REPORT No. 189

RELATION OF FUEL-AIR RATIO TO
ENGINE PERFORMANCE

By STANWOOD W. SPARROW
Bureau of Standards




THIs DocuMeENT ProviDep By THE ABBOTT AEROSPAGE

TECHNICAL LIBRARY

ABBOTTAEROSPACE.COM



REPORT No. 189.

RELATION OF FUEL-AIR RATIO TO ENGINE PERFORMAN CE.

By Staswoop W. Sparrow.

SUMMARY.

The purpose of this investigation was to ascertain from engine tests the answers to the

following questions:

(1) What gasoline-air ratio gives maximum power?

(2) Isthe value of this ratio appreciably affected by auch changes in air pressure or tem-
perature as are encountered in flight

(3) What percentage of its maximum power does an engine develop when supplied with a
mixture giving minimum specific fuel consumption ?

This report was prepared for publication by the National Advisory Committee for Aero-
nautics and the tests upon which it is based were made at the Bureau of Standards between
October, 1919, and May, 1923. = From these it is concluded that: (1) with gasoline as a fuel, maxi-
mum power is obtained with fuel-air mixtures of from 0.07 to 0.08 pounds of fuel per pound
of air; (2) maximum power is obtained with approximately the same ratio over the range of
air pressures and temperatures encountered in flicht; (8) nearly minimum specific fuel consump-
tion is secured by decreasing the fuel content of the charge until the power is 95 per cent of its
maximum value. 7 7

Presumably this information is of most direct value to the carbureter engineer. A car-
bureter should supply the engine with a suitable mixture. This report discusses what mixtures
have been found suitable for various engines. It also furnishes the engine designer with a
basis for estimating how much greater piston displacement an engine operating with a maxi-
mum economy mixture should have than one operating with a maximum power mixture in
order for both to be capable of the same power development.

INTRODUCTION.

Of the published information on the relation of fuel-air ratio to engine performance, little
has been derived directly from tests of aviation engines. Nor have many tests been made at
low air pressures and temperatures, conditions of major importance from an aviation standpoint.
Much of the information that does relate directly to aviation problems is contained in Technical
Reports Nos. 48, 49, and 108 of the National Advisory Committee for Aeronauties. The titles
and authors of these reports are given in the bibliography.

Measurements of engine performance with various fuel-air ratios have been obtained in the
course of tests of aviation engines in the altitude laboratory of the Bureau of Standards. In
most instances these tests were not made primarily to investigate the effect of changes in fuel-
air ratio, and hence the range of mixtures studied was sometimes rather narrow. In general
however, the information covers a wide range of fuel-air ratios, air pressures, air temperatures,
engine speeds, and engine loads. Moreover, such data have been obtained from tests of several
engine types. It is believed that an analysis of the above-mentioned data will contribute
materially to enstmo o knowledge of the relation between fuel-air ratio and engine performance

The following report is the result of such an analysis. 0
1
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FUEL-AIR RATIO AND ENGINE PERFORMANCE.

What gasoline-air ratio gives maximum power?—In adjusting the carbureter to obtain
maximum power, the following method was employed. First the mixture was altered until
approximately maximum power (for the chosen set—of conditions) was obtained. As will bo
shown later values of power within 1 per cent of the maximum are obtained over a wide range
of fuel-air ratios. Hence little difficulty was experienced in obtaining a mixture to give
approximately maximum power. The next step was to find the leanest mixture with which this
power could be developed. To accomplish this the mixture was made so lean as to cause a
material decrease in power and then enriched just sufficiently for naximum power to be regained.

This method of adjustment is that usually employed in engine performance tests when there
is time for operating with but one fuel-air ratio at each condition of engine speed, load, ete.
The table of fuel-air ratios immediately following is based very largely upon data obtained in
this fashion. -

When time permits, it is preferable to follow the ‘“‘mixture ratio run” method rather than
to depend upon a single adjustment for maximum power. Runs of this type are made in the
following manner. A series of runs is made with all controlled conditions maintained the same
except the fuel-air ratio and the engine torque. Such a series shows the power and specific
fuel consumption for various fuel-air ratios. Ordinarily sufficient measurements of friction
horsepower are obtained to permit the indicated horsepower (brake horsepower + friction
horsepower) corresponding to any brake horsepower measurements to be calculated.

TABLE L
- Mixture ratio giving maximum E
power.
Engine data. R.P. M. Pound ai
. Pound gasoline ound air
per pound air, Dgeé‘sgﬁlélelfi
8 eylinders—bore £.72 in., stroke 5.12in............_.._. ) 1,600 [ 0.077:1t00.071:1 | 13:1to 14:1
8 cylinders—bore 5.51 in., stroke 5,91 ..o ............ { LSO L Loraitto .067:1 j13.5:1%0 15:1
N el
12 eylinders—bore 5.00 in., stroke 7.00 feeeoeneeeeen.... { o } L083:1te L0711 12:1to l4:l
. 1,000 °
6 eylinders—bore 6.50 in., stroke 7.00 i ....._.._.__.__.. ; }:% I .083:1to .071:1 | 12:1to 1471
‘ L 180,
! - - 1,000
i 6cylinders—bore 5.90in., stroke 7.09in.................. %’% & JO0T7:1to L071:1 ) 13:1 to 14:1
| 1,600
i A L,400
| 12 cylinders—bore 6.62 in., stroke 7.5in...o.....o...c.. LSO Losailto L0671 | 12:1t0 15:1
2,000
[ : 1,000 f
6 eylinders—bore 6.62in., sfroke 751in............o_.i.. i %’288 ! L0711 to L0591 L1416 1T
1 ' [l r6oo
[ 1,400 |
8 cylinders—bore 5.51 in., stroke 5.91in.. ... ... . ... %’388 13 .073:1t0 .070:1 [ 13:Ito 14:1
' | Eee
‘ ;

! It seems improbable that maximum power should have been obtained with a mixture of 0.059 pound
fuel per pound air not because this value is so much leaner than any of the others shown here but because
it is considerably leanertt. = T - T : ' " The value is included
because no particular incon. ' ' ) , . her engineshaving very
large cylinders have shown . i . . - r Jean mixtures.

The information given in Table I is in part composed of results obtained fromImixture
ratio runs. The results obtained by both methods are in close agreement and it is probable
that differences even between engines of the same ‘type overshadow errors likely to result from
the use of the first method described. From results to date it is concluded that ordinarily
maximum power, at least-in so far as aviation engines are concerned, is obtained with gasoline-
air ratios of between 0.07 and 0.08 pounds of fuel per pound of air (12.5 to 14.5 pounds of air
per pound of fuel).
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Is a constant ratio of fuel to air desirable over the range of air pressures encountered in flight *—
The answer to this questionis “Yes,’” judged by results of mixture ratio runs with several engines
over a wide range of conditions of engine operation. This statement is believed to be true
whether the desired condition is maximum power or minimum specific fuel consumption.!
There are less data in this report as to the latter condition because in many of the tests the
carbureter did not furnish a mixture lean enough to permit minimum specific fuel consumption
to be obtained.

Figure 1 shows a typical group of mixture ratio curves at entrance air pressures correspond-
ing to altitudes ranging from sea level to 30,000 feet. In this group of curves the range of
mixtures was limited by the carbureter rather than by the inability of the engine to operate
at mixtures richer or leaner than those shown. From this figure it appears that approximately
the same fuel-air ratio gives maximum power? over the range of pressures investigated. Inas-
mu-h as within one per cent of maximum power can be obtained over a wide range of fuel-air
ratio®, the selection of the mixture ratio giving maximum power from curves such as those
given in Figure 1 is somewhat uncertain. Obviously, if the power

remains approximately the same over a given range of fuel-air ratios Tost 163
then the specific fuel consumption will vary almost directly as the /-‘/5/?(3‘ /f}/gf;ﬁ/;
fuel-air ratio. Hence, the specific fuel consumption at maximum & [ Comp rafic 53 |
power mixture ratios is very sensitive to changes in mixture ratio. §/0 e
A satisfactory method for determining whether or not the same fuel-  § ol | 2]~ 078 %
air ratio is desirable over a given range of conditions would appear 3130 31
to be the following. From a group of curves such as shown in g AT 065, & g
Figure 1 select the fuel-air ratio that appears to give maximum power. é/ao E‘"Ef
Next note the variation in specific fuel consumption (from curves 9/0 _E--g-
similar to Figure 1 but with specific fuel consumption plotted versus /001 -054-b—-§—
fuel-air ratio) with this fuel-air ratio over the range of conditions g , 819 ]
investigated. E 50 a5 S | § |
If over this range the same fuel-air ratio gives essentially the % — I8 ls
same specific fuel consumption it would seem justifiable to conclude § 70 7T
that the same fuel-air ratio is desirable. Figures 2, 3,4, 5,6, and 7 g680—= { élL
show results obfained in this fashion. These show the effect of 350 — ]03/ -
changes in entrance air pressure for about 30 conditions of engine E 20 026,
speed, load, compression ratio, ete. In a very few instances there E

05 .07 .09 LF
Fig.l L6 fuel per b air

Test on 8-cylinder engine, hore 4.72
inches, stroke 5.12 inches.

appears to be a consistent increase or decrease in specific fuel con-
sumption with change in. entrance air density (at a constant air
temperature). Nearly all, however, show no appreciable increase or
decrease. From the information just presented it would appear that
a constant ratio of fuel fo air is desirable over the range of entrance air pressures studied.

Is a constant ratio of fuel to air desirable over the range of entrance air temperatures
encountered in flight?—Again the answer is “Yes,” solong as the fuel is aviation gasoline and
the temperature range no greater than that studied in these experiments. Figure 8 shows a
typical group of curves obtained from tests at several air temperatures. Ninety-five per cent
of maximum power is seen to have been developed with nearly the same fuel-air ratio over
the range of air temperatures investigated. The significance of this appears when it is shown
later that ordinarily minimum specific fuel consumption results from impoverishing the mixture
sufficiently to cause a 5 per cent decrease in power. An analysis of a large number of tests

1 8pecific fuel consumption is expressed as pounds of fuel per indicated horsepower hour or as pounds of fuel Ter brake horserower hour.
* At constant engine speed, horsepower = XX mean effective pressure. ‘The value of K can be caleulated when the engine syeed and piston
displacement are known.
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E};’r temperature = +0°C Compreassion ratio = 53
T 3 1 T
5 '.“400( RSD.I‘%-*Lb fué/pe B oir = 1080 &
. Jz" Lc‘sog’ - Lb air per b fc.‘rell =125
5 EEENANNNERNN >
6 1800 REMITLD fuel ber b oir = .O7: 6
>4 Lodd ——Lb oir per b fuel =126
SHET s
. |
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£6 1400 RPMALE fuel per b air = 080, 6<%
3, = 5L
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3.5 J;,,/, Lload-_J_ Lo air per b fuel =143 54
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: i
=
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Tests /63, /64, /65, 166.
Air temperature = -I0°C
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4 —
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; = =
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“ i o A
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¢ B B
N (l.‘ompfelss,{orlr r[_ai‘ifo l= 5.:}3
. L I
g 1600 APMILLb fuel per b i = 077
Q
B 5 Fult foget} lzT offr[pelv- lerfuell 3.0
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O
-~
5 1600 RRM.LILb. fuel per~ th_air- = Q77
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- Compression rafio = 6.3
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.08 a7 .08 .05 04 .03 az
Fig6 Air density in b per cu. Ff
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Test /87
Air temperature = +/0°C Compression rafio = 6.3
6 [ [ I N
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5 4 Lood T | [Lb air,per /b Tuel =122 5
: ] L]
] ] 2
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§ P
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e . 8
q’ 3 Q)
Q6 - 68
3 1800 RPM.{_Lb Fuef per fb air = 078 «
‘3 5 Full lood Lb agir per b )"t.e/'-! /2.9 3 55
° ) 1
Q T Q
~.6 i 16~
1800 RPM LD fuel per ib o:l'" = 076
5 573 "f’”d‘—" Lb cir per tb fuel = [3./ 5
P 1 A
Shnms s
.6 1900 RPM TLE Fusl per b ol = 079 &
P
4 Load — T Lb c/r er lb fue = I?S
% : P68 &
5 P 1 1| 5‘
ST T IlilT[lfl!F
.08 = .07 .06 .05 .04 03 .02
Fig.3 Air density in b per cu. ff.
Test 170
Air tempercture = +0°C Compression raﬁ 6‘.3
51a1lil£(llflli!f_l,+] s
oL 00 i [118 ruer pet i o = a73
< . - . . -
« t . - - -
Q . H .
L
3\:-.4 43
L Q
¢ g 6%
Q ~
~ Iy [
33
.5 7800 RPM| | Lb fuel per 15 air = 071 S
= — Q
ad ¥ Lood | |Lb oirper b fuel =141 4.
< L B
.6 64
1400 RPMTIL fuel per lb cir = 078 ~
5 3 Load —[{Lb air per Ib fuel =129 5
A T
.08 Q7 .06 .05 .04 .03 .02
Fig.5 Air density in b per cu. L.
Tests /83, /64, 165, 166.
Air fenpef'afure = +/0 c
11 {1600 meje: Lb Tuel per b air = o 11
- e gl .?aAnx-. L
L L lil!}l-i ]
A4 ] Hllllilll
/600 RPM_|_[Lb fuelper b air = .07}
5 Fulf foad Ly air per tb fuel = (40
. Compression ralio = £.3
4
& 1500 RPML_|Lb fuet per tb air = .07/
Q 5 Full foad, [_b a/r‘ per—|lb )"ue/‘ =140
T § ]
=~ Canzpresszon ratic = 653
5 NN AN
Q. 1600 RPM | — Lb fuea’per‘ B ar = 077
~ Fult foad | 1L b gir, per b fuetl = 13.0
§° T T
~ 4 Compres. sron raf;c = 73,6"3
Q° ! |1 !
~ 1600 RPM | _|Lb fuel ,‘;e,l 5 Gir = 077
5 Fult load Lb air per b fuel =130
N 1 1M D A N
T (S S
4 Compression ratio = 63
.5 1600 RPM.|_1Lb 'uelper/ air = 077
4 Full food Lb oir per /b fuel = /30
- I | | Compression Fatis = 5.2 T
.08 gr .06 - .05 .04 .03 02
Fig.7 Air density in tb per cu. ft.

Engine used in test, 8 cylinder, bore 4.72 inches, stroke 5.12 inches.
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covering a temperature range of from —20° to +40° C. shows maximum power to be obtained

with approximately the same fuel-air ratio at each temperature.
found in tests of motor-car engines using much less volatile fuels.?
in reality the determining factor in this question. A constant
fuel-air ratio is desirable only so long as a change of air tempera-
ture does not change appreciably the relative quality of the mix-
ture supplied to the various cylinders or the amount of fuel that
hasbeen vaporized at the time the compression stroke is completed
When this is not the case the mixture ratic should be changed
when the temperature changes in order to compensate as far as
possible for the change in vaporization or distribution that has
taken place.

In so far as aviation work is concerned the conclusions cover
a somewhat wider range of temperatures than the actual values
would indicate. At an altitude of 25,000 feet the average air tem
perature is —28° C., somewhat lower than the temperature usually
reached in these experiments. However, tests were made at — 20°
C. at an altitude of 5,000 feet, and a fuel vaporizing under these
conditions would vaporize as completely at a considerably lower
temperature at the lower pressures prevailing at 25,000 feet. The
explanation for this lies in the fact that for a given ratio of fuel
vapor and air the ratio between the pressure of the vapor in the
charge after complete vaporization and the pressure of the air

Similar results have been
The volatility of the fuel is

05 a7 .Gg L/
Fig.8 Lb fuef per b gir

§ i | Test iz [
g OO0 RAPM. Full foad-
C Comp. ratio 5.3
G /40— —
2 97199% maox. power
QAT
ST -20°C 5
| T
§Eorg %5
L= Sy
| & —(0°C
Siool e 110CR1S.
v nh Sles
21O g.3-
S ol it S1E
T T67
5140 | 0|8
O <R
5 o
2120 g-
v /10-2] Toi
S
9
L
]
N

Test on 8-cylinder engine, bore 4.72 inches
stroke 5.12 inches.

remains constant regardless of what the pressure of the air actually is. At 25,000 feet alti-
tude the pressure of the air is muech lower than

200 at 5,000 feet. Hence the vapor pressure will
S be lower and complete vaporization can take
v /et L place at correspondingly lower temperatures.
%f a0 T — This will be evident from Figure 9. The lower
3 80— — full-line curves show initial condensation tempera-
§ 40/ tures for two fuel-air ratios plotted against fotal
= 0 pressure. The dash line shows average air tem-

¢ a4 9. 80 Ao peratures at various barometric pressures (alti-
tudes). For a fuel-air ratio of 0.083 the con-
Barometric pressure, cm of Hg. o densation temperature at a total pressure cor-
@ g 80 &0 40 2 " 0 2p,; Tesponding to an altitude of 5,000 feet is —3° C.,
g v\—ﬁ—egggg'e/ § while for a pressure corresponding to an altitude
L /0\\ o . 105 of 25,000 feet it is —17° C. Inasmuch as the
— — /0000 L . : s o
S o ~T [ U{g difference between these temperatures is 14° C.
§-/0 S \\‘_/5{000’* : —/035\3 it seems entirely justifiable to conclude that
%-20-“7 el per b air.083Y [ 1R 2?000’ -zpt  vaporization at —28° C. at 25,000 feet altitude
E-E’U-Zb fefp;r;::ﬁofs \L\\ ! 30(?] would be no less complete than at —20° C. at
N T |-ue/£ g I\ 25000 § 5,000 feet. Hence it is believed that the results
§'4%0 80 60 40 20 0'40§ here presented cover average conditions between
KFig.8 Total pressure, cm of Hg. < sea level and 25,000 feet. .
Fuel characteristies of domestic aviation gasoline (from Wilson and In connection with the above discussion it

Barnard}.

tends to become more or less complete as the altitude is increased.

is of interest to consider whether vaporization

A decrease in air pressure

and a decrease in air temperature are the two major consequences of an increase in altitude.

?Intake Manifold Temperatures and Fuel Econcmy, by H. C. Dickinscn, W. S. James, and S. W. Sparrow. Journal of Society of Automctive

Engineers . August, 1920.
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The former tends to make vaporization more complete, the latter to make it less complete.
Their combined effect can be inferred from Figure 9. Initial condensation temperatures have
been taken from Wilson and Barnard.* At a pressure corresponding to an altitude of 25,000
feet initial condensation temperatures are about 20° C. lower than at sea-level pressure. The
actual decrease in temperature for this same change in altitude is given by the dash line as
46° C., more than twice as great. . Hence under normal conditions vaporization tends to become
less complet—e as the altitude is increased. As has been shown, with fuels and engines no worse
than present-day types, this tendency does not manifest itself to an extent demanding any
material enriching of the mixture over the range of altitudes investigated.

One must not lose sight of the distinetion between constant fuel-air ratio and a constant
carbureter adjustment. To obtain the former the carbureter adjustment must be manipulated
very frequently in present-day carbureters. The first problem that confronts the carbureter
engineer is to provide a carbureter capable of being adjusted under any condition of operation
to give the desired mixture. Having accomplished this he can then bend his energies toward
a reduction in the number of such adlustmentb that must be made in order to maintain the
desired fuel-air ratio.

What percentage of its mazimum power does an engine develop when its specific fuel consump-
tion is @ mintmum?-—The chemical combining ratio of a hydrocarbon fuel and air is understood
to be a ratio such that the products of complete combustion are carbon dioxide and water with
no carbon monoxide or oxygen. As is well known, maximum engine power is obtained when
the fuel-air ratio is in excess of, and minimum specific fuel consumption when the fuel-air ratio
is less than, that giving the proportions for chemical combination. This can be attributed
in part at least to imperfect mixing. An excess of fuel is necessary to the complete utilization
of the air, while an excess of air permits complete utilization of the fuel. To obtain maximum
power the air should be utilized completely. To obtain minimum specific fuel consumption
the fuel should be utilized completely.

Tizard and Pye  have made a much more complete a,nalysxs of this problem than will be
attempted here. From the conclusions they have reached it appears that even with perfect-
mixing maximum power should be expected with a mixture richer, and minimum specific fuel
consumption with one leaner, than the so-called chemical combining ratio.

Before passing to the curves mention might be made of a phase of the relation between
mixture ratio and power that has often caused confusion. As a basis for discussion assume*
the products of combustion of a rich mixture to be carbon dioxide, carbon monoxide, and water.
Table II ¢ shows for typical hydrocarbon fuel the percentage of available energy per pound of
fuel for mixtures of several degrees of richness. It is apparent that the energy available theo-
retically per pound of fuel must decrease when the mixture is made richer than that theoreti-
cally giving complete combustion. The energy available depends upon the amount of air
present as well as upon the amount of fuel. Supplying excess {uel, since it does not increase
the amount of air, does not increase the total amount of energy available and hence must de-
crease the energy available per pound of fuel. It will be observed that when the fuel content.
of the charge is 50 per cent in excess of the theoretical combining ratio there is a decrease of
nearly 50 per cent in the available energy. At first glance this appears in marked contrast
with the comparatively small decrease in engine power that results from using a mixture of
this degree of richness.

4 Further Data. on the Eﬂectxve Volatility of Motor Fuels, by Robt E. \\ 11=0n a.nd Damel P Barnard 4th. J oumal of Soctety of Automofno
Engineers, March, 1923. The actual values there given have been questioned by some writers. (See paper presented by Gruse at New Haven
meeting of American Chemical Society in April, 1923.) The disegreement as to actual values does not extendto the change in condensation tempera--
tures with change in pressure which is the point of interest in this discussion. . i

& The Character of Various Fuels for Internal Combustion Engines, by H. T. Tizard and D. R. Pye. The Automobile Engineer, February,
March, April, 1921, ’

¢ Taken {rom The Economical Utilization of Liquid Fuel, by C. A. Norman, Bulletin No. 19 of the engineering experiment station of the-
Ohio State University.
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TABLE II.
Pound fuel per pound sir..........._.. ©0.100 0.091 0.083 0.017 0.071 | 0.067
Poundsair per pound fuel..........._.. 16 11 12 13 14 15
Pares ntage of avaﬂsble energy per
pound fuel.....ovveivniii s 33 63 | 73 82 91 100

The reason is that in the usual mixture ratio run the change in richness is effected by chang-
ing the fuel content of the charge.. Hence the change in power depends not only upon the
available energy per pound of fuel but also upon the pounds of fuel available. Taking an illus-
tration from Table II, when the pound fuel per pound air is 0.100, the fuel content of the charge

is (? Olé)ﬁ'? as great as when the ratio is 0.0666. Although the available energy per pound of

* fuel is only 53 per cent of that available with the 0.0667 mixture, the corresponding energy

‘per unit weight of charge is 00060607 53 or 80 per cent. While Table II gives a satisfactory pic-
ture from the standpoint of specific fuel consumption, Table III is more satisfactory from the

standpoint of power.

TABLE IIL
Pound fuel per pound air......_...... I ool ooo1]| ooss| oom| oon| ooer
Pounds air perpound fuel.. .......... 10 11 12 13 i4 15
Percentage ~of available energy per -
poand 8iT. . oo e 80 86 g1 i 95 o7 100

Figures 10, 11, 12, 13, 14, and 15 show specific fuel consumptions at various percentages
-of maximum indicated horsepower. With the exception of three dotted curves in Figure 15,
the restlts are all based on tests made at the Bureau of Standards. Aviation engines of various
types were used in obtaining the greater portion of these data buf four and six cylinder motor-
-car engines and single-cylinder experimental engines were employed to some extent.

Considering the entire group of curves the most striking feature is the small difference
between the minimum specific fuel consumption and the specific fuel consumption obtained with
.2 mixture impoverished until the power is 95 per cent of its maximum value. Frequently the
actual minimum value is not reached until the power has been reduced to 85 per cent of its
maximum value. In such cases, however, the difference between the specific fuel consump-
tions at 85 per cent and 95 per cent of maximum power is comparatively small while the dif-
ference between the specific fuel consumption at 95 per cent and at maximum power is large.
Hence very nearly minimum specific fuel consumption may be obtained by decreasing the fuel
.content of the charge until the power developed is 95 per cent of its maximum value. After
impoverishing the mixture to this extent, the margin of safety against firing back into the
.carbureter is still ample provided the engine possesses a reasonably good distribution system.
From the above information it is evident that an engine designed for operation with a mini-
mum specific Tuel consumption mixture should have a piston displacement about 5 per cent
greater than one designed to be operated with a maximum power mixture. It should nof be
interred that there is some peculiar virtue inherent in the 95 per cent value that makes it vastly
superior to 91 per cent or 93 per cent.. In most cases the latter values give slightly lower
specific fuel consumptions but at the cost of an appreciable reduction in the margin of safety
against firing in the intake pipe. All things considered the 95 per cent value appears to be a
Jsatlsfactory compromise.

Since, in Figures 10 to 15, the actual values of specific fuel consumption are separated SO
widely, it at first seems surprising that the 95 per cent value should be so near the minimum in
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every case. To some extent the mystery disappears when one appreciates the difference be-
tween the effective mixture in the cylinder and the ratio of fuel to air leaving the carbureter-
The effective mixture ratio in the cylinder is that mixture which determines how much heat is
liherated by combustion. Generally speaking, when the resulting increase in temperature is a
maximum, the power is a maximum; when the increase in temperature per pound of fuel is a
maximum the specific fuel consumption is a minimum. Obviously, there is a fairly definite
relation between the effective mixture ratio for maximum power and that for minimum specific
fuel consumption and hence a definite relation between the power$ developed in the two cases.
Actual values of power and specific fuel consumption are governed by the relation of the actual
to the effective ratio and by the cyelic efficiency which determine how much of the heat liberated
by combustion is converted into work. Hence such /2

values are likely to vary between wide limits. Such | e '

variations do not disturb the relation between the - N \ N \

effective mixture and the amount of heat liberated QQ:/'O_E E

by combustion. Consequently they do not disturb J _&% 50\\3 ‘5‘3 . —‘)

the relation between maximum power and the power pog-0 6

giving minimum specific fuel consumption. | gl 5 I
Thus far, the curves for the most part have shown §0 sl § 0 K §_80 :§

results based on indicated rather than on brake horse- 97| §lg, 1 / g w0l

power. General relations have been sought and not B o ool -

values which would change with any change of me- 0425 o5 700 50 20 700

chanical efficiency. Ultimately, however, minimum Percex;;‘ /%r; mﬁi‘;uegfai);

specific fuel consumption on a brake horsepower basis AU :

is desired. TFig. 16 has been plotted to show the 5: Curves ore ﬁ%ﬁ;ﬁeﬁf‘;’i‘ggﬁ’ﬁ“ﬁﬁe

effect of the mechanical efficiency upon the pounds of £/ I

fuel per brake horsepower hour and to aid in convert- 8 30 '

ing results from an indicated to a brake horsepower ?«Eaa

basis. TWhen a change in power is effected by a change  § ;,E= —— ——

in fuel-air ratio the mechanical efficiency changes E wEEE::—‘EEEEz

solely because of the change in indicated power, § F————c—r—1 1 |

the friction remaining substantially constant. Me- = 50582 88 g2 895 100
. T 1L.EP_T.HP Fig.16 Percent of maximum LR

chanical eﬁiaency= I.HP ) The lower group Effect of changes in mechanical efficiency upon the perceni-

of curves in TFigure 16 was obtained by a method ;’E:l"cfomgﬁl porer ot which the minimum specilic

described in Appendix 1. From these curves, the me-

chanical efficiency at any per cent of maximum power can be determined if the efficiency at maxi-

mum power is known. This permits converting results from pounds of fuel per brake horsepower

pound fuel per I.HP hour d
Mechanical efficiency —poun

hour to pounds of fuel per indicated horsepower hour since

fuel per B.HP hour.

The upper left-hand portion of Figure 16 gives values of pounds of fuel per brake horsepower
hour corresponding to mechanical efficiencies of 60, 70, 80 90, and 100 per cent at maximum
power. At the right the same values are plotted but in the latter case versus per cent maxi-
mum brake horsepower instead of versus per cent maximum indicated horsepower. Per cent
B.HP corresponding to any per cent I.HP can be determined from the lower curves of Figure 16
by multiplying per cent I.HP by the ratio between the mechanical efficiency at that per cent
I.HP and the mechanical efficiency at maximum power. Figure 16 shows nearly minimum
specific fuel consumption on a B.HP basis also to be obtained both at 95 per cent of maximum
I.LHP and at 95 per cent B.HP. The general applicability of this 95 per cent value can be
explained by the fact that there is so little difference between the mechanical efficiencies at
maximum and at 95 per cent of maximum power. From the foregoing it is concluded that
very nearly minimum specific fuel consumption (per B.HP hour or per I.HP hour) is obtained
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when the fuel-air ratio is decreased until the power (B.HP or I.HP) is 95 per cent of its
maximum value. '

Carbureter engineers may desire to know, for certain of the curves shown in Figures 10
to 16, the relation between the change in fuel content of the charge and the specific fuel con-
sumption. This information can be determined readily as will be evident from the following
analysis:

A =pound fuel per hour at ¢ per cent of maximum power.
B=pound fuel per hour at b per cent of maximum power.
k =horsepower at maximum power.

ak
TO—Ozhorsepower at @ per cent of maximum power.

%=horsepower at b per cent of maximum power.
('=pound fuel per I.HP hour at a per cent of maximum power.-
D =pound fuel per L.HP hour at b per cent of maximum power.

ak 1004

C=A~f55=F i
bk _100B

D=B+y55= bk

(A2 5)-3)

This may be stated in words as follows. The ratio of the fuel content of the charge at a

. given percentage of maximum power to the fuel content of the charge at some other percentage

of maximum power is equal to the ratio of the products of specific fuel consumption and per

cent power for the two conditions. In general 95 per cent of maximum horsepower is obtained

when the fuel content of the charge is between 80 and 85 per cent of that which gives maximum
power.

How does faulty distribution affect power and specific fuel consumption?—Note that the
question does not refer to the cause of faulty distribution but to the effect. In the discussion
which follows, distribution is considered faulty when all eylinders do not receive the same
quality of mixture. Occasionally one cylinder requires a mixture of a quality different {from
that of another cylinder, but such a requirement usually testifies to poor engine condition or
design. Attention already has been directed to the difference between the effective fuel-air
ratio in the cylinder and the ratio of fuel to air thatleaves the carbureter. The latter ratio
will be the one termed mixture ratio throughout the ensuing discussion. Figures 17, 18, and
19, illustrate faulty distribution. The lower curve of Figure 17 is plotted from expenmental
data obtained with a single-cylinder engine. It represents what could be obtained from an
engine having 6 similar cylinders each of which received the same quantity and quality of
charge. The remaining curves show the result when 1, 2, 3, 4, or 5 of the six cylinders receive
a fuel-air mixture whose fuel content is 20 per cent less than that of the remainder.

All caleulations are based on the assumption that each cylinder when supplied with a
certain fuel-air rafio develops the ILM.E.P.” shown by the lower curve of Figure 17 to have
been developed by the single-cylinder engine. In performance tests measurements are made
of the total weights of fuel and air received by the engine and of the total power developed by
it. Results such as would be obtained from such measurements under the conditions specified
are shown by the various curves. To illustrate how the curves are derived consider the case
when 3 of the cylinders are 20 per cent lean These will receive a mixture of fuel and air in

71, ’\{ E P. =mdxcated megn eﬁ‘ectne pressure
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the ratio 0.8(0.08) when the other 3 cylinders receive an 0.08 mixture. The apparent mix-

ture ratio will be 3(0'8)”(9’*0?)’ +3(0.08) which equals 0.072. For a fuel-air ratio of 0.8(0.08) =

0.064, the lower curve of Figure 17 gives an ILM.E.P. value of 68.8 and for a ratio of 0.08 the
value is 73.4. Hence the apparent IM.E.P. will be 3(73.4) 23(68'8) =7L.1.

The lowest maximum IM.E.P. for the group of curves shown in Figure 17 is 73.2 while
the highest, obtained with perfect distribution, is 73.8. In Figure 18 are similarly obtained
curves of specific fuel consumption. The highest minimum specific fuel consumption is 0.458
while the lowest, with perfect distribution is 0.432. Figure 19 is a recapitulation of the data
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presented in the two previous figures. In this one instance points indicate values from faired
curves instead of experimental data. This has been done in preference to drawing curves which
would overlap so much as to make it extremely difficult to distinguish one from the other. A
change in distribution unless greater than 20 per cent might appear to be of no great moment .
since it results in no great change in either maximum power or minimum specific fuel con-
sumption. If the mixture could be énd were adjusted closely for each change of condition the
above conclusion would be valid. In service the tendency is to adjust the mixture so that the
engine will function regularly over as wide a range of conditions as possible in order to reduce
the frequency with which adjustments must be made. An architect plans a doorway so that
it will be of adequate size for the tallest and fattest likely to pass through. In much thesame
fashion an engine operator is likely to adjust the mixture to be amply rich for any condition
likely to arise. ~ '

52201259 *
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In such a case the mixture ratio adjustment would depend upon the leanest cylinder, in
other words it would be such that this cylinder would operate satisfactorily under extreme
conditions. With perfect distribution such an adjustment might result in a considerable waste
of fuel because it would be likely to provide a fuel-air ratio richer than necessary during the
major portion of the operating time. A similar adjustment when one of 6 cylinders is 20 per
cent lean would cause the remaining 5 cylinders to be proportionately richer than necessary
throughout the entire range. In such a case the specific fuel consumption might be 20 per cent
greater than that with perfect distribution. )

CONCLUSIONS,

General conclusions are as follows:

(1) When using gasoline as a fuel, maximum power usually is obtained with fuel-air mix-
tures of between 0.07 and 0.08 pounds of fuel per pound of air.

(2) Maximum power is obtained with approximately the same fuel-air ratio over the range
of air pressures and temperatures ordinarily encountered in flight.

(3) Nearly minimum specific fuel consumption results from decreasing the fuel content
of the charge until the power is 95 per cent of its maximum value.
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APPENDIX.

The curves in the lower part of Figure 16 were calculated for a change in mechanical effi-
clency resulting from a change in engine power unaccompanied by a change in friction. Hs-
sentially this condition exists when the fuel-air ratio is changed and the load on the engine is
adjusted so as to maintain & constant speed.

Let

Ad=maximum I.HP

B=B.HP when A=1HP

C=F.HP when A=1.HP
m=mechanical efficiency when A=1.HP

¢=1HP such that §=r

b=B.HP when ¢=1.HP
¢=F.HP when ¢=LHP
z=mechanical efficiency when ¢=LHP

then
p_0=c_; ¢
¢  a @
¢= € by assumption
:c=1—0
a
a=Ar
¢
$=1—§
C=4-B
B=Am
O=A—Am=A{ —m)
o, Al—m) (I —m)
r=1I- Ar _I_T

Values given in Figure 16 have been calculated from this relation.

To obtain the group of curves in the upper right-hand corner of Figure 16 it was necessary
to determine percentages of B.HP corresponding to known percentages of LHP. The iollowing
analysis shows how this can be accomplished. Let subscript 4 represent the maximum power
condition and subscript s the condition for which the per cent B.HP is to be determined.

Then

B.HPA= (_meCh- eﬁC.A) (I.HPA)
B.HP; = (mech. effic.s) (I.HPg)

;B.HPB_I.HPB (mech. eﬁC-B)
B.HP, I.HP, (mech. effic.,}

For any value of %'gB the mechanical efficiency can be determined from the lower group
. A

of curves in Figure 16. g'g‘a can then be determined from the above equation. The follow-

ing table shows percentages of maximum brake horsepower corresponding to various percent-
ages of maximum indicated horsepower for conditions where the mechanical efficiency is 90
per cent, 80 per cent, 70 per cent, and 60 per cent.
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TABLE IV.
Per cent of maximum B.HP when
mechanical efficfeney af maximum
. power fs—
Per cent of maxi- -
mum I HP. = -
90 per 80 per 70 per 60 per
cent. cent. cent. ceit.
100 100 100 100
7.8 97.6 g97.1 906, 6
95.6 95.0 942 93.3
94. 4 93.9 92.8 gL.7
93.4 92,4 01,4 $8.9 !
9.1 20,1 8.6 36.6 |
83.9 87.5 85.7 83.4 |
86.6 85,0 82.8 8.1 |
8.4 82.6 80.0 76.8
i
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