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EFFECT OF AIR-FUEL RATIO ON DETONATION
IN GASOLINE ENGINES*

By L. A. Peletlsr

The richness of the mixture has a very pronounced ef-
fect on the detonation in a gasoline engine. It 1s known
thet a rich mixture tends to suppress detonation. At the
time of take-off of an alrplane, for example, when the
power l1ls incrensed and the wind velocity is rather low the
engline 1s regulated for a very rich mixture for the pur-
pose of preventlng detonation.

The study of this effect of the mixture strength on
detonation may be divided into two parts, namely: A, the
neasurenent of the effect in engines; and B, the expla-
natlon of the effect. Although many of the conslideratlons
brought out in this paper have more or less been treated
by other investigators, the author has consldered it of
some Interest to give a brief account of this aspect of
the vory important problem of detonatlion in gasoline en-
glnes. :

A, MEASUREMENT OF THE EFFECT OF AIR-FUEL RATIO

ON DETONATION IN CASO LINE ENGINES

One of the methods of measuring this effect in englnes
consists iIn determining under well-established operating
condltions, the allowable powor as a function of the fuel-
ailr ratlo, where the allowable power is defined as: that
corresponding to a slight detonation. Figure 1 shows this
relatlon for a C.F.R. ergine. The allowable power is eox-
pPressed 1n terms of mean effoctive pressure and the richw
noss of the mlxture 1s definod by the ratio: measured
fuel-air ratio/theoretical fuelwalr ratio for complete
combustlon. 4 ricdhness of 1.1, for example, -denotes a mix-
ture which contains 10 vercent fuel in addition to that

*"Influence do la richosse du mélange aur la détonation
dans les moteurs a essence.” OCongrées Mondiasl du Pet-
role, Parls, June 1937,
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which 1g necessary for theoreticanlly complete combustlon.
(For mixtures richer than that which produces theoretic-
elly complete combustion ("correct" mixture) there exists
2 linear relation between the specific fuel comsumption
and the alr-fuel ratlio. For leaner mlxtures this 1s no
longer true.) Figure 1 shows the exlstence of a minimum
allowable vpower corresponding to a maximum tendency to
detonate at an alr-fuel ratio which ig practically the
correct one., The tendency to_ detonate decreases 1f tho
mixturoc 1s made eithoer richor or leanor. It is also sccn
that at a richness of about 0,9 there is attalned the min-
imum fuel consumption. In regulating for a still poorer
mixturc tho fuel consumptlom increases as a result of the
slownoss of the combustion,

Figurec 2 shows similar curvos for a single-cyllnder
alrplcne test engine. Although, in general, there ap-
pears to be agrecment between the shapes of the curves for
the two ongines, it should be noted that in an airplane-
englno cylinder the offect of the richness on the admls-—
glblo power is much groater than 1t is on the C.F.R. on-
gine undor the conditiong assumed. The heat load, which
ls much groater 1ln an airplane-ongine cylindor, may be an
explanation of thlsg fact.

Another method of measuring the effect of the mixture
strength on detonation in engines, consists in ilnvestigat-
ing, under definite engine-operating conditions, the allow-
able compression ratio as a function of the mixture
strength ~ this compression ratio being deflned as that
required to bring about a slight detonation. It is evi-
dent that this method requires an engine with variabdle
compresslon. Flgure 3 shows the results of such measure-
ment on & C.F.R. ongine (curve a). In agreement with fig-
ure 1, the maximum tendency to detonate corresponds near-
ly to the correct mixture. With a richer, as well as wlth
& loancr mlxture, there is a decreased tendency to deto=
nate. For the purpose of expressing this decrease in
terms of octane numboexr curvo b has been determined which
glves the relation between the antidetonating value or oc-—
toane number and the compression ratlo producling a slight
detonatlon. From curves a and b was obtained curve ¢,
glving the relation between the octane number and the mix-
ture strength.
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B, BXPLANATION OF THE EFFECT OF AIR-FUEL RATIO

e e ae

" 'oN DETONATION -

1

The effect of the mixture strength on the detonating
tendency appears to be a very complicated phenomenon. Two
chief aspects of the problem should be distinguished:

é a) The effect of the richnéss on the conditions of
Pressure, temperature, and time during which.
the Yendgas" or unburned Hortion of the charge
ls subJected to these conditions before auto=-
ignition is produced. These conditions, in
thelr turn, appear to have a strong effect on
the tendency to detonate,

b) The direct effect of the alr~fuel ratio on the
tondency of the "endgas" to autolgnite.

We shell now consider tho offoet of these different fac-
tors undor a).

I. RATIO OF SPECIFIC HEATS

The "endgas", forming the undburned portion of the
charge, is subject to compreassion by the plston and by the
expension of the burned gases during the combustion. Wow
with an increasc in the mixture richness thore 1ls a de-
oroase in tho specific heat ratlio (k) ©because this value
1g loss for hydrocarbon vapors than for alr. Therefore,
for tho same comprossion ratlio and mixture tomperature, the
Pressuroe and tomperaturo of comproesslion are lower for a
rich, than for a loan mixture. Thus the lower value of k
tonds to provont tho tendency to detonate. Figure 4 shows
the roelaotion between the richness of the mixture and the
ratio of specific heats as calculated by Pye (referenco 1).
On tho same figure are indicnted the theoretlcal pressuro
and temperature of the unburned charge calculated from the
values of Xk taken fron curve &, assuming that the "end-
gas" ls.succegsively. compressed adiabatically and assuming
furthermore a piston compression ratio of 6/1 ond o cone
pression ratio of combustion of 3/1, the total compression
ratlio thus being 18/1. The effect of the alr-fuel ratio
on these values is clearly brought out. An increase, for
exanple, in the richness, from 1.0 to 1.3 brings about a
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lowering of 1.6 kg/cm® (22.75 1b./sq.in.) in pressure of
"endgas', and of 35° C. in temperature at the end of %to=

tal compression.

II. EHEAT OF VAPORIZATION

In the preceding discussion the mixtures were assumed
to be dry and at the same initial temperaturos. In prac-
tice, howvever, the heat of vaporization of the added fuel
leads to a lowering of the temperature of the mixture.

In order to determine the importance of thlg effect, there
was obtalned on a single~cylinder eirplane test englne

the relation between the temperature of the intake air,
the snecifle fuel consumption, and the richness of the
nixture for constant powor and slight dotonatiom. Figure
5 shows that a richer mixturo permits a higher tempera-
turo of the intakeo alr. For an increase 1ln richness from
1.0 to 1.1, for example, the speclfic fuel consumption in-
creases from 206 g/hp.~hr. (0.454 1b./hp.-hr.) to 226
g/hp.-hr. (0.498 1b./hp.~hr.), and the permissiblo intake-
alr tomperature from 34° to 50° before dotonation begins.
Conputatlion shows that the increment of 20 g/hp.-hr. (0.044
1b./bp.~hr.) docs not lower the tomperature of the mixture
by moro than 2,2° C., which would explain an increase of
the sane order in the adnigsible temporature of the in-
take alr ingtead of the 16° C. actually realized. OClear-
ly, then, tho eoffoct of incroascd richness on the dotona-
tion con 1n no way be explainod by the corresponding low-
ering in tenperature of the nixture.

III, SPEED OF FLAME

Ag tho undurnod chargo ig more or less rapldly con-
pressed by tho flane, the charge sceks to glve up 1ts heat
to the combustion-chamber walls. The compresslon agnd tho
speed of cooling of both depend on the mixture strength as
we shall see below. Figurc 6 shows tho relation exlsting
boetwoon the richness and the moan speed of the flame front
as noasured from flame photographs obtalned on an onglne
vith a window in tho combustion chamber (reference 2).

Tho marked effect of the richness is ovlident. Tho specd
of tho flame front appoars to attaln 1ts maximum for a
fuelwalr ratio of nbout 1.2, docroasing rapldly for a
richor or loaner nlixture. 4 differenco, for oxample, of
Oe2 in tho fuol-elr ratio producos a change in the flamo-
front spced of about 20 percent.
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., . The effect of flamo-front speed on detonation is rath-
er complicabted. A high flame speed indlceates that the un—
burned charge has only a short time in which to cool
through contact with the wall of the combustion chamber,
thus promoting detonation. A low flame speed brings about
a longer delay during which the unburned charge can cool
on contact with the combustion~-chamber walls, thereby .re=
tarding detonation. Account must also be taken of the
fact,. however, that in the case of hlgh flame speed the .
unburned charge has only e ahort reaction time avallable =
a fact which retards detonation whereas for low flame

.8psed there 1s more time avalladble, theredby inereasing the

tendency to detonation. The time factor is, in our opin-
loen, a very lmportant one, We have ofton found that, in
compressing o combustible mixture without passing the spark,
autolgnition did not oceur bafore an angle of rotation had
been attained of 90° to 120° from the top dead center, and
thus o long time after the instant of maxlmum pressure

and temperature. Since the two affects tend to offget

eech other, 1t 1s nocossary to investigote further as to
which of'pheso prodominntes.

IV. TEMPERATURE OF THE COMBUSTION-CHAMBER WALL-:

It 1s known that in regulatling for a richer mixture
the tonperature of the combustion-chambor wall decreascs -
a fect vhich 18 explainocd by a change in the flame tempor-
ature with fuel-alr ratlo. Figure 7 showe the flame temperw
atures according to the calculations of Tigard and Pye (rof-
oronce %). (Tho considerable effect of digsoclatlion is
clearly ovidernt.) It 1s seen that the flame temperature
attalng 1ts maximum for richness dbetweon l,1 and l.2,.and
that 1t decreases when tho mixture 1g elther richer or
leanor. Although the curve ie wvalid for only benzene-alr
nixturcs, 1tse genoranl shepe romaing the same for other
hydrocarbonse. (In thila connectlion, it i1s interesting to

.recell that in spite of the lower combustion temperature

In the cese of the richer mixture, the combustion pressure
does not decreaso. The explanation i1s to be found in the
fact that the "volume ratio® - that 1s, the number of molw
eculeg after combustion, divided by the number of mole--
cules before combustion, increases as the mixture 1s made
richer.) : : '

Flgures 8 and 9 show, respectively, for an alr-cooled
nirplane engine and a C.F.R. engine, the relatlon betwoen
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the temporature of the cylinder head and the mixture reg-
ulation. In the two englnes the temperature has been
measured at tho lower rinm of the spark plug flush with

the combustion-chamber surface (reference 4). In order to
detormince to what extent this lowerlng of the temperature
of the cylindor hoad, which facllltates cooling of the
charge, contributes to o decroase 1ln the detonation, a
test was conducted on a C.F.R. engine. Tho englne was
provided with a special cooling system which pormltted the
coollng liguid tempcrature to be varied at will between
50° ard 160° C. The cdoling liquid was cilraawlated by a
pump. The difference between the 1nlet and outlet temper-
atures did not exceed 3° C. and the temperature of the
coollng liquld was consldored to be uniform for tho entiro
cooling systonm.

First, without modifyling the temperature regulation
of tho cooling liquid, there was determined the relation
betwoen the cooling liquld temperature and the richness of
the mixture, the former furnishing an indication of the
mean temperature of the combustion-chamber wall. In these
toasts tho compression ratio was determlned so as to odbtaln
a slight detonatlion at the point P where the temporature
of the cooling liquld attained its maximum (curve a, fig.
10). Thoe richness was then varied and the temperature of
the cooling ligquld regulated so as to obtain agaln a slight
detoration for the other mixture strongths (curve b). It
was then observed that for mixture strengths other than
that of P the temperature of the cooling liguild, and
hence tho mean cylinder-wall temperature, could be higher
than for the point P before a slight detonation was pro-
duced. Thig observation pormitted the concluslion to be
dravn that the decrease 1ln temnerature resulting from a
groater richness of the mixture can only explain a small
part of the rotarding effect on the detonation.

It must, however, be pointed out that the temperature
of the exhaust valve which forms vart of the combustion-~
chamber wall, depends very much more on the flame tempera-
ture than on that of the cooling liguid. It may be ex-
rlained that with a rich mixture and a raised temperature
of the cooling liquid (point Q, for example), the engine
has the same tendency to detonate as with a normal mixture
and low cooling liquld temperature (point P, for exanple).
As a matter of fact, in spite of the raised temperature of
the cooling liquid in the first case, the temperature of
the oxhougt wvalve 1g still lower in 'the second case because
of tho lower flame temperature. Flgure 1l shows tho effect
of tho mixture richnesgs on the ce¢ylinder and exhaust valve
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temperature as measured on the Ricardo engine E.35. It 1g
soon. that lncreasing tho richnees by 0.1l above l,1l, leads
to o lovering of about 30° C. in the temperature of the ex=
haust valve. In varying the cooling liguld temperature
from 58° to 96° C., only a slight variation will be pro-
duced 1ln the valve tempernture. The temperature plug shows
a difference of nearly 20° 0. Investigations are, at the
present time, belng conducted to deternmine the effect of
the exhnust-valve temperature on the tendency to detonato.

It 1g intereating to note that the moxinum values of
the oexhaust and exhaust-valve temperatures correspond to
the richnoss permitting a maxinmum tendency to detonate (ap-
proxinately 1.05) - o fact which prowves a close relation
botween the valve temperature and the dotonation tendency.
The fact that the maximun exhaust tenpoerature 1s obtalned
wlth o less rich mixture than that corrosponding to the
naxinun flame temperature (about 1.15), may be oxplaeined
by tho lower condbustion rate of the poorer rixture.

Procooding in the sane mannor as for curvo c 1in fig-
uro 3, there has been derived curvo d (fig. 10), which in-
dicates the rolation botween the richnoss and the octane
nunber. Conparison with curve ¢ of figure 3, shows satis-
factory agroenent,

From the above discussion it may be concluded that
the conditions to which the unburned charge 1ls submitted
during conpression by the flame vary in the following man-
ner as the richness of the mixture 1s increased above that
pernitting a maximum tendency to detonate.

1. The pressure and temperature at the end of com-

" pression of the unburned charge decrease as a result of

the decrease 1n the ratio of speciflc heats.

2, The temperature of the mixture decreases as & re-
sult of the heat of vaporization of the addltlional anount
of fuel.

3. The duration of the comvression of the unburned
charge increases as a result of the decrease in the flame
front gdecd.

4. The mean wall toemperature of the combugtion .cham-
ber decrenses on account of the lower flame temperature.
The temperature of the oxhaust valve decreases by a rela-
tivoly large amount.
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Diroct Effect of the Richness of the Mixture on
the Tcndency to Autolgnition Independently-

of thoe Effect of the Variable Factors Mentioned Under a)

In ordor to study this effect, the compresslon ratio
nbove whlch autolgnition vecurred as a function of the
nlxture strongth was determined in a C.F.R. engine, the
onglne belag bdrought up to steady conditions wlth an elec~
tric motor. The temperature of the cooling liquid was
maintained congtant with the ald of an electrlc heater in
the cnoling clrcuit. In order to eliminate ony effect of
the heat of vaporlzation, the temperature of the nixture
was naintolined at 150° C. for all the mixtures whose tem~
perature assured their dryness. Durlng the tests the
welghts of 2ir and of fuel were measured for different
mixture strongths. The results are shown on flgure 1l2.

It 18 interesting to note that without the spark the
minimum value of the admisslble compression ratlo glving
the maxipnum tendency to autolgnltion, correesponds to a
mixture richness of about 1.6 (curve b), whoreas with the
gpark the moaximum tendency to detonate corresponds approxi-
mately to the correct rixture for the same fuel (curve a
from fig. 3). PFronm thie fact 1t could be concluded that
for o given fuel-nir nixture tho detonating tendency in an
englne 1g not equal to the autoignition tendency of the
unburned charge. An increase in the richness of the nix-
ture, for examplo, for l,l1 to 1,6, roduces the tendency to
detonoate 1Irn the engline, whereas the sane change in the
richnees appears to increase the tendengy to autolgnltion.
It could thus be concluded that the richmess of the mixture,
by 1lts offect on tho conditlons to which the undurned
charge 1s subJocted, oxerts an indirect effect on the auto-
ignition of the charge, and this indlirect effect appears
to predoninate over the diroct effect in producing auto-
ignition,

CONCLUDING REMARKS

Corsldering the various aspocts of the guestlon of
the effect of nixture stroength on the detonation, one 1is
struck by the complexity of the problen. The contribu-
tion nede in this paper dnes not, thorefore, pretend to
conplotencoss, but 13 only an attenpt to present a general
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view of tho factors involved. Many invostigations will

.have o0 be. conducted before all of the olenments and thelr

effects that enter into the problem, will be acourately
known.

In conclusion, the author desires to express his ap-
preclation to M. Boerlage, Director of the Delft Labora-
tory, as well as to hias colleagues for the encouragenent
and effectivo ald they have given in tho preparation of
this gtudy. ‘

Translation by S. Relss,
Nationol Advisory Committee
for Aeronautics.
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FIGURE LEGENDS

Figure l.,~ Allowable mean effectlve pressure and specific
fuel consunption as functions of the nixture
strength. Supercharged C.F.BR. engine. Con=-
presslon ratio 5:1. IEngine speed, 900 r.p.de.
Tonperature of intake air, about 40° C. 77
octane fuel,

Figure 2.-= Allowanble mean effective prossure and specific
. fuel consunption as functlions of the mixture
strength..  Single-cylinder alrplane test en-
gine. _Conpression ratlio 7:1. ZEngine speed,
2,250 r.p.nes Tenperature of intake alr,
100° C, 77 octane fuel,

Figure 3.-= Curve a: Relation botween allowable compresslon
ratio and alxture strength.

Curve b: Relation between allowable compression
ratio and 4.5.T.M. octane number (C.F.,R, oc-
tane nunmber).

Curve c¢: Obtained from & and P and showing
nixture richness expressed in A.S.T.M, petano
nundbor.

C.F.R, engino with special caonshaft. Engilne
speed, 900 r.p.n. Tenperature of nixture,
150° C. 66 octane fuel,

Figuro 4.~ Svocific heat ratio as a function of tho mixture
strongth according to Pye (reference 1).
Theorotic-l prossure and temperature of the
unburnod charge at end of conpression calcu-
lated by above relation, assuning a piston
conprossasion ratio of 6:1 and a flamoe con-—
prosgsseion ratlo of 3:1, mnaklng a total con-
pression ratio of 18:1. Pressure before
connression, 1 kg/cn8; initial tenperature,
100° ©.

Figure 5.~ Allowable temperature of intake alr and fuel
congsumption as functions of mixture strength.
Single-cylinder nir-cooled engine. Compres—
gsion ratio 7:1. Engline speed, 2,250 r.Dells
Constant mean effective pressure, 7.9 kg/cm2.
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6.-

Speed of flame front as a function of the mix-

ture gtrength as measured in gn engine wilth
a window in the combustion chember (refer-
ence 2). ZEngine speed, 700 r,p.m.

Flgure 7.- Gomﬁuted flame temperdture as a funetlon of

the mixture strength, according to Tizard
and Pye (reference 3%).

Figure 8.~ Effect of mixture strength on temperature mens=-

Filgure

Figure

9."‘

ured at rim of spark plug flush with combusw
tion-chambor wall (reference 4).. No detonn-
tlon. Single-c¢ylinder alr-cooled airplane
oengine. Conmpression ratio, 7:1. ZEngine
speed, 2,250 r.p.m, Tenmnperature of 1ntake
air, 60° C.

Effect of nixture strength on temperature meos-

ured at rim of spark plug (reference 4),
specific fuel consumptlon and mean effecctive
pressure. C.F.R, engine wlth special cam-
shaft and modifiod carburator. Compression
ratlo, 6:1. Engine spced, 1,100 r.p.m.
Temperature of mixture, 100° C.

10~ Curve a: Relation between temperature of cool-

ing 1liquid and nixture strength. Slight
detonation at point A.

Curve b: Relation between allowable tempera-
ture of cooling liquld and mlxture strength,

Curve c: Relation between allowable tempera-
ture of cooling liquld and A.5.T.M. octanse
number. :

Curve d: Effect of mixture strength expressed
in terms of A.S.T.M., octane number. (See
also fig. 3.) .

CoFeRs engine with special camshaft and usu-
al ‘carburator. Engine spoed, 90Q r.p.m,.
Compression ratio, 4.2:1. Temporature of
mixture, 100° 0, 66 octane fuel,

Figure 1ll,- Tcmperature at the exhaust, of the exhaust

valve, of the temperature plug, and mean
effoctive pressure ap functions of the mix~
ture gtrongth. Ricardo E.35 englne. Com=
pression ratio, 5.911. Engine speed, 1,500
TeDene L Tomperature of mixture, 30° 6. Igni-
tion advance, 38°, 87 octane fuel. No det-
onation,
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Figure 12.,~ Relation between allowable -compression ratilo
and mixture strength with and without pas-
sage of spark for same fuel. OC.F.Re on=
gino with special canshaft. Engine speed,
900 re.pems Cooling liquld temperature
fnalntained constant at 100° C. Mixture ten=-
perature maintained at 150° C. 66 octane
fuel.
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Figs. 9,10
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