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THE MEASUREMENT OF FUEL-AIR RATIO BY ANALYSIS OF
THE OXIDIZED EXHAUST GAS

By Harorp C. GerrisH and J. LAWRENCE I\IIEEM,‘Jr.

SUMMARY

An investigation was made to determine a method of measur-
ing fuel-air ratio that could be used for test purposes in flight
and for checking conventional equipment in the laboratory.

Two single-cylinder test engines equipped with typical com-
mercial engine cylinders were used. The fuel-air ratio of the
mixture delivered to the engines was determined by direct
measurement of the quantity of air and of fuel supplied and
also by analysis of the oxidized exhaust gas and of the normal
exhaust gas. Five fuels were used: gasoline that complied
with Army-Navy Fuel Specification No. AN-VV-F-781 and
Jour mixtures of this gasoline with toluene, benzene, and xylene.

The method of determining the fuel-air ratio described in this
report involves the measurement of the ‘carbon-dioxide content
of the oxidized exhaust gas and the use of graphs or the pre-
sented equation. This method is considered useful in aircraft,
in the field, or in the laboratory for a range of fuel-air ratios
from 0.047 to 0.124.

INTRODUCTION

Measurement of the fuel-air ratio of the combustible
mixture supplied to internal-combustion engines has re-
ceived considerable attention during the past few years.
This interest has been accentuated by investigations that
have shown the limitation of the allowable range of fuel-air
ratios in full-scale engines when compared with the range
in a single-cylinder engine. The fuel-air ratio at which
an internal-combustion engine operates is of paramount
importance not only because it is a factor in the correlation
of all engine-performance data but also because it affects
the temperature of the engine cylinders, the specific fuel
consumption, the range, and the useful carrying capacity
of aircraft.

Knowledge of the fuel-airratio at which internal-combustion
engines are operated and the control of this ratio in
flight is essential for the following reasons: (1) to avoid
possibility of engine failure due to high temperature or to
knock caused by unfavorable mixtures, (2) to assure optimum
power when required, (3) to achieve maximum economy, and
(4) to make possible the correlation of engine-performance
data. )

An analysis of the exhaust gas from each cylinder can be
used to determine the mixture strength of the charge to the
cylinders of a multicylinder engine in flight, in the field, or

in the laboratory. This method would also be useful in
checking the accuracy of conventional methods in the
laboratory. : RN

The determination of the fuel-air ratio in the laboratory is
usually made by employing gasometers, venturi meters,
orifice plates, fuel-weighing devices, and flow meters in
various combinations to measure separately the air and the
fuel supplied to the engine intake. In flight, the accurate
determination of fuel and air quantities with such devices
is difficult and, in some cases, impossible. Automatic in-
struments that are actuated by the thermal conductivity of
the products of combustion in the exhaust gases have been
used in flight for indicating the fuel-air ratio. The extension
of the operating range of the engine to lean-mixture opera-
tion (mixtures leaner than the theoretical), however, causes
reversal of the usual type of indicator making it show a rich
mixture when the engine is operating on a lean mixture.
For these reasons and because a simple fundamental standard
is required to measure the fuel-air ratio of the mixture
supplied to the engine as well as that supplied to the separate
cylinders in flight, this investigation was undertaken.

This report presents an accurate method of determining
the fuel-air ratio of the mixture supplied to the cylinders of )
an internal-combustion engine and also presents data cor-
relating the results obtained by this method with those
obtained by the usual method for fuels having hydrogen-
carbon ratios between 0.115 and 0.188 and for mixture
strengths covering the entire range of possible engine
operation.

ENGINE CONDITIONS

Two single-cylinder test units, designated engine A and
engine B, were equipped with typical commercial engine
cylinders. Figure 1 shows the setup of engine A and of the
auxiliary equipment. The setup of engine B was similar.
Both units had dual-ignition and modified carburetor fuel
gystems and were air-cooled. Characteristics of the engines
and the test conditions are given in the following table:

Dis- Com- i Valve
ggé or| P | e }Epe"de (deg 0% ‘Pressare
154 men on ov-
(cuin)) | ratio (rpm) e?ﬁp) {,ln. Hp
A | gm0 | 208 &% 1 2000 u“ )
B a 202 6.4 2000 | - 47 2.5

73



:‘ - a H
Fraure 1.—Setup engine A and auxiliary equipment.

The engine speed was manually controlled within 410
rpm of the standard speed by sfroboscopic observation of
marks on the flywheels. Rotameters were used to make
preliminary adjustments of the fuel going to the engines.
The weight of fuel used was determined by weighing tanks
electrically synchronized with the engine revolution counters
and stop watches. The air entering the engine cylinders
passed through sharp-edged orifices where the pressure
drop was measured. It then passed through surge tanks
and to modified carburetors in which only the fuel jets and
the venturi passages were used. The quantity of fuel
flowing to the jets was controlled by an adjustable needle
valve.

The fuels used in this investigation were obtained by
adding aromatic fuels to 100-octane gasoline that complied
with Army-Navy Fuel Specification No. AN-VV-F-781.
Characteristics of these fuels are shown in the following
table:

Composition by volume Heat of combus-
(percent) Tetra- }Iggm- tion (Btu/lb)
En- othyl bor
ol e To- | Ben- | X (zﬁki/a;l) Satio
octane | 19 - H/O | Gross Net
gasoline uene | zene | lene
B A | 100 — . — 3 0.188 20,420 18,935
A A | 100 — _— — 3 .188 20,420 18,935
A B 85 15 — — 3 .168 20, 080 18,7056
A Q 60 20 b 15 3 147 19, 650 18, 445
A D 50 - | 50 — 3 .125 19, 030 17,885
A E 37.2 LI 62.8 — 3 115 18,625 17,656

The hydrogen-carbon ratios of the fuels were determined
in this laboratory by the usual combustion method. The
aircraft-engine lubricating oil was Navy 1120 with a hydrogen-
carbon ratio of 0.156 and a specific gravity of 0.881 at
25° C (77° F).

METHOD

Exhaust gas was obtained by inserting a ¥%-inch tube of
stainless steel into the center of the exhaust stack approxi-
mately 1% inches from the exhaust port. The length of the
gas-sampling tube varied from 4 to 20 feet depending on the
setup. Experiments with many engines during the past
several years have shown that this method is satisfactory
provided that a positive pressure exists at the gas entrance
of the tube and that no air leaks are present. The gas-
entrance end of the tube was pointed upstream to increase
the positive pressure of the gas by the dynamic pressure.
The gas was passed through the tubing to an oxidizer,
through a desiccator, and then to a gas-analysis apparatus
in which the carbon dioxide (CQ:) content of the oxidized
exhaust gas was determined. The oxidizer was made of 1-
inch tubing of stainless steel and filled with cupric-oxide wire
0.020 inch in diameter. In flight, the oxidizer would be lo-
cated in the exhaust stack or the collector ring of the engine
at a position where the temperature is not less than 1000° F
and not more than 1600° F but, for the purpose of simplicity
of installation in these tests, the oxidizer was located in an
electric furnace maintained at & temperature of approxi-
mately 1200° F. A connection was provided in the tubing
between the oxidizer and the exhaust stack in order that
samples of the normal exhaust gas could be taken for each
engine-operating condition. These samples were taken by
mercury displacement in glass sampling tubes and complete-
ly analyzed in a modified gas-analysis apparatus developed
at the National Bureau of Standards. (See reference 1.)

The desiceator, containing calcium chloride, was not
required for the work described in this report but con-
current tests of an indicating device, which is to replace the
gas-analysis apparatus and required dry gas for its operation,
made the inclusion of the desiccator necessary.

Engine data for the computation of the fuel-air ratio of
the mixture in the engine cylinder, samples of the normal
exhaust gas, and the CO, content of the oxidized exhaust
gas were obtained for each engine-operating condition cover-
ing a range of mixture strengths from full lean to full rich,
fuel-air ratios from 0.047 to 0.124.

Two fundamental methods for the determination of the
fuel-air ratio were thus made available. First, the usual
laboratory method in which the rate of fuel supply is divided
by the rate of air supply and, second, the method in which
the normal exhaust gas is chemically analyzed. In thesecond
method the fuel-air ratio is calculated by stoichiometric
equations and oxygen and nitrogen balances.

Because these basic methods provide a standard for com-
parison, it will be shown that the relation between the fuel-
air ratio and the CO; content of the oxidized exhaust
gas can be expressed by an equation and shown graphically
for convenience in application. A similar use can be made of
the percentages of CO; and oxygen (O;) found in the normal
exhaust gas by correlating them with the fuel-air ratio.
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RESULTS AND DISCUSSION .

Figure 2 shows the relation of CO; to fuel-air ratio in dry
oxidized exhaust gas for the five fuels used. The relation
has been computed on & dry basis because the method used
in gas analysis gives the composition on a dry basis. The
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Fiaure 2,—Calculated relation of percentage carbon dioxide in dried
oxidized exhaust gas to fuel-air ratio. Fuel-air ratio computed
from equation (1). .

gsymbols CO, and N; represent the volume percentage as
well as the mole percentage of carbon dioxide and nitrogen,
respectively, in the completely dried, oxidized exhaust gas;
F[A, the weight ratio of fuel and air entering the engine
cylinder; and H/C, the weight ratio of hydrogen and carbon
in the fuel. In the analysis from which figure 2 was prepared,
the weights of the various constituents involved in the for-
mation of 1 mole of oxidized exhaust gas are:

Weight of carbon=12 CO, -

‘Weight of Ahydrogen=1'2 002(%[)

Weight of fuel=12 0O, 1+5)

. . 28
Weight of air= 0—.767N’
but
N2= 100—002
therefore
Weight of air=:-+=(100—CO0,)

0. 767
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and
» 0320 002(1+H)
A 100 COg 1)

With a given CO, content in the oxidized exhaust gas, the
fuel-air ratio is not critically dependent upon the hydrogen-
carbon ratio of the fuel. With a CO,; content of 17 percent
in the oxidized exhaust gas, which is approximately that for
maximum power, equation (1) shows that, in an extreme
case, & change from 0.188 to 0.115 in the hydrogen-carbon
ratio of the fuel results in a change in the fuel-air ratio from
0.080 to 0.075.

The hydrogen-carbon ratios of aviation gasoline available
in this country and those of aviation petrols used in Great
Britain may be assumed, with negligible error in the fuel-air
ratio, to have a value of 0.188.
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Fraure 3.—Relation of constituents in normal exhaust gas to fuel-air
ratio. Fuel A, Army 100-octane; aromatics, 0 percent; hydrogen-
carbon ratio, 0.188; tetraethyl lead, 3 ml per gallon,

Figure 3 shows the relation of the constituents in the
normal exhaust gas of an engine using fuel A to fuel-air ratio
determined from the CO, in the oxidized exhaust gas and
from figure 2. The quantity of unsaturated hydrocarbons is
determined by passing the exhaust gases through fuming
sulfuric acid. Slow-combustion experiments indicate that
these hydrocarbon molecules have an average of four carbon
atoms; the hydrocarbon was therefore assumed to be
butene (C4Hg).
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The experimental results of the effect of fuel-air ratio on
the CO; content in normal and in oxidized exhaust gas and
on the O; content in normal exhaust gas for fuels A, B, C,
D, and E are shown in figure 4. The line showing the rela-
tion of CO; in the oxidizéd exhaust gas to fuel-air ratio was
calculated from equation (1). The test points near the cal-
culated curve show the relation between the measured COs
content of the oxidized exhaust gas and the fuel-air ratio
determined by the measured intake. No oxygen was de-
tected in the oxidized exhaust gas. The lines for CO; and
O, in the normal exhaust gas were faired through the experi-
mental points. The peak of the curve of normal CO; ex-
haust was located at the theoretically correct mixture.

It will be noted that, for all five fuels tested, the calculated
relation of CO; to fuel-air ratio is in excellent agreement
with the experimentally measured intake values except for
the slight scatter of a few test points, which is probably due
to the difficulty in maintaining constant engine conditions
during the time required to make the observations. Con-
siderably more experimental points are plotted for the CO,
in the oxidized exhaust gas than for the CO, in the normal
exhaust gas because the number of samples of the normal
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(a) Fuel A, Army 100-octane; aromai:ics, 0 percent; hydrogen-carbon
ratio, 0.188; tetraethyl lead, 3 ml per gallon.

exhaust was imited by the time required to analyze com-

pletely each sample.
The agreement between the fuel-air ratio determined from

. the volume percentage of CO, in dried oxidized exhaust gas

and from figure 2 and the fuel-air ratio determined from the
mesasured intake is shown by figure 5 for the five fuels tested
and for the two test engines. The excellent agreement
indicates that the simple method of measuring the CO; con-
tent of the oxidized exhaust gas and of using the relations
shown in figure 2 is satisfactory for indicating the fuel-air
ratio.

After this agreement is noted, the question naturally
arises: What happened to the lubricating oil consumed by
the engine? If the lubricating oil burned, it would increase
the CO; content-of the oxidized exhaust gas and thus give a
richer mixture than shown by the measured intake, which
does not take into consideration the consumption of lubri-
cating oil. If the lubricating-oil consumption is assumed
to be 5 percent of the specific fuel consumption and this oil
is considered to be burned completely at an inteke fuel-air
ratio of 0.060, then the fuel-air ratio determined from the
CO; in the oxidized exhaust gas and in figure 2 would be
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(b) Fuel B, Army 100-octane plus 15-percent toluene; hydrogen-carbon
ratio, 0.168; tetrasthyl lead, 3 ml per gallon.

Fi1gure 4.—Effect of fuel-air ratio on carbon dioxide content in normal and oxidized exhaust gas and on oxygen content of normal exhaust gas
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(¢) Fuel C, Army 100-octane plus 20-percent toluene plus 5-percent
benzene plus 15-percent xylene; hydrogen-carbon ratio, 0.147;
tetracthyl lead, 3 ml per gallon.
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(d) Fuel D, Army 100-octane plus 50-percent benzene hydrogen-
carbon ratio, 0.125; tetmethyl lead, 3 ml per gallon.

Fiaure 4.—Continued. Effect of fuel-air ra.tio on carbon dioxide content in normal and oxidized exhaust gas and on oxygen content of normal
exhaust gas.

0.063. Although figure 5 shows some scatter of the data,
there is no evidence of such a displacement of the curve,
indicating that the lubricating oil actually burned was small.

Figure 6 shows the correlation between the possible CO,
that may be obtained stoichiometrically from the con-
stituents in the normal exhaust gas and the actual CO,; in
the oxidized exhaust gas for the five fuels tested. It will be
seen that the agreement between the two methods in the
range of normal engine operation is excellent, whereas in the
case of ultrarich mixtures the possible CO, is insufficient.
This condition is to be expected because, in the complete
chemical analysis of the products of combustion, the solid
carbon does not enter into the analysis.

The results obtained by various methods of determining
the fuel-air ratio are compared in figures 7 (a) and 7 (b).
Figure 7 (b) shows the agreement. of the oxidized-exhaust-gas,
the normal-exhaust-gas, and the chemical-analysis methods
with the measured-intake method: The agreement of the
measured-intake, the normal-exhaust-gas, and the chemical-
analysis methods with the fuel-air ratio of the oxidized

exhaust is presented in figure 7 (b). It will be seen that any
one of the four methods is satisfactory for measuring the
fuel-air ratio. The greater simplicity of determining the
fuel-air ratio by measuring the CO; content of the oxidized
exhaust gas, however, and the fact that by this method the
probability of error is reduced make it the preferred method
and it is therefore recommended for use on all carburetor
engines. Valve overlap and resulting discharge of unburned
fuel or incomplete combustion due to slow-burning mixtures
would have no effect because the.method depends upon
complete combustion in the oxidizer. The method may also
be used in engines having direct eylinder injection with no
scavenging air. In direct-injection engines that employ
scavenging air, a timed sampling valve would be required.
Although the results were obtained at sea level, they are
applicable to aircraft in flight because the analysis results
do not depend upon pressure as long as it remains constant.
Variations in pressure or changes in altitude of the airplane
between the beginning and the end of the analysis will cause
considerable error in the results. Calculations show that,
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(e) Fuel E, Army 100-octane plus 62.8-percent benzene; hyd:ogen-
carbon ratio, 0.115; tetraethyl lead, 3 ml per gallon.

Figure 4.—Concluded. Effect of fuel-air ratio on carbon dioxide
content in normal and oxidized exhaust gas and on oxygen content
of normal exhaust gas.

if the airplane is maintained within +50 feet of the stipu-
lated altitude during the test runs, the error in the analyses
will be inappreciable, 40.3 percent. ’

The method has been applied to a large airplane operat-
ing at various altitudes from sea level to 15,000 feet. The
oxidizer was located in the collector ring and samples of the
oxidized exhaust gas were satisfactorily obtained and anal-
yzed. These tests covered & period of several weeks.

The method has also been used in the laboratory for ob-
taining the distribution of the mixture among the cylinders

of a two-row radial engine equipped with short stacks.-

The same technique for obtaining, oxidizing, and analyzing
the samples as described in this report were used on each
cylinder.

It is realized that taking gas samples in & pursuit airplane
and analyzing them in flight is not practical. In large
airplanes such as bombers or transports, the method men-
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Ficure 5.—Agreement between fuel-air ratio determined from volume
percentage of carbon dioxide in dried oxidized exhaust gas and from
figure 2 and fuel-air ratio determined from measured intake.

tioned is entirely feasible. The application of eclectrical
means instead of absorption means for determining the
carbon-dioxide content, however, is possible for all classes
of airplanes. The electrical means could consist of a
thermal-conductivity bridge wherein the thermal con-
ductivity of the oxidized exhaust gas could be compared
with that of a standard gas and the unbalance of the bridge
shown on a galvanometer calibrated in carbon dioxide or
preferably in fuel-air ratio.

The method should be of considerable help in the labora-
tory for checking the accuracy of installed equipment used
to measure fuel-air ratio and should be especially valuable
in the field where it would be impracticable to have the
conventional measuring equipment. The cost of the neces-
sary portable apparatus including a simple Orsat apparatus,
8, gsingle-pass oxidizer, and the necessary tubing and chemicals
would be nominal. )

CONCLUSIONS

Tests of two single-cylinder engines using five fuels with
hydrogen-carbon ratios between 0.115 and 0.188 over a
range of fuel-air ratios from 0.047 to 0.124 resulted in the
following conclusions:

1. The proposed method of determining the fuel-air ratio
of the mixture supplied to internal-combustion engines by
analysis of the oxidized exhaust gas for its CO; content and
by use of the graphs presented is simple and precise and may
be used in flight, in the field, and in laboratory tests.
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26 n 2. The proposed method may be used for an exact survey
’g of the mixture distribution among the cylinders of a multi-
oy - cylinder carburetor engine in flight, in the field, and in the
3: /b laboratory.

8.2 i 8. Sampling of the exhaust gas through a ¥-inch tube of
% \ Fc//qe/ 2%% / dtainless steel located in the center of the exhaust stack and
g, a9 e +#1° within 1} inches of the exhaust valve resulted in securing
b} v S j‘g . satisfactorily representative samples of the gas.
E o E 5 /7 4. The fuel-air ratio was not critically dependent upon the
g /8 hydrogen—ca.rbon ratio of the fuel; negligible error in the fuel-
5 < air ratio resulted when a hydrogen-carbon ratio of 0.188 was
~§ 16 W e .assumed for aviation gasoline.
3 ¢
G M v
S AT
Q 4 }9:1
§ /2 ;
< o1, .
g v ArrcraFr ENeINe RESEARCH LLABORATORY,
/ .
2 /o NaTroNal Apvigory COMMITTEE FOR AERONAUTICS,
2 CreEveLAND, OHIO, October 1, 1943.
g , :
g
REFERENCE
T BB otned e et
wol C0p in oxidized exhaust gas. percen . 1. Shepherd, Martin: An Improved Apparatus and Method for the
Fieune 6.—Agreement between possible carbon dioxide from consti- Analysis of Gas Mixtures by Combustion and Absorption. Res.
tuents in normsal exhaust gas and actual carbon dioxide in oxidized Paper 266, Bur. Standards Jour. Res., vol. 6, no. 1, Jan. 1931, pp.
exhaust gas. 121-167.
J
EEEEN EEEEN
Fuel-gir ratfo from ) Fuelair ratio from q
12 o Oxidized exhaust ° Maasured infake
o Normal exhoust s a - o Normal exhaust /;
a  Chemical analysis VARE a Chemical analysis 3
A1 2 —h
e
» 2
10 . 2 'g/ 8
b
Q
=.09
o q
& ] -~
§ - T
w -] x
07 :
o o -
. R 20 ‘y -
[-]
05 A A a
@ )
.04
04 .05 .06 .07 a8 .09 10 N 12 04 .05 06 07 a8 .m 10 Jl A2
Fuel-air rafio (measured infoke) Fuel-air ratio foxidized exhaust)
(8) Fuel-air ratio (measured intake). () Fuel-air ratio (oxidized intake).

F1aure 7.—Comparison of various methods of determining fuel-air ratio. Fuel A, Army 100-octane; aromatics, 0 percent; hydrogen-carbon
. ratio, 0.188; tetraethyl lead, 3 ml per gallon



