1.05 1.05 1. 00 1.00 1. 110 I 

• Rela th.c lead suscept ib ility= imep ratio of blend with 4 ml TE L/~al . 
Imep ratIo of bl nd wIth 0 ml TEL/gal 

TABLE A- 7.- 17.6 E ' CINE LEAD SUSCEPTIBILITY OF BLEXDS l~ ELATIVE TO ISOOCTA~E-COl1tinued 

[Compr('ssion ratio, i.O; rn~inc sperd, 1 00 rpm ; rooiant temperature , 2120 "F; spark advn nce, 30° B . T. C.) 

(b) Aromatics. 

R elath-e lead susceptibility. 

Inlct·air Leml)eraturr, 250° F Inlet·ai r temperature, 100° F 

A romatic Form ula 

0.065 0.07 
---

Benzene ___________ . _____ __ __ __ __ ___ _ ___ __ con. 1. 00 1.00 
---M ethylbenzene ____ . ______________________ C,B , 0_ 95 1. 00 
---

I. 05 I. 05 
.95 .9.1 

Eth y lbenzen e ___ .. ______________________ C,B " 
J , 2-Dimethylhenzelle _______ ____________ _ 
I, 3-Dimethylbenzc"lc ___________________ _ 1.10 I. 10 
I , 4-Dir,nethylbenzene ___________________ _ I. 05 I. 05 

-----1------Il-Propylbenzene . _ ___ _____ _______________ C, E " I. 05 I. 05 Isoprop y lbenzenc __ . ____________________ _ _ 1.0 1.10 
I -M cth yl-2-et aylbenzene ________________ _ 
I-Meth yl-3-et:, ylbenzene ________________ _ 
I-Methyl-4-et hylb nzenc ________________ _ 1. 05 I. 05 
1,2,3-Trimcthylbenzene ________________ _ 
, ,2, 4-'1'rimethl' lbenzcnc ________________ _ 1.00 1.00 
1,3,5-Trim ethylbc;t1zene ___ .. ___________ . I. 05 1. 05 ---

I. 05 I. 05 
I. 10 I. 10 

ll-Butylbenzene _________________________ C"B " 
Isobutyl benzene _________________________ _ 
sec-Butyl benzene ________________________ _ 1.10 1.10 
tert-ButYlbenzene __ . __________________ _ 1.1 5 I. 10 
I-Meth vl-4-isopropy lbenzeM ____________ _ 1.10 I. 10 
l , 2-Dicthylbenzenl ' ____________ _____ ___ _ _ 
I, 3- Oiethylbenzetll' _____________________ _ I. 05 1.10 
I , 4-l)iethylbenzenp _________________ ____ _ 
I , 3-Dimethyl-5-ethylbenzenc ____________ _ 

------1------1---- ---
I-Meth yl-3-ter(-butylbenzen _____________ CII B " 
I-Meth yl-4-terl-butylbenzene _______ ____ _ _ 
I-Methyl-3, 5-d iethylbenzene ____________ _ 

-1-----1--- ---
1,3, 5-Trieth ylbenzene___________________ C"B " 

• R elat i,- lead usccptibility imep ratio of blend with 4 ml TEL/eal 
imep ratio of blend with 0 mo TEL/gal 

10 

0.085 0.10 
------

I. 05 I. 05 -------
1.00 0.95 

-------
I. 05 1. 00 
.95 .90 

1.10 I. 10 
1.00 1.00 

-----
I. 10 I. 05 
I. 05 1. 00 

1.1 0 I. 10 

1.00 .95 
1.10 1. 00 ------
I. 05 I. 05 
1.1 0 I. 10 
I. 05 I. 05 
I. 05 I. 05 
1.10 1.10 

1.10 I. 10 

------

------

Y olume percent aromat.ic in blend with isooctanr 

20 

Fuel-air ratio 

0.11 0.065 O.Oi O. 0. 10 0. 11 0.065 om 
---------------------------

1. 05 1.00 I. 05 I. 10 I. 05 1.00 I. 05 I. 05 ---- -----------------------
1. 00 1.00 I. 05 1.00 1.00 1.00 1.10 1.1 0 

--- ------------------- ----
0.95 1.10 I. 15 1.1 5 I. 10 1. 05 I. 10 l.IO 
.85 .85 .90 .95 .90 5 .85 .85 

1. 15 I. 20 I. 25 I. 20 I. 25 I. 25 1.10 I. 10 
I. 00 1.00 1.10 1. 05 I. 05 1.00 I. 05 I. 05 -----------------------
1. 00 I. 10 I. 15 I. 20 I. 10 1.10 I. 20 I. 20 
I. 05 I. 05 1.1 5 1.10 I. 10 I. 05 I. 15 1.1 5 

.95 1.00 1. 00 . 95 . 90 .95 .95 
1. 15 I. 20 I. 15 I. 15 1. 10 1.10 1.10 

1.10 1.10 I. 10 1.10 I. 15 I. 20 I. 35 I. 30 
5 .90 .90 .90 . 90 .85 . 85 

. 95 1. 00 1.00 1.05 1.00 .90 .90 .95 

.95 1.10 1.1 5 1.15 1.10 I. 05 I. 10 1. 10 -------------------------
I. 05 I. 10 I. 10 I. 10 1.10 1. 05 I. 05 I. 05 
1. 05 I. 20 I. 20 I. 25 I. 20 1. 15 1.10 I. 10 
1. 05 I. 20 I. 15 I. 10 I. 10 1.05 1.10 I. 15 
1. 00 I. 40 I. 35 I. 20 I. 20 I. 10 1.10 1.10 
I. 05 1.20 I. 20 I 20 I. 25 1. 20 I. 15 1.1 5 

.95 1 00 I. 05 1.00 1. 00 I. 05 I. 05 
I. 05 I. 10 1.20 I. 20 I. 20 1.10 I. 15 I. 15 

I. 15 I. 15 1.10 I. 05 I. 05 I. 05 1.1 0 
1. 05 1.1 5 I. 15 1.10 1. 05 I. 10 1.1 5 

------------------------
I. 05 I. 05 1. 05 I. 05 I. 05 I. 05 I. 05 
I. 10 1.10 I. 10 I. 05 1. 00 I. 05 I. 05 
1.10 1.1 5 1.10 I. 05 I. 05 I. 15 I. 15 -----------------------
1.10 1.1 5 1.15 1.1 5 I. 05 1.10 1.1 5 

...... _ -------------- --_._---------- ---- - ----- -- - -- - -- - - ----

20 

0.085 0.10 0. 11 
--------

1.10 1. 10 I. 05 
----------

1. 05 I. 05 I. 05 
----------

I. 05 1. 00 1.00 
.85 .85 0 

1.20 1.10 I. 10 
1.10 1. 10 1. 05 ---------
1.20 1.05 1.00 
I. 05 I. 05 1.05 
. 90 .90 .90 

1.10 I. 05 I. 05 
I. 30 1.20 I. 15 
.8.1 .85 5 
.90 .90 5 

I. 15 1. 05 I. 05 
---------

I. 05 I. 05 I. 05 
1.05 1.05 I. 05 
1.1 0 I. 05 1. 05 
I. 05 1. 00 1. 110 
1.1 5 1.0 I. 05 
1. 00 1. 00 . 95 
I. 10 1.05 I. 05 
1.10 1.05 1. 05 
I. 15 1. 10 1.10 

------
I. 05 I. 05 I. 05 
I. 05 1. 05 I. 05 
1.10 1.05 1. 00 

---------
I. 05 1. 00 I. 05 



.TACA INYE TI ,ATIOX OF FUEL PERFORMANCE I)l" PISTON-TYPE ENGINE 

TABLE )\- 7.--17. 6 EKGI~E LEAD S CEPTIBILITY OF BLEKDS RELATIVE TO ISOOCT AXE-·Concluded 

--

[Compression ratio, 7.0; engine speed, 1800 rpm; coolant temperature, 2120 F; spark advance, .100 B. 'I' . .] 

(c) Ethers. 
-

Helsti,·c lead susceptibility ' 

I 

177 

-

I 
-,-

InleL-air temp raluft?', 250° F I Jnlel·air tcmpcratu,.." 1000 F 
[ 

Volume percent. ethcr in blC'nd with isooctane 

Ether Form ul a 

I 10 20 

Fuel-air ra.tio 

0.065 0.07 0.085 0.10 0.11 0.065 0.07 0.085 0.10 0. 11 

---------------------------
Methyllcrl·butyl elher •................. C,B"O 1. 10 1. 05 1.10 1. 05 1. 05 1.10 1. 10 1. 10 1. 0.5 1. 05 
Ethyl lcrl·bmyl ether .................... C,B"O 1.00 1. 00 . 95 . 95 . 95 1. 15 I. 10 I. 05 1.00 . 95 
I opropyl tert·butyl ether ................ C;H"O I. 00 1.00 1.00 1. 00 1.00 1.10 1. 05 1. 00 1.00 1.00 
Mothyl phenyl ether (anisole) ............ C;H,O 1.00 1. 00 1.00 1. 00 1.00 I. 05 I. 05 1.00 1. 05 I. 05 
Ethyl phenyl ether (pheneLOle). .......... C,HIOO 1.00 1.00 I. 05 1.00 1.00 1.00 1.00 1. 10 I. 05 I. 05 
Methyl p·tolyl ether (])·methylanisole) ... C,H"O 1. 00 1. 05 I. 05 1. 05 1.05 . 95 1. 05 I. 05 1. 05 I. 05 

i'11ep ratiD of blend with 4 ml TEL/gal 
• Relath'e lead susc,pt ibilit)' imep ratio of blend wi tll 0 ml TEL/ga" 

TABLE A- .-"FULL-SCALE SIK GLE-CYLIXDE R ENG I -IT 
KKOCK-LDlITED IKDICATED MEAK EFFECTIVE PRE -
SURE RATIOS OF ETH ER BLEKDS WITH MIXED BASE 
FUEL COKSI TIKG OF 87.5 PERCEKT (BY VOLUME) 
ISOOCTAXE AKD 12.5 PERCENT n-H EPTANE+4 ML TEL 
PER GA LLOX 

[FIIII·scale cruise conditions; com pression ratio, 7.3; engine sp cd. 1800 rpm; inlet·air lem· 
penlLurc, 2100 F ; spark ad\-anre, 30° B. T. C.; cooli ng-<1ir flow such that rcar-spark-plug
bushing lempNatUl"C eq uals 3650 F at 140 bmep and 0.10 fu el·a;r ratio] 

I Imcp ratio a 

I I 
_. 

) 0 volume percent. i;'.l,her in blend with 

I mixed base fu el 
1'~ 1 :1('1' F Ol' l11Uhl 

I 
Vuel-air ratio 

0.065 0.07 ~I~ 0. 11 

-

~I :l1Clhyllert·bULyl ether ..... . ... C.EI20 1. 27 I. 21 1. 24 1. 25 
Ethyl ferl·b utyl ether ........... C,H"O I. 19 1.16 1.19 I. 16 1.11 
Iso propyl t"l·b utyl ether ....... C;H "O 1.17 l. 16 I. 15 I. 15 1.14 
Methyl phenyl ether (ani,ole\.. C,H ,O 1.11 1.0 1. 08 I. 11 1.11 
Ethyl ph nyl ether (phencLole). ,H"O 1.13 1.11 1.11 1. 15 1. 12 

I 
:l1ethyl p·tolyl ether (p·metbyl· 

I. 19 anisole) .. . •..... . ............. C,H " O 1.20 1.16 l.l5 l. 17 

• 1mep ratio knock·li mited imep of blend with 4 ill! 'T'EL/ga! 
knock·limiled imep of mixed base fu el wi l h 4 ml TEL/gal 

I 

0.065 

---
1. 15 
1.05 
1. 05 
I. 05 
I. 05 
1.10 

20 

0.07 0.OS5 0.10 0.11 

------------
1. 10 1.10 1. 05 1.10 
1.05 I. 05 1.00 . 95 
I. 05 I. 05 1.00 1.00 
1. 05 I. 05 I. 05 I. 05 
1. 05 1.10 1.00 1.00 
I. 10 1. 05 1.00 1. 05 

~ - - - - - -- ------------~-~----~--~--~--' 
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TABLE A-9.-IKSPECTIO J DATA FOR PuRE FUEL STOCK A:':D F1:EL BLE~DS 

[The followin g abbreviations are used throughout the table: vns for virg;n base stock; alkylate for aviation a lkylate; one· pass stock for one· pass catalytic stock; and MT£l ether for Illcthy 
lerl·butyl etbcr.] 

~ _________ l_" _"_'I_"_O_nl_p_O_~_it_iO_n ____ . __ ___ A. S. T. M . di"illalion date '" ~ e : ~ j ; ~: 
g -=- ~ c £: E "" cO ~ 

I

I 

1' lIel 
I 

1\ - 202 

A-II 
A- 203 

11.- 132 
A- II 6 
A- 119 

A- 122 

A-117 

A- 121 

A- 204 

A- 136 
11.-137 
A- 138 

A-272 
A-273 
A-274 
1\-275 

A-276 

A-277 

A- 27 

A-279 

A- 206 

A-307 
11.-398 
A-399 
11.-400 
A-405 
A-406 
A-407 
1\-408 

A-401 

A-402 

11.-403 

A-404 

A-433 

A-411 
A-412 
A-413 
A-414 
A-415 
A-416 
A-417 
A-418 

A-4~0 

A-421 

11.-422 

A-423 

A-500 

A- I23 
A- I 24 
A-134 

A-375 
A-376 

A-3 

A- 39 

11.-209 

A- 139 
A- 140 
A- HI 
A-367 

11.-36 

A-369 

A- 370 

~ t:.C d E ~_ t ~ t:::::I 1-0 c 
f::::-.S -- ~ c: 'g&;' 8. $ - -. o..S ~~ .2 e~ ~~ .8 8-
~ & :g~o t r;:- f Woo =~ ~~ -- = .- ~E s..":;::: c: ;; 0 - :--' E~; 
8:::'- .0 ~ - ~ ·o~ 0 en '2' 8 ~ -8 0 g ~ ::l ":g_- 9 0 B,::&, ::::I ..:;·z 
8~ ;.~ '0 .S .~ ~c :.~ ,,~ § ~ ~- ~gg~ 1 ~ 5 ~e. .~<O g ~ :; COIn I 10Z1ent::: 

,.l .2 ~ 5. ; :; ~ ~ -;;'& ; ~ ~ ~ ~ 8. -0 E .~ e:; ~ '2 ~ 
~.., ~ 0 ~ g g = c2~ ) ~ .3 ~ ~ ~ ~ ~ ~ z ~ ~ 0 

VBS . ..... _ .. _._ ... -0-- -:--:- ~72~; 22;1~1~ -~-1-.1-~ ",onc l~l~ Below - 76 0. 17519,000 1.3988 ' 2.S ~ 
50% a lky late+t:O% VBS . . .... 4 04 1m l 150 - 1- 200254""33613501-0.7-1-1- 0 707 ~59I-'-'--- ~~~I~---:-':-:-:- J3957-.-.-. --:-:-:--
Alkylate ...................... 0 11 3 160 215 226 272 364 386 5 I 0 . 698 2 4. 7 :-': one B,' low -76 0 189 19. 100 I 3928 0 2 O. I 

30% one·pass stock+700/0 VB "1408"Im IIW JroI12I2513i9lml05 - 1- 3- 0723 -.---.. - 60 -.---.- .... . .... . .. ~ 14043 --.- -:-:-:--g?% one·pass s tock+50% vn .. 4 06 103 134 170 184 2f>9 321 31S 5 I 0 . 727 .... 7 I . _. ". ••• . . •.. I. 4080 '" .. 
uO% one·pass stock+200/t vns .. 4 05 116 130 171 190 I 25 326 320 4 I 4 735 . 74 ..•.. _ ..•.. I I 4141 '. 

1

-- - - - - - - --1-------------- -------------- - ----1----- ---- --- ---- - - -
30% onc·pas tock+70% a lky· I 

latc ....... . ....... _... . . 396 110 147 202 21 272 34.) 365 0.6 12 071 8 ' . . . .1 . . .......... _... .. .. . ... 1.4005 .... " . 

:~~t~::~:!~~~: ·:~::~:~~~·~;:~~·1 4. 00 105 140 194 21~ 280 341 1 353 .5 0.721 .. "1 G.5 • ••• ·· •.•••• 1··_.. 4051 
late ...........•.............. 4 04 106 131 181 204 288 334 335 .7 !. 3 .732 ..• _ 7.2 ......... . ... _. I 4123 

One·passstock ............... 0 ~~~~~~~~ __ 1_0_~ _____ 2~ Bl'low -76 0. 155 ~ 1.417i 30.4 ~ 

20% t rip talle+SO% VES .... . ... 4 10 1 124 150 172 178 218 299 32s 1 0 7 1 0 8 1 0 712 .. ·'1 6 0 .•• Belo\\ -76 .. ... I 3969 .... '. 
40% triptanc+60% VB ..•..... 40S 128 156 172 107 205 27 1 333 .6 6.707 .. 5.3 .. Below -76 .. . .• " 1.3953 .... . .. 
60% triptanc+40o/, VBS .... _ ... "OS 142 1€2 174 176 194 274 338 7 5.;04 ._.. "5 '. ' Below -76 .... ..... I 3938 .... . .. 

20% tnptanc+SO% a lkylatc.... fd} 1m J;- 202 2iO 259 3«l1374i'----;;-gI0.6ID.7Ol -·-·--- -z.;-~ Below -76 I -'-'--II~ ~ -=-:--:-:-:--
4~ tnpta llC+6O% a lkylate..... <J} 130 lR7 19~ 198 251 33S 365 .7 .8 .701 ... '1 4 I .. nelol\' -76 ..... ..... _..... .... .'. 
6Wlo tllpt8l1C+40% a lkylatc..... <d} 144 169 183 188 230 326 357 7 700 . 4.0 . Below -7fi .. . •• ... ..... ." .. 
$10% tliptane+20% alkyla te. .... (d) 158 172 178 180 202 296 352 . . 2 699 . a 6 Below -76 . _. ... 

2~oc~i l~t~.~~~~~ .. ~J.l ~ .. ~.a.s.s~r;-~ ~ -:- -;-;:;-~ ~ ~ -:- 0. 734 --~ -- Below -76 --- ~I----
4~OcktJ:i~.t .a~~~~~0~ ... ~~~:~~~~ . <d} 120 147 174 183 275 320 330 I .9 .9 . 725 5.9 E elo\\' -7G ....•• 
~O% tripl an e+40% one· pass 

stock .................. . •..... Cd) 128 156 174 179 234 316 33,) .4 .6 . 716 5. 1 Below-76 1 
0% tripl,anc+20% one· pass I ..... . 
stock . ........ .. ... . ... . •. . ... <d) 141 166 177 179 196 304 345 . 5 .5 .710 .... 4.2 Below -76 I .. 

Triptane .......................• 0 172 174 174 174 m 10 34R .4 . .(\94 I 3. 0 - 18 0.1 91 i 9~ 200 1:3896 :::: ~ 
20% diisopropYlt~9~ vBS·····1 Cd) Il2Ol14316O W8 224IWI3il---0:9I---O-. 8 O. 705 ~ ~ ,............ I...... . ..... 1 .... 1 ... 40% dii opropyl+60'1o VBS .. .. (d) 123 13 151 156 214 2 5 294 . 7 I. 5 .695 ..... 5.8 ...• . . .......... . 
60% diisopropyl+40% VBS ....• Cd} 128 l ~S 146 14 197 258 280 .9 1.1 .rl86 " ... 5.S .... _ ......•....• . ... _ ....... .....•. 
80% diisopropyl+200/0 VB S.... Cd) 130 136 140 142 16-' 254 27 .7 1.0 .677 ..... 7.0 .... . . .........• ...... ...... .... • 

20% diisopropyl+~q% alk
Y

I8te"1 Cd} 1l20115I117 202 26313441353 - 1- 1 1-0:71 0 695 - - 5.'5 ~I············ \-...... -...... 1-.... -.. . 40% diisopropyl+60% a lk ylatc.. Cd} 120 140 155 162 252 330 302 I 2 .3 .687 6.3 .... . ..........• 
60% diisopropyl+40% a lkylatc .. Cd} 127 140 150 156 246 322 296 I I .6 68 L 6.4 ..... . . _......... ... ..... .... . •. 
SO% diisopropyl+20% a lky latc.. Cd} 130 136 141 143 20 295 2i9 I 0 6 . 675 6. S ...• . . ....• •• ... .•. ...... ... .. 

2~0~~iS~~,~~~.~~:8~~~ .~~~~~~~~. -;- -:- -:- -:-~ -;;;I~ -;;; ~ --;; O. 728 --I~ ............ ---- ---------
40~0~~~~~~·~~p.~~:.~.~J~~:~~~~. Cd) 11 7 133 150 157 277 321 290 8 .9 .7J3 7. 1 .......... . . 
60% diisopropyl+40% one·pass 

stock ..•........... _......... Cd) 121 133 H3 147 257 
0% cliisopropyl+20% one· pass 
st ock . ...................... Cd) 127 134 138 140 169 . 7 .7 .683 7.3 

Diisopropyl ..... . .............. 0 132 134 135 135 135 136 269 :\0"" I. .666 None 7.4 
: : : : :: 1 : : :::: 

0. 196 19.100 

2 i.2 .698 . 4 

Helow -76 

20% ncohexane+~O% VBs······\(d')I--II--I138157!165I227 j2'9 303 ---00109 0 705 ~1701" .. 1 ........... . 40% ncolwxane+60% VBt' ..... Cd) liS 133 145 151 219 2B5 2S4 .8 .9 694 . . ... 7. 5 ..... . . . ......... . 
60% ncoh xanc+40% VB S...... 113 127 135 13 201 266 265 .6 1 3 . C.s3 •••. • I .... . ......... . . 
80% n eolwxanc+20% "BS...... Cd} 118 123 126 12 \ 161 241 251 .9 I 1 672 ..... 9 I ..... . .......... . 

20% neohexane+SO% a 'k
y

,a, e··j(d)\1i:6II46 18312031 265 1 345 349 - 1-. -I ,o.sl 0.693 --I--;;:-g ~I··········· · 40% neol1exanc+60% a lkylate .. Cd) 117 134 157 169 257 33~ 303 I. 2 .8 .686 6.0 ..•. . . ........ .• 
~% ncolIc'xane+40% a lkyla te... Cd} 1 116 125 136 142 247 322 267 I. I 1. I .677 7.9 .. _ •. ' . . ...•...... 
oO%neoh('xane+20% alkylate ._. <d} 116 122 127 1211 220 290 251 .9 1.4 .670 .S .. _ ._ . . ....... . 
20% neohexane+800/0 one·pass ---------- - - - - ---- - - - - ----

stock ...•....• . ............... <d) 107 127 151 167 283 323 294 0.6 0.728 
40% neohcxanc+60% one· pass 

stock... . . ... .. . . . ............. Cd} 110 125 140 14 275 318 273 
60% ncol .exane+40% one·pass 

stock. ........ . .... . .......... <d) lI2 121 130 134 259 31 3 255 
0% ncol.exane+20o/c one·pass 
stock . . ..... . •. . . . ...... . ..... Cd) 11 6 120 125 126 lSI 302 246 I. 6 .678 

~~ ~~ 1 ~ ~ ~ ~ ~~ - ~~~~ 1 ~~: 
: : :: : 1 : : : : : : : ::::: :::: I ::: 

.. 'i I . .712 

.5 I. . 696 

N cohe.<Bnc .. . ... . ...•.. _ ... . .... 0 119 120 1~0 120 121 123 240 Kone 1. 2 . 658 1 9. 7 _...... . . . .. 0.197 19, 100 

20% isopcntane+~O% VBS ...... 4.0611021122141601 224 2971 282 -----0:7" 1:31 0 702 ~ 9'3 ........... . ~I l. 3907 --:-::-:-:-I~ 
40% isopent311C+6O% VB .. . .. _ 4 06 96 I 124 134 2J6 291 242 7 2 679 .... I I •.. • • •• ...•• . . •••• 1. 3822 ..•. . .. 
60% isopcntane+40% VB S ..... . 4.16 90 9 106 110 200 266 208 2 4 .664 14. 4 .... . . ... .. ..... . I. 3732 ..•. ' .. 

200/0 isopc'ntane+80% a' ky,ate··I(d')/J04JZ71752081 262 344"1'335 ---0:92:0/ 0.687 ~~-'_c:: . .:. .. :..:.'- :._. :..: . . c:: . .:. .. :..:.c:: . .:. . . :..:.'-.+ ___ .... ........ 1 .................... ...... -
400/0 isoPC·uta ne+60%alkylate .. <d) 97 110 134 154 256 335 264 .7 1.4 .673 . .. •. 11 .6 .......•........ 
20% jsopelltane+BO% one-pass ------------------------------- -- ------ - - - -

stock ... .. .... . .. . ............. <d) 102 322 285 0.4 2. 4 0. 720 9.9 
40% isopenla ne+600/0 one· pass 

stock... .. .. . ................ .. Cd} 96 318 235 .6 2.1 .699 12.5 
l sopcn tane ... . . . . . ..•........... 0 80 2 85 6 90 92 168 Non e 3. 5 . 624 None 19.6 Below -76 0. 202 19. 100 I. 3544 

20% JlOt·ncid octa ne+80% VBS. ---zi011I81541s41i931 232 \29 347 ----0:5 J:O O. 715 --5-1~ ... . . ...... . ~ I. 3992 --:-::-:-:-I~ 
400/0 hot·acid oct8ne+60% VBS . 4.04 123 I 6 19 206 234 290 372 . 6 1. 2 .716 6 5.0 • ... .......• . ..... I. 3997 .. .. . .. 
60% hot·aeid oCI811e+40%, VBS. ~ ~ ~ ~ ~ ~ ~ ~ __ .7 ___ . 5_ . 71 Ii ___ 6_ ~ __ --'-':.-)-_ . .:. . . _._._. '_' _"_."::.-1-"'::'::-'.- _ ._._. _ •• _. __ 1_._4_00_2 __ ._._ .. __ ._._._ 
20% hot·acid octane+80% a lky. 

lale ... . ...................... . 
40% hot·acid octane+60% alk y. 

la te ........................ . . . 
60% hot ·acid oct9ne+40% a kl y. 

late ....................•... . •. 
0% hot':lCid octane+20% alky. 
late ........................ . . . 

Cd) 

Cd) 

Cd) 

<d) 

112 

124 

132 

144 

193 

208 

224 

224 

225 259 

22i 253 

226 243 

225 239 

341 394 

342 411 

315 419 

2i9 433 

1.2 

. 8 

0. 6 

1.2 

1. 5 

1.4 

0. 703 

.707 

.710 

. il4 

4. 4 

3.8 

3. 1 

2.9 
---.---- ------- - - ---- ,-- - - ,---- ---------- ---- -- - --1·--- - -1------ --------

I 
I 
1 

I 

J 



Fuel 

KACA lKVE TIGATIO:\' OF FUEL PERF RMANCE I:\, PISTON - TYPE E).TGI E ~ 

TABLE A- 9.-- 1K. PE T10X DATA FOR P RE FUEL STOCE' A~D F eEL BLEXD. --Continued 

A. ;:;. T. :'11 . disl iIIa t ion dat~ 

COll1pOnrllt t:; 

8. 
c. 
o 

U 
<> 

% 

'" 
" = 

179 

A 371 

A 372 
A 373 

20e 0 hot·acid octane+80 0 one· 

1 40%l\S~;~~1~~d' (ic'l a~~';+60%' O;'~~' 
60% hot·acid octane+40% one· 

pass stock .................... . 

<") 
(d) 

<d} 

(d) 
o 

114 142 1 9 208 22 322 350 
124 155 206 218 269 321 373 0:: :: O. ~:: ::! :.:::::::::: : .::: I :::: I :'. 
129 195 2'i2 224 240 294 419 .7 .5 . 722 3.6 ............ . .... I'" . 11 5 165 215 222 250 310 3 7 

80% hot·acid oclane+20"l, one· A 374 

A 205 
pass stock ~ ................. .. 

Hot·acid oclane ............. .. 174 216 224 224 230 257 '14 0 .6 .9 . it5 6 2. 7 :\one · neici\~::..: 76 0:188 19.200 i.4009 ' 2:0 \.i 

A 14 20% mixed x), I"n es+80% VBS ~ 
A 444 400/,- mixed xyl nes+60"'o VB S . 
JI.-445 (;Oo/c mixed xylenes+40"'o VBS . 
A- 146 0% mi,,'d xylel1es+20"'r VBS 

4.07 
<d} 
<d) 
<d) 

g~ : ~~ \ ~~l l ~~~ 1 m ~90 1 ~~~ O:~ \0.[ 1'0· ~~~ I ::::: 1 n I· ~(i · ~ 1· ~~1.0~ .. ~~~ ':':'::':': .:L. ~: ... I :. ~: 1 :::::::: I :: ..... 128 19{} 252 264 277 2 i 4\10 .3 4 05 ..... 3 0 ..... .. ......... . 
140 220 266 270 2;8 23 490 . 4 (j 824 ..... 22 .... .. ....... .. 

m1762341242 1276-;Z-1 41~ - 0'-10.7 n. 731 1--3.91 __ 20_.5_1,_13 '_'IO_\\'_ -_7_6 .r __ -_ :1.: 4::13: 2.1':': .• ':.: 1--
A-'i49j' 20% mixed XYlencs+80OZ~ a lkylatc 
A - 262 40% mixed xylenes+60 0 a lkylale 
A 2ti.1 1.0% mixed xylenes+40 o alk ylatc 
A 264 80,,\: mixl'd xylcncs+20"'o alk y late 

3.96 
(d) 
(d ) 
<d} 

124 191 249 255 2 I 320 446 .. 5 1.3 . 768 3.0 ..... . ........ .. 
130 2l~ 262 266 280 3f6 483 .5 .5 . 799 2.2 ..... .. ........ .. 
136 230 268 271 279 295 509 . .8 . 21 I. 9 ..... .. ........ .. 

A 150 

A 26i 

---------- ------------ - -----
20"'0 mixed xylenes+80"'o one· 

nass stock. ........ ..... ... . 4. 10 106 146 200 230 2 5 315 376 
40% mixed x), lones+60"'o one· <d) 115 159 244 262 311 421 

I 'USS stock . _. ___ ___ __________ . 
60~ mixed xyll'nes+400{, on('-

. 1 1.1 

O.76i 
. 793 

. 800 

6. 5 
5.2 

A -26 0% mixed xylrJ1rs+200f OI1P-
pass stock..................... <d) 126 222 273 275 280 ~~! 497 . 2 2.4 

A 237 Mixed xy le nes ................ 0 273 275 276 276 277 270 551 .2 None . 67 .5 

42. :j I. 4333 

0:i06 17.600 1.4959 
1 

J'asstock ..................... <d} 115 154 25 1 264 22 303 418 

A 163 20"'0 cumene+ 0"'0 \· BS... ... 4.12 -m; !;-I-I- ~~~ 294 a;- 354 0:5 0.7 o. 737 1~ --s.3 25.6 Belo\\' -76 ---Mi691 .... 
A - 244 40% cumene+60"'o VBS ......... <d) 123 161 218 ~o 300 330 399 .4 .9 . 775 ..... 4. 4 43.0 Below -70 1.43.53 .. 
A ~ 246 60% cumene+40""o YB . .... <d) 126 180 265 2 4 302 335 4(H . G .6 .804 ....... 3.2 62.0 ' Beloll' - 76 I. 453 .. .. 
A 247 0% cumen~+20% VBS........ <d) 130 22 296 298 306 339 526 .5 .5 . 2 ..... 2.0 ___ 1 __ ' B_ e_IO_\\_' _- _7_6_

1
___ ...... . .. . 

A- 164 20% cumenc+ O"'o alky lat~ .... 3.99 I~ ~ ! r~ 234244300-;2-;;:;-----0.70:51 0.732 1--3- ----.;-:-0 19.7 Belo\\' -76 ---I.4i22I· .. .. 
A- 249 40% cun1('ne+60"'o alky late ...... <d) I!o !oo 257 267 302 340 455 . -1 • . 767 ..... 3.2 39.0 Ucloll' -76 1. 4320 .. .. 
;\ - 250 60% cumcne+40% alkylate . ... <d} 124 206 27 1 2 0 304 339 4 6 . rj .5 . 787 ..... 2.6 Beloll' -76 ..... . .. . 
A 251 0% cII01ol1e+20"'o alkylate . ... (d) 140 262 293 296 30'\ 342 558 .5 .5 . 3) ..... I. 4 13eloll' -76 ...... ." 

;\- 165 20"'0 cumene+80"'o one· pass stock -3-.-9-1 - 1-06- - 1-36- - 2-03- -~-o4- -2-99- -3-25- - 3-70- --0.-6- --0-. 4- -0-.-76-9- --- - 6-.4- 40.0 Below -76 --- .1: .. : 4. 3:. 2:.5:.1":"::":" 
A 253 40":, rumeno+60"'o one·pass s tock (d) 11 0 144 240 2"" 301 330 412 I. 0 I. 0 . 7 7 5.3 'Beloll' -76 
A254 60% cumenc+40"'o on ·pass " .ock <d) 120 174 285 289 303 336 4r,3 . 4 l. 1 15 3. Below -76 
A- 25S 0'1\- cumcn~+20":, onc·passslock <d) 125 216 292 295 303 340 5~! I. 0 I. 0 6 2.4 Beloll' -76 
A-238 ('uJl1cne .. ~ ..................... 0 293 298 300 300 305 349 590 .5 .5 63 3 .3 'BrioII' -76 0. 113 17. 00 I. 4903 

I. 4 17.5 
A342 40.i9 b"nzene+60% VBS ........ (d) 126 154 168 113 204 286 321 5 I. 0 112 ..... 56 ........... . 
A -343 (;0% beozene+40"'o VB ......... (d ) 144 I~ 171 174 I 2,~~ 338 . 4 I I 23 ..... 4 6 .......... .. 

I ::: 1 .. ' 

)\ - 170 20~ brnzen~+ 0"'0 yBS-.. _ ...... 4. I I 1!i' 1~ 8 167 1 ~4 m 299 32~ -0510:51 O. ~~~ ~1""6.0 2(;.0 -38 

A 344 0% brnzcnc+20"'< \'US . ....... <d) 14 160 172 174 179 230 342 4 6 44 .. .. 4 2 .......... .. 

A 168 203> brnZl'ne+BO"'o alkylalr ..... 3. 92 ~ 156190 200 -;- 345 3~~ ---071031 0 734 1--4-1~ 195- -24 --=:-:-~ "'J4I241~ -.-.-
A- 359 40'10 benzene+60o/e alkylate .... <d) 121\ 1~2 1_0 1_0 245 333 340 . \ 2 . 770 ..... 4 7 .... ............ ..... ...... ...... .... ..' 

I 
A- 3GO 60% hell1.ene+40"'o alkylate. ... <d) 143 166 1/7 1/9 219 324 345 (; . 9 . 803 ..... 4 4 ..... ............ ..... ...... ...... .... .. 
A 361 0"'0 hcnzenc+20"'o alk)'lale . (d ) 154 170 175 176 I 5 293 346 6 6. 41 .... . 3 7 .... ............ ..... ...... .. .. .. 

1
~1 20~ hCnZCnC+B0"'o one.passstOck 4 . ~8 Ui'7134l7O-;s2'"2s2 ~~! m-o.; -o.; 0.7~~ ---7.0~ - - -53 ------ 1.4333 

A-363 40% bl'nzrne+60"'o one·pass stock <d) 11 7 147 171 179 273 3 1 ~ 326 .5 1.0 . 22 6.0 .......... .. 
A 364 60% benzene+40"'o one·pass stock (d ) 122 153 173 177 227 314 330 . 4 l. I . 41 5.2 .......... .. 

:~-~ihri J~~~:~zenc:.~~~ ~~e.-~).~.s.st~Ck t ) : ~~ :~~}~ m m m ~~~ ~ __ .8_ .~ __ 1_ ~:~ .......... 4~ 0. 04 17.400 i'-49' 9 

A 145 4. 10 122 157 1 6 194 230 294 351 0.0 0.9 0. 74 0 5. 3 __ 2_6_.2_

1

._B_l'_IO_\\_._-_7_6_

1 

_______ 1.417 ___ I :.:'.:'. I A-322 <d} 126 If,;) I~~ 201 23 1 282 364 . 4 . 6 . 760 f>. I .......... .. 
A - 323 (d) 13,5 179 2Q? 215 230 256 394 . 5 I. 0 .792 4.0 ........... . 
A 324 <d) 14 203 222 224 230 252 427 . I . 9 .823 2. 6. .. ........ .. 

19. B('low - 76 I. 4126 
40% toluene+60% alkylate..... <d) 119 185 221 224 241 364 4 9 .0 . 7 .766 . .... 3.3 
tiO% toJuene+40"'o a lkyJate...... (d) 131 203 223 225 233 311 428 I. I . I . 00 ..... 2.6 

20":, toluene+ 0"'0 alkylate .. .. 3. 96 - 1-1- m m m 254 -;;;-1395 L 2 0:5 O. 733 ~----.;-:-o 

0"'0 toluel1e+20"'o a lk ylale...... <d} 155 216 226 227 231 263 443 I. I . I . 32 .. ... 2.0 ------------------1---1----·1-----------
20% toluene+SO% one·pass slock 
40% 10Iuel1e+60"'o one·pass stock 
~O% toluene+40% one· pass stock 
0% toluenc+200l one· pass s tock 

106 I ;~ 192 213 274 320 353 O. r. 0.9 0.766 6.6 

~: ~ :~O ~~ ~~~ ~~~ m ~~ :~ L ~:m ~: ~ 
138 209 226 228 244 286 437 .3 .5 4 2.3 

44. 0 Belo\\' -76 I. 4333 

Belo\\' -76 17.500 L 4962 'l'oluene .................... .. 

4.05 
<d) 
<d} 
<d} 
o 224 226 226 226 227 228 452 Kone . 8 71 L .I 

____________ -----------------·1-----1-----------
20% MTB ether+80% VB S ..... 3.99 117 138 
40% "ITB ether+60":, VBS ... _. <d) 120 135 
60% II ITB cther+4O'''c v~ ~ .... (d ) 11 9 130 

I. 2 0.721 
I. 0 .725 
.8 . 731 

I. 1 .738 

5.8 
i. I 
i. :1 
7. 3 

Below -76 l. 3924 157 165 222 294 303 
147 152 194 282 287 
I ~ 142 190 263 272 
134 J36 153 242 266 80"'0 ~I TB ethcr+20"'o VB".... <d) 124 130 ______ ______ - __ ------------·1-----1·----------

144 I I 200 262 ~4 6 344 O. I. 2 0.709 DeJo\\" -if) I. 3876 
134 1.55 167 251 333 301 I. 0 I. 0 . 717 
132 142 147 240 316 279 L I .9 . 726 

20"'0 M ' I'B ether+80% a lkylate . 4. 02 
40"'0 j\[TB elher+60% alky l"te . (d) 
60"'0 M 'rB ether+40"\: alkylate.. <d} 
80"'0 J\(TB elher+20e;. alky late.~ (d) 

114 
11 6 
120 
124 130 \35 137 J91 304 267 .6 . 9 . 736 _________ ------·---1----1-------------

5.7 
6 . .; 
6. 
i,2 

A 173 20"'0 M1'B ethcr+ 0% one·pass 
stock ...... .................. 4.04 108 127 152 165 278 321 292 0. 4 I. 4 O . • 42 7. 6 

'>\ - 352 40"'0 M1' B elher+60"'o one·pass 
s tock ......................... <d} 110 126 143 150 273 318 276 .5 . • 44 7.6 

A %3 GO% MTB othel'+40% one·pass 
s tock .. ....................... <d) 114 127 136 140 252 315 267 .6 L .744 7.6 

A :154 0"'0 MTU eth el'+20% ono' l)aS 
s tock.......................... <d} 121 128 133 134 170 301 262 .5 I. 0 .745 7.4 

A23n MTB e[l1er .... _ ............... 0 125 128 129 129 130 133 257 ," one 1.0 .747 X one 8.8 

• Estimntl'd by change in refr9cth·e index following adsorll l ion on silica gel. Corrrction made ror olefins. 
b ('alculaled by using average mOlecular wl'ight [rom distillation curve < ni wrsal Oil PrOducts :'Ilet hod H- 173-40) . 
, ('Ioudy. 

Below -76 l. 4090 

BI' low -70 0.201 15.200 l. 3697 .:....::=-'-=_ 

" APproximately 4 ml TF.L/~a1. 
• At 14 0 F!l ,mall Quantity o[ an impurity. prohably watpr . separated ancl lormecl a cloud. ''' hen <a mpl e waS dried O\'cr ~oditJm . no cloud [ormalion was obs.'I'\·ed to - 76 0 F. 

I 
~ ___ ~ __ J 
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TABLE A- IO.- PERFORMAK CE RATINGS OBTA1XED 1K 
A. S. T. M. AVIATIOK AND A. S. T. M. SUPERCHARGE 
E~GINE 

{'I'hree rOws of values are giv~n for ~ach fuel : The first row is imel), Ib/sq in .; t he second row 
for A . S . T. M. A v iation ratin gs is octane number or tetraethyllead in S reference fuel, 
ml/gal; the seco nd row for A. S. ' I' . M. up rcha rge ratings is S reference fu el in M reference 
fuel. percenL, Or t,Ptraethyl lead in S rpfcrence fu el. ml/gal; the third row is performance 
number. 'rhe followin l~ abb rev iations a re used throughout tbe tab le: VD S for "jrgin base 
stOCk; a lkylate for avia,tion a lky l.te; one-pass stock for one-pass ca ta lytic sLOck ; MTB 
ether for methy l tert-bUl,yl eth~r.l 

~ f A. . T. 111 . upercharg(' raLings b 
.= 

Fue l Fuel composition- (by "olume) Fuel·a il' ratio E--:3 
" ~ rtI 

~ <.S ----,---,.-----;---,---
-< 0.0?5 0.070 0.085 0.095 0.100 0.110 

-----------1--------------
A-355 VB S_ _________________________ ____ 7~ 83 122 

90. 7 96. 6 99. 8 O. 03 
75 91 99 103 

A- 118 5O%alk y latc+5O% VDS _______ ---0 -sG--gg-1431591621(;5 
98c~ 0.10 0. 19 0. 34 0.33 0. 29 0.24 

96 104 107 III III 110 109 

A- 356 
----------1--------------

Alk ylate_ _____________ ________ ____ 104 129 176 190 
0.04 0.55 0.93 1. 57 1.71 

119 117 124 134 135 

195 201 
1. 7 2.1 4 
137 140 

-----------------------
A- 132 30% one-pass stock+70% VBR _ ____ 72 71 11 6 130 136 145 

007~ 93. 4 907~ ~ ~ 98g~ 97g~ 97gr 
---1-------·------------------

A- lI0 50% one-pass stock+5O% VD S _ ____ 64 76 
90. 9 88. 0 93. 1 

76 76 4 

11 6 137 
100 0.01 
100 101 

' 145 156 
0.01 0.06 

101 103 
---1-------_·_-------------- --

A- 11 9 80% one-pass stock+20% VBS _ 67 76 114 142 
92. 7 90. 6 93. I 99. 2 O. 09 

79 78 84 97 104 

154 16.) 
0. 16 0.24 

106 109 
---1----------1--------------

A- 122 :30% one-pals stock+70% al
kylate. 0. 15 

106 

2 103 
100 0.26 
100 110 

152 172 17 182 
0. 45 0.58 O. 75 O. 3 

114 117 121 12:3 
---1-----------1--------------

A- H7 

.'1. - 121 

50% one-pa s stock+5O% a l
k ylate. 

76 91 143 167 
100 96.3 0.06 0.34 0.44 
100 91 103 III 114 

176 I 6 
0.58 I. 17 
117 129 

--------------------------
80% on e-pass s tock +2O% a l

ky la te. 
72 

96~ 93. ~ 
79 123 1'19 
95 0.09 O. 19 
96 104 107 

160 177 
0.26 0.4 

110 11 5 
---1---------------- - - --------

A-410 One-pass stock _______________ _ 
93. 4 

81 

73 3 125 151 
96.6 99.8 0. 12 0.16 

91 99 105 106 

164 179 
0. 2!l 0.49 

110 11 5 
'---1'----------1----- -- --------

A- 136 20% tr iptane+80% VB S_______ 71 90 134 155 162 167 

__ 1 _____________ 1 __ 94_._~ ~ O'lg~ 0'1 6~ O'li£ °li6 ~~ci 
A- 137 40% tri pta ne+60% VB S ______ _ 

U. 18 
107 

100 119 164 19\ 201 205 
0. 43 0.55 0.96 1. 75 2.07 2.07 

114 11 7 125 136 139 139 
-·--1--------------------------
A- I38 60% Lriptane+40% VB S _____ _ 11 7 142 224 260 26'1 269 

O. 67 I. 20 I. 58 5. 54 
120 129 134 160 175 175 Ii., 

---1-------------------------
A - 272 20% triptanc+80% aJk y lat~ ___ _ 

1. 0 
127 

90 126 I 5 21 ~ 225 2:37 
O. 19 oj~ 2. 13 3. 17 3. 79 4.57 

106 123 140 14 152 156 
---1----------1--------------

A- 273 40% t rip tane+60% a lk ylate __ _ 
2.43 

142 

9 126 225 262 274 283 
O. 38 O. 88 5. 69 

11 3 123 160 177 IH2 184 
---1----------1--- ------------

.'1.- 274 60% t rip tane+40% a lky late ___ _ 
2.70 

145 

111 159 275 316 326 334 
0.90 2. 76 

124 145 195 213 216 21 
----1---------------

A- 275 80% Lrip tane+2O"{, a lk y late __ _ 139 190 
~. 06 2. 59 5. 90 

314 

147 144 161 

• Each fucl con ta ins a pproximately 4 III I TEL/aal. 
b Bas~d on fixed refer., nce-(ucl framework (ch . VlIr, rcference 13). 

TABLE A- IO.- PERFORMAK CE RATINGS OBTAL -E D I N 
A. S_ T _ M. AVIATION AND A. S. T. 1\1_ SuPERCHARG E 
ENGINES- Continued 

::i ~ A. S. T . L Supercharge rati ngs b 

. ::: 

Fuel Fuel com pOSit ion ' (by volume) E- :3 Fu -I.ail'rat.io 

~~~.~ ---;----.----,---.---,---1 
-< 0.Of5 0.070 0.085 / 0.095 0.100 ~ 

----1----------------1---
1\- 276 20% triptan~+80% one-pass 

s tock. ' 
66 

98.8 00.0 
96 77 

72 117 146 160 
90.7 0.01 O. 14 0.26 

78 101 105 11 0 

I 6 
I. 17 
135 

---1------_·_-- --------------
1\- 277 40% triptane+60% one-pass 

stock.c o~§~ 
103 

1 89 139 
940.050.29 

99 101 111 

I ~~ 19!) 
O._ ~ 1. ii 

124 136 

231 
3.86 

152 

A- 278 60% triptane+40% one-pass ~ - ]00 W917! 218 244 291 
stock .' O. 4~ 0.43 0.36 1. 36 3.52 

11 5 11 4 11 3 131 150 162 190 
-------------- ---------------

A- 279 80% t ri ptane+2O% one-pass 120 147 290 361 391 
s tock .' 1. 0 1. 63 I. 82 

136 134 137 
------------1-- ------------

A- 271 Tripta ne ,____________ ________ 204 262 d393 
3. ~O 

1'19 191 

A-397 20% diisopropyl+80% "BS _ ~ -- --:n --91-~ -;-49 --;;-----;55 
9/i. 6 96. 9 O. OS O. 20 O. 19 O. 16 Q. 04 

90 91 103 108 107 106 101 
-----1----------1- - -------------

A-398 40% diisopropyl+60% vns ___ 81 96 113 167 175 10 
0.09 99.4 O. 16 0.34 0.44 0.50 0.67 

103 98 106 11 2 114 11 6 120 

A- 399 0% di isop ropyl+40% \ -nS ___ -- -gfi 1(18 163187 --;97 207 
0. 33 0.33 0. 34 0. 90 1. 55 1. 86 2.21 

III III 112 124 1.34 137 141 

A-400 
----------1--------------

0% d iiso propy l+20% VDS __ _ 111 14 1 202 226 236 250 
117 1.10 1.56 3.2.3 4. 14 5.07 
128 127 134 148 153 158 163 

-----1----------1--------------
A- 405 20% diisopropyl+80% a lkylatc. 

0. 90 
124 

125 146 192 210 217 222 
1. 78 1.78 2.58 2.97 3. 21 3.24 
136 136 144 146 148 148 

----1---------1------------- ---
A-406 40% diisopropy l+60% a lk ylate. 

1. 45 
132 

138 1 5~ 
2.47 2. 67 

143 144 

206 227 2.3·1 
3.49 4. 29 4. ~O 

150 154 156 

240 
5.00 

157 
---1------------------------

A-407 60% d iisopropyl+40% alky la te. ____ 132 154 212 240 252 26-3 

____ I _____________ ~ I ~g 1.1 ~~ 2'1~; 3'1 5~ ~~~ 
A-408 80% diisopro pyl+2O% alkylate. 136 162 226 2fi1 275 292 

2. 10 2.24 3.05 5.85 
139 141 147 16 1 176 182 190 

----1----------1--- -------------
A- 401 

A-402 

20% diisopropyl+80% one-
pass stock. 96. I 

88 

79 89 132 16-3 177 
9 . I O. 05 O. 20 O. 39 O. 67 

95 102 l OS 11 3 120 

195 
1. 60 
134 

1-----------1--------------
40% diisopropyJ+60% 

pass sLock. 
one-

0.06 
102 

4 99 150 177 
O. 05 O. 20 O. 43 O. 95 

102 108 11 4 125 

189 209 
1. '18 2.34 

133 142 
!---I,----------I----------------

A-403 60% diisopropyl+40"{, one- 96 114 165 196 210 2.35 

___ +_P_"_SS_s_t_o_Ck_-. _______ 0 16~ ~m O'lt: _ l.l g~ 2·1!rs 2'1~; 4'1;~ 
A-404 80% diiso propyl+2O% 

pass stock. 
120 

0.68 1. 34 
120 131 

143 197 229 245 272 
1. 65 2.90 4.57 
135 146 155 162 1i7 

---1------_·_----------------
A- 393 Diisopropyl ,____________ _____ 147 173 246 29 304 324 

:1. 41 3. 53 4. 11 
142 150 153 175 105 

• Each fuel con tains ap proximately 1 ml TE l. /!(al. 
b Bascd on fi xed reference-fuel fram ework (eh . VnL reference 13). 
'Knock-limi ted performance of t he engine with one-pass catalytic stock wns low on day 

[Ul'ls were investhmicd . 
d Estimated valuc . 
, Values for knock·limitcci imep W('re u\"craged from three Curves . 

....... -~-- --------------- --- ------- --- ---- - -
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I A A INVE TIGI\' l'ION OF F EL PERFORMANCE IN PISTON-TYPE E GINES 1 1 

TABLE A- 10.-PERFOR:'IIA:\ CE RATI rGS OBTAINED IN 
A. S. T . :'II. AVIATIO:\ AYD A .•. T . i\I. S -PERCHARG E 
E:\'G I:\ES- Co ntinucd 

A. . 'f . M . Supcrcha rgc ratings b 

.<= 

Fucl Fuel composition' (by \'o lume) E--•. ~ Fuel-a ir ratio 

---,-------------I:~ ·~ 0.065 1 0.070 0.
05 1 0.095 1 0. 100 ~ 

_\ - 111 1 20% ncohcxane+SO% VBS ____ _ I 74 1 6 124 1 142 1 147 1 150 94~5 95.0 100 O. 10 0.09 0.05 99.2 
____ , ____________ 1-__ 4 100 104 103 102 98 

8l197~1~11641167 A- 412 1 40% neohexano+60% VB 

_\ - 413 60% neohexane+40% VB 

A-I14 1 80% neohexa nc+20% V B 

A 15 

A-4 16 

1--
A-·11 7 

_ \ - 11 

A- 12O 

,\ -121 

.\ - 422 

A- 423 

20% neohexane+SO% a lkylaw _ 

1 40% nCohcxane+60% alkyla Le _ 

1 60% neohexane+40% a lk ylatc _ 

80% neohoxane+20% al kylaLC _ 

s tock . 
1 20% neohexanc+SO% one-pass 

sLOck . 
/ 40% neohoxanc+60% on -pass 

60% DoohexanC+40% one-pass 
SLock . 

sLock . 
1 80% n~oheX!lI1e+2O% one-pass 

0:05 99.4 0. 17 0.28 0.31 0.32 0.2 
102 98 106 11 0 III III 110 

93'I08I59I-I-7 -1-1-~-17 
O. 36 O. 26 O. 34 O. 67 I. 03 I. 17 I. 25 

112 110 11 2 120 126 12 130 

2:iiii 1 01~~ I' I.IJ~ 1.
1
9; 1 22~~ I /~ I /,\~ 

138 121 127 138 143 143 142 

Ji21130 mll93l~1 202 1.10 0.95 1.06 1. 41 I. 5 1. 95 1.91 
127 125 127 132 137 138 138 

- II-1m - I -61 203 1 20i I 209 
I. 50 1. 25 I. 3 2. 19 2. 4 2. 50 Z. 35 
133 130 131 140 1-13 143 142 

--;;:;- I~ ~1---;Zlllil m 2. 57 I. 53 Li8 2. 78 3. 10 3. 07 2.83 
143 133 136 145 147 147 145 

ml-I - 208 1---;:;-1 227 I 226 
3. 36 2. 35 2. 67 3. 61 3. 93 3. 93 3. 52 

149 142 144 151 152 152 150 

""'79 --5- ---;:;(l1-1-71-1~11OO 
96. 6 98. 1 O. 14 0.3 O. 50 O. 92 I. ;1 

90 95 !O5 11 3 11 6 124 131 

----6- ®-;;-I~lml 203 
O. 10 0. 10 0.33 1. 02 1. 70 I. 86 I. 96 

104 104 III 126 135 137 138 

108 ~ -;9212Wllli m 
~33 ~n 1 . ~ ~. ~~ ~M ~90 

1I1 121 132 143 146 147 146 

132 162 21412301 233 234 
I. 66 1. 91 3. 05 4.00 4.72 4.IJi 4. 14 
135 138 147 153 156 1:06 1;:3 

~I ","cohcxanc r ____________________ -- 159 - 1- 7- 23012:w1 242 "--;:;3 
6.00 4. 76 5. ____ ____ 5. 7 5. 43 

161 156 160 163 162 161 159 

_\ - 12'3 / 20% iso pcntane+SO% VB S' ___ II~-:n'87ml~/~I~ 
I 

94.4 93.8 0.02 0. 14 O. Oi 0.03 9.9 
3 84 101 106 103 101 99 

.\ - 124 / 40% iso l)('ntanc+60% VB _ ~---so ---g;;----;;:;g /~I~I-;W 
99 I 98. 0 20 0 29 0 21 0 18 0 12 

97 96 10 110 10 107 105 
'-----------1--------------

.\ - 1:14 / 60% isol)('ntane+40% ' -B, _ _ __ I 7 112 153 1 168 1 172 1 174 
0. 23 012 0 410460460 45 042 

10 105 11 4 114 114 114 11 3 

~12O% isopcntanc+80% alky"lLe_I~I·Izll'44I-I-6-12OI12041 204 
O. 92 1 39 I 69 2 19 2. 34 2 29 2 00 

124 131 135 140 142 141 138 

A-3i6 40% isopcntanc+60% alkyla Le ~11zl ~1--;g;- 12031 205 1--;0:;-
O. 99 I I. 39 1. 69 2. 52 2. 4 2.36 2. 00 

125 131 135 143 143 142 13 

~-;I--2O-
0
-i-so-p-e-n-ta- n-c-+-SO-o/,-o-0-nc---p-ass-

1 
-1--7- --7-1~I-;OOI173I--;SS I 

SLock. 95. 97.5 0.02 0.20 0. 34 0.47 I. 29 
87 94 101 108 II I 11 5 130 

A-389 I 40% isopentanc+60% one·pass . ----I8'5I9711401-1-llOllii21 LOck . 100 0.07 O . .17 0.30 0.46 0. 92 I. 47 
100 103 107 111 11 5 124 133 

, ,~:aeh fuel contains approximately 4 Illi T EL/~al. 
b Bas d on fixed reference-fuel fram ework (eh . VII, reference 13), 
E Vniu('s for knock-limited imrp W('I'(' a\'era~ed from two cun'cs. 

TABLE A- lO.- PERFORMANCE RATIX G OBTAIKED I ' 
A. T. M. AVIATIO:Y AND A. T. i\L Sl;P ER CHARGF. 

A. S. T . .\l. Su percharge ratin gs b 

Fuel Fuel composit ion " (by volume) Fuel-ni r ratio 

0.065 0.070 0.08;; 0.095 0. 100 0. 11 0 

A- 139 1 20% hot-acid octance+80% ~1-;-1--3-~ 147 151 
VB . 94.3 92.5 98.0 O. 15 O. 16 0. 11 

I 

83 ~ 1M 1M 1~ 

154 
0. 02 

101 

A- 140 1 4'0--%--h-ot---ac-i-d- o-c-ta- ,-, c-e-+-60-%- ~1741--9-143 1681731791 
VB . 100 95.0 0.03 0.34 0. 46 0.47 0 .• 

100 g·1 101 11 I 114 115 117 

A- 141 1'-60-r.-O-h-O-L--a-C-id--O-CL-a-n-ce-+- 4Wc-e I~ 84'11061165 --;g;-19 207 

A-367 

.01. -:363 

A- 369 

A- 370 

A-371 

A-372 

A-3i3 

A-374 

A-330 

A - 257 

A-ZU 

A- 259 

A- 200 

A- 261 

.0\ -262 

A-263 

VB S. 0.1 0.05 0.3 1 1.02 1. 75 1.91 2.21 

1 20% hot-acid oCLance+80% 
a lky late. 

kylate. 
1 400/, hot-acid octance+60% a l-

kylate. 
1 60% hOL-acid octano+40% a l-

800/, hot-acid octa ne +20% a l-
k ylate. 

20% hot-acid OCta ne+SOr. one-
pass sLOck. 

40% hot-acid octa nc+60% one-
pass s tock. 

60% hOL-acid octano+40% one-
pass stock. 

80% hot-acirl octane+20% one· 
I,ass s t.ock . 

liot-acid OClane t . _____________ 

20% mixcd xy lcnes+80% "D S 

40% mixed xylencs+60% VB S_ 

60% mixcd xyleJles+40% VBS_ 

80% mixcd xy lcncs+20% VB S_ 

20% mi.,ccl xylencs+80% alky-
late. 

I 
40% mixed xylenos+60"'o alky-

la Le. 

la te. 

107 102 III 126 136 13 an 

~a I .• 1 .~ 2D 2U ~72 ~~ 
---;2! 1421-1- 205 2W 2i5 

123 131 134 141 144 145 )45 
----

125 148 200 
O. 72 1.5 l. 87 3. 10 

121 134 137 147 

100 
100 

0. 18 
107 

0.45 
11 5 

154 216 240 257 
2.29 4.3 1 

141 1M 162 168 

154 280 
2.29 
HI 182 

90 206 
0.06 2.14 

102 140 
----. 

97 229 
0. 14 O. 17 3.73 

105 107 151 

90 101 220 245 
0. 19 0.23 3.43 5. 71 
107 108 149 160 

99 115 240 
0.4 1 0.4.1 5.60 

114 115 160 
----

I ~ I 159 304 
l. 86 2.76 
137 145 

78 114 132 1381-1-4-
94 7 99 2 9. 7 98. 1 98. 6 

697969496 

--117 -W- -;001-1- 2-
O. 03 O. 16 O. 26 O. 83 

101 106 110 123 

74 85 J4(l19.l 216 1253 
958~ 99~ 0'11~ L1~ 3i!~ - jii,5 

°ig~ = oJi 4~~ :::: I :::: 1 :::: 

0.-52 1 O. 14 Ol~~ I Ol ~~ I l l~ 1 2~7 13~~ 
11 6 105 10 11 9 137 143 150 

____ 182 %I~ 200 252---;s:) j 
0.27 100 0.14 0.46 2. 69 ___ _ 

110 100 !O5 115 144 167 18i 

O: i4 1 O. O~ I O. i9 1.18~ I-~:~ I :::: I :::: I 
105 103 107 137 1 5 ---- ___ _ 

~I ____ 1-7 1lo312001---:i363701~1 0.27 0, 12 0.27 ____ ---- ----
110 105 110 185 ---- ___ _ 

,----~---------------------------

1 60% mi xed xylonos+40% a lk y-

80% mixce! , ylenes+20% a lk y-
late. 

• Each fuel conta ins approx imatcly 4 ml T EL/gal. 
b Based on fixcd refercnce-fuel fram ework (ch . Vlll, reference 13). 
f Values for knock-limited imep were a\'eraged from two eurYcs 

__ J 
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TABLE 
A. 

A- IO.- PE RFOR:VIAKCE RATIKG S 
T. M. AVIATIO N AKD A. S. T . ).1. 

OBTAI XED IX 
UPERCHARGE 

E -GIKES-Continued 

A . S. '1'. 111. Su percharge ratings b 

~~ Fuel Fuel composit ion" (h ~r '"olumc) 
cn ·~~ ____ _ 

.<.e 
-< 0.0 5 0.070 

11. - 265 20% mixed xy lcncs+80% one· 
pass stock' 

11. - 266 40% mixed x)" lcnes+60% one· 
pass stock c 

11. - 267 60% mixed xylcncs+40% one· 
pass sLOck c 

A- 268 

.'\- 256 ?vfix('d xyi.:nes C , t! 

11. - 245 20% clim ono+80% VBS ..... _ ..... 

11. - 244 

92.4 
i 8 

92.7 
79 

74 
92.0 

1 

70 
9.3 

76 
·-----1------

A- 246 60% cUJ11 Cne+40% VB S .......... . 
94.2 

83 

67 i2 
90.6 90.7 

.78 
1------------------

/\- 247 0% cu mene+20% VBS....... ...• 77 76 
96. 0 96. 9 93. 3 

88 91 84 

11.- 248 20% cu mcno+80% alk ylate .......• 
0.32 

III 

11. - 249 40% cu m lle+60% a lkylate ... _ .... 
0. 1\ 

105 
-----------1 

/\- 250 60% cu mene+40% a lkylatc -... o~ 03 
101 

11. - 251 0% cLlmc'no+20% a lk y l.te .......• 

11. - 252 20% clImrnc+80% one·pass 
Stock 

---------------1 
A- 253 40 0 cum 

stock 

-----------
A- 254 60% cumenc+40% 

sock 

11. - 255 0% cumene+20% 
stock 

97.7 
93 

77 75 
96.9 92.-I 

91 83 

• Each fu el contains approximately 4 ml ,[,ELf~a l. 

Fucl-a ir ratio 

0.085 0.095 
--_.-

III 138 
97.9 0.03 

94 101 
----

133 I ~ 0.21 
lOS 0.1 is 

----
I 4 251 

2.06 ----
139 169 

----
3.51 --.-

---- ----

---- -------.-
---- .---
---- ----
---- --------

98 123 
92.5 95.7 

82 
----

95 117 
91. 3 93. 7 

80 84 
----

94 118 

9O~~ 94.0 
85 

----
90 120 

9.2 94.7 
76 6 ----

143 172 
0.34 0. 58 

I II 117 
----

11 3 14 
9 .8 O. 17 

95 106 ----
94 124 

907~ 96.0 
90 

6 114 
87.5 92.7 

73 82 
----

91 120 
89.6 94.3 

76 5 
----

75 95 
82.9 6.3 

67 72 
----

65 81 
78.8 81.3 

62 65 ----
7~ 98 

O. 7.3 
64 74 

----
87 122 

87.9 95J 
74 

b Based on fixed re f, ' rence·fuel framework (cll. VH l, reference 13) . 

0.100 
--

151 
0.11 

105 
--

196 
1. 81 
136 

--
282 

.-. 
1 i 

--
----
----
----
--

----
.---
... 
--

134 
96.9 

91 --
130 

0.1 10 

178 
.50 

11 1i 
O. 

5. 
246 
86 

161 

~~~ I 

0 
154 
.02 
101 

95J 0 
160 
.14 
105 --

132 
96.3 

91 --
151 

0.11 
105 

--
18i 

I. 39 
131 

--
171 

0.44 
114 

--
149 

0.08 
103 

160 
0.26 

110 
--. 

13i 
97.8 

93 --
11 2 

90.0 
i7 --
94 

84.4 
69 --

141 
99. 1 

98 --
----
---. 
---. 

0 

2 

4 

0 

174 
.42 
114 

215 
. 76 
145 

233 
.00 
153 

2ii 

180 

175 
.44 
114 

161 
0.30 

III 

153 
100 
100 

e Knock-limit.ed performance of engine with onc-pass cata lytic ~tock was low on day fu els 
were investigated. 

e Values [or knock-Jirnit,ed ill1('p weI' averaged [1'0111 thr('C' CUJTCS . 

""--~~~---~~-~---~. --- ---------

TABLE A- LO.- PERFOIL\I !\. · C'E RATlKGS OBTAINED l X 
A. S. T. 1-1. AVIATIOX A:\D ... . S. T. M. SUPERCHARG E 
EKGIKES-Co ntinued 

I fu el 

I --
.'1 - :341 

.\ - 342 

;\ - :34:1 

A- :144 

A- 358 

I 
;\ - :159 

;\ - :l60 

A- 361 

A-362 

A- :363 

A- 364 

A-3B5 

---

I 
A- 340 

A- :l21 

I; A. S. 1'. 111 . Su percharge ratings b 

Fu 1 composit.ion a (by "oluml\) I=-

20% bcnzene+80 0 YB ....... 1 

I 
40% bcnzcne+60% y BS ....... 

60% benzene+40% YB .. ---.-

0% benzene+20% ' ·BS ....... 

20% benzenc+80% a lk y lale ... 

40% benzene+60o/r nlkylate .... 

60% benzeno+40% alk ylale .... 

80% benzene+20% al kyI3le .. _. 

20% b nzene+80% one-pass 
stock. 

40% benzene+6O% one-pass 
stock. 

-I 
r,o% ben zene+40% one-pass 

stock. 

80% enzene+20% onc-pass 
stock. 

Benz ne! ______________________ 

20% 10Iuene+80% ' ·as ........ 

0 

< 

-

91. 4 
76 

78 85 
97.5 99.4 

93 97 

134 155 
0.22 0.27 

108 110 

162 16 
0.29 0.30 

110 III 

1 9 146 17 190 208 
92.4 99. 4 0.05 0. 37 1. 03 I. 63 2.28 

126 134 141 97 102 112 

i8 85 244 346 384 
94.2 97 .. , 99.4 

~.3 93 97 173 

- .. - ~~ --;t5 - .. - --.. - --.. - --.'-1 
%. 2 O.:ln 0.45 .. .. .. .. 

0. 43 
114 

0. 12 
105 

11 3 11 5 

1 ~9 127 
1.20 0.92 

129 124 

102 
0.48 

11 5 

11 2 
0.4 1 

114 

I 2 212 
1. 95 3. 10 
137 147 

1 2 
1. 95 
137 

230 
4.72 

156 

222 234 
3 .. 17 4. 14 

150 1.;3 

253 29.1 

ir>8 li12 

102 11 0 336 
100 0.48 0.38 
100 11 5 11 3 

9R.3 
94 

11 9 17 
1. 30 4.6-1 
130 156 

i7 
!l3.8 96.9 

6 142 172 184 203 
100 0.33 0 .. ~ 1. 25 1. 96 

82 91 100 III 118 130 138 

--82 79160 m 238 - 264 
92.0 100 9.5.3 0.73 3. 17 5.33 

78 100 88 121 148 159 172 

- .. - 68 n 19I 254 280 32 
91. 5 91. 3 90. 7 2.52 .. .. .. 

77 0 78 143 172 1 6 

94 93 
93. 0 o. 29 o. II 

80 110 105 

199 
8i 
f 1 6 196 

5 96 137 156 164 172 
93. i 0.07 0. 16 O. 26 O. 29 O. 32 O. 27 

82 10:1 106 11 0 110 III 11 0 
1---- I 

.~ -322 40% toluonc+60% ' ·B ------.-

--- I 

92 96 
95. I o. 24 O. 16 

85 109 106 

175 2?..8 
1.57 4.43 

134 155 

245 266 

162 173 

A- :323 60% Loluene+40'i',; ' ·BS .. ----- 88 95 204 303 346 42,) 
97.0 0. 14 0.14 3.36 

91 105 105 149 

.'\ -:324 80"{, lolut'm'+20% ' ·BS ........ 10 1 11 ,1 340 
9 .8 0.45 0.42 

96 11 5 11 4 

• Each fuel conLa ins approxim ately 4 IllI TE L /!!'a\. 
b Based on fixed reference·fuel frame work (ch. ' · lll. reference 13) . 
f ' ·}1 1ues for knock-limited irnep w('r{' 3 \"C'nlged from twO C'lIITCS . 

J 



• 

---- - ------- ------- ..-,- --

X ACA Ii\TE TIGATION OF F EL PERFORMAK E IN P ISTO J- 'l'YPE ENG I ' E 

T.\BLE 
A. 

A- LO.-PE RFOR:\ f AXCE RATIXC 
T. :'II. A VIATIOX A XD A. . T . :'If. 

OBTAIXE D IX 
'U" PERCHARGF. 

E X GIX ES-Conc!uclecl 

~ "~ A ... T . M . Su percha rge nlLiogS_b_1 

Fuel Fuel com positiona (by "olum e) .. ''::; Fu el·ai r rat io I 

: t~ 0.065 0.070 I 0.085 1 0.095 1 0. 100 i 0. 11 0 

A-325 1-2O-o/,-C-LO-I-lI-e-nC-+-80-~-("-a-l-k '-VI-a-t(-" -'-,':I-,-·-,-,I~ ~-;;I· · 2~ 1 2:!2~-
0.4 l. 39 1.47 2.52 .3. f3 4.03 .. , 

11 5 1:1I 132 143 151 155 162 

A-326 I 40% IO'llene+6O% a 'k Y'''tl' __ ''I~I I ~~ - 1-0 - 223 127530-;-
0.04 O. fO 0.97 5.38 .... 

116 121 125 159 ISH 

.\ -327 - 6O-'7<-r -W- I-1I-c,-, e-+- 400/t-o-a-lk-' ~-' I-a-lC-'-'-"':-'-'-'-: --;00 ~ 300 I~ ~I~ 
0.20 0. 43 O .• lO .... . .. , .. " --' I 

Ion 11 4 I II .... ......, , 

A-328 80% LOllIcne+2O% alk ylaL" __ , --W8116~1~1~1~1 
0.16 0.75 0.47 .... .... .... .., 

106 121 11 5 .... .." .... .., 

A -3.31 - 2-0-"{---t"o- l-u-c",-,,,-+- SO-o/.", - o-n-e-,p-a-s.-, ';1-'-'-"- 1--0- ---00 137 -;t;;J1~ I-m-
~LOck. 95. 1 98.~ 0.06 0.26 0.47 1. 25 2.5., 

85 95 10.3 110 11 5 130 143 

s lock . 95.3 0. 07 0.09 0.44 2.4 1 3.72 " 
86 103 103 114 142 l ii l 171 

.\ -3:121 400/,. lolucne+6(l% on{'-pas~ ~ --;;- ---g;-~ 202 1 224 12fi2 

.-\- 333 1 (iO% tolll cne+40o/, Onl" pass ~ ~ % 1781 270 I~I~-"-I' 
s, ocl.:. 974 021 0 14 I 73 .... .." " 

~ I 108 105 135 182 , • 

.'1. - 334 1--%---'0- I-u-"-ne- +- 2O-OZ-r-o-n-,,-'p- ,,-S-S,I-,-,-.. - Ui2 W6 ~I~I-:-:-I--_-
stock . 0. 10 048 0.31 .... .... • .. , " 

104 11 5 III .. .. 

I .'\.- 320 I 'I'oill onc' .......... __ .. , .... , 0i f~ <~ I.: ~~ --~::: I--I~' 

.-\- 336 1 20% M ' I' B other+800/o V I3 -.-.. - %-uiI\44"l7OrnI171 
9R. 0.31 0. 23 0.30 O. ·19 O.·! I. 25 

96 III 108 I II 11 5 121 130 

.-\-3:17 1 400/, !\IT 13 cthcr+f,o% vns .. , "_11i2-;-;;-~-;:;- 223 253 
0. 12 0.95 0.42 1. 02 2.55 3.64 .. ' 

10., 125 114 126 143 151 165 

124 180 1·18 162 190 .. __ __, 

I .H31-6-'0-~-Q-!v-I-T-B-eL-h-e-r+-4-OO:-Yo-\-'-B-,-.. '1-
0
-.-

9
?-. ,~~2 3.1r,: .~~ ,~~ I' :~~: ~~~ 

I A-339 1 s00/, M T B "therHO,,? \ · BS .. , 2.61 :::: , ~~~ , :~~~ , :1~9 :::: ::: I 
144 

-- ----------
.\ - :m 1 20% M TB eihrr+80% al· 143 155 2.30 2' 268 28 1 

I 
k ~r l tl l ('. 1. 68 3.06 2.38 

135 146 142 If3 174 178 183 

~1 400/, i\lT R 
------------

et he'+60% a l· ICfi 174 2.- :112 33 :ni 
ky lale. 2.30 5.43 4. 21 

141 159 154 I 3 

- .\ -34;)1 600/,- :11 '1' 13 ether+IOo/, a i, ____ I 2.;8 229 327 ·106 -:;:;;- -,., I 
k)·\ute. 2. 50 .... ' 

143 .... 193 ' . 

I A- 3.jO 1-8-()-r--'y-, a-~-~-',-' B--e-,-H'-' -+-2(-)O/'-o-a-,-· "-'-1-~O-; 1 : :~~~ : ~~~ : ~;~ ::: ,::: 1-::: I 

A=35l1 2O% M ' I'B ctherHO)', onc, ~1---s7 --91-144 rn 191" -2-' -
I),ISS stock 96. I O. 12 O. ~ O. 35 I. 10 I. i2 2. 9, 

105 103 11 2 127 135 146 

I-A---3-521-:;0% M T B ether+liO% one, __ 'I---;-;:J -m 163 204 225 269 
passSloek. 0.1 4 1. 00 0.41 0.5 2.55 3.79 __ , 

105 126 11 4 123 143 152 175 
1-- ------------1-- ---- - - ---- --1 

,\ - 35.1 I I~)o/, M 'I'B clhcr+400/, one· ____ I I 5 160 230 289 319 :l76 
I""S SLOck. O. 4 i 2. 6 

11 5 1,3 146 If>3 195 
--------1------- ------

A-35·1 1 800/, ~\ITB ethcr+2O% one· ____ 2(;9 2;Ji :301 370 ____ __, 
pass Slock. I. 00 -- -- -- -- -- -- .. -- -- --0 __ 126 ____ 200 ____ ____ ____ __, 

I

' .\ -3:J5 1'· !'VIT B cthcr ' ...... __ ...... ____ , ~~ 330 -:;OO~~~ 
> 600 .. __ ____ ____ ____ ____ __, 
> If;! .... .... ____ .. __ .. , 

------
• Each Iud contains apP"oxi ,mn('\y 4 m l TEL/~al. 
h Based on fixed reference·fucl framcwork (ch. ,'n l, refcrencc 13) . 
r '-aiu('s for knock-limited imrp we're l:l\'cl':lgcd frO I1l two curn's. 

1 3 



APPENDIX B 

ADDITIONAL BLENDING CHARTS FOR TERNARY FUEL BLENDS 1 

Diisopropyl +4 ml TEL /gol 

-- A. 5. T. M Super charge 
per for-monee nurrber 

----A . S. T. M. Aviotion 
per formanee number 

Virg in bose A lkylate 
+4ml ~~ __ ~~L-~ __ ~~~~~~ __ ~~~~~~~~~ __ Y-~L-~ __ ~_~L-~ +4 ml 
TEL/gal 100 110 /20 /30 TEL/gol 

(a) Diisopropyl blend s . A. S. T . M . Supercharge fu el·air ra ti o, 0, 11. 

Neohexane + 4 m/ TEL/gal 

--A. S. T. M Superch arge 
per formonee number 

----A.S. T.M. Aviation 
per for monee number 

Virgin bose Alk. ylote 
+ 4 ml ~...:.L._"---~ .~L~ __ ~~C-.....:o.L'----:'>.L~~.:>L~.6...~_':>L.-"'!-:~---':~~~':;""~ + 4 ml 
Tn/ga l TEL/gol 

(b) Neobexane blends. A. . T . M. Supercharge fupl·air ra tio, 0. 11. 

F,GURE B- l.- BlfIlding charts for ternary blends containing high·an t iknock blending agents, avia tion alkylate, and virgin base stock by A. S. T. M . A"iati on and A. S. T . M . 
Supercharge methods . 

I The charts of tbis appendix were rcproducerl from NACA Report 004 entitled " Estimation of F-3 and F-4 Knock-Limited Performance Ratings for T ermry and Quaternary Blend s 
Containing Tript. n e or Other High-Antiknock A d ation-Fuel Blendin g Agents" hy H enry C. Barn ll. 

184 



ACA 11\TVE 'l' I GATION OF F EL PERFORM~ E IN PI TON- TYP E ENGII TE 

Isop en tone + 4 ml T£L/gal 

-- A. 5 T. M Supercharge 
per formonce number 

--- - A S. T. M AViatIon 
per farmance number 

( ) lSOpo:lt3ne blend . A. S. T . M. Sup~rcbarge fu el-nir ratio. 0. \ I. 

Benzene + 4 ml TeL /qal 

95 
Avia t ion performance number 

- - A. 5 T M. Supercharge 
per formance number 

- - - -A. S. T. M. Av'-ot/on 
p errormance number 

Alky/a"fe 
+4 ml 
Ta/qa / 

(d) Benzcne hlcnds. A . S. T . M . Su percharge (uol-air ratio, 0.11. 

185 

FIGURE B-l.-Continued. Bler:dil g eholls fer lelnmy blcnc!s cenlfining bigb-antikno k blending agrnts, aviation alkylate, and virgin base stock by A. S. T . M. Aviation and A. S. T. M. 
Supercharge methods. 



18G REPORT l02 6- XATIOKAL ADYISOR Y COMMITTEE FOR AEROXAU n CS 

Cumene +4 m l TEL/gal 

--A. S . T M. S upercharge 
per r ormance number 

- --- A. S. T. M. Aviati on 
p erfor mance number 

Virgil? bose A Iky10 fe 
+ 4 ml '--"'--~-,'L-"'----',,-=~~~~JL~>L-,:=0L---"--,-:~-Y----'L..---II~--""'--""---"'-'::-''--' + 4 m I 
TEL/gal 85 90 95 100 105 TEL/go! 

A . S . T M.. Avi ation per formance numb er 

(e) Cum~n~ blends. . \ . ~ . T . M . Su percharge ral iugs at fuel-air ratio for peak power . 

Mixed xy/enes +4 ml TEL/gal 

- - A. S. T.!vI Supercharge 
p e r fo rmonce number 

Virgin base Alkyla te 
+ 4 ml L~'-Y--'-:IL.J'-.Y..--'-:~~L'y"_',L~L"":::£'_),l:,,~L"":::£'_Y-~L.-S2',,--;;L'---:"-~ +4 ml 

TEL/gal TEL / ga l 
(f) Mixed xy lene blends. A. . '1'. M. Su pcrcharge fu I-air ratio , 0. 11. 

FIGURE B- I.- Contilillcd. B1~ndi n g cha rts 101' ternary bl~nds containing high-antiknock b lending agents, av iation alk yla!e, a nd virgin bas~ stock oy A. ,. '1' . M. A\"lllion a nd A. S. T. ,\t _ 
Supercharge mcthods. 



~ACA IN YESTIGATl0.'\ OF FlJ EL PERFORMANCE I I PISTON-TYPE E~GI IE 

Toluene +4 ml TEL/gol 

-- A. S. T. M Superchorqe 
performance number 

---- A. 5 T M. Aviafian 
performonce number 

Virgm bose AI/<.ylate 
+4ml L-~L-~~~~L-~=-~~~~~ __ ~~~~~~ __ ~~~~~~~~~~~~ +4ml 
TEL/gal TEL/gol 

AviatIon performance number 

(g) Tolllcn blcnds. A. S. '1'. M . Supercharge fuel·air ratio, O.ll. 

Me thyl t ert - b uty l ether + 4 ml TEL/qa/ 

-- A 5 T M Superchorge 
per formonce number 

---- A. S. T.M. Aviation 
per forrnonce number 

Vlrgm base 
+ 4 ml L-->L---'~:.-'L--':'L-~-=~/-o.-OSl->-~-~-"'--':.::L-:'=/"'/~O-'L.--'-'L---'C""1 2":"O':-~=-=-'''-'---''--> 

TEL/go/ A.S. T. M Superchorge performance number 

Alkylafe 
+4 m/ 

TEL/gal 

(h) :>lellJyllerl·lmtyl ether blend~. A. . '1'. M. Supercharge fuel-air ratio, D.ll. 

] 87 

FIGURE B- 1. Concluded. Blending charts for ternary b!l'nds contaillillg high·antiknock blending agenls. al'iation alkylatl', and vIrgin base stock by .\ . . T. ;\L .\ viatioll and A.. '. T. :>1. 

D61287 ;:;~ - 10 
Supercharge methods. 
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-~- - - --- - - --- -- - -

REPORT 1 026- JATIO~AL ADVISORY COl\Il\IITTEE FOR [RONAl T1 ' 

Hot-acId octane +4 ml T£L/go/ 

-- A. 5. T. M. Superchorge 
per formonee number 

----A S. T M. Aviafton 
perforrr;ance number 

One -pass 1.'1. I f 
cotoly tiC A "y a e 

S to ck .. 4 ml <--"_-"-_Jl----'''--->._,-''-_-=''"---'''-----'''---'L-'''''''-----'''_---><'__-''-_~_''_'''__'''___''_ _ _'"_~ + 4 ml 
T£L/gol leO 130 Tn/ga/ 

(a) not·acid octane hlends 

Trip fane + 4 ml T£L/gol 

";7 

-- A. S. T M. Supercharge 
performonce number 

--- - A. S. T. M Aviation 
per formanee number 

I.S> 

-'. 

~ 
eOO~ 

-'){...;:~=--..*~e:-;7., 190"0"" 
~ 

~ 
/809... 

~<'-<--~,....,\-'~ ~ 

One-pass A 1.1• I f 
catalytic "y,a e s iocA + 4 m/ L---"'-~...>:.-~-'1L..-"--.:.'~=::;6,/-2-0~-'!L..-"'-3:==--=c-"---'Y---'''--''''-'--''--.:L.-'''---''--~ + 4 m I 

TEL/gal TEL/qal 

(b) Trlptane blends. 

FIGURE B-2.- Blcnding charts for ternary blends containing high-antiknock blending agents, a,-ialion alkylatc, and one·pass catalytic tock by.L S. T. M. Avi:l.(ion alid .-t. S. T.lII. Super
chargc metbods. A. . T. lIL upcrcbargc fuel-air ratio, 0.11. 

1 



One-pass 
catalyt/c 

stock +4 ml 
TEL/gal 

SA(' A INVESTIGATION OF FeEL P EHFO HMAN E IN pI TO T-TYP E E" OlE 

O/Isopropyl +4 ml TEL/gol 

-- A. 5. T. M Superchor ge 
performance number 

---- A S T. M Aviat ion 
p er f ormanc e number 

A lkylate 
~~ __ ~~~~~~~~~~~ __ ~~~~~~ __ ~~L-~~~~L-~ __ ~~ +4ml 

(e) l) iisoprO I)yl blends. 

Neohexone +4 ml TEL /90 1 

TEL/gol 

A . 5. T. M. Supercharge 
perrormance number 

A.5. T. M Avio tion 
perfor mance number 

One-pass 
carolvric All<.ylote 

J L-~ __ ~~~~ __ ~~~~~~~ __ ~~~-x~~~~~ __ ~~~~ __ JL __ ~~ +4ml 
stock +4 ml TEL/gol 

TEL/gal 
(tI ) ~eohrxane bl nds. 

FIGunE B-2.-C'onlinued. m nding ch,lrls (or trrnary blends containing high-antik nock hlendingagenls, aviat ion alkylatc, and OIle-IJ3 S c'ltalylic stock by A. S. T. i\[. Aviation and 
A. S. '1'. j\1. SUp<'rchnrgc methOds. A. . '1'. j\{. Supercharge fuc l-air ratio, 0. 11 . 
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190 REPORT l0 2G-~ATIONAL AD\ 'J:-:OHY COl\ I l\ I ITTEE leOR AEHONAUTIC~' 

I sopentane +4 ml TEL/gal 

One -pass 
cat-oly fie '---"-C--'--_-'>L--:':~---'->--\.:--Y-~-'>!:_~"-~L:.o...:y~~-~--v 

- - A. S. T M 5uperchorge 
per forffion ce number 

-- -- A S. T M Aviation 
performance number 

A IKylate 
~L-~--~~·L-~/35 +4 ml 

stock +4 ml IcO 130 
TEL/gol A 5. T M Supercharge performance number 

TEL/gol 

(l') [sopentane bl(·nds. 

f3 nzcn ; 4 ml TEL/gal 

One-pass 

S. T Iv1. AViation performance number 

( f ) n enzene blends. 

--- A. S. T M Super charge 
perforr'7once number 

- - - - A. S. T M. A vi 0 t Ion 
perforrflonce number 

liD 

A IAyiafe 
V_---l~_~_-" +4 ml 

16 TEL/gal 

l 'IGUR£ ))-2.-('on/ inLll'd. OIl'nding charts for lernary hlends cont" ining hi /(h-!\11li knock blending agents, ,," ialion a lkyl.tte, and one' IHSS c.ttllytic Slock by A. S. ' I'. ~l. Aviation Hnd 
A. S. '1' . ]I I'. SUI rcharge methods. A. S. ' L'. M . 'uperchargc fucHir r"Lio, O.ll. 



.:\ACA INV E:STIGATIOK OF FTEL P ERFORi\ IANCE: IN P18TON-TYP E E NGTNES 

Mixe d x ylenes + 4 ml TEL/ gal 

A. S. T. M Superchar ge 
perfo rmance n umber 

~ 

-.Jf=~200tt 
190-o~ 

--~~~~=-~ ~ 
180 <:j-

C\ 

170~ 

Q... 
-X--*-;X::::~ I 50 ~ 

~ 
~ 

?c-

140% 
On e-pass ~ 

c o talytlc A Ikylate 
stock + 4 m I L..---'>l--"'--->L...--"'-----"--.>L-3=�....;2\lo-~--l.L.:.~/=.3-0-"'------....:~~'--.::,t.-~ ---'IL--"-'---"'L--'> + 4 m I 

TEL/g ol TEL / gal 
(g) ~ I hrd xylr nr blr nds. 

Toluene +4 m l TEL/ gal 

- - A. 5. T M. Supercharge 
performance number 

--- -A. S. T. M. Aviation 
p er f arm once number 

't1 30 
120 One-p ass '" Alky late 

C C1 t oly tiC L~"'L~'--~~.:::,L:..-:i:::;;"'=~b.-':!S:-::;z==';t:~~~'-~:;=-.:::L--~.;.;2L~'--~-;;:-~--" + 4 m I 
stock +4 ml 90 TEL/gal 

TEL/gal A. S. T M Avia tion p e r formance number 

(b) 'J'oluen b lends. 

19 l 

F IG URE D-2 .-Conl in llcd. B1rnding churls for tr rnary blends containing high-antiknock blend ing ag"nls, a d alion alkylah', anti one-puss CJ lulytic stock by A. S. 'r . :-r. _\ \'ill lion and 
~\ .. . rr . ). r. Supercharge Ilwthods. A. S. '1' , ,\ r. .'up(,l'chargC' fuel-air ra tio, 0.1 t. 
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une-poss 
c atolytlc 

sl'ock + 4ml 
TEL/901 

REPORT 1 o 26-NATIONAL ADVI ORY OMMITTEE IcOR AERO TAU TICS 

Methyl te'l"t- butyl ether +4 m/ TEL/gal 

-- A. 5 T M. Supercharge 
per formance number 

---- A. S. T M. Aviation 
performance number 

"7 

120 

(iJ ~le th y l lut butyl ether blends. 

..s> 

-" 
~ 

t 
l' ..., 
" -:5 

~ 
~ 

"0",..., 

AIAylofe 
+ 4 tTll 
TEL/qol 

['IGURE B-2.-Conclu d(·d. Blending char Is lor lemary blends conta ining high-a ntiknock b lending agents, av iation alkylatc, and one·pa s cnta lytic stock by A. S. '1'. M . A viaLion and 
A. S. T. yl". Sup rcharge metbods. A. S. 'r . ~r. Supercharge fuel·air ratio, 0.11. 
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