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RELATION OF HYDROGEN AND METHANE TO CARBON MONOXIDE IN EXHAUST
GASES FROM INTERNAL-COMBUSTION ENGINES

By Harowp C. GerriseE and ARTHUR M. TEssMANN

SUMMARY

The relation of hydrogen and methane to carbon mon-
oride in the exhaust gases from internal-combustion
engines operaling on standard-grade aviation gasoline,
Sighting-grade aviation gasoline, hydrogenated safety
fuel, * Laboratory Diesel” fuel, and “Auto Diesel” fuel
was determined by analysis of the exhaust gases. Two
liguid-cooled single-cylinder spark-ignition, one 9-cylinder
radial air-cooled spark-ignition, and two liguid-cooled
single-cylinder compression-ignition engines were used.

The results of more than 100 exhaust-gas analyses
showed that a linear relation existed between the carbon
monoxide and the hydrogen found in the exhaust gas
from engines using hydrocarbon fuels. A small amount
of CH, was found to be always present in the exhaust gas,
but the amount was independent of the air-fuel ratio and
of the H-C ratio of the fuel. These relationships and the
use of the Ostwald combustion diagram make available all
the information of a complete exhaust-gas analysis when
any two factors (CO;z CO, O, or air-fuel ratio) are
known. The preparation and use of an Ostwald com-
bustion diagram are described. It 18 also shown that the
air-fuel ratio supplied to the engine may be determined
with @ precision of +2 percent without measuring the
air taken in by the engine, thus making the method of
particular value for work outside the laboratory.

INTRODUCTION

The importance of the complete analysis of the
exhaust gases from internal-combustion engines is not
generally realized but, inasmuch as information relat-
ing to composition of the fuel used, air-fuel ratio, fuel
wasted due to incomplete combustion, and in particu-
lar the carbon-monoxide content of the exhaust may
he readily obtained from such analyses, it is evident
that the analyses are of considerable importance, al-
though little reliable date on exhaust-gas relationships
are available. The value of a partial analysis of the
exhaust gas in adjusting carburetors is clearly recog-
nized {oday and several automatic instruments for
analyzing exhaust gas have been made available to
engine operators.

The simple type of Orsat apparatus has been largely
used to determine the amounts of carbon dioxide (COy),
carbon monoxide (CO), and oxygen (O;) in the exhaust
gas. The determination of the amount of CO is not
as satisfactory as that of the other constituents
because of the poor absorption characteristics of the
solutions used. If relationships could be established
between the O; and CO; of the exhaust gas and the
other constituents (carbon monoxide (CO), hydro-
gen (H;), and methane (CH,)) the usefulness of the
simple Orsat apparatus would be materially increased.

Little experimental evidence has been published on
the correlation of CO, Hj, and hydrocarbons in exhaust
gases from internal-combustion engines. Fenning
(reference 1), using gasoline in a single-cylinder sleeve-
valve engine operating at 800 r.p.m., found that in the

exhaust gases H,m‘i—}ﬁCO“’s and that CH, was

almost entirely absent. He refers to an earlier experi-
menter, Ballentyne, who had found that in the exhaust
gas of & gasoline engine Hy;=0.36CO and CH,=0.12CO.
Judge (reference 2, p. 103) states that the just-men-
tioned empirical relations are sufficiently accurate for
estimating the percentages of H; and CH, present in
the exhaust.

The purpose of this investigation was (1) to deter-
mine the relation between H;, CH,, and CO in the
exhaust of 4-stroke-cycle engines using standard
grade and fighting grade aviation gasoline, hydro-
genated safety fuel, ‘“Laboratory Diesel” fuel, and
¢ Auto Diesel” fuel; and (2) to prepare combustion
diagrams, the use of which would permit the esti-
mation of CO, Hj, and CH, in the exhaust gas from
the determination of CO; and O,. This investigation
was conducted by the National Advisory Committee
for Aeronautics between 1931 and 1933.

APPARATUS AND METHOD

A modification of the Bureau of Mines gas-analysis
apparatus was used during this investigation and is
shown in figure 1. Special forms of pipettes developed
by the Bureau of Standards (reference 3, p. 133) were
used to obtain more efficient absorption.
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The percentages of CO, and O; were determined in
the usual manner by absorption in potassium hydrox-
ide and alkaline pyrogallol, respectively. These solu-
tions were prepared as recommended by Shepherd
(reference 3, p. 145). Percentages of H,, CH,, and
CO were computed from data obtained by the com-

N
P

F16URE 1.—Qas-analysis apparatus.

bustion of the residual gas and air in the slow-com-
bustion pipette (reference 3, p. 162). Tests with
fuming sulphuric acid showed no unsaturated hydro-
carbons present.

Gas samples were obtained by inserting a steel tube
into the exhaust pipe immediately behind the exhaust
valve of the single-cylinder test engines and approxi-
mately 5 feet from the open end of the exhaust pipe
of the 9-cylinder radial engine. Several minutes after
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were collected in glass sampling tubes. Samples wera
first taken by displacement of mercury, but later
evacuated sampling tubes were used, employing only
those that would hold an absolute pressure of 0.1 mm
of mercury for several hours. Samples by either
method gave consistent results. Portions of several
check samples were analyzed immediately and at
intervals of 1 and 2 weeks and no difference was found
in the analyses.

In this investigation four single-cylinder 4-stroke
liquid-cooled test engines and one 9-cylinder radial
air-cooled engine were used. Table I shows the engine
test conditions and the fuels used. The distillation
curves (A.S.T.M.) for the fuels are shown in figure 2.

T 1 1
Auto Diesel fuel
700 g
,/A/
,n/"’A/
L&
600 o
A/A/
4 D/n/
o]
500 A/ D,D’D/
/ o W“’?’D’
- / /"/D Laoboratory Owesel fuel
¥ 400 I | | I I
STF I
~ 2 x——"-‘x—x—" I
3] g M X Y X T T i
L X XN, ! I 1 ! 1
3 /x/ I ~Hydrogenated safety fuel
§300% : e e e R %
0 Aviotion gosoline, fighting grade p/d 4
£
_0/0’*':,,4/
200 -Q/i’:-e:(o;4‘+—-+
_01 T
/*':Sﬁ’ ’
£ Aviation gasoline, stondard grade-
100}
o 20 40 60 80 100

Distillate, percent
FI1GURE 2.—Distlllatioa varves (A.B.T.M.),

The H-C ratio of hydrogenated safety fuel was given
by the manufacturer as 0.130. As the gasolines con-
formed to the Air Service specifications, they have
been considered to have an H-C ratio of approximately
0.175 (reference 4, p. 461).

Fuel consumption was measured directly by weight,
and air consumption by means of an 80-cubic-foot-
capacity gasometer. The start and stop of the
gasometer were synchronized electrically with the
engine revolution counter and a stop watch.

RESULTS AND DISCUSSION

Relation of H; and CH, to G60.—The percentages of
H,, CH,, and CO found in the exhaust gases of the
engines using standard grade and fighting grade avia-
tion gasolines, Auto Diesel fuel, and Laboratory Diesel

the engine had attained a stable condition, the samples ! fuel are plotted in figure 3. A mean curve drawn
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through all the data gives a reasonably accurate
approximation for the H-CO ratio. The test points
for the various engines and fuels lie surprisingly near
o mean curve for all the data. However, there is a
small deviation of the mean curve
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line, Auto Diesel fuel, and Laboratory Diesel fuel.
It will be seen that a linear relation exists between
these gases for lean mixtures, whereas for rich mix-
tures there is practically a constant amount of O,

for each set of data from the mean Is;‘anld J Id | . f_| I OJJ |
I LU lard grade aviation gasoline,
curve for all the diLth, mdlc”‘tm.g Engine no. I Carburetor + Injection v
o slight shift in the H-CO ratio _*  no.4 o x “ B
with changes in fuels and engines £ ”"’-”g 9”"58 aviation gasoline,
. -~ ngine no. [o)
The maximum deviation of the §% Aufo Diesel fuel, Engine no.2 a
experimental points from this mean N taboratory Diesel fuel, E.ngme noé s
. ©
curve is about 20 percent for the $ ; x NE _4.|+ I Jel ] ¢
large quantities of CO. The rela- © e - * — fe—
tion of H; to CO, considering all
the test points, is H,;=0.51C0, as |y
.y L %o __o®
whereas CH, was found to be ¢ T+ =
constant, CH,=0.22 percent. QE, — ) °
In figure 3 a comparison is also . v | SR
made between the results obtained =< P
when using a carburetor and when o |
using o fuel-injection system with 293 S )
spark ignition. It is evident that o = 7/ 2 3 4 5 6 7 8 9
the relation of H, to CO is unaffect- F100mE 3 Telation of GO, Hu. and O 1n C0. percent s
. o - . on s »
ed by the manner in which thefuelis ~ tion gasolines, Auto Ditsal fuel, and ‘Laboratory bisel faels o amoant of Qb & SoaaoE Erades of avia-

introduced into the engine cylinder.

The experimental data establishing the relationship
between H; and CO in the exhaust gas from an engine
using hydrogenated safety fuel are given in figure 4.
The relationship was found to be H;=0.33CO. The

e

‘The amount of Hy varies linearly with 00, Hs=0.5100.

present. It will be noted that for lean mixtures the
experimental and theoretical results agree. For rich
mixtures Dicksee (reference 5) found no free oxygen
present. Fenning found oxygen present when using
rich mixtures in a single-cylinder sleeve-

valve test engine, but found none in his

]

Xx.

bomb experiments. He states (reference

5 X

Q

1, p. 204) that the free oxygen found for

CH,, percent
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rich mixtures was probably due to leakage

past the sleeve valves during compression.
Best (reference 6) analyzed the exhaust

gases from separate exhaust stacks of a

]
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6-cylinder engine operating at 1,300 r.p.m.,
full throttle, and with an air-fuel ratio of

x
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11.9 (by measurement of air and fuel).

Q e 7 5

CO, percent

6

FIGURE 4.—Relation of CO, Hy, and OH; in exhaust gases of engines usin hyd‘;io?

£
The amount of CHy Is constant, 0.27 percent. The amount of Hs varies linearl

y

amount of CH, was found to be constant and equal
to 0.27 percent.

No satisfactory explanation for the constancy of the
percentage of CH, in the exhaust gas of spark-ignition
and compression-ignition engines, irrespective of the
load or type of fuel employed, is available at this time.

Figure 5 shows the relation of O; and CO, in the
exhausts of three single-cylinder test engines and one
9-cylinder radial engine. Thefuelsused werestandard-
grade aviation gasoline, fighting grade aviation gaso-

691—35——0

th CO, Ha=0.3300.

He found oxygen present in each stack.
It is believed that the presence of free
oxygen with rich mixtures may be at-
tributed either to the lack of a perfectly
homogeneous charge in the engine cylinder or to the
dissociation of the oxides of nitrogen that are formed
during the combustion process.

It is evident that if the quantity of O; present in
the exhaust for lean mixtures is known the corre-
sponding quantity of CO, can be readily determined
from the curve shown in figure 5. However, for rich
or near-rich mixtures it would be necessary to measure
both gases, for in this range the O; content is prac-
tically constant.

7

nated safety fuel.
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The Ostwald combustion diagram shows in graphical
form the theoretical relationships among the products
of combustion of hydrocarbons. The interdepend-
ence of CO;, OQ;, CO, and air-fuel ratio is given and it
is possible to determine CO and air-fuel ratio when
the values for CO; and O; are known. Such diagrams
are shown in figures 6 and 7 and their development is
given in the appendix. The simplest type of Orsat
apparatus enabling determinations of CO; and O; to
be made is all that is needed in conjunction with an
Ostwald disgram and knowledge of the relation of H,
and CH, to CO to give a complete analysis of exhaust
gas with an accuracy comparable to that of direct
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F1aURE 5.—Relation between COs and O3 in engine exhaust gases,

measurement. This fact should cause the diagrams
to be of considerable value to engineers interested in
the composition of exhaust gas from internal-combus-
tion engines.

Figure 6 is an Ostwald combustion diagram for
standard and fighting grade aviation gasolines having
H-C ratios of 0.175. It is also applicable to Auto
Diesel and Laboratory Diesel fuels since the H-C
ratio of these fuels was found to be approximately the
same as for the gasolines. An Ostwald combustion
diagram for hydrogenated safety fuel (H-C ratio of
0.128) is shown in figure 7. The differences in the
relationships of the two charts are due to the H-C
ratio of safety fuel being different from that of the
other fuels.

The dotted lines in figure 6 illustrate the use of
the diagram. It is readily apparent that for an ex-
haust gas containing 10.5 percent CO; and 2.0 percent
O, the CO content will be 4.5 percent and 5 will be
1.09, n being the reciprocal of the excess-air coefficient.
The percentages of H; can be determined from the
relation Hy;=0.51CO. The amount of CH, is con-
stant and equal to 0.22 percent.

The agreement of the values for air-fuel ratio
obtained from the Ostwald diagram and those derived
by calculation from the results of complete exhaust-
gas analyses is shown in figure 8. The agreement of
the values for CO obtained by the two methods is
good and is shown in figure 9.

In figure 10 air-fuel ratios determined from analyses
of the exhaust gases are compared to air-fuel ratios
supplied to the engine and determined by weighing
the fuel and measuring the air. For rich mixtures
the air-fuel ratios found from exhaust-gas analyses
were, for all engines tested, somewhat greater than
those supplied to the engine, which is probably due
to incomplete combustion of the fuel in the cylinder
with consequent carbon formation not accounted for
in the exhaust-gas 'analysis. The determination of
the percentages of CO; and O; in the exhaust gas and
the use of the Ostwald combustion diagram to obtain
the exhaust air-fuel ratio make possible, by means of
figure 10, the determination of the air-fuel ratio sup-
plied to the engine with a precision of =+ 2 percent
without measuring the air taken in by the engine.

In table II is shown the composition of the fuels
used, as supplied by the manufacturers or reported
in the literature and as determined from exhaust-gas
analyses. The averages of laboratory analyses are
chiefly those of rich mixtures. It seems that values
computed from mixtures a little leaner than the
theoretically correct air-fuel ratios would have been
more accurate than any others since deposition of
carbon is more likely to occur in very lean and in rich
mixtures.

The agreement between reported values and values
computed from laboratory gas analyses is quite good
for the gasolines and the safety fuel. The results from
gas analyses of Laboratory Diesel fuel indicate it to
have approximately the same composition as Auto
Diesel {fuel.

Table II and the relations found between H and
CO for the different fuels indicate that there is a
definite connection between the H-C ratio of the fuel
and the H-CO ratio of the exhaust gases of internal-
combustion engines because an increase in the H-C
ratio of the fuel results in an increase in the H-CO
ratio of the exhaust gas.

CONCLUSIONS

The experimental data presented in this report
indicate that:
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1. The exhaust gases from internal-combustion
engines burning hydrocarbon fuels contain H, and CO
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in definite proportions, the ratio depending on the
ratio of hydrogen to carbon present in the fuel. The

relation found for standard grade and fighting grade
aviation gasolines, Auto Diesel fuel, and Laboratory
Diesel fuel was Hy=0.51CO; for hydrogenated safety
fuel the relation was H;=0.33CO.

2. A small amount of CH, was found to be always
present in the exhaust gas, but the amount was inde-
pendent of the air-fuel ratio and of the H-C ratio of
the fuel.

3. Oxygen was also found in the exhaust gas from
internal-combustion engines using hydrocarbon fuels
even when the fuel was in excess of that required for
complete combustion.

4. The determination of any two components (CO,,
CO, O, air-fuel ratio), employment of the H-CO
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F1GURE 10.—Relation of air-fuel ratio supplied and air-fuel ratio in the exhaust

gases of spark-ignition and compresston-ignition engines.

relationship, and the use of the Ostwald combustion
diagram provide a rapid means of obtaining the quan-
tities of the products of combustion in the exhaust
gas of internal-combustion engines.

5. The air-fuel ratio supplied to the engine may be
determined from the exhaust-gas analysis with a pre-
cision of +2 percent without measuring the air taken
in by the engine, thus rendering the method particu-
Jarly valuable for work outside the laboratory.

LANGLEY MEMORIAL ABRONAUTICAL LLABORATORY,
NaTioNaL Apvisory COMMITTEE FOR ARRONATTICS,
LaneLey Frewp, Va., August 17, 1933.



APPENDIX

DEVELOPMENT OF AN OSTWALD COMBUSTION
DIAGRAM

The following development of the Ostwald diagram
for the combustion of a hydrocarbon, when the prod-
ucts of combustion contain the gases H,, H;O, O,, Nj,
CH,, CO,, and CO, is similar to that of Theodorsen
(reference 7).

The relative weights of carbon and hydrogen appear-
ing in the exhaust as products of combustion are

C=12(CO,+CO+CH,)
H=2.015(H;+H,0+2CH,)

H_ 2.015(H,+H,0+2CH,) _
Then C="T2C0.fCco+0m,) —K )

where K is the weight ratio of the hydrogen to carbon
and the chemical symbols refer to percentage by
volume.

From equation (1):

H;0=5.955K(CO,+CO+CH,)—H;—2CH, (2)

Considering dry air to contain 20.9 percent O; and
79.1 percent N, by volume, then

79.1 ,
Nz‘“m(oz'l'oz ) (3)

where Oy’ is the oxygen consumed and O; is the excess
oxygen. The oxygen consumed is obtained as fol-
lows:

04 =C0,+5C0 +3H;0 @)
Substituting the value of H;O of equation (2) in

equation (4) and then the resulting value of O,/ in
equation (3), we have

N,=3.7850,+3.785C0,+1.892CO — 1.892H,
—3.785CH, +11.268K(CO,+CO+CH,) (5)

Nitrogen may also be determined by difference.
2=100_02_COQ—CO_H2_CH4 (6)
From equations (5) and (6), we obtain

0,+ CO,(1 +2.355K) + CO(0.604 +2.355K)
—0.186H,— CH,(0.582—2.355K)=20.9 (7)

Equation (7) is the general equation of the theoretical
relationships among the products of combustion of
hydrocarbons.
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The reciprocal (3) of the excess-air coefficient is
obtained as follows:

_ 0; required for complete combustion
K O, present

_C0;+CO+ % Hy+ % H,O +2CH, ®)
0,+CO,;+ % CO+ % H,O

Substituting the value of H;O of equation (2), we
have

then 9

7= (1+2.977K) (CO,+CO+CH,) +
[0;+CO; (1+2.977K)+ CO (0.5+2.977K)
—CH, (1—2.977K)—¥% H,] 9)

Equation (9) is the general equation of the theoret-
ical relationships of the excess-air coefficient and the
produects of combustion of hydrocarbons.

Inspection of table II shows that the H-C ratios of
standard and figchting grade aviation gasolines, Auto
Diesel fuel, and Laboratory Diesel fuel from exhaust-
gas analyses are approximately the same and, there-
fore, for the development of an Ostwald combustion
diagram they have been considered to have an average
H-C ratio of 0.175. Likewise, the H and CH, relations
to CO of the fuels (fig. 3) are approximately the same.
Ingerting these values in equation (7),

0,+1.412C0;+0.921CO =20.937 (10)
and equation (9) becomes
1.521C0;+1.521C0O 4+ 0.333 (11)

1= 0,+1.521C0; +0.766C0 —0.105

The combustion triangle is formed from the solution
of equation (10) for CO,, CO, and O, and is plotted in
figure 6.

By means of equations (10) and (11), equations for
CO,, CO, and O; in terms of y may be obtained. The
solution of these equations for a common value of 7
makes it possible to construct the 7 lines in the Ostwald
diagram (fig. 6).

From the H-C ratio and the stoichiometric equations
for complete combustion, the quantity of air required
was calculated to be 14.89 pounds per pound of fuel
and the air-fuel ratio was 14.89/y.
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TABLE I
ENGINE-TEST CONDITIONS
Engine n0.cccceeoeeeoo| 1 2 3 4 5
Number of cylinders..... 1 1 1 1 9.
D{gglllacament, cublie | 137, 137 137, 143 1,750.
es,
Qombustion chamber___.| Pentroof... . .. ... Bulb prechamber. __._.___ Vertical disk Pent roof. Spherical.
&E on.. Spark. OomPremion ______________ Compression Spark. 8
ling. _| Liquid Liquld Liquid Liquid 3
Fuel systom..oocoeevenn- Carburetor and Injection._| Infection Injection Qarburetor and injection_.| Carburetor.
) 15 Standard grade aviation | Auto diesel and labora- | Auto diesel foel ____.____. SBtandard grade aviation | Fighting grade aviation
gasoline. tory diesel foel. gasoline and safety fuel. gasoline,
Compression ratfo. 5.5 13.5.__ 13.4-15.3 5.8-7.0 5.1.
Engine speed, r.p.m._...| 1,500 1,500 1,600. 1,500-2,100. 1,475-1,550.
TABLE ITI
COMPOSITION OF FUELS BY WEIGHT
Auto Diesel fuel | Laboratory Diesel fual Aviation gesoline Hydrogenated safoty
Fighting | Standard
A A grade grade N
verage, verage, verage,
L{a‘;;[.:"' IZO labora- Mt{';lf:r,fgc' 10 labora- I;efere‘%?e N N M&‘,ﬁgg’ 43 Iabora-
gas gas , . verage, verage, gas
report angyaes report myses P 13 labora- | 20labora- | rePort yBes
anvaes | anmisees
yses yses
[ O SN HL SN 85.3 85.6 85.1 85.1 84.5 88.49 88.656
H 14.7 1.5 14.8 14.9 15.5 11. 51 11.35
H/C. 172 .160 175 L1756 | 183 .130 128




