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Prefatory Note

HIS bulletin may be considered a sequel to Engi-
neering Experiment Station Circular No. 2, issued

in January, 1930, Adjustment of Automotive Carburetors
for Economy. The earlier publication was prepared by
the two senior authors of the present bulletin.

The reception accorded the initial effort was most
gratifying. The supply of copies printed has been ex-
hausted for some time. Requests were received from all
parts of the United States as well as from several foreign
countries. The results reported in Circular No. 2 were
evidently of very great practical interest, since it is

known that many large fleet operators have adopted the
methods described, with the result that substantial savings
in operating costs were effected.

A number of instrument manufacturers have devel-
oped electrical methods for the control of combustion
in automotive engines with the result that methods have
been greatly facilitated. These new methods are de-
scribed in the present publication. A survey has also
been made of all available data on exhaust gas analyses
and correlations have been worked out which should
prove of much interest to designers of engines as well

as operators of automotive equipment of all kinds.
Enough of the material of Circular No. 2 has been re-
peated to meet the needs of those who may not have
access to the original.
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I. INTRODUCTION

1. References to previous work. Knowledge of the fact that the exhaust
gases from internal combustion engines are indicative of efficiency of
operation is practically as old as the engines themselves. As early as 1907
Dr. Dugald Clerk (36)* suggested the possibility of carburetor adjustment
by exhaust gas analyses. This work was followed shortly by that of Wat-
son (37) in 1908-09 and definite recommendations were advanced. The
practical application of exhaust gas analyses to indicate proper carburetion
and insure fuel economy has been pointed out by many writers (1) (6) (7)
(8) (11) (15) (19) (20) (21) (22) (23) (25) (26) (29). An effort was made
in a previous publication of this station (16) to enumerate the advantages
of, and describe the procedure for, carburetor adjustment by the above
method. Researches on the physiological action of exhaust gases have
been conducted involving the gaseous constituents, especially carbon
monoxide (13) (17) (33). The valuable information derived from volu-
metric analyses has resulted in a well nigh universal acceptance of this pro-
cedure for control and research as applied to internal combustion engines.
The mechanism of the burning of fuel in such engines has been studied
by analyses of the gases (44) (45) and much useful knowledge has been
obtained.

The accumulation of information as contained in the foregoing refer-
ences has resulted in the development of many new instruments which are
designed to operate upon the exhaust gases (30) (40) (42) (43). Further,
the application of such instruments has been offered as a service to motor-
ists with more efficient and satisfactory operation of automotive equip-
ment as the objective (38) (41). With simplified and dependable instru-
ments available, the acceptance of exhaust gas analysis as a service has

Nuinbers in parentheses refer to bibliography.
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advanced rapidly, since these instruments greatly facilitate carburetor
adjustment.

It is not intended to represent that the foregoing references are the
only ones that might be cited. Many other interesting and valuable contri-
butions to the application of exhaust gas measurements have been made,
either directly or indirectly, and the text of this writing will make refer-
ence to such as they are discussed. It is beyond the scope of this publica-
tion to describe the procedure of gas analysis in detail; adequate directions,
however, are readily available in standard texts that deal with the subject.

2. Purpose of the study. In any field of research in which many in-
vestigators are engaged, points of difference are inevitable, and the present
subject is no exception. Many recommendations have appeared in the
literature and a survey makes it quite obvious that some of these have
been made without the support of adequate test results. In some cases
conclusions have been drawn or inferred when substantiating data were
not presented. Further, much of the experimental data is incomplete or
simplified.

It is not the purpose to criticise the results of others, but rather to
take advantage of these results by collecting all available data and inter-
preting the correlations in tIle light of advanced practice as applied to
gasoline or automotive engines. In this attempt, generous use has been
made of all data appearing in the literature, and the writers are indebted
to the various investigators whose analyses have contributed.

No interpretation of a large quantity of data would be complete with-
out indicating the practical significance of the results. It is also the object
here to discuss the value of exhaust gas analyses and to point out the
applications of the information developed.

II. METHODS OF MEASUREMENT

1. Constituents of exhaust gas. The composition of the exhaust gases
I roni the combustion of gasoline in an internal combustion engine is quite
variable, depending to some extent upon the characteristics of operation,
but to a greater extent upon the amount of air supplied per unit of fuel
burned. When a large excess of air is provided, the hydrocarbons of the
fuel are completely converted to carbon dioxide (CO) and water (H20),
and some free oxygen (02) appears in the analysis. The nitrogen (N2)

present in the air used for combustion passes through the process of com-
bustion unchanged and so appears in the final products. When the pro-
portion of air to fuel (air-fuel ratio) is decreased, however, the com-
bustion of the carbon is incomplete and carbon monoxide (C0) appears.
Likewise, the combustion of hydrogen (H,) to water is incomplete and
free hydrogen is present in the exhaust products. Since gas analyses are
made over water, the water vapor formed by the combustion of H2 never
appears in the analysis but is condensed in the operation of sampling the
gases. Further, it is quite possible that incomplete combustion of the
gasoline vapor may take place, causing the appearance of hydrocarbon
vapors or gases of which the analysis is customarily given as methane
(CH4). As stated by Fieldner and Jones (29), CH4 may not be the actual
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gas present but may be taken as approximately representing any of the
gaseous hydrocarbons of the paraffin series or, for that matter, gasoline
vapor itself. If such is the case, and the presence of gasoline vapor is
reported as methane, the usual methods of analysis yield a hydrogen
percentage somewhat lower than the true value.

In general, a complete gas analysis will report the constituents as
CO,, GO, 0,, H,, CH4, and N,. Such an analysis is, of course, upon the dry
basis and the water formed must be calculated therefrom. In many cases
an incomplete analysis is made consisting of GO,, GO, and 0,. In this
latter case, it has become a rather general practice to subtract the sum of
the three constituents from 100 per cent and report the difference as N,.
This procedure results in a fictitious N, percentage in all except lean mix-
tures since it includes the unburned H, and the GH4, which in the case of
extreme richness may amount to as much as 13.5 per cent. Any subsequent
calculations based upon the nitrogen from such an analysis will be in
serious error. The foregoing fact also holds true for the assumption that
all hydrogen is burned to water in the calculation from an oxygen balance,
and the only logical conclusion is that the three-component analysis is
incomplete and its usefulness is limited to the correlations that may exist
between any or all of the components and the desired values.

2. Gas analysis. Space does not permit a complete resumé of the pro-
cedure for making a gas analysis. A brief description of the process may
be helpful, however, and the reader is referred to any standard text upon
the subject for more complete information.

Volumetric gas analysis is a process of selective absorption, or per-
haps more properly selective chemical combination, wherein the main body
of the gas is exposed to specific reagents that react with but one constitu-
ent of the gas and remove it from the initial volume. By means of a suitable
measuring chamber in the form of a graduated burette, the volume shrink-
ages of the gas as successive constituents are removed may be measured as
percentages of the original. If a systematic scheme of chemical combina-
tions is arranged, each constituent in turn may be determined until the
entire volume of the gas is accounted for. Specific reagents are not avail-
able for all substances, however, mainly the hydrocarbon gases and hydro-
gen; consequently, it is necessary to alter their forms byburning such gases
to GO, and H2O, after which the products of combustion may be deter-
mined and the original gases calculated by material balances. Since
pressure and temperature affect gas volumes, it is necessary that all analy-
ses be carried out under standardized conditions.

In analyzing exhaust gases, portability of apparatus is desirable, es-
pecially in making road tests. Gomplete analyses cannot be conducted in
such portable apparatus, but the GO,, GO, and 02 percentages may be
determined in equipment such as illustrated in Figure 1, or GO, alone may
be determined in a single pipette analyzer such as illustrated in Figure 2. If
complete analyses of road test samples are required, it is necessary to
provide sampling tubes (29), the contents of which may be analyzed by a
more complete laboratory apparatus (7) (29), of which there are many
styles and modifications. While in many cases it is desirable to obtain
complete analyses, for certain applications (carburetor adjustment) the
more simple apparatus is adequate and has the advantages of portability
and lesser cost.
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3. Conductivity method of analysis. The analysis of gaseous mixtures
by virtue of differences in the thermal conductivity of the constituents has
received a great deal of attention in the past few years. Not all mixtures
of gases lend themselves to this type of analysis. Where gases of high
thermal conductance such as hydrogen or helium are present, however,
even in small amounts, there results an appreciable difference in overall
thermal conductivity, or in the conductivity as compared to air. Many
applications of the thermal conductivity principle of analysis have been
made (40) (43) (47) and recently the method has been proposed and in-
struments devised for the analysis of exhaust gases from automotive en-
gines (40) (41). In this application, the instruments depend upon the

Figure 1. Three Pipette Gas Analyzer.
(Courtesy, The Hays Corporation, Michigan City, md.)



INTERPRETATION OF EXHAUST GAS ANALYSES 9

thermal conductivity due to differences between hydrogen and carbon
dioxide, since hydrogen increases and carbon dioxide decreases the thermal
conductance of a gaseous mixture. The limit of the range of such instru-
ments is approximately at an air-fuel ratio of 17, at which point the de-
crease in the CO2 content, the absence of hydrogen, and the increase in the
air content give a maximum differential on the lean side of a theoretically
perfect mixture. The instruments cover the entire practical field on the
rich side of theoretical.

Space does not permit of a detailed description of the conductivity
instruments, but the working principles have been adequately covered
(40) (43) (46) and the application of the instruments has been described
and demonstrated (40) (41). It suffices to mention that the instruments
are generally graduated directly in terms of air-fuel ratio or percentage
combustion efficiency; they are portable, and require much less manipula-
tion than the "Orsat" analyzer. Figures 3, 4, and 5 show a number of

Figure 2. Sing'e Pipette Gas Analyzer.
(Courtesy, The Hays Corporation, Michigan City, lad.)
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the instruments of the thermal conductivity type that are now available on
the market and that are designed especially for exhaust gas analyses. Fig-

ure 6 indicates the application of the in-
struments in the analysis of gases from
an automobile engine as a regular service
feature whereby correct carburetion may
be secured.

Figure 3. Air-Fuel Ratio Meter.
(Courtesy, Charles Engelhard, Inc.,

Newark, N. .1.)

A general knowledge
of the principle of opera-
tion of the thermal con-
ductivity instruments may
be gained by reference to
Figure 7 which shows a dia-
gram of the bridge circuit
used. The bridge is com-
posed of four resistances
Pi, P2, R1, and R2. P1 is a
cell open at both ends
through which the exhaust
gases pass. P2 is the stand-
ard cell in which is sealed
the comparison substance. Figure 4. Service Station Type Air-Fuel Ratio Meter.
A fixed current from the (Courtesy, Charles Engelhard, Inc. Newark, N. I.)
battery B as controlled by
resistance R and measured by meter M is passed through the bridge, this
same current being divided equally in the two arms of the bridge as long
as Pi and P2 have the same resistance. At such a condition of balance, the
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galvanometer G shows no deflection. If a gas of thermal conductance
different from the reference substance in P2 is passed through the cell F1,
heat is conducted away from the resistance P1 at a more rapid rate than
from P2 and the resistance of P1 becomes different from that of the resist-
ance in the reference cell. This difference in resistance, which depends
upon the thermal conductivity of the gas, which in turn is a function of
the composition, unbalances the bridge and a proportional amount of cur-
rent passes through the galvanometer circuit, causing a deflection of the
instrument. Since the thermal conductivity of the gases is a function of the
composition, it is possible to graduate the galvanometer scale in terms of
gas composition or, what is more useful in exhaust gas analysis, the air-fuel
ratio or percentage completeness of combustion.

4. Combustion methods of analysis. On the rich side of a theoretically

I.

Figure 5. Exhaust Gas Tester.
(Courtesy, Cambridge Instrument Co., Inc., Os.eining-on.Hudson, N. V.)
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perfect mixture, an appreciable amount of combustible gases is present.
The amount of such gases (CO, H2, CH4) increases as the mixture becomes
richer and this fact has been used as a basis for instruments that burn the
residual combustible and determine the liberated heat. The combustion
is accomplished by admitting air along with the exhaust gases and sub-
sequently burning the combustible catalytically upon the surface of a hot
platinum wire (40) (42) or a mass catalyst (40). In either case, the temper-
ature rise gives the quantitative indication. Such instruments require

Figure ô. Air-Fuel Ratio Meter as Used for Carburetor Adjusting.
(Courtesy. Charles Engelhard Inc., Newark, N. 1.)

regulation of flow if the results are to be indicative. Marked success has
resulted in the general application of these instruments to automotive en-
gines as a regular service feature (37). Figures 8 and 9 are illustrations of
the type of instrument depending upon combustion.

III. CORRELATIONS AND GRAPHICAL DATA
1. Available analyses. The literature contains

many exhaust gas analyses from gasoline engines.

Figure 7. Bridge Circuit of Air-Fuel Ratio Meter.
(Courtesy, Charles Engelkard, Inc., Newark, N. I.)

B

the results of a great
With the exception of

the results present-
ed by the United
States Bureau of
Mines, no one sur-
vey has been com-
plete enough to es-
tablish definite cor-
relations without
some doubt as to
the accuracy of the
various recommen-
dations proposed.
Indeed, many of the
recom mendations
are not in good
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agreement for the same constituents of the analyses and values are stated
to be "fairly accurate," or "approximate." This latter statement is especial-
ly true of the percentages of hydrogen and methane as expressed in terms
of the more commonly
measured constituents ________________-.
such as carbon dioxide
or carbon monoxide.
Practically all of the
correlating expressions
are lineal or slope equa-
tions, and no reported
correlation has included F

a comprehensive and
critical survey of all cx-
isting data. Recommen-
dations for the estima- -
tion of carbon monox- /
ide in terms of carbon - (. -
dioxide (32) (45), hy-
drogen in terms of car- . ___,
bon monoxide and diox-
ide (1) (4) (10) (33) .J --
(40) (45), and methane
in terms of carbon mon- j_.
oxide (1) (4) (10) (33)
have been proposed.
Questions as to the cor-
relation of the air-fuel
ratio with the constitu-
ents of the analysi- j -

have also been raised
(1) (4) (11). In consid-
eration of these pro-
posals a compilation
and correlation of cx-
isting data appeared de- j

sirable.
The exhaust gas

analyses available for
this study totaled 645,
of which 283 were ex-
cluded because of in-
completeness or duplica-

THIS IS THE POWER PROVER
are indebted to the var- Figure 8. Cities Service Co. Power Prover.
ious investigators as (Cçures. Henry L. Doherty & Co., 60 WaIl St., New

follows: 1 (1), 1 (4), 6
(5), 12(6), 33(7), 50(8), 7(11), 9(12), 69(13), 17(17) and 5(18). The
remaining 152 determinations are from data of the writers. In addition to
the above analyses, especial consideration was given to the various other
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Figure 9. Combustion Indicator.
(Moto-Vita, Mototneter Gauge & Equipment Co., Toledo, Ohio.)
(Photographed in automotive laboratory, Oregon State College.)

correlations, more particularly the recent ones in (10) and (40). Not all
of the above analyses were complete, consequently the correlations that
are presented do not represent a total of 362 distinct points. The numbers
of analyses actually utilized are stated for the separate items.

2. Carbon dioxide and oxygen. The relationship between these two
constituents of exhaust gases has received attention only very recently
(10). While it has been possible to effect a correlation on the lean side of
theoretical combustion from such figures as given by Watson (37), or
more recently by Hamilton (40), by taking the percentages of CO2 and 02
for the same air-fuel ratio, such values are not applicable in the general
operating range of a gasoline engine. The figures just referred to show the
percentage of 0 to be either zero or a very small value at theoretical; a
large proportion of all analyses, however, shows a small quantity of 02
present (to as high as 1 per cent by volume) for air-fuel ratios as low as 10.
It is desirable at least to approximate the 02 percentage below theoretical
and to correlate the values above theoretical. Figure 10 presents this cor-
relation for 97 analyses from 14 different sources. This graph is in excel-
lent agreement with the results of the recent National Advisory Commit-
tee for Aeronautics (N.A.C.A.) survey (10).

Deviations from the theoretical values are appreciable, especially as
the values approach the theoretical for CO2. It is impossible to present
graphically all analyses available that contain 02 involumes of less than 1
per cent. The average volume, however, approximates 0.35 per cent 02 and
the trend of the correlation is so indicated. The cause of the wide spread
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Figure 10. Carbon dioxide and oxygen correlation.

of the analyses in the low oxygen concentrations has been described by
Minter (34) and discussed by Bridgeman (33). Figure 10 is valuable only
for lean mixtures, it being advisable to measure the 02 concentration di-
rectly for the rich mixtures. The total variation for distinctly rich mixtures
is so small that for practical purposes it suffices to use the average value of
0.35 per cent 02. In general, it appears that the variations in Oz concentra-
tion on the rich side of theoretical are due to non-homogeneous mixtures
rather than to any conditions of equilibrium.

3. Carbon dioxide and carbon monoxide. Figure 11 shows that there
is a distinct correlation between the percentages of CO2 and CO from
exhaust gases. This relation has been suggested previously (13) based
upon a correlation of 63 points and has served as a basis for the many
CO2CO expressions proposed. As herein presented, Figure 11 contains
no new information except that it is the correlation of 237 points from
the results of 15 different investigators, and should therefore be more rep-
resentative. The recommended correlation line and slope equation are in
agreement with previous recommendations (32) (45) and the correlation
should be of practical use as a time-saving device in exhaust gas analysis.
While the spread is considerable, the general trend of the relationship is
very definite.

The only theoretical substantiation of the CO2CO relationship lies
in a consideration of the completeness of combustion of the carbon con-
tent of the fuel. In the absence of any hydrocarbon gases in the exhaust
(such as CH4) all of the carbon must appear as the two carbon gases CO2
and CO. As will be indicated later, the sum of CO2 and CO rarely accounts
for the total atoms of carbon, a circumstance which is of use in the esti-
mation of the CH4 content of the gases.
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Figure 11. Carbon dioxide and carbon monoxide correlation.

4. Carbon monoxide and hydrogen. Various correlations for carbon
monoxide and hydrogen have been proposed (1) (4) (10) (11) (33) (40)
(45) with the ratio of carbon monoxide to hydrogen in percentage by vol-
ume varying from 1.96 to 2.9. All of the variations are expressed as slope
equations as derived from a lineal relationship between the two constitu-
ents. Reference to Figure 12 for the correlation of the results of 12 in-
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vestigators for 213 points will show that the relationship between carbon
monoxide and hydrogen is not lineal over any part of the range of values.
On the extremely low end of the curve it is quite possible to consider the
variation as a straight-line type for which a slope equation may be written.
The range is decidedly restricted, however, and large errors will result in
the application of such lineal expressions to the higher percentages. A
correlation on the low end of the scale that included 52 points indicates
that the line does not pass through the origin but intersects the CO axis
at 0.22 for zero percent hydrogen. Some of the variations between recom-
mendations quite possibly may be due to the presence of this small amount
of CO in the absence of H,.

The correlation on the low end of the scale indicates the possibility of
use of an expression such as H, 0.40 (CO-0.22) for the hydrogen in
terms of the monoxide. It is suggested, however, for reasons which will
appear later, that use of this expression be restricted to values of less
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Figure 12. Carbon monoxide and hydrogen correlation.

than 3 per cent CO. The slope of the correlating line as CO/H,2.5
or H2/C00.40 is in exact agreement with values reported in (1) and (45),
and in fair agreement with CO/H,2.9 (40) and H,/C00.51 in (10). The
examination of analyses wherein the H, is zero, however, indicates the
presence of some residual CO when the air-fuel ratio is close to theoretical.
Consequently, the relationship between CO and H, should not pass through
the (0, 0) coordinate. It is considered more practical to make use of the
graphical relationship as expressed in Figure 12, for which reason no at-
tempt was made to write the empirical equation of the complete curve.
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5. Carbon dioxide and hydrogen. The authors are not aware of any
graphical correlation previously presented between the percentages of CO2
and H2 for exhaust gases. Since expressions connecting the CO2 and CO
have been offered, as well as expressions between CO and H2, a substitu-
tion of CO2 for CO in the COH2 expressions is possible and the various
recommendations have been the result of such substitution (45). As indi-
cated in Figure 12, the relationship between CO and H2 is not lineal. Con-
sequently the substitutions in lineal expressions will cause an error in the
CO2H2 relationship. This deviation from a straight line is shown in
Figure 13 for the correlation of 165 points from 12 investigators. Figure 13
has been plotted to semi-log scale to make correlation on the low percent-
ages of hydrogen more readable, the shape of the curve on ordinary coor-
dnates being presented in the secondary figure. The spread in the CO2H2
values is not excessive, thereby lending assurance to the belief that any
lineal expression of H2 in terms of CO2 must be in error. As for the COH2
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Figure 13. Carbon dioxide and hydrogen correlation.
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correlation, use of the graphical figure is recommended in preference to an
empirical equation for the curve.

6. Methane and nitrogen. Methane has been correlated with CO in a
graphical manner (10) and as an equation (4) (11); there is, however, no
definite agreement between the two recommendations. No definite corre-
lation exists between hydrogen and methane, and no correlation would be
expected to exist between carbon dioxide or carbon monoxide and methane.

The three gases CO2, CO, and CH4 must contain all of the carbon pres-
ent in the fuel. Of these items the CO can be determined by the COCO
correlation, or obtained by analysis with the usual apparatus. If the total
atoms of carbon were available, the difference between the total and the
sum of CO, and CO would give the CH4 and such an apprdach appears
more logical than an approximate correlation. Figure 14 presents the
completeness of combustion of carbon to CO2+CO in terms of the CO,, a
correlation that is reasonably exact. Given a percentage of CO, and CO
the per cent completeness of combustion of the carbon can be determined
from the CO2 percentage. The percentage completeness of combustion
then represents the percentage of the atoms of carbon in the form of CO2+CO,
and the difference between these values and the atoms corresponding to 100
per cent may be determined. If we let CO2+CO=S and per cent complete-

ness of combustion of carbon to CO2+CO=P, then CH42-- S . . 1.

The foregoing expression results in comparative values as indicated in
Table I for random analyses.
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Figure 14. Correlation between CO2 and percentage of carbon burned to COz+CO.

Since the methane is very seldom, if ever, greater than 2 per cent for
exhaust gas analyses and since the above-outlined method of determination
appears to become progressively more accurate as the percentage decreas-
es, the methane content of exhaust gases can be obtained as above, or
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TABLE I. COMPARISON OF CALCULATED AND ACTUAL METHANE

% of CO2 % CO S==CO2+CO P
Calculated

CH4
Determined

CH4

Ratio CH4
calculated

to CO

5.7 13.0 18.7 90.9 1.9 1.7 0.145
6.7 12.0 18.7 92.0 1.6 1.4 0.133
8.2 8.9 17.1 93.5 1.2 1.1 0.135
8.5 7.5 16.0 93.8 1.1 0.9 0.146
9.5 6.5 16.0 95.0 0.8 0.7 0.123

10.2 5.7 15.9 95.7 0.7 0.6 0.123
11.5 3.8 15.3 97.1 0.5 0.6 0.131
12.9 1.9 14.8 98.6 0.2 0.4 0.105
13.4 1.2 14.6 99.0 0.2 0.1 0.167

neglected eptirely, although it is an appreciable factor for low air-fuel
ratios.

The nitrogen content of exhaust gases is generally obtained by differ-
ence, consequently it contains all of the errors in the determination of the
other constituents. A correlation may be shown between the nitrogen and
the air-fuel ratio as in Figure 15, for 76 points.

7. The air-fuel ratio. The ratio of the weight of air used for combustion
per unit weight of fuel is called the air-fuel ratio. This ratio is a very useful
figure, consequently many correlations between the air-fuel ratio and the
constituents of the exhaust have been suggested. Such correlations as
those of Watson (4) (11) (16) (22) (37), United States Bureau of Mines
(7) (8) (11), Lockwood (1) (11) (33), Brown (48), Hamilton (40), and the
NA.C.A. (10) are in extensive use for the calculation of air-fuel ratios from
some constituent of the gas analysis. The values of Watson, U.S.B.M.,
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Figure 15. Nitrogen and air-fuel ratio correlation. All values from complete balance.
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Brown, and Hamilton are presented as experimental correlations directly,
while the values of Lockwood and the N.A.C.A. account for the hydrogen
and methane in terms of some constant fraction of the monoxide. As has
been pointed out previously (11) and as indicated herein, marked differ-
ences result from the calculation of the air-fuel ratio by the various cor-
relations. The assumptions upon which the more complete correlations
have been based have been reviewed (33) and the question of the effect of
combustion of lubricating oil upon the gas analysis has been raised. This
latter point has been discussed (49) and the conclusion reached that a
negligible amount of carbon gas results from the oil under ordinary condi-
tions of operation.
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(Curves 1, 2, and 3, for COs and curve 4 for Iii vs. air-fuel ratio.)
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Simplification of the calculations for air-fuel ratios by graphical corre-
lations no doubt justifies the suggested expressions. As more accurate and
reliable data are accumulated through complete analyses, however, the
limitations of the correlations should be realized and corrected to agree
with the more reliable results. To accomplish this end Figure 16 has been
constructed from the analyses used in this study. A recommended curve
is presented and the suggested curves of other investigators are included
for purposes of comparison. It is believed that the recommended line is as
accurate as may be constructed from a complete survey of existing data.

The correlation charts of Lockwood and the N.A.C.A. (Ostwald dia-
gram) are presented in Figures 17 and 18 respectively. Consideration is
given the CO2, CO, and 02 in such charts, the H2 and CH4 being expressed
as functions of the CO in both cases. It is pertinent to mention at this
point, as also pointed out by others (33) (40), that simplification through
the assumption that the H2 and CH4 are uniform fractions of the CO is but
a rough approximation in the light of existing data; indeed, reference to
Figure 12 for the relationship between CO and H2 indicates that this rela-
tionship is not lineal and in all probability does not pass through the origin
of coordinates. It is obvious that differences in air-fuel ratios will result
from use of such charts. The charts are exceedingly valuable where the
allowable latitude in accuracy of determination permits their use.

In many cases only a single item of the exhaust gas is determined
namely, the CO2. In Orsat analyses, since alkaline solutions are used for
both the CO2 and 02, any residual CO1 that is not completely absorbed
appears as 02. As it was thought that some of the variations in the avail-
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able analyses might be due to incomplete absorption of the GO,, a repre-
sentative number were examined in terms of G02+02. It was found that a
correlation existed between the sum of CO2+O2 and the air-fuel ratio,
which could be expressed as, Air-fuel ratio0.8l2 (CO2+02)+3.45 . . . 2.

While it is not assumed that this relationship is exceedingly accurate,
it is probably as satisfactory as a direct GO2, air-fuel ratio correlation.

It would be quite possible to analyze for the sum of CO,+02 in a single
burette Orsat using alkaline pyrogallate solution. Where the GO, only is
determined the above equation may be simplified by assuming the average
02 percentage of 0.35 as indicated in Figure 10 for the rich side of theoreti-
cal. This assumption gives equation 2 the form, Air-fuel ratio =0.812 CO,
+3.73 . . . 3.

Equations 2 and 3 have been examined between the air-fuel ratios of
9 and 14 and have been found reasonably accurate.

It is not maintained that any of the above-described correlations for
the air-fuel ratio should replace calculations from a complete analysis. In
the absence of an actual complete analysis more accurate results may be
obtained for air-fuel ratio by completing the analysis from the correlation
of the constituents and making a subsequent calculation. The accuracy
required dictates the choice of method, but as explained under IV, 4c (page
31), a fairly accurate, yet simple method is available which may be em-
ployed in most instances at a great saving of time.

IV. METHODS OF CALCULATION
1. Definition of terms. In the calculations that follow, GO,, GO, O,

H,, GH4, and N, are respectively the percentages by volume of carbon
dioxide, carbon monoxide, oxygen, hydrogen, methane, and nitrogen. In
all analyses the N, percentage is obtained by difference, by subtracting the
sum of all other percentages from 100. The expression A/F represents the air-
fuel ratio by weight.

Air is taken to contain 21 per cent by volume or 23 per cent by weight
of oxygen, and 79 per cent by volume or 77 per cent by weight of nitrogen.
While these percentages do not represent the exact composition of air,
there being present fractional percentages of GO, and inert gases, the com-
positions as given are sufficiently accurate for the calculations that follow.

Most of the calculations are made upon a molal basis, the inol being
defined as one molecular weight of the particular substance in pounds.
Such calculations allow use of the pound molecular volume, which is the
volume occupied by one mol of any gas (one molecular weight in pounds).
The value for the pound molecular volume is 359 cubic feet at 32' F. and
standard pressure of 29.9 inches of mercury.

Other symbols used in the calculations will be defined as the necessity
arises.

2. Theoretical combustion. Since theoretical conditions cannot be
attained in practice, the strict application of theoretical values would be
misleading, yet the consideration of such conditions and values is essen-
tial, all variables tending toward the theoretical as a limit. It is also useful
to examine certain trends and compare correlations to theoretical values;
any marked deviations should be justified by reasonable explanations. A
brief consideration of theoretical relationships will not be amiss.
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For many years writers have made calculations based upon a fuel
analysis of 85 per cent by weight of carbon and 15 per cent by weight of
hydrogi(n. While there appear in the literature relatively few substanti-
ations of this assumption for present-day gasolines (a matter that will be
discussed later), it is evident that such a typical analysis arises from a
consideration of the normal paraffin series of hydrocarbons expressed by
the molecular formu]a C H20+2. If we select octane (considered to approxi-
mate gasoline) which is C8H18 with a molecular weight of 114, the per-

12X8X 100centage carbon will then be-114 =84.2% and the percentage hydro-

18X100gen wili be _-fJ4_=15.8%. These figures have been simplified to 85 and

15 for the carbon and hydrogen percentages. The writers do not assume
that such an analysis represents the present-day cracked gasolines. Yet, in
view of the widespread use of this assumption, it will serve for theoretical
considerations.

Based upon the foregoing fuel analysis and upon the assumption that
the carbon is burned to carbon dioxide and the hydrogen to water, it is
possible to calculate the air requirement.

EXAMPLE 1.

Basis: 1 pound of gasoline containing 0.85 lb. of carbon and 0.15 lb.
of hydrogen.

Then, H2+1/2 0H2O
0.15X Y

2 1618
x=9156 =1.20 lb. of 02 required to burn H2 to H20.

_____ lb. of H20 will be formed.

Also, C+02CO2
0.85 X Y

x=0853zzr2.26 lb. of 02 required to burn C to CO2

0.85X44_.311 lb. of CO2 will be formed.
12

Since the oxygen must all come from air which is 23 per cent by
- (2.26+1.20)X100

weight oxygen,
23

15.03 lb. of air will be re-

qtiired or the air-fuel ratio, A/F15.03.
From the weight values, the volumes or percentages by volunie, of the

resulting gases may be obtained. In this connection use is made of the
fact that one molecular weight of air (29 lb.) or of any other gas, occupies
a volume of 380 cubic feet under standard conditions of pressure and at

O F.
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EXAMPLE 2.

Assume 1 pound of gasoline containing 0.85 lb. of carbon and 0.15

lb. of hydrogen, to be burned with only sufficient air to con-
vert one half of the carbon to carbon dioxide, the remainder
of the carbon to carbon monoxide, and all of the hydrogen to
water. What will be the exhaust gas analysis in per cent by
volume?

Basis: 1 lb. of fuel.
As in Example 1, 1.20 lb. of 0 will be required to burn the H2 and
1.35 lb. of H20 will result.
For C+02CO2

0.85 X Y

x=085X321.l3 lb. of 02 required to burn 1/2 C to CO2
2X 12

0.85X44
55 lb. of CO2 will be formed.

2X 12

For C+1/2 02C0
0.85 X Y
2X121628

x= 0.85X160
566 lb. 02 required to burn 1/2 C to CO

2X 12

.

0.85X280992 lb. of CO will be formed.
2X 12

(1.20+1.13+0.566)100126 lb. of air will be required or the
23

A/F.12.6, which correspoiids to a rich gasoline-air mixture.

38?165 cu. ft. of air required or
29

165X0.2134.7 cu. ft. of 02
165X0.79130.3 cu. ft. of N2

The exhaust gas will then contain 130.3 cu. ft. of N2 and2

13.4 cu. ft. of CO and
1.55X380134 cu. ft. of CO2, or a total

volume of 130.3±13.4±13.4157.1 cu. ft. of exhaust gas, since
the H20 will have been condensed and will not appear in the
gas analysis. The percentages are then,

CO2
157.1

13.4X10085% CO
157.1

130.3X 100 _ 83.0%N2
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On the basis of the foregoing assumptions and in accord with the
examples presented, it is possible to calculate the exhaust gas for any
assumed condition. Figure 19 is a graphical representation of the results
of such calculations for a wide range of conditions (16).

3. Use and value of correlations. Insufficient turbulence, a rapid se-
quence of operations, unequal distribution between cylinders, conditions
of equilibrium at combustion temperatures, and probability errors in the
sampling of the exhaust gases cause deviations from these simplified theo-
retical results. Free hydrogen and methane appear on the rich side of
theoretical in addition to the carbon monoxide, and all tend to continue to
some extent beyond the theoretical. As the theoretically perfect mix is
approached (A/F15) the actual values of the percentages of the constituents
of an exhaust gas approach closer to the theoretical values, but such values
are never attained, which is equivalent to saying that the theoretical values
are impossible of practical realization, the errors resulting from their use
becoming larger as the mixtures become richer.

Because of the above-described deviations from theoretical conditions,
it is important that data be available which represent the actual state. Such
data have been presented under III (pages 12-24) in the form of correlations
of actual analyses. Besides indicating the deviation from theoretical, these
correlations form the basis of calculations designed to replace the theo-
retical in that all items appearing in the analyses are considered. Further,
where but one item of the exhaust gas is determined, the correlations make
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possible a close approximation of the complete analysis. An illustration of
this use follows.

EXAMPLE 3.

Assume that but one item, a carbon dioxide percentage of 10.4
has been determined for an exhaust gas. If the engine is
known to be operating on the rich side of theoretical, what is
the probable complete analysis?

From the CO2-02 correlation, Figure 10, the average 02 of 0.35%
or 0.4% will be selected.

From the CO2H2 correlation, Figure 13, a value of 2.1% H2 is
found for 10.4% Co.

From the correlation of COH2, Figure 12, a value 5.1% CO is
indicated which is in substantial agreement with 5.0% as ob-
tained from the CO2CO correlation, Figure 11. The methane
may be obtained from Equation 1 (page 25) and Figure 14
(page 19) as,

15.4X100154_07%
CH4

Nitrogen is then 100(10.4+0.4+5.0+2.1+0.7) =81.4%. The
complete composition as calculated and as determined by
analysis follows.

Calculated Determined
CO2...................................................... 10.4 10.4
02 .......................................................... 0.4 0.3
CO........................................................ 50 5.2
H2---------------------------------------------------------- 2.1 L8

CH4...................................................... 0.7 1.0
N2.......................................................... 81.4 81.3

100.0 100.0

The more complete the analysis, the less dependence need be placed
upon the correlation values, but for rapid test work, for limited facilities,
and for most practical applications, the correlations are helpful and in fact
necessary if a complete interpretation of engine conditions is to be at-
tempted. In addition, any instrument that is calibrated in only one con-
stituent of gas analysis cannot be more accurate in the evaluation of any
other constituent than through the correlation that is available between
such items.

4. The calculation of air-fuel ratio. Probably the most important single
item of information made possible by exhaust gas analyses is the air-fuel
ratio. Many of the variables encountered in gasoline power plants can be
most satisfactorily expressed in terms of this ratio of weight of air used to
weight of fuel burned. Several methods of determining the air-fuel ratio
from the exhaust gas are available and the results vary somewhat with the
method employed. The various methods in general use will be considered.

4a. CALCULATIONS BY USE OF' FUEL ANALYSIS. Calculation by use of fuel
analysis is quite universally used. Considering the fact that but ten analy-
ses of gasoline (7) (10) (13) (14), all quite old with the exception of (10),
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could be found in the literature, this method is open to some question,
especially with the increase in cracked gasoline and a more than probable
variation in the hydrogen-carbon ratio. The average values for the ten
available analyses are 84.7 per cent by weight carbon and 15.2 per cent by
weight hydrogen. Owing to the fact that no recent analyses are available,
the above averages will be used in subsequent calculations. Such use is
made with the understanding that the authors do not hold that the values
strictly represent present conditions as regards motor gasoline. For benzol
blends the hydrogen-to-carbon ratio is obviously lower.

The widespread use of the method of calculating air-fuel ratios from
an assumed fuel analysis, results in all probability from the fact that many
determinations have been made for CO2, CO, and 02 only. The assumption
of a fuel analysis becomes unnecessary to a calculation of the the air-fuel
ratio when the previously mentioned correlations are used to complete the
analysis. This matter will be considered later. The following examples
illustrate the air-fuel ratio calculation as based upon fuel analysis.

EXAMPLE 4.

Assume that the first three items of the analysis as given in Ex-
ample 3 have been determined; namely, CO210.4%, CO=
5.2%, and O2=0.3%. Using average values of 84.1% by weight
carbon and 15.2% by weight hydrogen in the fuel, what is the
air-fuel ratio?

Basis: 100 mols exhaust gas:
Item Per cent Atoms C Mo/s 02

CO2 -------------------------------- 10.4 10.4 10.4
CO---------------------------------- 5.2 5.2 2.6
0 ------------------------------------ 03 0.0 0.3

15.9 15.6 13.3

15.6X12X100221 lb. of fuel,
84.7

221X15.2336 lb. of hydrogen in fuel.
100

From this point, various methods are used depending upon the
correlating assumptions made. For the first case, take the
hypothetical condition that all hydrogen is burned to water,
then

H2+1/2 03=H20
316 X

2 16

X=268 lb. of 02 to burn H2 to H20
(268+13.3X32)X1003020 lb. of air required.

23

3,020A/F 13.7
221

This value is, of course, in error and is entirely theoretical. (Re-
quires more 02 to burn H2 than is actually used.)
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As Case 2, assume the nitrogen is obtained as
100-( 15.9) =84.1% N.
84.1X100X29 =3,090 lb. of air required.

A/F-l4.0
221

This value is approximately the same as in Case 1, but high, due
to the excessive percentage of nitrogen (includes free H2 and
CH4).

As a third case, assume (as is generally done) some correlating
values for H2 and CH4. In this case we will assume the cor-
relating values for H2 and CH4 as obtained in Example 3; then,
the nitrogen is obtained as 100_(15.9+2.1+0.7)z81.3% N2.
81.3X100X29 2,980 lb. of air required.

16.3X12X100 =231 lb. of fuel corrected for C in CH4.*
84.7

2 980A/F=----- =12.9
231

This last value is more nearly the true value as will be shown.

4b. CALCULATION BY COMPLETE BALANCE. For this particular application, no
fuel analysis is needed, indeed the composition of the fuel may be calcu-
lated. The only assumption made is that the fuel contains only carbon
and hydrogen, provided correlation values are used as was found necessary
in Case 3 under the method of calculation by fuel analysis. Since such cor-
relations are necessary to insure accuracy in all cases, a more direct calcu-
lation of the air-fuel ratio is possible by using the carbon, oxygen, nitrogen,
and hydrogen balances as complete accountings.

EXAMPLE 5.

Assume that the correlation analysis as given in Case 3, Example
4, is available but that the analysis of the fuel is unknown.
What is the air-fuel ratio, and what is the approximate com-
position of the fuel?

Proceed as before in a tabulation of values.
Basis: 100 mols exhaust gas:

Item Per cent Atoms C Mols 02 Mols H2 MolsN2
CO2 .................. 10.4 10.4 10.4 0.0 0.0
CO .................... 5.2 5.2 2.6 0.0 0.0
02 ...................... 0.3 0.0 0.3 0.0 0.0
H2 .................... 2.1 0.0 0.0 2.1 0.0
CH .................. 0.7 0.7 0.0 1.4 0.0

81.3 0.0 0.0 0.0 81.3

100.0 16.3 13.3 3.5 81.3

This step is frequently neglected.
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81.3X100><29_2980 lb. air input.
79

2,980X23686 lb. 02 with air input.
100

13.3X32=426 lb. 02 accounted for in analysis.
686-426=260 lb. 02 used to burn H2 to H20.
2X260 =28.9 lb.

18

2x3.5+28.9=35.9 total lb. H2 in fuel.
16.3X12=2196.0 total lb. C in fuel.
196.0+35.9=231.9 total lb. of fuel.
35.9X 100 15.5% H2 in fuel.

1960X100845% C in fuel.
231.9

2,980129

The calculations as described in Example 5 are considered to be the
most exact since they give weight to all items of the analysis. Such is not
the case in the calculations using the fuel analysis, to the extent that the
carbon balance is taken to represent the fuel rather than the sum of the
carbon and hydrogen. Many times the correction to the carbon balance for
the addition of the carbon in the methane is neglected. In Case 3, Example
4, this would have resulted in A/F13.4 instead of the 12.9 which happens in
this instance to check the value by the complete balance. Because of this
accidental check between Case 3, Example 4, and Example 5, it must not
be assumed that the former is always as complete or accurate as the latter.
In fact, for the blended motor fuels such as those containing benzol, few
or no data are available upon the variable compositions that are marketed.
The calculation of the air-fuel ratio by means of the complete balance pre-
cludes the possibility of a large error in the assumption of a fuel composi-
tion for the unknown blend. A calculation of the fuel composition is pos-
sible and provides a pertinent item of data.

4c. CALCULATION BY CORRELATIONS. It is possible to determine the air-fuel
ratio from the percentage CO2, as indicated in Figure 16 under III and
from the percentage nitrogen, as indicated by Figure 15.

EXAMPLE 6.

From the analysis used in Example 5, deterniine the air-fuel ratio
by tile various existing correlations.
From nitrogen, A/F12.9
From formula, A/F0.812 CO2+3.7312.2
From TJ.S.B.M. curve, A/F12.5
From Watson curve, A/F1l.6
From Lockwood diagram, A/F12.4
From N.A.C.A. (Ostwald diagram), A/F13.1

5. Completeness of combustion. The per Cent completeness of Com-
bustion, expressed as "furnace efficiency," or the ratio of heat of corn-
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bustion of substances in the exhaust to heat of combustion of fuel (input),
expressed as combustion efficiency, has been proposed by several investi-
gators (7) (8) (29) (31) (38) (44). This efficiency has been based upon
unit weight of fuel supplied as well as upon unit volume of inlet and exhaust
gas. Assuming the average composition of gasoline to be 84.7 per cent
carbon and 15.2 per cent hydrogen and using standard heats of combustion
of 14,140 B.t.u. per pound for carbon and 61,100 B.t.u. per pound for hydro-
gen, the heat value per pound of gasoline is then 21,270 B.Lu. per pound
(high heat value). The differences in the calculations of the combustion
efficiency are illustrated in the following examples.

EXAMPLE 7.

Assume the values for an exhaust gas as given in Example 5
namely, CO2l0.4%; C052%; 020.3%; H22.1%; CH4
0.7%; N281.3%, and an air-fuel ratio as calculated of 12.9.
Use the fuel analysis as calculated in this same example and
determine the combustion efficiency expressed as a percentage
upon the basis of unit volumes of entering and exit gases.

The solution to this type of calculation is most easily accomplished
by using standard heats of combustion (gross) at ordinary
temperatures and pressures as,

Item 1-leat of Combustion
C ---------------------------------------------- 14,140 B.t.u./lb.
H2 -------------------------------------------- 61,100 B.t.u./lb.
H2 ---------------------------------------- 323.5 B.t.u./cu. ft.
CO -------------------------------------- 321.7 B.t.u./cu. ft.
CH4 ------------------------------------ 1014.7 Bt.u/cu. ft.

From Example 5, there are 2,980 lb. of air input or 0X2,980

39,000 cu. ft. of air per 100 mols of exhaust gas or 390 cu.
ft. mol.

Approximating the molecular weight of the gasoline as 114 for
octane and using the 12.9 air-fuel ratio,
2 980231 lb. fuel per 100 mols of exhaust gas or 2.31 lb./mol.
12.9

Then,

1X380z77.1 cu. ft. of gasoline vapor/mol of exhaust gas or

a total input of 390+77.1467.1 cu. ft. of air-vapor mixture per
mol of exhaust gas.

The gasoline will have a heat value of 0.84514,140+0.155X61,100
21,420 B.t.u./lb.

The heat value per cubic foot of inlet air-gasoline vapor mixture
will be,
2.31X21,4201061 Bt.u./cu. ft.

467.1
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Since there are 380 cu. ft. of exhaust gas per mol there will be
380X0.052X321.7=6,350 B.t.u. in CO in exhaust.
380X0.021X323.5=2,585 B.t.u. in H2 in exhaust.

380X0.007X1,014.7=2,700 B.t.u. in CR4 in exhaust.

11,635 B.t.u./mol. of exhaust gas.

B.t.u./cu. ft. of exhaust gas.

The efficiency of combustion upon a cubic foot basis will then be
(106.1-30.6)X100

1 6 1
=71.0% of the total heat value per cubic

foot of inlet mixture consumed in passage through the engine.

EXAMPLS 8.

What will be the combustion efficiency expressed per pound of
fuel using the data of Example 7?

There are 2.31 lb. of fuel per mol of exhaust gas or an input of
2.3lX2l,420=49,600 B.t.u. per mol of exhaust gas.

From the previous calculations there were found to be 11,635
B.t.u. per mol of exhaust gas still remaining; consequently,
(49,600ll,635)l00=76.5% of the total heat in a pound of fuel

is consumed in passage through the engine.

The difference in the values of the efficiencies in the two cases is sim-
ply due to the volume considered to be occupied by the fuel itself in a
completely vaporized state. As might be expected, the completeness of
combustion of the elements, carbon and hydrogen, in gasoline is a function
of the air-fuel ratio. Figure 20 presents this relationship. The degree of
incompleteness of combustion even at the theoretical air-fuel ratio is
evident.

6. Recommendations and limitations. The foregoing material leads to
the conclusion that in so far as the calculations of air-fuel ratios are con-
cerned, it is always necessary to complete the items of the gas analysis
either by direct measurement or by correlation if accuracy is desired. When
the gas analysis is complete, it is no longer necessary to know the analysis
of the fuel, since the complete gas analysis represents the fuel through the
various molecular balances, and the air-fuel ratio as well as the composition
of the fuel can be calculated therefrom. This method is as accurate as the
correlations between constituents of the gas analysis, and while the num-
ber of steps in the calculation may appear excessive, no data are required
other than the percentages of 02 and N2 in the air, the pound molecular
volume at the temperature and pressure desired, and the molecular weights
of the elements. Since these figures are common knowledge, no reference
or recourse to formulas is necessary.

In view of the various methods in common use for the calculation of
air-fuel ratios, a recommendation can be offered that use be made of the
best existing correlations between constituents to complete the analyses
and that the air-fuel ratio be calculated by the complete balance. As more
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accurate and reliable data are made available, the correlations should be
improved to the end that some uniform method of calculation may event-
ually be adopted.
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Figure 20. Completeness of combustion vs. air-fuel ratio.

V. THE PRACTICAL APPLICATION OF EXHAUST GAS
ANALYSES

1. Carburetor adjustment. Exact and positive adjustment of the car-
buretor of a gasoline engine is possible through use and interpretation of
exhaust gas analyses. This statement is now amply corroborated and has
been discussed frequently in the literature (1) (6) (7) (8) (11) (15) (16)
(19) (20) (21) (22) (23) (25) (26) (29) (40) (41) (42) (48). Various in-
vestigacions have indicated the possibility of an appreciable saving in motor
fuel and generally more satisfactory operation of engines (6) (7) (16) (40)
(41) through periodic adjustments of carburetors. Such savings have been
found to average approximately 27 per cent in the case of passenger cars
and 22 per cent in the case of trucks (16) and general figures of 30 per cent
(7) and 24 percent (19) have been reported. Economical utilization of fuel
is a matter of importance to both the individual motorist and the fleet
operator and this fact has resulted in the widespread use of exhaust gas
analysis as a practical means of control. Figures 21 and 22 indicate the
savings that are possible by adjustment of carburetors to higher CO2 per-
centages in the exhaust gases (higher air-fuel ratios).
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The general range of operation of an automobile engine is between
the limits of air-fuel ratios of approximately 12.5 to 16, the former figure
corresponding to about maximum power output and the latter figure to
about maximum efficiency. As the air-fuel ratio is decreased from about 16
to about 12.5 a greater fuel consumption results but a higher power output
is delivered. Since a variable power output is demanded from the motor,
it is necessary that carburetor adjustments be made to fulfill this require-
inent. Most carburetors are capable of adjustment for maximum economy
at cruising speeds but some types are not so amenable to adjustment for
both power and economy. The recommendation of the authors in this
regard is to effect an adjustment to about 90 per cent of maximum efficien-
cy or an air-fuel ratio of approximately 13.7.
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Figure 21. Relation between percentage of carbon dioxide and miles per gallonlight weight

cars. (Tests reported in Trig. Exp. Sta. Cir. No. 2, Jan., 1930.)
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Many other factorsnamely, tire inflation, compression pressure, fi-ic-
tion load, ignition timing, and altitudeinfluence the economy of operation
of an automobile. The practice of checking a number of these factors along
with the carburetor adjustment is to be commended.

I 7.

MILES PER GALLON
Figure 22. Relation between percentage of carbon dioxide and miles per gallon--trucks.

(Tests reported in Eng, Exp. Sta. Cir. No. 2, Jan., 1930.)

2. Carburetor characteristics. The characteristics of carburetion with
engine speed have been correlated through analyses of the exhaust gases
(16) (31) (40) (50). These correlations have been reported in two forms:
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first, the relationship between air-fuel ratio and speed, and second, the
relationship between economy and speed. It is generally conceived that
the "ideal" automobile carburetor should produce an economical mixture
of practically constant air-fuel ratio throughout the larger portion of the
cruising range. Many of the present-day carburetors approximate the
above condition to a very satisfactory degree at the higher speeds, the
tendency being toward a richer mixture that approximates maximum
power at the lower speeds. With a power demand, as during acceleration,
the mixtures are much richer and the condition of wide-open throttle shows
a gradual increase in the air-fuel ratio as the speed is increased. In general,
the air-fuel ratio is lower than the maximum power point for the lower
speeds and higher than the maximum power point for the higher speeds,
resulting in an "average" mixture throughout the accelerating range of
approximately that equal to maximum power. It is suggested that it
might be quite possible to establish a criterion of carburetor efficiency
based upon air-fuel ratio speed studies.

The fact must be kept in mind in the interpretation of carburetor per-
formance from exhaust gas analyses, that the power requirement at the
speed for which the analysis is taken is an important factor. Analyses
taken in road tests must necessarily be at different power outputs since
the power required varies with the conditions. Analyses taken in terms of
speedometer readings with the car stationary but with the rear wheels
raised are taken at practically uniform load as are the "no load" laboratory
tests of a motor on a block. Due consideration must also be given the
carburetor type as well as engine design and condition.

3. Mixture distribution. A practical application of exhaust gas analysis
is in the determination of the mixture distribution to the various cylinders
of an engine by a measurement of the air-fuel ratio for each individual
cylinder. It has been evident for some time that all cylinders in a multi-
cylinder engine usually do not operate at the same mixture strength owing
to conditions of manifolding. The determination of the individual exhaust
analysis or air-fuel ratio for each cylinder provides information as to the
uniformity of distribution. The subject has been discussed in the literature
and the difficulties pointed out (11) (51). The determination of the air-fuel
ratios for individual cylinders should be greatly facilitated by the modern
air-fuel ratio meters. Much of the difficulty in the past resulted from in-
accuracies in analytical measurements and subsequent unreliable calcula-
tions of air-fuel ratios. These difficulties may now be almost entirely
eliminated by use of the improved meters. It is anticipated that much more
satisfactory data on mixture distribution will shortly appear in the liter-
ature.

4. Engine characteristics. It has become customary to express the
various values obtained in engine testingsuch as thermal efficiency, com-
bustion efficiency, power output, "pulling power," specific fuel consump-
tion, exhaust temperaturesin terms of the major variable, the mixture
strength, as expressed in terms of the air-fuel ratio. While it is possible to
measure the air-fuel ratio directly by various volume or weight indicating
devices (53), the practice is both difficult and at times cumbersome. Direct
measurements are practically impossible for road test work. The use of
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exhaust gas analysis in the determination of the air-fuel ratio is an almost
universal practice. As previously discussed, the many recommended cor-
relations have been used, and the degree of accuracy necessary in the re-
sults dictates the selection of method. In general, extreme accuracy (less
than ± 0.25 air-fuel ratio) is not compatible with other measurements, es-
pecially where the investigations are conducted over wide ranges and
where operating conditions cannot be rigidly controlled. In view of the
above limitations, the exhaust gases serve as a suitable indication of mix-
ture strength and hence the determination and interpretation of exhaust
gas analyses are of decided practical importance in the procedure of testing
internal combustion engines.

5. Progressive combustion. It has been possible to follow the com-
bustion reactions in a single-cylinder internal combustion engine by means
of gas analyses of samples taken at different intervals throughout the pow-
er stroke (51) (52). Such data have added materially to the knowledge of
the mechanism of combustion, the various constituents of the analyses ap-
proaching the percentages appearing in the composite exhaust gases as a
limit. The combustion reactions have been followed by spectroscopic
measurements, but the data are difficult to translate into useful values
since very little information upon the explosive reactions is available. Gas
analyses have made possible a direct determination of the products of
combustion (indicative of completeness of reaction) without recourse to
indirect interpretation. This subject is discussed further in VI (pages 38-45).

Gas analyses have been of great value in studying combustion beyond
the exhaust ports in determining the efficiency of operation of various
devices designed to reduce the amount of carbon monoxide and other com-
bustibles in the exhaust gases.

6. Carbon monoxide. A number of valuable studies have been con-
ducted to determine the physiological effects of exhaust gases, especially
the two constituents, carbon monoxide and lead (13) (15) (17) (18). Car-
bon monoxide is extremely poisonous. A great many deaths have resulted
due to a discharge of gasoline-engine exhausts into restricted spaces. In
this connection, it may also be pertinent to point out that explosion haz-
ards are possible from rich exhaust gas mixtures and air, the limits of the
explosive range having been determined (6). All of these studies have
made use of gas analyses. Special instruments are available for the de-
tection and determination of the carbon monoxide content in such loca-
tions as cannot be satisfactorily ventilated.

VI. THEORETICAL CONSIDERATIONS
1. Equilibrium. At the high combustion temperature that exists in an

internal combustion engine, the usual chemical reactions of burning, as-
2H2+02=2H20
2C0+02=2CO2

do not proceed to completion. Dissociation of the products of combustion
takes place, and a point is eventually established at which equilibrium
exists and the tendency of reactions to proceed to completion, and the
tendency toward dissociation of the products of combustion, are equal. It
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has been pointed out many times that the equilibrium condition is ex-
pressed by the water-gas reaction (32) (34) (44) (45) (60)

CO2+H,ts C0+H20
which stipulates that the products of combustion from an internal coin-
bustion engine will contain CO and H2 besides the CO2, H30, and inert N2.
The foregoing statements are concerned with mixtures on the rich side of
theoretical. Even with a rich mixture some free 02 persists and CH4 is
present. As indicated in the CO2-02 correlation, Figure 10, a small per-
centage of 02 (approximately 0.35 per cent) appears in the exhaust gases.
Such small percentages, no doubt, result from chemical equilibria of sec-
ondary or minor importance. It is obvious that free oxygen in appreciable
percentages will be present on the lean side of theoretical.

A critical survey of the exhaust gas analyses as reported from multi-
cylinder engines indicates occasionally the presence of high percentages of
oxygen, even in air-fuel ratios as low as 9. With the high percentage of H2
and CO found at such low air-fuel ratios, the presence of any appreciable
amount of oxygen is incompatible with the concepts of combustion. Re-
peated experiments with single-cylinder engines (10) (51) (52) (58) show
only traces of 02 on the rich side of theoretical. This is in accord with the
assumptions made in the thermodynamic analysis of combustion engine
cycles (54) (55). The only reasonable explanation of the presence of appre-
ciable percentages of 02 in the exhaust from multi-cylinder engines appears
to lie in the distribution. All cylinders of an engine, owing to characteris-
tics of distribution of the air-fuel mixture to the different cylinders, do not
operate on the same mixture strength. Some cylinders may be operating
on a lean mixture while others receive a mixture that is much richer, result-
ing in a combined exhaust that contains appreciable 02 from the lean
cylinders. The above statements warrant the conclusion that the appear-
ance of any considerable percentage of oxygen in the analysis of exhaust
gases from an engine operating definitely upon the rich side of theoretical
is an indication of uneven distribution and that in any correlation of the
constituents of exhaust gases, as presented herein, considerable of the
deviation experienced may be accounted for by the variable 02 content.
Figure 10 was constructed by disregarding those analyses wherein 02 was
present in amounts greater than I per cent for the low values of CO2, or
the equivalent low air-fuel ratios.

Thermodynamic considerations do not allow for the presence of CH4
in exhaust gases. For temperatures of the magnitude of those encountered
in an internal combustion engine, CH4 is undoubtedly the most stable
hydrocarbon that could be formed and the hydrocarbons of the fuel must
undergo progressive decomposition with methane as the end product. The
condensation of CH4 to form higher hydrocarbons by evolution of H2 or
by reaction with C, CO2, or CO appears impossible and the formation of
acetylene could take place only at temperatures at which acetylene itself
would be unstable. CH4 must therefore be considered as the residual of the
process of decomposition of gasoline, and the CH4 reported in gas analyses
represents a portion of the fuel that has escaped combustion. At extremely
low air-fuel ratios (low maximum temperatures) it is quite probable that
hydrocarbons of a higher order than CH4 might be present, but the usual
methods of analysis report all such residual gases as CH4.
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In view of the incompatibility of the high percentages of Oz and the
quite variable CH4 content of exhaust gases on the rich side of theoretical,
any direct determination of equilibrium conditions could not be expected to
yield satisfactory correlations. Theoretically it is apparent that if the
water-gas equilibrium controls the products of combustion, the equilibrium
constant for the reaction should increase as the air-fuel ratio is increased
(and as higher combustion temperatures are attained). This equilibrium
constant is expressed as-

_p(C0)Xp(H20) COXH2O
p(CO2)Xp(H2) = CO2XH2

where K.0. represents the equilibrium constant and p(C0) represents
the partial pressure of the carbon monoxide, etc. This equilibrium con-
stant varies with temperature according to experimental values by Ailner,
Haber and Richardt, Hahn, Harries, and Tizard and Fenning as given itt
Table II.

TABLE II. VARIATION OF WATER GAS EQUILIBRIUM CONSTANT
WITH TEMPERATURE

Temperature I II Temperature
KW.G.Kw.o. C

800 --------------------------------------------- 1.09 1800 ---------------------------------------- .... 4.54
1000 ---------------------------------------------- 1.72 2000 --------------------------------------------- 5.28
1200 --------------------------------------------- 2.42 2200 --------------------------------------------- 6.00
1400 --------------------------------------------- 3.13 2400 --------------------------------------------- 6.68
1600 --------------------------------------------- 3.85 2600 --------------------------------------------- 7.40

Calculations of KW.G. for one hundred and sixty analyses gave average
values varying from 2.50 to 7.00. The correlation with air-fuel ratios was
very poor, showing only a very general trend toward higher values of KW.G.
with higher values of air-fuel ratio. The lack of correlation is not surprising
in view of the fact that the oxygen and methane values were necessarily
included.

In consideration of the correlations previously proposed, it was possi-
ble to select representative analyses for mixtures on the rich side of theo-
retical. These analyses formed the basis for the calculation of the equilibri-
um constant, K.0., of the water-gas reaction. Table III presents the
complete analyses and the calculations made therefrom.

TABLE III. WATER GAS EQUILIBRIUM CONSTANTS CALCULATED FROM
ACTUAL ANALYSES

No. CO2 CO Oz H2 CH2t N2
Air-Fuel
rati4 Kw.o.

Temper-
ature

C

1_ 5.0 14.0 0.4 9.3 2.1 69.2 8.3 3.61 1535
2 6.0 12.3 0.4 7.5 1.8 72.0 9.1 3.61 1535
3 7.0 10.7 0.4 5.9 1.5 74.5 9.9 3.68 1550
4 8.0 9.0 0.4 4.5 1.2 76.9 10.8 3.75 1580
5 9.0 7.3 0.4 3.4 1.0 78.9 11.5 3.82 1600
6 10.0 5.7 0.4 2.4 0.7 80.8 12.5 4.11 1680
7 11.0 4.0 0.4 L6 0.5 82.5 13.4 4.12 1680
8 12.0 2.3 0.4 0.9 0.3 84.1 14.4 3.79 1590
9 13.0 0.6 0.7 0.2 0.2 85.3 15.5 lean

Determined from CO2-Hz correlation.
f Calculated from Formula 1.

Calculated by complete balance.
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The temperatures of Table III were determined from the equilibrium-
temperature relationship as given in Table II, which may be expressed by
the equation (59)

log K..=1.405 1,550

where T is the absolute temperature in the metric system.
The temperatures as calculated in Table III or any other temperatures

evaluated by the calculation of KW.G. depend to some extent upon the
temperature at which the established equilibrium "freezes." Haber gives
this temperature as 1500° C. From thermo-dynamic calculations the maxi-
mum combustion temperatures for gasoline vary from about 2500 to 2700°
C depending upon the compression ratio (5) (54) (57) (58). This temper-
ature is appreciably in excess of Haber's 1500° C for the "freezing" of the
equilibrium or the temperatures from Table III. Hence it is evident that
the equilibrium as calculated from the items of the exhaust gas does not
represent maximum combustion temperatures as has been contended (44),
but rather is indicative of equilibrium established much later in the expan-
sion stroke of the engine cycle, probably at the point of the expansion
stroke when the exhaust port opens. This conclusion is borne out by the
fact that the calculated temperatures (thermodynamic) at the end of the
expansion stroke are from 1610 to 1950° C. (54) (58). Also, direct measure-
ments of the maximum temperature of combustion have been found to
agree reasonably well with the calculated values of from 2500 to 2700° C.
(59) (64).

In view of the facts that extremely high temperatures exist in the
engine cycle, as has been demonstrated by calculation and measurement,
and that the interval allowable for the establishment of equilibrium is
exceedingly short (approximately 0.03 second), it is considered, that the
temperatures as calculated from the analyses derived from the correlations
are in substantial agreement with known values.

That the maximum temperature as calculated from the correlation
analyses occurs at an air-fuel ratio of approximately 12.7 is in agreement
with the calculated and measured values which peak between 12.6 and 13.2.
It might be expected that a maximum combustion temperature would re-
sult in a maximum "equilibrium" temperature as determined from the value
of KW.G.. The agreement observed substantiates the idea that dissociation
shifts the maximum temperature point to the rich side of theoretical and as
a result provides maximum power at this point.

If it is assumed that combustion of the hydrogen and carbon monoxide
present in the gaseous mixture takes place as long as any appreciable
amount of oxygen is present according to the reactions previously given
as-

2H,+02=2H20
2C0+02=2C0

and if the further assumptions are made that the temperature coefficients
of reaction velocity are the same for both H2 and CO and that change in
the engine pressure has the same effect upon both reactions, then it is
possible to express the rate of removal of the two gaseous constituents as-

5

and K0(CO)2XO2. . . 6
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It is possible to eliminate the oxygen concentrations as well as the
time by dividing equation 5 by equation 6.

dH2 KH (H2)2
dCO K0 (CO)2

If equation 7 is integrated between finite limits there results

C" dH K0 CO dCO

o (H2)2 K0 tO (CO)2

1 K01
H2K0 CO +

Equation 8 implies that if the assumptions made are correct and if the
equations for the combustion reactions as originally written are true, then
a plot of 1/H vs 1/CO should be a straight line with a slope of KH/Kco.
To test the validity, the only datum required is the COH2 correlation as
given in Figure 12. Figure 23 presents the plot as indicated above and gives
a value of 3.15 for the slope K0/K0. This value is in reasonable agree-
ment with that of 2.86 by Haslam (61) and the value of 2.35 as given by
Lovell, Coleman, and Boyd (52). The agreement of the above figures for
the relative reaction velocities as well as the substantiation throughout
the greater portion of the range (1.4 to 14 per cent CO and 0.4 to 9.6 per
cent H2) of the accepted mechanism of combustion, verifies the general
trend of the COH2 correlation.

2. Motor fuels. At the present time there is an excessive amount of
unsubstantiated advertising regarding the various qualities of different
motor fuels. It is instructive and timely to mention some particular char-

('I
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Figure 23. Plot of 1/112 vs 1/CO to test the validity of assumptions made relative to com-
bustion reactions and temperature coefficients of reaction velocity.
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acteritics of fuels, especially as they may be evaluated by the results of
gas analyses.

For the sake of comparison, it is interesting to deal with one cubic
foot of combustible gas-air mixture at 602 F. and standard pressure. If we
assume the value of Q for the heat value of the fuel in B.t.u. per pound and
let F be the number of mols of fuel that will require A mols of air for
complete combustion according to the theoretical equation, then I niol of
the combustible mixture will be represented by (F+A). Call the molecular
weight of the fuel M. The heat generated per mol of combustible mixture
will then be

FFQA XMB.t.u./mol of combustible mixture

or using the value of 380 cu. ft. for the pound molecular volume, the heat
value per cubic foot of the combustible mixture will be

FQ XM=B.t.u./cu. ft. at 60 F. and standard pressure.
380 (F+A)

When any gaseous fuel mixture burns and the products of combustion
are brought back to the original temperature level of the fuel mixture be-
fore combustion, an increase or decrease in volume will have resulted
(water not condensed). If an increase in volume is apparent, such increase
is available to do work in an engine and the original fuel mixture must be
credited with this possibility. Likewise, if a contraction results, the fuel
must be penalized by the same reasoning. Calling K the volume ratio co-
efficient which may be obtained by the ratio of the mols of combustion pro-
duct to the mols of fuel mixture, the total energy content per cubic foot of
fuel mixture is

380 (F+A)
XM=B.t.u./cu. ft.

Consider three widely different fuelsgasoline as represented by oc-
tane C8H1, benzene C6H6, and ethyl alcohol C,H5OH. The combustion equa-
tions for complete burning are:

1. 2 C81118+25 02+94.0 N2=16 CO2-+'18 H20+94.0 N2
2. 2 C6H6+l5 02+56.4 N2=12 CO2+6 H20+56.4 N2
3. 2 C,H5OH+3 02+11.3 N2=2 CO2+3 H20+ll.3 N,

From the foregoing equation the value of K is determined:
1. 130/12l1.074K for C8H,8

2. 74.4/73.41.013K for C6H6
3. 16.3/15.31.065K for C2H2OH

The energy values per cubic foot of mixture for theoretical combus-
tion are then:

1. l.074X2X19,000Xll4
380(2+121)

99.7 B.t.u./cu. ft. for C8}L8

2. l.013X2X18,150X78
380 (2-1-73.4)

=100.3 B.t.u./cu. ft. for C6H6

3. 1.065X1X12,180X46.1 =96.6 B.t.u./cu. ft. for C2H2OH
380 (l+lD.3)

When the wide difference in character of the three selected fuels is
considered and knowing that, in general, the maximum power of a particu.
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lar engine is proportional to the heat value or energy per unit volume of
mixture supplied to the cylinders, it is evident that any probable differences
in composition of gasoline cannot appreciably affect maximum power out-
put. In consequence, it can be stated that the claims of super power for par-
ticular grades of gasoline are not substantiated, while the constancy of ap-
proximately equal power from all fuels is fully confirmed by theory as well
as experimental data. Unfortunately, there is no single test that the consumer
may apply to determine the quality of motor fuel. The motorist's judg-
ment of suitability is often based upon insufficient information. While peo-
ple realize that the present-day motor fuels are substantially different from
those of ten years ago, erroneous information or half-truths have created
confusion as to what really constitutes a good gasoline. Several physical
and chemical properties that indicate motor fuel quality must be recognized
namely, volatility, which controls ease of starting, acceleration character-
istics, vapor-lock tendency, crankcase dilution, and evaporation loss; purity,
which is measured by means of corrosion tests or sulfur content; gum-
forming tendency; and antiknock value.

All of the foregoing properties are so related that an improvement in
one characteristic is usually at the expense of another. A high volatility
that promotes ease of starting tends to increase vapor-lock tendency and
to reduce gravity, upon which mileage depends. Evaporation losses are
also increased. The inclusion of unsaturated hydrocarbons in the fuel for
the purpose of increasing the antiknock value may result in an increase in
the gum formation. The inclusion of high-gravity hydrocarbons to increase
heat value of the fuel and give more miles per gallon, results in hard start-
ing, loss of acceleration, and an increase in crankcase dilution. Present-day
gasolines are, then, a compromise that is adjusted with seasonal variations
and climatic conditions. Certain definite limits within which satisfactory
engine operation is assured, control the variations between different fuels
and it is only through the adoption of new processes of manufacture or
improvements in manufacturing technique that gasoline quality can be
expected to be enhanced.

It will not be amiss to repeat the statement herein, that a gasoline
engine is incapable of appreciating an antiknock value or octane number in
the fuel supplied, that is greater than that sufficient to remove detonation
under the most severe condition of operation (62). Beyond the above point
an increase in antiknock properties of the fuel represents no advantage to
the motorist. While it is true that certain fuels may exhibit higher anti-
knock values (higher octane ratings), it is doubtful whether the majority
of motorists derive any advantage therefrom, and claims that are made in
this regard are at times misleading. The above statement suggests a reason
why the older rating of H.u.c.R. (highest useful compression ratio) is prefer-
able to the "octane number" scale.

Many gasoline "dopes" or substances designed for use as addition
agents to motor fuel have appeared on the market. Very exaggerated
claims are made for most of these products. It can be stated that few, if
any, have merit. Most of the metallo-organic substances that appear to be
feasible of use have been completely investigated as have many of the
more complicated non-metallic organic compounds. At this writing, no one
substance has been reported that approaches the tetra-ethyl lead fluid in
efficiency of removal of detonation in comparable amounts and at the same
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economy. A great many tests upon the various "dopes" that have been
proposed for sale fail to show any of the points of merit that have been
claimed (63).

Economy, as a motor fuel quality, can only vary as the total heat con-
tent per unit varies. Since operating conditions, engine efficiency, and,
above all, carburetor characteristics and adjustment, influence economy to
a marked degree, it would not be expected that minor differences between
motor fuels would be apparent in this regard. Experimental evidence in
the form of road tests substantiates this statement. A careful and satisfac-
tory carburetor adjustment will effect economy that is many times greater
than any differences that might be expected between various grades or
brands of gasoline.

All of the foregoing statements regarding motor fuels are indirectly
connected with exhaust gas analyses in that the proof or disproof of the
various statements lies in experimental test procedures, either on the
road or in the laboratory, wherein the analyses of the gases play an impor.
tant role.

VII. SUMMARY OF CONCLUSIONS AND
RECOMMENDATIONS

A survey of data such as has been attempted in this Bulletin leads to
certain conclusions and recommendations. For the sake of directness and
brevity, the conclusions indicated by this study are enumerated and these
are followed by a similar enumeration of recommendations.

CONCLUSIONS

1. Although very evident correlations exist between the various con-
stituents of exhaust gas from gasoline power plants, such data as are
available show marked deviations which probably result from several
possible causesnamely, poor distribution, air leakage, type and condi-
tion of engine, or methods of sampling the gases.

2. By far the greater portion of complete tests as reported in the
literature have been conducted upon engines that were in no respect
modern according to present ideas.

3. Many of the assumed correlations or relationships expressed in
the literature are only approximate and then only within a restricted
range.

4. Exhaust gas analysis as a test procedure is well on the way toward
almost universal adoption.

5. Instrument manufacturers have made available various instruments
that operate upon exhaust gases to indicate directly air-fuel ratios, com-
pleteness of combustion, or both.

6. More satisfactory correlations from accurate analyses are desirable
to enable the construction of more accurate charts or graphs for use in
routine testing.

7. There are still many unsolved problems connected with exhaust gas
analyses, chief among which are the equilibrium considerations involved.
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RECOMMENDATIONS*

1. Because only a very few ultimate analyses of gasoline appear in
the literature, and because present refining methods are different and
changing, studies should be undertaken in this respect.

2. In connection with Recomendation 1, a determination of molecular
weights of gasoline would provide valuable data from which to calculate
vapor volumes on a molal basis.

3. In view of Recommendations 1 and 2 and in the event gasoline
analyses are not made, air-fuel ratios from exhaust gas analyses should
be calculated by a complete balance.

4. More consideration should be given the presence of oxygen appear-
ing in the exhausts from rich mixtures as this item probably indicates poor
distribution, air leakage, or both.

5. Complete exhaust gas analyses should be obtained from modern
motors at various air-fuel ratios for the purpose of checking the correla-
tions worked out thus far.

6. Since dissociation is considered to control maximum combustion
temperature (maximum power), and since the exhaust gas reflects this
dissociation, investigations correlating theory and experience should be
undertaken in this field.

7. In view of the none-to-accurate correlations that exist, the limita-
tions of use of any correlating figures should be recognized.
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