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retors for Economy
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S. H. GRAF
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and

G. W. GLEESON

Instructor in Mechanics and Materials

I. INTRODUCTION

1. Statement of the problem. With the present adequate supply of
motor fuel and its comparatively iow price, too little attention has been
manifest on the part of the general public in economy, especially in auto-
motive engines. The question of motor fuel economy is many sided and
may be viewed from many angles. Incorporated in its consideration are
such questions as national and local conservation; maintenance of supply;
cost of transportation; motor control, operation, and maintenance; depreci-
ation; and many other questions, notably the present-day demand of motor-
ists for greater power, acceleration, and smoothness of operation. Indeed,
any one question is of vital importance since the people of the United
States are the owners and operators of motor vehicles numbering millions,
and any economy that affects an automotive engine is of national as well
as individual concern.

It is not the purpose of this publication to express the necessity of
economy as it affects national welfare nor to comment upon the adequacy
of the motor fuel supply. Neither is it the purpose to exert influence for
the adoption or rejection of any type of apparatus or brand of goods, but
rather to point to some factors that affect economical operation of motor
vehicles and to comment upon the results of such operation. It is also the
purpose to present data in support of a more scientific method of carburetor
adjustment by the application of the analysis of the exhaust gases and the
use of such analyses as a criterion of the economy of operation of an
internal combustion engine.

It is hoped that a more economical use of motor fuel may be brought
about, to the end that the cost of operation may be decreased and proper
operation may be assured.

2. Usual practice. The customary procedure in carburetor adjustment
varies with the person making such an adjustment, but the usual practice is
to lean the carburetor until the motor sputters or back-fires at the usual
speeds of operation and then back off on the adjustment until smooth run-
ning results. The efficiency of such a method of adjustment is questionable



6 ENGINEERING EXPERIMENT STATION

since the final judgment rests in the opinion of the person making such
tests; even in experienced hands, familiar with the peculiarities of all types
of carburetors, little assurance is to be had that the final adjustment is
economical. The practice is not to be condemned entirely since often such
adjustments are fairly satisfactory, so far as operating characteristics are
concerned, and may even be economical; there can be no certainty, how-
ever, that such is the case. In any event, it is a matter of a few moments
tinkering by a person unfamiliar with motor adjustment to cause a decided-
ly uneconomical condition. Such an act on the part of automobile owners is
usual and the adjustments on adjustable-type carburetors are in constant
use. This practice has led to the adoption of "fool proof" carburetors on
many makes of cars. These carburetors do not permit of manual adjust-
ment but have fixed relations that insure reasonable economy and a cer-
tainty of operation. Such carburetors are in need of at least occasional
checking and it is the primary purpose of this paper to deal with a method
of adjustment and control that eliminates the need for a more or less
uncertain personal judgment in the operation.

It is the practice of the general driving public to operate motors on
mixtures far too rich. Results of investigations show a range of fuel con-
sumption from 20 to 30 percent in excess of that necessary for good oper-
ation. Such practice can only be the result of three conditionsnamely,
the methods of adjustment in vogue at the present time are unsatisfactory,
operators unfamiliar with carburetors make adjustments for themselves,
or the driving public is ignorant and careless of the possible savings as
well as the possibilities of harm to a motor operated on too rich a mixture
of fuel and air. It is immaterial which condition prevails. The usual prac-
tice may be improved by a brief study and the application of proper
carburetor adjustment.

3. Benefits of more exact mixture control. The economy of operation
of a motor vehicle in proper fuel adjustment is not manifested exclusively
through lower fuel cost, but is reflected in a number of the items included
in the total cost of operation. It is almost impossible to express the bene-
fits in terms of dollars and cents so far as the secondary savings are con-
cerned; however, with respect to fuel cost alone, the economy effected by
proper carburetion and adjustment is sufficient inducement for such ad-
justment and many other savings that may be indicated add to the benefits
derived. In Table J* the major items in the cost of operation of different
types of motor cars are presented. These costs are the averages per mile
as compiled from available figures. It is noticeable that the fuel cost varies
from 22.3 percent of the total cost of operation in the case of the light
weight cars to 15i percent for the heavier types.

Expressed as the "out of pocket" expense to the average motorist who
travels an average distance of 11,000 miles per year at an average of 1.31c
per mile fuel cost, the amount totals $144.10 as the yearly motor fuel bill.

Since the results of the following study indicate an average possible
fuel economy of at least 20 percent, the "out of pocket" expense for fuel
may be lowered to $115.28 per year for the average motorist, or a net saving
of $28.82 or 0.26c per mile. Such a saving offers inducement and ample
reason for correct carburetor adjustment, especially when viewed from the

National Automobile Chamber of Commerce, 1929 Edition.
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standpoint of national economy since the motor fuel bill of the United
States is very close to two and one-half billion dollars per year and is
increasing yearly.

TABLE I. AVERAGE COST OF AUTOMOBILE OPERATION IN THE UNITED
STATES IN CENTS PER MILE

Liht Medium Heavy Light Medium Heavy
Items 4-lyl. 4-Cyl. 4-Cyl. 6-Cyl. 6-Cyl. 6-Cyl.

C C C C C C

Gasoline 20c per gallon 1.34 1.14 1.31 1.36 1.52 1.42
Oil ..... - ............................... 0.25 0.17 0.16 0.18 0.20 0.17
Tires and tubes._............. 0.60 0.65 0.70 0.75 0.80 0.90
Maintenance ................. 1.55 1.90 2.06 1.95 2.14 2.53
Depreciation .... - ........ 1.25 1.40 1.57 1.74 2M9 2.57
License ............... - ............. 0.11 0.14 0.20 0.20 0.24 0.27
Garage $4.00 per month 0.44 0.44 0.44 0.44 0.44 0.44Interest ................. - .... . 0.27 0.38 0.55 0.55 0.71 0.87
Insurance ........................ 0.21 0.20 0.21 0.21 0.26 0.28

6.02 6.42 7.20 7.38 8.40 9.45

The limitations of space restrict a discussion of the advantages of
proper carburetion to fuel economy alone. Such items as practical
elimination of carbon trouble, lower depreciation, lower maintenance cost,
oil economy, ease of operation, and general satisfaction must be considered
as positive benefits but beyond the scope of this study. The combined
saving on all of the items affected by carburetion is of course indeter-
minate, but any one item is of sufficient importance to warrant consider-
ation in connection with carburetion, and since the fuel cost represents the
obvious and most immediate possibility of savings, this item alone will be
considered.

SI. GASOLINE CONSUMPTION AND POSSIBLE SAVINGS
The U. S. Bureau of Mines and the U. S. Bureau of Public Roads

compile figures for the automotive industry which may be found in con-
densed form in the handbook published by the National Automobile Cham-
ber of Commerce. The following figures for 1928 are from the 1929 edition
of this book.

1. In the United States. The total consumption of gasoline for motor
vehicles in the United States in 1928 was approximately 13,800,000,000
gallons. This fuel was consumed in vehicles numbering 24,493,124, includ-
ing passenger automobiles, taxicabs, omnibuses, motor trucks, and road
tractors. The annual increase in vehicle registration is slightly more than
1,000,000 per year, and with the expansion and completion of highways
over the entire country this increase may be expected to continue for some
time to come. The gasoline consumption is increasing at the rate of about
1,400,000,000 gallons per year and the annual export of gasoline from the
United States approximates 2,200,000,000 gallons, with an annual average
increase from 1924 to 1929 of 250,000,000 gallons per year.

The foregoing gasoline total represents $2,484,000,000 at the average
price of 18c per gallon. Taking a very conservative figure of 10 percent
possible saving by correct carburetion, as indicated in this study and
others, the total saving in fuel cost to the motorists of the United States
would be more than $248,000,000, or an average saving per motor vehicle
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of slightly more than $10 per year. The estimated 10.percent saving is
much lower than average figures indicate as possible, and in individual
cases often can be more than trebled.

2. In Oregon. Oregon is credited with a gasoline consumption of
144,283,000 gallons in 1928 and motor vehicles numbering 256,480 including
automobiles, trucks, motorcycles, and airplanes. At the average market
price the gasoline bill for the state amounts to $25,970,940 or a cost of
approximately $100 per year per vehicle. At the conservative estimate of
10 percent saving by carburetor adjustment, the saving on the fuel bill per
vehicle would be $10 per year and the total saving for the state should
approximate $2,500,000.

3. To the individual owner. Possible savings of 24.5, 27.7, 22.3, and 30.0
percent have been published as the averages by different investigators. A
possible saving to the individual owner of 20 percent would not be excep-
tional and a saving of 10 percent can be taken as decidedly conservative. At
20-percent reduction the net saving for the average automobile, according
to the National Automobile Chamber of Commerce gasoline consumption
figures, would amount to $28 per year, or from the average gasoline con-
sumption per vehicle registered would amount to $20 per year.

While perhaps not a matter for much individual concern it is a worth-
while saving, and in the case of trucking companies, omnibus and stage
operators, and other fleet owners, the possibilities warrant study and
consideration.

III. CARBURETOR TYPES
1. Adjustable types. There are but two substances passing through a

carburetor, the air for combustion of the fuel and the fuel itself. Since
carburetor adjustment depends on the relative amounts of the two or on
the ratio of air to fuel that is drawn into the engine, any adjustable carbure-
tor allows of three possibilities only: first, an adjustment on the air sup-
ply; second, an adjustment on the fuel supply; and third, a combination of
the two.

The most simple carburetor is one having a fuel chamber, a single air
entrance and a single jet leading from the fuel chamber to the air entrance.
Both the fuel and the air are drawn into the cylinders of the engine by the
suction created by the pumping action of the pistons, and the ratio of the
amounts of gasoline and air so taken into the engine determines the
adjustment for a single operating condition. Fuel is more responsive to
engine suction than air, however, since the fuel opening is located at the
throat of what in effect is a venturi, so that the fuel head increases approxi-
mately as the square of the velocity while the air flow increases directly.
Thus with an increase in speed, the rate of fuel flow increases much faster
than the rate of air flow and the mixture becomes increasingly richer. The
simple carburetor is, therefore, satisfactory only in the case of constant-
speed engines and is decidedly unsuitable for automotive power plants.

For a carburetor with the adjustment on the air supply alone, it is
necessary to have a single main jet from which the fuel flow is regulated
by engine suction and such an adjustment on the air supply that the rate of
flow of air increases with respect to the rate of flow of the gasoline in the
proper proportion. Such an adjustment is usually accomplished by a spring
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valve under such compression that increased suction allows increased air
opening to correspond with the gasoline flow. This increased air supply
is secondary to the primary air supply in most carburetors, being admitted
on the engine side of the venturi throat so that no increase in fuel head
results.

It has been found that the spring adjustments on the air-supply valves
are undependable and insufficiently sensitive at low spring compressions.
With age, the flow of gasoline through the main jet gradually wears the
fuel entrance opening to a larger size, which results in a higher rate of flow
of fuel with increased engine speed. Cases have been encountered where
either the air opening was insufficient in size at low spring compressions
or the spring reached its maximum compression before sufficient air could
be admitted for economical operation. When the springs are operated at
maximum extension the resistance of the valve to even low suction is weak
so that at slow speeds too much air is supplied and difficulty is experienced
in operation due to the lean mixture. Such an adjustment does not offer
the proper flexibility to attain maximum economy with speed variation.

The regulation of the gasoline supply in preference to the air supply
seems to offer more satisfactory results than adjustment of the air alone.
In order to regulate the rate of fuel flow with increased engine suction,
however, it is necessary to introduce mechanical metering pins or other
devices. In many types of carburetors these mechanical devices are very
complicated and are difficult of proper adjustment. They may operate
either on the engine suction, the accelerator control, or the choke control.
The latter method of operation offers the minimum possibility of adjust-
ment to economical conditions since the proper mixture at operating speeds
is too lean for idling and unless an idling well is provided economy cannot
be satisfactorily attained.

As a general method of adjustment the combination of air and gasoline
control finds the greatest favor and most possibilities. In this class fall all
the carburetors with air bled jets, secondary air intakes with adjustable
gasoline supply, and any device that regulates both the air and gasoline
in proper relation to each other. The differences in design and relative
merits are beyond the scope of this discussion.

2. Fixed-jet types. In the fixed-jet types of carburetors there is no
possibility of manual adjustment except a change in jet size. The regula-
tion of the flow of fuel and air with respect to engine speed is accomplished
through the size of jet openings, compensating jets, and idling jets. The
main jets in such carburetors are dependent on vacuum or engine speed
for the fuel delivered; the compensating jets for maximum power are open
to atmospheric pressure and deliver a constant amount of fuel irrespective
of engine speed; while the idling jets operate at low speed only and
depend on the difference in pressure between the tip of the compensating
jet and atmospheric. Consequently, with low pressure at the tip of the
compensating jet (high speed) the flow takes place through the compen-
sating jet and not the idling jet. At low speed and low air velocity the
pressure is lower at the tip of the idling jet since it is placed above the
control valve, and the fuel flow as well as air flow takes place at this point.
Thus throughout the entire range of operation, the flow of fuel is regulated
by pressure differences caused by changes in air velocity.

Jets as well as the mechanical parts of the carburetor are subject to
some wear during operation, and either replacement or adjustment is a
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necessity if economy of operation is to be maintained. Increased jet
diameter tends toward a richer mixture; and since with age the accuracy
of adjustment on fixed jet carburetors gradually decreases, the replacement
of the jets will more than pay in economy of operation where the adjust-
ment has become considerably too rich.

3. Carburetor description. Since the simple types of c'arburetors are in
very limited use on present-day motors, the description of carburetors will
be limited to the more complex types inasmuch as they illustrate the differ-
ent principles of adjustment. The supply bowl is common to all types of
carburetors and consists simply of a chamber containing a needle valve
operated by a float. The float rests in the gasoline in the bowl so that a
constant head of fuel is always maintained. As the fuel level tends to lower,
the float drops, the needle valve opens, and fuel is admitted from the main
supply until the correct level is established, when the rise of the float closes
the valve.

fig. 1. Carburetor with secondary air opening.

Figure 1 is a cross-section of a carburetor with a secondary air opening.
The fuel supply from the bowl mixes vith the primary air at the tip of the
main jet or spray nozzle. The tip of this nozzle is located at the point of
maximum constriction of the venturi throat where the air velocity is high
and the pressure low. This creates a suction on the nozzle tip that draws
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fuel into the air stream. The secondary air supply operates on the suction
of the engine and is controlled by a spring valve. The regulation of the
tension of the spring allows greater or less secondary air opening for a
given engine speed. The secondary air so admitted dilutes the air-fuel
mixture from the venturi to the proper leanness. Double regulation is

Jig. 2. Multiple jet carburetor.

accomplished by a metering pin in conjunction with the secondary air
valve, the pin opening the nozzle as the engine speed increases. The only
adjustment on this type of carburetor is the control of the tension on the
secondary air valve spring.

Figure 2 is a multiple-jet type carburetor. The main jet G receives the
fuel through E and admits fuel in an amount approximately proportional
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to the square of the engine speed. Since a large jet would produce an
overrich mixture at high speeds, this tip is made very small. The com-
pensating jet H allows a constant flow of fuel regardless of the engine
suction since it is open to atmospheric pressure at N through well P.
Since both jets are removable they may be regulated by increasing or de-
creasing the tip openings. This allows insufficient fuel at low air velocities
or at idling speed, and an idling well J is incorporated with the opening at
U above the control flap T. At low engine speeds with small air velocity
through the venturi and the flap T closed as indicated in Fig. 2, most of the
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Fig. 3. Iiouble venturi type carburetor.

engine suction is at U and fuel is drawn from this point. As the air velocity
is increased, greater suction comes on the jet tips and the suction at U
becomes very small and fuel ceases to flow at this point.

Figure 3 is a section of a carburetor that operates on the same general
principle as that of Fig. 2; in this case, however, no jets are placed in the
venturi throat, but rather the fuel is admitted through holes in the throat
itself. This type of carburetor has a double venturi, the tip of the smaller
one being at the throat of the larger. This arrangement decreases the
effective pressure head on the fuel at high engine speeds. The compensa-
tion is supplied by an air bleeder with the air intake above the level of the
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venturi throat so that air is entrained in the gasoline mix. This carburetor
is also equipped with an idling well with the outlet above the control flap.
The principal adjustment is on the main fuel supply through a needle valve.

The modern tendency is toward down-draft carburetors with metering
pins, and even more complex mechanisms; in general, however, the princi-
ples explained for the older and simpler types of carburetors apply.

4. Factory settings. The adjustment on new cars is usually quite rich
owing to the power requirements for a new motor and to suit the wide
range of fuels. It is a compromise. Since a slight manipulation will often
result in a large change in adjustment on certain types of carburetors, it is
usually the practice to check new cars. The adjustment and requirements
of a motor may change after the "breaking in" period, however, and since
the initial adjustments are generally made with motor performance as an
indication, subsequent adjustment is advised.

IV. REFERENCE TO PREVIOUS WORK
1. United States Bureau of Mines. As a direct result of conditions

found in the determination of the amount and composition of exhaust
gases from automobiles in connection with the study of the ventilation of
vehicular tunnels carried on by the United States Bureau of Mines in 1921,12

some attention was given to carburetor adjustment. Since it was necessary
to make a complete analysis of the exhaust gases ahd to make calculations
as to the volumes produced, a study was made of carburetor adjustment as
indicated by exhaust gas analyses relative to various operating conditions.

The research carried on in the study of tunnel ventilation resulted in
later tests for gasoline economy in government trucks. The results of this
investigation were published in 1923. The same authors presented an
article on carburetor adjustment by exhaust gas analysis in 1922.8 These
references, numbered to correspond, are listed in the bibliography ap-
pended.

Many of the major results of these studies are of value, and a brief
summary follows. The percentage of asphyxial carbon monoxide from the
average motor tested varied from 5 to 9 percent of the total volume. The
carbon dioxide for the first series of cars tested averaged 6.7 percent; or an
adjustment within the maximum power range. The portion of the gases
relegated to the exhaust but still capable of further combustion amounted
to approximately 30 percent of the total heat value of the gasoline, repre-
senting a 30-percent fuel waste. The averages indicate that the larger
portion of automobile engines are adjusted for maximum power and not
for economy. Results varied between the limits of 13.0 and 5.3 percent
carbon dioxide or a completeness of combustion from practically 100 to 49
percent. Mileage tests ran as high as 27.3 miles per gallon and as low as
5.3 for ordinary passenger vehicles.

The tests conducted on government trucks showed the actual maxi-
mum carbon-dioxide percentage under operating conditions to be 13.5. The
limits of proper carburetor adjustment for maximum economy were found
to vary between 12.5 and 13.5 percent carbon dioxide or an air-fuel ratio
of 15.0 to 16.5. Tests of carburetor adjustment against time showed a
gradual tendency toward a richer mixture, making periodical checking
necessary for economical operation.
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The work of the Bureau of Mines shows quite conclusively that the
method of carburetor adjustment by exhaust-gas analysis, especially by
the percentage of carbon dioxide, is reliable and sufficiently accurate. The
adjustment can be made for either maximum economy or maximum power,
or for any intermediate condition, and the road-test results follow very
closely the block-test results.

2. Journal references. Throughout the literature there appear numer-
ous references to the composition of exhaust gases from automobiles and
gasoline motors. The relation of the exhaust-gas analysis to carburetor
adjustment has been definitely established by a number of investigators.
Attention was first directed to gas analysis as an indication of carburetor
adjustment by Dr. Dugald Clerk in a paper presented before the Institute
of Automotive Engineers in 1907. Since that time various authors have
presented papers and written articles on the subject. A brief survey of the
most important results follows.

On the average, cars are set for winter conditions and not changed in
the summer, resulting in low summer economy.9 A simple dash adjustment
for throwing the carburetor from a position of maximum economy to maxi-
mum power would result in a saving of from 20 to 30 percent of the gaso-
line if intelligently used.9 The standard equipment on many cars is the
"fool proof" carburetor which allows of no adjustment and is often too
rich for satisfaction'1 An engine adjusted for maximum power output used
about 25 percent more gasoline than an engine adjusted for maximum
economy, and many drivers use from 10 to 50 percent more gasoline than
is necessary for the best thermal efficiency and mileage.15 An adjustment
for best thermal efficiency does not necessarily give economy at low
speeds, but should be such a condition that high efficiency is obtained at
higher speeds under usual loads. At an adjustment for maximum efficiency,
practically 91 percent of the full power is produced.9

The foregoing statements point toward better economy and the ease
with which the exhaust-gas analysis may be used as an indication of
carburetor setting.

3. Text-books. Very little concerning the relation of exhaust-gas analy-
sis to carburetor adjustment appears in texts on carburetors or gas analy-
sis. The references are usually in texts on engine testing, and both the
directions for the analysis and the adjustments are included. Many authors
consider the method of exhaust-gas analysis the best and most accurate
indication of proper fuel combustion in a motor.

"Although strictly speaking the volumetric analysis of a mixture of
gases is the chemist's concern, yet with the aid of specially designed
apparatus and certain rules of thumb it is possible for any one of average
intelligence and practical unacquaintance with chemistry to carry out a
sufficiently accurate analysis."21

There are no complete texts upon the subject of carburetor adjustment
by gas analysis, but a reference to any of the articles listed in the bibliogra-
phy, and a general acquaintance with the idea, will enable any one to carry
a carburetor adjustment to satisfactory completion by this method.

4. Practical applications. J. T. Nichols comments on the possibility of
a 20-percent saving for cab fleets as indicated by his average figure of 24.5
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percent obtained from the test of ten cabs.1
The Portland Gas and Coke

Company of Portland, Oregon, has for eight or nine years adjusted car-
buretors on their delivery fleet and cars by exhaust-gas analysis. The
Northwestern Electric Company of Portland, Oregon, also has made use
of the method.

The foregoing are indications that the possibility of saving is recog-
nized by fleet owners and managers. Figures on possible savings running
into thousands of dollars per year are not uncommon with the larger fleets:
With the present trend of increase in taxicab, truck, delivery, stage, and
omnibus fleets, the opportunity for large savings in costs of operation
cannot be neglected and may readily be accomplished by proper carburetor
adjustment. For such adjustment the exhaust-gas analysis offers the most
positive results.

V. PRINCIPLES OF COMBUSTION
1. Burning of carbon. Carbon, on which all solid and liquid fuels de-

pend for the major portion of their heat value, is an elemental substance.
Carbon may be found in either the positive or negative radicals of com-
pounds, and in all hydrocarbons. In this latter form it is of primary im-
portance in this discussion since gasoline and the related motor fuels are
combinations of different hydrocarbons. The fundamentals of combustion
of carbon are identical, whether the combustion takes place in an open
fire, a furnace, or a gasoline engine. To deal briefly with the combustion
of carbon and hydrogen may give a better understanding of the principles
involved in providing fuel for an internal-combustion engine.

Owing to the active nature of carbon, combination with oxygen takes
place with relative ease. The speed of the reaction varies with changes in
temperature and concentration, but in all concentrations and at all temper-
atures the end products of the reaction follow certain definite laws. There
are only two possible products of the combination of oxygen and carbon
namely, carbon dioxide (CO2) and carbon monoxide (GO). The former
results when sufficient or excess oxygen is in intimate contact with burn-
ing carbon, and the latter when the oxygen concentration is deficient. Car-
bon dioxide, then, is the product of complete combustion and represents
the combination of one molecule of carbon with one molecule of oxygen
or a combining ratio byweight of 12 to 32. Carbon monoxide is the product
of incomplete combustion and represents the combination of one molecule

f carbon with one atom of oxygen or a combining ratio by weight of 12 to
16. These two reactions may be summarized by the chemical equations,

C +02= GO2
2C+ O2=2CO

Since the combining ratio by weight of carbon to oxygen for complete
combustion is 12 to 32 (in other words, 12 pounds of carbon requires 32
pounds of oxygen to burn it completely to carbon dioxide), one pound of
carbon will require 2.66 pounds of oxygen and the product will be 3.66
pounds of carbon dioxide. Since the oxygen is provided by air, which con-
tains approximately 21 percent by volume or 23 percent by weight of oxy-
gen, the necessary weight of air per pound of carbon burned will be 11.56
pounds. The air-fuel ratio (an expression of the ratio of air to fuel by
weight) will be 11.56 to I or simply 11.56.
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The foregoing ratio is calculated for theoretically perfect combustion in
which the maximum contact and most favorable conditions are maintained.
Since in practice the theoretical contact is never attained (not every mole-
cule of carbon comes in contact with a molecule of oxygen) it is usually
necessary to provide more than the calculated 11.56 pounds of air per
pound of carbon. The air provided above the theoretical amount is termed
excess air and results in free oxygen and a greater percentage of nitrogen
in the products of combustion. If less than the theoretical amount of air is
provided, insufficient oxygen to burn the carbon to carbon dioxide is
present and a part of the carbon burns to the monoxide, CO. This results
in a material loss of heat since the monoxide which is capable of further
combustion passes into the products of combustion unburned. This loss
of heat amounts to 10,190 B.t.u. per pound of carbon burned.

2. Burning of hydrogen. Since hydrocarbon fuels, as the name implies,
contain hydrogen as well as carbon, gasoline being composed principally
of carbon and hydrogen, a brief consideration of the combustion of hydro-
gen will be of value. The combining ratio of hydrogen (H2) and oxygen
(02) as given by the chemical equation,

2H2 ± 02 2H20
is approximately 2 to 16; that is, 1 pound of hydrogen requires 34.7 pounds
of air for theoretically complete combustion, the air-fuel ratio being 34.7.
The only product of the combustion is water vapor, which amounts to 9
pounds per pound of hydrogen burned.

3. Hydrocarbon fuels. In the case of a fuel of carbon and hydrogen
(hydrocarbon) the combustion of the hydrogen takes place in preference
to the carbon. If there is a deficiency of air for combustion it will result
not in unburned hydrogen but rather in unburned carbon or carbon monox-
ide. From the foregoing considerations it is possible to calculate the
theoretical air requirement or air-fuel ratio for any hydrocarbon if the
composition in percentages by weight is known. Thus for average gasoline,
85 percent carbon and 15 percent hydrogen by weight, the air requirement
for theoretically perfect combustion will be,

For carbon 0.85 X 11.56 = 9.83 pounds of air
For hydrogen 0.15 X 34.7 5.20 pounds of air
Per pound of gasoline 15.03 pounds of air

or an air-fuel ratio of 15.03. To obtain the maximum economy from the
fuel the foregoing air-fuel ratio must be maintained. Since the air cannot
be accurately metered or weighed under any but test conditions, it is neces-
sary to use the analysis of the products of combustion as a criterion of the
air supplied in actual operation, since definite relationships exist between
the exhaust products and the air supply.

Continuing with the gasoline previously considered, the products of com-
bustion will be 1.35 pounds of water vapor, 3.13 pounds of carbon dioxide,
and 11.57 pounds of nitrogen. At ordinary conditions of temperature and
pressure carbon dioxide weighs 0.1158 pound per cubic foot and nitrogen
weighs 0.0732 pound per cubic foot. Since the water is condensed it will not
appear in the analysis of the products of combustion, but the volumes of
carbon dioxide and nitrogen will be 27.06 and 157.5 cubic feet respectively,
or the percentages by volume will be: carbon dioxide 14.7 percent and



ADJUSTMENT OF AUTOMOTIVE CARBURETORS 17

-

/00 40

9036

/300 /6 80 32

/200 /5 70 28

'°

/000 /3 50 20

900 l2 40 /6

800 II 30 /2

7uo /0 20 8

4

uamuuu600 .9 /0- 4
Z /..o.rs

/n.co,,,p/e/Q
C0'?s0c.S/'Ofl

0
0 1 234 .5 578 .9 101/ /2/3/4 ,

Per Cent CO2 in EXh'oiJs/ Ga5es-

Fig. 4. Combustion characteristics for gasoline.

nitrogen 85.3 percent. The value, 14.7 percent carbon dioxide, represents
the maximum possible percentage of this gas in an exhaust-gas analysis
from an ordinary gasoline fuel and can only be attained when the theoreti-
cal amount of air is used for combustion.

In the same manner the exhaust-gas analysis may be computed for any
air supply. As an example, if for one pound of the same gasoline, sufficient
air is supplied to burn only one half of the carbon to carbon dioxide, one
half to the monoxide, and the hydrogen to water, the air supply will be,

For carbon to dioxide 0.425 X 11.56 = 4.92 pounds of air
For carbon to monoxide 0.425 >< 5.78 = 2.46 pounds of air
For hydrogen to water 0.150 X 34.70 =5.20 pounds of air
Per pound of gasoline 12.58 pounds of air

or an air-fuel ratio of 12.58, which corresponds to a rich gasoline-air mixture.
The exhaust-gas analysis may be computed as,

0.425 X 3.66 = 13.5 cubtc feet of carbon dioxtde.

0.425 X 2.34 = 13.5 cubic feet of carbon monoxide.

12.58X77 .

= 132.4 cubic feet of nitrogen.
159.4 cubic feet of exhaust gas per pound of gasoline.

The foregoing figures give an analysis of 8.4 percent carbon dioxide,
8.4 percent carbon monoxide, and 83.2 percent nitrogen.
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As indicated above, it is possible to calculate the percent carbon diox-
ide for any air-fuel ratio either in excess of or less than the theoretical.
Figure 4 is a graphical representation of such calculations with the air-fuel
ratio, the cubic feet of air per gallon of gasoline, and the percentage com-
pleteness of combustion plotted against the percentage of carbon dioxide
in the exhaust gases. Such a graph shows the varying relationships that
exist between air supply per unit weight or volume of fuel and the exhaust-
gas analysis, showing that the latter is a practical indication of the condi-
tion of operation.

There are many kinds of hydrocarbon fuels for which relationships
such as those designated in Fig. 4 may be calculated. Figure 5 is such a
graph for benzol. Benzol has a higher carbon content by weight than
gasoline and the percentage of carbon dioxide in the exhaust for the
theoretical air-fuel ratio is consequently higher. Similar graphs for mix-
tures of the different hydrocarbons such as gasoline-benzol blends may be
calculated according to the preceding illustration, but further consideration
of different fuels is not the object of this discussion. The nomograph in
Fig. 6, however, shows one method of obtaining the percentage of carbon
dioxide for a given air-fuel ratio for different binary mixtures of hydro-
carbons, in this case benzol and gasoline.

By reference to figures 4 and 5 it may be seen that either the percent-
age of carbon dioxide or the percentage of carbon monoxide in the exhaust
gases may be taken as an indication of the completeness of combustion.
Various road tests have shown that average cars may vary in adjustment
from one extreme to the other. The direction of the variation is habitually
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toward a lower air-fuel ratio or rich mixture. This fact means a higher
percentage of carbon monoxide in the expelled gases from a motor and is
not infrequently the cause of accidental death due to carbon monoxide
poisoning. This subject will be treated elsewhere herein.
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Fig. 6. Nomograpic chart for determining percentage of carbon dioxide.

The preceding calculations of exhaust-gas analyses and the air-fuel
ratios are from theoretical considerations only. As compared with results
from actual practice the value for maximum carbon dioxide percentage is
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about 1 percent too high. This is due to certain conditions of equilibrium
that exist at the temperature of engine operation. In no case up to and
slightly beyond the theoretical air-fuel ratio will carbon monoxide be en-
tirely absent. The complete oxidation of a hydrocarbon fuel will not take
place until an oxygen concentration of about 1 percent in excess of the
theoretical is present. Up to this point methane and other stable hydro-
carbon gases appear in the exhaust. A complete average gas analysis of a
car in proper adjustment using gasoline is given below.

Carbon dioxide 13.4
Oxygen 1.7
Carbon monoxide 1.2
Methane 0.2
Hydrogen 0.0
Nitrogen 83.5

100.0

Owing to insufficient turbulence, rapid sequence of operations, and
conditions of equilibrium at engine temperature, the theoretical operating
conditions cannot be attained. This does not vitiate the value of the
calculated curves, however, since the practice of adjustment is never car-
ried to theoretical limits but rather to about 90 percent of the theoretical
or from 11 to 12.5 percent carbon dioxide for gasoline and 14 to 15 percent
for benzol. The characteristics of the carburetor, condition of the motor,
conditions of operation, etc., all affect the possible carbon-dioxide percent-
age, but present-day motor exhausts can be adjusted to a carbon-dioxide
content of from 13 to 14 percent for gasoline, and operate satisfactorily
under usual summer conditions. Such results will appear in the section
on experimental data.

Figure 79 summarizes the conditions under operation. A comparison
may be made with the theoretical and the deviation will be found to be
slight. The newer motors allow even closer approach to theoretical condi-
tions of operation than the curves of Fig. 7 indicate.

Figure 8 indicates the relationship that exists between the power, the
thermal efficiency, and the air-fuel ratio. An air-fuel ratio of about 14.8
gives the proper adjustment, for at this point very nearly full economy is
obtained and about 90 percent of the full power is possible. In the present-
day high-powered motors, a small sacrifice in power is justifiable when an
increase in economy results. The air-fuel ratio of 14.8 corresponds to 13.5
percent or very c1oscy to the maximum percentage of carbon dioxide in
the exhaust gases.

4. Gasoline. Gasoline is a mixture of various hydrocarbons distilled or
'cracked" from petroleum oils. In some cases gasoline is obtained in a free
state (casinghead gasoline) but is nevertheless the product of underlying
oil deposits. The amounts of the various hydrocarbons are arranged so
that the gasoline marketed at the present time approximates the hydro-
carbon hexane, with the consequent empirical formula C6H14 or 84.8 per-
cent carbon and 15.2 percent hydrogen by weight. Practice at the present
time is tending toward gasoline of higher specific gravity and greater
carbon percentage, the average gasoline being close to 0.750 specific
gravity or 56° Baumé.
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The heat value of ordinary gasoline varies between 20,200 and 20,400
B.t.u. per pound (high heat value) depending on the specific gravity. The
heat value may be calculated within an accuracy of 3 percent by the
following formula:

B.t.u./lb. (high heat value) 18,320 + 40 (Bé 10)

This publication does not permit a lengthy discussion of gasolines
except to mention a few points of interest from the standpoint of present
practice of production and the question of detonation.
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Fig. 8. Relation between brake horse.power and thermal efficiency.

With the more general recovery of gasoline from casinghead gas it
has become possible to include the heavier gravities of distillate from
petroleum and increase the cracking range for petroleum oil cracking.
Owing to the light gravity of the casinghead gasoline and the increased
production, a mixture of petroleum distillate and gasoline from "cracked"
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oils with casinghead gasoline is now in most cases the marketed product;
in fact it would be exceedingly difficult to provide the quantity of gasoline
sold at present (and keep up the quality as far as volatility is concerned) if
it were not for the possibility of mixing. The distillation range of a gaso-
line is an indication of its volatility and burning properties. A curve of the
distillation of the gasoline used in the experimental road tests is included
(Fig. 9), together with that of motor benzol, and a 35-65 blend to show
these properties.

With the advent of higher compression ratios in automotive engines, a
condition necessary to high efficiency, it was found that the "metallic
knock" or detonation stood in the path of further progress in this direction.
Experimentation has proved the detonation or "knock" to be the result of
too rapid combustion of the engine fuel within the cylinder resulting in the
production of internal pressure waves which strike the cylinder walls,
head, and piston with sufficient violence to produce an audible metallic
sound. These "knocks" are of sufficient strength to cause undue stresses
in the various mechanical parts, and high-compression, small-displacement
motors were never satisfactory until the advent of non-detonating fuels or
admixtures to gasoline.

The addition of many chemical compounds to gasoline results in a
slowing up of combustion within the cylinder and suppression of the detona-
tion. Ethyl gasoline is a typical product designed for non-detonation and
adaptable to high-compression motors. It is prepared by the addition of a
small quantity of tetraethyl lead to gasoline (for example 1 part to 2,523
parts of gasoline) just sufficient in amount to slow the combustion to such
a point that heavy pressure waves are not produced with present compres-
sion ratios. Many pure chemical compounds, suitable for motor fuel, ex-
hibit the same result without an admixture. These compounds are all aro-
matics but owing to the cost of production benzene is the only one at pres-
ent available for motor fuel and is marketed as a constituent in gasoline-
benzol blends. Table II gives some of the more common non-detonating
compounds and their relative detonation-depressing values as compared to
analine as unity.

TABLE II. RELATIVE DETONATION-DEPRESSION VALUES OF
COMMON COMPOUNDS

Analine-- -------- - -------- . I
Benzene -- ----------------------------------------- 9.8
Toluene ---------------------------- -. ------------- 8.8
Xylene------------------------------------ .. ------- 8.0
Alcohol-- ---------------- . ---------------- -. 4.7
Ethyl iodide . -------- - ---------------------- 155
Tetraethyl lead ------------------------------ 0.0295
Tetraethyl tin -------- - -------- .. --------- 0.66 (Induces preignition)
Ntckel carbonyl ------------------------------ 0.053

The blends in which non-detonating properties are inherent in the fuel
itself exhibit this property in their distillation curve. The flatter portion
of the curve of benzol-gasoline (Fig. 9) blend as compared to the curves
for ethyl and straight gasoline is indicative of uniform burning throughout
a major portion of the combustion. Since the tetraethyl lead added to
gasoline has little or no effect on the distillation range the indication of the
slow burning properties of gasoline with admixtures is not evident. The

lnternational Critical Tables, Vol. IV.
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benzol-gasoline blends are finding decided favor owing to both the non-
detonating properties and the higher heat value per unit weight. Since the
benzol blends have a higher heat value and a greater specific gravity, more
mileage per Unit volume results under proper adjustment for such fuels. At
competitive prices some saving is evidenced by the use of the blends.

The non-detonating properties of certain unsaturated compounds pro-
duced upon "cracking" have been established and many gasolines are mar-
keted that have received less acid-wash treatment simply to retain these
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bodies and their properties. As a general consideration, there are but
slight differences at least in any of the well-known brands of gasolines on
the market at the present time. With the carburetor adjusted for one gaso-
line, the results will vary but little with a change to another gasoline. A
change to a fuel of decidedly higher gravity, however, such as a blend, will
necessitate adjustment for that particular condition if the best operation
is to be obtained. Obviously, with ordinary gasolines, since all brands so
closely resemble each other, the expected results from one will be practical-
ly identical with any other.

VI. EXHAUST-GAS ANALYSIS AND ADJUSTMENT
1. Instruments. Special analyzers have been developed for the analysis

of the exhaust gases of a vehicle in
operation.7 The results of this study and

the adjustments of carburetors under practical conditions, however, indi-
cate that extensive road tests are not necessary. For stationary tests the
commercial analyzers on the market are very satisfactory, being compact,

Fig 10. Single pipette gas analyzer.
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accurate, and rugged. Figures 10 and 11 show two types of commercial
analyzers. Figure 10 shows a single chamber analyzer of the Orsat type,
provided with a constant temperature jacket for the burette. Figure 11
shows a smaller, more compact analyzer with the burette exposed. The
larger apparatus is complete in itself, while the smaller one must be pro-

vided with a can of water
for immersion of the bu-
rette inlet after absorption
of the carbon dioxide.

The analysis for car-
bon dioxide depends on the
absorption of the gas in a
solution of caustic. The re-
duction in volume of the
original sample gives the
volume of the carbon diox-
ide present. Care must be
taken that the samples
drawn into the apparatus
are free from entrained air
and that they are represen-

-' tative of the exhaust gases.
In the Orsat type of appa-

C ratus it has been found de-
sirable to make the sealing
water slightly acid with sul-
furic acid (three or four
drops) and to add two or
three d r o p s of methyl
orange indicator. The acid
lowers the solubility of car-
bon dioxide in the sealing

- - water, which must be sat-
urated with respect to this
gas, and the methyl orange
provides a color line for
reading the burette scale
and indicates spilling of

Fig. 11. Simple carbon-dioxide analyzer, caustic into the sealing
water.

The sampling bulbs may be connected to a 30-inch length of 1-inch
copper tubing which is inserted into the exhaust pipe. The exhaust gases
are drawn into the analyzer until all residual gases from the previous
analysis have been displaced. The analysis, if completed according to the
directions provided with the instruments, is easily accomplished and of
sufficient accuracy for the purpose of adjustment.

2. Road tests. Many studies have been carried on by the analysis of
exhaust gases under operating conditions, both under average roa4 condi-
tions and pulls on a grade. It has been found that the percentage of carbon
dioxide in the exhaust gases varies with the load, speed of operation, and
the power demand.7 The road tests in this study were carried on over an
average stretch of highway at a speed of 35 miles per hour in a majority
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of cases. The length of the run was varied, but in all cases was sufficient to
provide an accurate measurement of the gasoline consumption.

The exhaust gases were in some cases analyzed on the road and in
others before and after the run, but little difference in the results could be
found. The general procedure in the majority of tests was to operate the
engine at a speed of 35 miles per hour with the rear wheels jacked from
the ground and then complete an exhaust-gas analysis. The car was next
run over the road at 35 miles per hour and the gasoline consumption meas-
ured. The carburetor was next adjusted with the car wheels raised until
the analysis showed the proper percentage of carbon dioxide in the exhaust
gases; the road test was then repeated. The method was very satisfactory
for adjustment, and the fuel consumption on the final road tests was sub-
stantially decreased over the initial in nearly all cases.

3. Brake tests. Suggestions have been made for simple dynamometers
to absorb the power from the engine by operating the car on rollers.1

The apparatus has been designed to make possible the proximation of load
conditions. The results of this study and the use of the method of adjust-
ment under practical conditions, however, indicate that such complicated
apparatus, while useful for test purposes, is not necessary for routine
checking and adjusting of carburetors. The percentage of carbon dioxide
in the exhaust gases under a condition simulating heavy load is of interest
and may be obtained by setting the brakes on the car and slipping the
clutch for a minute or two while the gas sample is being taken. If the rear
wheels of the car are jacked from the ground, the engine may be put under
load by the application of the foot brake, in which case the speedometer
readings are available as an indication of the speed.

It is true that a complete dynamometer test is very satisfactory, but
for carburetor adjustment, especially for commercial use where a minimum
expenditure of time and money is necessary, the cost of the apparatus often
may be prohibitive, and the simpler tests are both desirable and satisfactory,
since they provide an inexpensive but sufficiently accurate indication for
adjustment and control.

4. Procedure outlined. The following outline of procedure is suggested
for the method of carburetor adjustment by exhaust-gas analysis.

(a) The car under test should have the rear wheels jacked from the
floor and the copper tube for exhaust-gas sampling inserted in the exhaust
pipe. The motor is then allowed to come to operating temperature and the
speed regulated to 35 miles per hour. The exhaust gas should be analyzed
for the percentage of carbon dioxide at this speed.

(b) After the determination of the carbon-dioxide content of the ex-
haust gas, reference should be made to Fig. 4 for straight gasoline or Fig. 6
for gasoline-benzol blends. The percentage of carbon dioxide should fall
within the recommended limits as indicated by the shaded areas. If above
the limit of the shaded area, the mixture is too lean; if below, it is too rich.
When within the limits of the indicated area, the proper adjustment has
been made.

(c) If necessary, repeated adjustments of the carburetor and analyses
of the exhaust gases should be made until the analyses indicate the proper
adjustment.
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(d) The car should be allowed to idle (4 to 5 miles per hour or until
near the point of jerky operation) and the exhaust-gas analysis repeated.
High efficiency cannot be expected at low speeds, but from 7 to 10 percent
of carbon dioxide should be possible by adjustment of the idling control or
use of proper size jet.

(e) The car should be checked for power by applying the brakes while
under operation. Correct adjustment should give good power with a rela-
tively high percentage of carbon dioxide in the exhaust (within 1 or 2
percent of the free running condition).

VII. EXPERIMENTAL DATA

1. Preliminary analyses and mileage tests. From the results of previous
experiments with companies operating motor fleets, it was known that an
increase in the percentage of carbon dioxide in the exhaust gases gave
increased mileage. Various published tests conducted by different investi-
ators further verified the results. Since most of these experiments were

carried on with the gas analyses made on the road, however, it was not
certain to what extent the results applied to the particular problem. If
the method of carburetor adjustment is to be satisfactory for both adjust-
ment and control, it can not embody an extensive road test. Accordingly,
tests were made to find the variation of the percentage of carbon dioxide
with change in engine speed, load, etc., when the car was stationary. By ref-
erence to Fig. 12, it may be seen that the general trend of the percentage of
carbon dioxide in the exhaust gases is dependent on the type of car and the
carburetor. It is noticeable, however, that in all cases the maximum per-
centage was attained at a speedometer reading of between 35 and 45 miles
per hour. These tests were conducted with the rear wheels of the car off
the ground and in high gear with no load on the motor. The results pre-
sented in Fig. 12 are average results for three different types of carburetors
on three different cars and are presented simply to show representative
conditions found in the preliminary work. From these first results the con-
clusion was drawn that in order to adjust to maximum economy the car
would have to be jacked from the floor and the engine run at a speed of 35
to 45 miles per hour. Results indicated that the percentage of carbon
dioxide did not drop off materially until 50 miles per hour was attained.

As later road tests show, the stationary test proved very satisfactory
so far as obtaining the maximum adjustment was concerned. In a number
of cases the car was placed in high gear, the engine brought up to the
required speed, and the clutch slipped slightly. Since the brake was applied,
the car could not move and the slipping clutch simulated the average load
on the level. In still other cases the car was jacked from the floor and the
motor run at wfrious speeds with the brakes applied to give load conditions.
In all these tests it was found that the percentage of carbon dioxide in the
exhaust gases dropped as the load was increased with a given fuel intake.
If the load was applied and the motor kept up to constant speed, however,
the percentage of carbon dioxide remained practically the same. This
indicated that the drop in the percentage of carbon dioxide in the case of
applied load and constant fuel delivery was due to speed reduction, as
shown in Fig. 12.

All of the preliminary tests indicated that the method of jacking the
car from the floor, letting the engine warm up, running between 35 to 40
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miles per hour in high gear, and adjusting to proper percentage of carbon
dioxide under this condition gives very satisfactory results and is all that
is required as a rapid, practical method of carburetor adjustment.
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Fig. 12. Carbon dioxide vs. speed characteristics for different types of carburetors.

Exhaust-gas analyses on the road were finally eliminated entirely in
these tests. Since the method previously outlined was adopted and the
results found satisfactory, it was in no case necessary to drill the exhaust
pipe; instead, the gas sample was obtained by placing a -inch copper pipe
about 30 inches into the exhaust pipe. In such a procedure, some care has
to be exercised that no air leaks of any size occur between the point of
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sampling and the engine since the exhaust-gas analysis would then be in
error. Most exhaust systems are tight, however, and should of necessity be
so because of the carbon-monoxide danger discussed later in this circular.

2. Final analyses and mileage tests. The general procedure in making
a complete test follows:

(a) The analysis of the exhaust gas for carbon dioxide was taken with
the car jacked from the floor at an engine speed of 35 to 45 miles per hour
in high gear.

(b) A metering tank was then connected to the carburetor in place of
the regular fuel tank and a run upon a representative stretch of road was
made for fuel consumption. In the longer tests this run was 38 miles and
in the shorter tests 10 miles. The gasoline used was measured by weight
and converted into gallons from its specific gravity.

(c) The car was again raised from the floor and the engine run at the
proper speed in high gear. The carburetor was leaned (since in no case
was a too.lean mixture encountered) to the required percentage of carbon
dioxide as shown by the shaded area in Fig. 4. In some cases the percent-
age of carbon dioxide could be increased over this area by a slight amount
without any noticeable change in operating conditions. In any event the
carburetor adjustment was made until the percentage of carbon dioxide
indicated good economy.

(d) The car was taken over the same stretch of road as the initial run
and the gasoline consumption measured to find the effect of the adjustment
on economy.

In some cases the car was tested for gasoline consumption at inter-
mediate points. In these cases each car seemed to follow a relation peculiar
to itself, depending of course on the characteristics of its carburetor.

The general results of all mileage tests, gas analyses, and road mileage
are included in Table III. This table includes the initial and the final results
as well as the intermediate tests. It is very significant that a general
increase in the percentage of carbon dioxide in the exhaust gases results
not only in increased economy but in general all-around better operation
as well.

Figure 13 shows the metering tank placed in position for a road test.
The tank could easily be removed from its cradle and the contents weigh-
ed. The analyzer for carbon dioxide is also shown with the sampling tube
extending from the tube in the exhaust pipe and the instrument itself in
position to take a gas sample.

Tables IV and V give only the initial and final exhaust-gas analyses
and mileage results. All intermediate-test results are excluded. These
tables make possible the calculation of average figures from the adjust-
ments as encountered and the adjustments as completed. For passenger
cars the possible percentage increase in mileage by proper adjustment
averaged 27.7 percent and for trucks 22.3. The indicated possible increase
in mileage of 27.7 percent in these tests agrees very closely with the test
results of the United States Bureau of Mines, which indicated a possible
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increase of 30 percent. The percentage of mileage increase by proper
adjustment as based on the initial mileage varied between wide limits and
showed no consistent condition of operation except that very nearly all
cars were being operated on mixtures too rich for good economy.

Figures 14 and 15 illustrate the relationship between the percentage of
carbon dioxide in the exhaust gases and the mileage. These curves are for
the two extremes of car weightsnamely, light passenger cars and heavy-
duty trucks. The relationship appears very consistent when it is considered
that the condition of the motor and the characteristics of the car are vari-
ables that cannot be taken into account in the construction of such graphs.
If only one make of car had been considered as well as one weight, the
relationship in all probability would have been even more definite than the
graphs show.

Such graphs as those of figures 14 and 15 cannot be constructed for
medium-weight cars owing to the wide variations in weight and type that
are present in this class; however, for any one make of car it would be
possible to construct such a relationship as a guide to adjustment and
economy.

Fig. 13. Car equipped for test.
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TABLE III. COMPLETE TABLE OF ROAD TESTS FOR GASOLINE
CONSUMPTION

Test Series Car Test Miles
No. No. type speed CO2 Run Gas per gal.

no. % mi gals. mm.

1 1-A Passenger 35 10.3 10 0.613 16.30
2 1.B Passenger 35 11.1 38 2.270 16.76
3 1.0 Passenger 35 13.0 10 0.585 17.10
4 2-A Passenger 35 12.1 10 0.713 14.02
5 2-B Passenger 35 13.5 10 0.682 14.64
6 2-C Passenger 35 13.8 10 0.663 15.08
7 3 Passenger 35 14.0 39 2.200 17.73
8 4-A Passenger 35 12.4 39 2.120 18.40
9 4-B Passenger 35 13.5 10 0.493 20.30

10 5-A Passenger 35 11.8 38 2.095 18.12
11 5-B Passenger 35 14.2 38 1.898 20.00
12 6-A Passenger 35 3.4 10 0.814 12.28
13 6-B Passenger 35 4.5 10 0.633 15.80
14 6-C Passenger 35 8.9 10 0.573 17.45
15 7-A Passenger 35 8.9 10 0.551 18.15
16 7-B Passenger 35 13.5 10 0.451 22.19
17 8-A Passenger 35 10.3 10 0.631 15.84
18 8-B Passenger 35 12.0 10 0.577 17.32
19 8-C Passenger 35 12.4 10 0.535 18.68
20 9-A Passenger 35 12.3 10 0.513 19.50
21 9-B Passenger 35 13.5 10 0.494 20.25
22 10-A Passenger 35 13.8 10 0.529 18.91
23 10-B Passenger 35 14.2 10 0.513 19.50
24 11-A Passenger 35 11.8 10 0.824 12.14
25 11-B Passenger 35 12.3 10 0.617 16.20
26 11-C Passenger 35 13.6 10 0.505 19.82
27 12 Passenger 35 13.0 38 0.486 20.60
28 13-A Passenger 35 4.0 10 0.848 11.80
29 13-B Passenger 35 7.3 10 0.633 15.80
30 13-C Passenger 35 9.7 10 0.462 21.65
31 13-D Passenger 35 10.3 10 0.423 23.70
32 14 Passenger 35 13.8 10 0.393 25.50
33 15-A Passenger 35 5.1 10 0.803 12.45
34 15-B Passenger 35 5.8 10 0.633 15.08
35 15-C Passenger 35 12.1 10 0.463 21.60
36 15.D Passenger 35 13.6 10 0.402 24.90
37 16-A Passenger 20 9.3 43.8 1.898 23.10
38 16-B Passenger 20 10.3 32.6 1.396 23.40
39 16-C Passenger 20 10.4 43.0 1.698 25.30
40 16-D Passenger 20 12.0 43.0 1.605 26.80
41 16.E Passenger 20 13.2 32.6 1.164 28.00
42 16-F Passenger 20 13.7 32.6 1.139 28.60
43 16-G Passenger 20 13.4 43.2 1.493 29.00
44 16-H Passenger 20 14.7 43.2 1.417 30.50
45 17-A Passenger Ave. 14.4 21.00
46 17-B Passenger Ave. 14.5 21.40
47 17-C Passenger Ave. 14.3 19.60
48 18-A ST. Truck and Ave. 10.6 3.37
49 18-B ST Trailer Ave. 13.1 3.62
50 18-C (ST. Truck and Ave. 12.6 3.93
51 18-D ST. Trailer Ave. 14.0 5.38
S2 19-A 5T. Truck Ave. 16.0 4.75
53 19-B ST. Truck Ave. 15.0 5.50
54 19-C ST. Truck Ave. 15.0 5.30*
55 19-D ST. Truck Ave. 14.5 5.16
56 19-E ST. Truck Ave. 13.0 5.20
57 20-A ST. Truck Ave. 14.0 684 146 4.68*
58 20-B ST. Truck Ave. 15.0 667 14S 4.60
59 20-C ST. Truck Ave. 15.5 1,549 321 4.80*
60 21-A ST. Truck Ave. 13.5 918 252 3.64*
61 21-B ST. Truck Ave. 15.0 451 100 4.51
62 21-C ST. Truck Ave. 16.0 94 94 4.78*
63 22-A ST. Truck Ave. 16.0 1.336 266 5.03*
64 22-B ST. Truck Ave. 16.0 559 105 5.32*
65 22-C ST. Truck Ave. 14.5 534 92 5.78*
66 23-A Passenger 20 11.7 8 0.4S0 17.80
67 23-B Passenger 20 12.2 8 0.414 19.30
68 23-C Passenger 20 13.0 8 0.413 19.40
69 23-D Passenger 20 14.1 8 0.361 22.20
70 24-A Passenger 20 11.0 8 0.447 17.90
71 24-B Passenger 20 12.8 8 0,410 19.50

Tests by Portland Gas & Coke Company Garage in course of regular operation.
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TABLE IV. MILEAGE INCREASES RESULTING FROM ADJUSTMENT
(PASSENGER CARS)

Series Initial Final Increase initial Final Increase Mileage
No. CO2 CO2 CO: Mi./Gal. Mi/Gal. Mi./Gal. increase

% % % %
1 10.3 13.0 2.7 16.30 17.10 0.80 4.9
2 12.1 13.8 1.7 14.02 15.08 1.06 7.5
4 12.4 13.5 1.1 18.40 20.30 1.90 10.3
5 11.8 14.2 2.4 18.12 2O.0 1.88 10.4
6 3.4 8.9 5.5 12.28 17.45 5.17 42.1
7 8.9 13.5 4.6 18.15 22.19 4.04 22.3
8 10.3 12.4 2.1 15.84 18.68 2.84 17.9
9 12.3 13.5 1.2 19.50 20.25 0.75 3.8

10 13.8 14.2 0.4 18.91 19.50 0.59 3.1
11 11.8 13.6 1.8 12.14 19.82 7.68 63.2
13 4.0 lO.3 6.3 11.80 23.70 11.90 101.0
15 5.1 13.6 8.5 12.45 24.90 12.45 100.0
16 9.3 14.7 5.4 23.10 30.50 7.40 32.0
17 14.4 14.5 0.1 21.00 21.40 0.40 1.9
23 11.7 14.1 2.4 17.80 22.20 2.40 13.5
24 11.0 12.8 1.8 17.90 19.50 1.60 8.9

Ave. 10.1 13.2 3.1 16.72 20.65 3.93 27.7

As high an adjustment as could be satisfactorily obtained.

TABLE V. MILEAGE INCREASES RESULTING FROM ADJUSTMENT (TRUCKS)

Series Initial Final Increase Initial Final increase Mileage
No. CO2 CO2 CO2 Mi/Gal. Mi/Gal. Mi/Gal. increase

% % %
18 10.6 14.0 3.4 3.37 5.38 2.01 59.6
19 13.0 15.0 2.0 5.20 5.50 0.30 5.8
20 14.0 15.5 1.5 4.68 4.80 0.12 2.5
21 13.5 16.0 2.5 3.64 4.78 1.14 31.3

Ave. 12.8 15.1 2.3 4.22 5.11 0.89 22.3

3. Carbon monoxide tests and hazards. Since attention was drawn to
the high carbon-monoxide content of the exhaust gases, some experimental
work was carried on in this connection. The pyrotannic-acid method of
estimation of the carbon monoxide in the blood of persons exposed to the
gas was found to be the most simple and accurate for the purpose. A closed
sedan with one exhaust gasket blown in actual operation was at hand and
was used for the purpose of exposure.

A small portable outfit for the determination of carbon monoxide in
the blood is shown in Fig. 16. This method of analysis depends on the
stable color formed when the hemoglobin in the blood combines with the
monoxide. The reaction of carbon monoxide with hemoglobin, the oxygen-
carrying component of the blood, is the physiological reaction which results
in death from this gas. The oxygen-carrying power of the blood is
reduced in proportion to the amount of carbon monoxide absorbed, and
the blood is incapable of further oxygen transportation until mass action
displaces the carbon monoxide. Death from carbon monoxide "poisoning"
is really the result of oxygen deficiency. Since the hemoglobin takes up
carbon monoxide about 300 times as rapidly as it does oxygen, exposures to
relatively low concentrations of the monoxide are dangerous. The effect
of the monoxide has caused more deaths than all of the other gases com-
bined. Being an odorless, colorless gas, it is taken into the body without
sensation. Table VI, based on blood-saturation percentage, gives some idea
of the effects produced.
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Fig. 16. Carbon monoxide detector.

TABLE VI. SYMPTOMS CAUSED BY VARIOUS PERCENTAGES OF CARBON
MONOXIDE IN THE BLOOD

Blood saturation Symptoms

0-10 None.
10-20 Tightness across forehead; possible slight headache.
20-30 Headache; throbbing temples.
30-40 Severe headache, weakness, dizziness, dimness of vision, nausea and

vomiting, collapse.
40-50 Same as previous item with more possibility of collapse and syncope,

increased respiration and pulse.
50-60 Syncope; increased respiration and pulse, coma with intermittent con-

vulsions; Cheyne-Stokes respiration.
60-70 Coma with Intermittent convulsions, depressed heart action and respira-

tion, possibly death.
70-80 Weak pulse and slow respiration, respiratory failure and death.

The pyrotannic-acid method for the detection of carbon monoxide in
the blood depends on the fact that normal blood will form a gray to brown
suspension in the presence of tannic acid and pyrogallic acid (pyrotannic
acid) while the compounded hemoglobin and carbon monoxide remain a
bright scarlet. Color standards representing the percentage of saturation
may be prepared, and by matching the blood under test with these stand-
ards the saturation of the blood may be determined.

U. S. Bureau of Mines Tech. Paper No. 373.
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In the experiments performed, two subjects were driven for one hour
in a closed sedan that had one exhaust gasket blown. The sedan was in
good adjustment for economy, having 12.4 percent carbon dioxide in the
exhaust gas, so that the concentration of monoxide in the exhaust gases
did not represent a maximum. Blood tests taken before exposure showed
no monoxide present in the blood of either subject; however, after driving
for one hour, one subject showed 10 percent saturation and the other 15
percent. The differences in color of the samples over that of the last
standard for normal blood and over the initial samples of normal blood
were very distinct. Since the car was in no manner changed from the
condition under which it had been operating for some time except that
the windows were closed, it is evident that some danger to health exists
under such conditions if exposure should take place for any considerable
length of time. No doubt some of the road sickness encountered as well as
the feeling of fatigue, all out of proportion to the physical effort of riding,
may be accounted for by the presence of the monoxide.

A second test, this time by pure accident, resulted in a severe headache
to the driver after one hour of driving at 35 miles per hour. A blood test
gave the percentage saturation as 20 percent. Subsequent investigation
showed a badly cracked exhaust manifold and a high concentration of
monoxide in the exhaust gases.

The following table shows the effect that may be encountered in a
vehicular tunnel when one car follows another through and comes in direct
contact with the waste gases from the first car.

TABLE V1I. EFFECT OF FOLLOWING A CAR GIVING OFF HIGH CONCEN-
TRATIONS OF CARBON MONOXIDE IN THE EXHAUST GASES

Test No. Feet between cars
Percentage of saturation of

blood of drivers

1 88 9.5
2 88 11.5
3 88 17.2
4 88 14.5
5 88 24.5
6 38 14.0
7 38 11.0
8 38 9.5
9 38 10.0

10 38 15.0
11 38 10.0
12 38 14.5
13 121 15.0

Reprint from Bureau of Mines in the J. of Amer. Soc. of Heating and Vent. Eng

Great care should be taken in the operation of a motor, or for that
matter the combustion of any fuel in an enclosed space, where proper
ventilation is not provided. In a small garage the concentration of the
monoxide rapidly reaches a high figure owing to the great volume of
exhaust gases liberated at usual engine speeds. If the monoxide concentra-
tion in the exhaust gases is high and the motor is speeded up for some
purpose, the concentration in the smaller, poorly ventilated garages will
soon reach deadly proportions.
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VIII. DISCUSSION OF RESULTS AND SUMMARY
1. Savings and benefits indicated. This study indicates an average

possible saving of motor fuel of 27.7 percent for passenger cars and 22.3
percent for trucks as shown in tables IV and V. These savings are the
result of proper carburetor adjustment and agree very well with the
possible 30-percent economy indicated by the studies of the Bureau of

Mines7 and the 24.5 percent indicated by the studies of J. T. Nichols.1 These
results mean a possible saving to the individual motorist of from $10 to
$28 per year on the cost of operation of a motor vehicle and an amount
running into thousands of dollars per year for automotive fleets.

Proper carburetion means intangible savings in operating costs due
to lower maintenance and more satisfactory operation.

2. General principles of combustion outlined. From theoretical con-
siderations of the combustion of motor fuel, it is possible to arrive at the
correct figures for the percentage of carbon dioxide that should be present
in the exhaust gases for maximum economy. These figures have been yen-
fled by experimental work and practical application and have been ar-
ranged for use in the form of graphs. The method of the calculation of
the figures necessary for the construction of the graphs is given when the
composition by weight of the fuel is known. The figures as calculated from
the principles of combustion of the constituents of a motor fuel agree very
closely with the figures obtained under conditions of maximum economy.

3. Curves for the combustion of gasoline in motors. Various curves
have been constructed for the combustion of motor fuel in internal com-
bustion engines (figures 4, 5, 6, and 7). These curves are constructed for
definite motor fuels, in the case of straight gasoline for a composition of
85.0 percent carbon and 15.0 percent hydrogen. Figures 4 and 5 are
calculated from the principles of combustion, and the region of proper
adjustment with respect to the constituents of the exhaust gases is indi-
cated. Figure 7 is the result of actual motor tests and agrees very closely
with the theoretical curves.

4. Exhaust analyses and adjustments described. The method of pro-
cedure for exhaust-gas analysis and carburetor adjustment is described, as
well as the instruments used in this connection. The road-test procedure
as carried on in this study is described and the method of making carbure-
tor adjustments by the use of the analysis of the exhaust gases is given.
Some conditions pertaining to the commercial adaptation of the method
are discussed and the possibilities are pointed out.

5. Experimental data given. The experimental data are given in tables
III, IV, and V and in figures 12, 14, and 15. The road tests recorded number
71 and were conducted on 24 passenger cars and 4 trucks. In general the
range of economy effected, expressed as percentage of mileage increase,
varied from 1.9 percent to 101 percent for passenger cars and from 2.5 to
59.6 percent for trucks. Data are also given for the variation that may be
expected from a particular type or weight of car, showing that there is
some variation in the possibility of adjustment.

6. Carbon monoxide hazard pointed out. The danger of "poisoning"
from carbon monoxide is treated briefly since it was experienced in the
course of this study. Figures on the effect of concentration with exposure
are given and some of the common dangers discussed.
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