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Although the principles involved in operating a compression-ignition 
engine on gas were recognized and patented by Dr. Rudolph Diesel in 1898, 
the erroneous assumption that a gaseous fuel would pre-ignite when corn- 
pressed to Diesel levels caused engineers -to ignore the possibilities of 
such engines for many years. Such principles remained on paper, then, 
until 1940, when engineers in Great Britain investigated such operation 
and found that due to the extremely lean mixtures characteristic of the 
Diesel cycle, a gas-air mixture inducted into the cylinder requires a 
pilot injection of fuel oil to insure combustion. In 1944 the first unit 
wab introduced in this country, and sinco that time development has been 
rapid. Until now, however, all work has been centered on direct-injection 
engines operating at speeds under 600 rpm, thus warranting the investiga- 
tion of other combustion chamber designs and high speed operation. 

Tests on an energy-cell engine operating at 1200 rpm showed definite 
promise for engines of this type when burning gaseous fuels. Satisfactory 
operation under all conditions, however, is dependent to a considerable 
extent upon the composition of the gas. The high hydrogen content and 
resultant rapid rate of pressure rise of the gas used limited the scope 
of the obsorvation. That part of the total heat supplied by the gas at 
full load, for example, was limited to about seventy per cent when using 
a gas containing 46.4 per cent hydrogen. 

The engine operated satisfactorily ori a minimum pilot charge of 2.64 
per cent of the total heat supplied at 63.1 per cent load, which is con- 
siderably below previously published figures. Further, the timing of the 
pilot charge appears to have a considerable effect on performance, for 
retarding trie injection approximately three degrees from the optimum 
setting for fuel oil operation results in an appreciable increase in brake 
thermal efficiency. 

Since the purpose of this investigation is to initiate the study of 
high speed dual-fuel engines, no extensive conclusions are warranted. It 
is indicated, however, that the use of gases having a composition comparable 
with those of natural or sewage gases will result in brake thermal efficionci 
higher than tnose attained with the conventional compression-ignition engine. 
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ANALYSIS AND PER.FORMACE OF A CONVENTIONAL 
H IGH SPEED COMPRESS ION - lOEN IT ION ENG INE 

ADAPTED TO GAS FUEL UTILIZATION 

I. INTRODUCTION 

Although it has been only recently that the 

high compression ratio of the compression ignition 

engine has been employed in burning gas more ef- 

ficiently, the principle itself is not new. In his 

notes dated N.oveniber 13, 1894, Dr. Diesel wrote: 

Illuminating gas injected with atomized 
drops 9f kerosene through a nozzle. When the 
kerosene is admitted, misfiring stops and 
uniform diagrams are obtained. 

Four years later Dr,. Diesel was granted German Patent 

No. 109186, which contains the following claim: 

An ignition and combustion process for 
combustion engines in which the compression 
temperature of the working mixture did not 
reach its own ignition temperature, but the 
ignition temperature of a second easier- 
ignited fuel or mixture was reached or ex- 
ceeded so that the injection of this latter 
starts the combustion of the mixture. 

A German, Victor Heidelberg, was granted U. S. 

Patent No. 1858824 on May 17, 1932, the first claim 

of which reads: 

The method of operating a Diesel engine 
which coiuprisep compressing in the engine 
cylinder a mixture of air and fuel to a 
temperature less than its ignition point; 
igniting said 'compressed mixture by Inject- 
Ing Into it a liquid fuel having an ignition 
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point less than said temperature due to compres- 
sion; and varying the richness of said air and 
fuel mixture in proportion to the load on said 

engine, while at all loads maintaining the 
amount of said fuel injected constant and less 
than that necessary to operate the engine under 
no loac. or idle conditions. (l3, p. 946)* 

Those familiar with gas engine practices well 

know that the compression pressure for a given gas is 

limited, and when it is exceeded the gas-air mixture 

burns before it is ignited by the spark. Most 

engineers therefore considered it impossible to com- 

press a gas-air mixture to Diesel levels, thus over- 

looking a number of significant differences between 

the conventional gas engine and the Diesel engine. 

That pre-ignition is not a problem may be made evident 

by briefly reviewing the basic facts about gas-iir 

mixtures and the characteristics of the Otto and 

Diesel cycles. 

If a perfect mixture, i.e., one in which there 

is just enough air to burn the fuel completely, is 

heated gradually, chemical reactions begin slowly, 

eventually reaching a temperature at which practically 

instantaneous combustion occurs and will continue 

without further application of heat from any outside 

source. At this point, which is called the ignition 

* Numbers in parentheses refer to bibliography. 
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temperature, chemical combination generates heat faster 

than it is lost to the surroundings, and the combus- 

tion is self-propelling. This is also true of mix- 

tures approaching the perfect mixture, but there is a 

limit on either side beyond which the mixture becomes 

either too lean or too rich to ignite and continue to 

burn without the application of external heat. These 

are the limits of inflammability (Table I), and mix- 

tures within these limits are called inflammable. In 

general, an increase in pressure lowers the ignition 

temperature and increases the range of inflammability. 

In a conventional four-stroke cycle gas engine 

a constant quality gas-air mixture not far from perfect 

is supplied to the intake manifold through a mixing 

valve, governing being accomplished by throttling. 

When the mixture is compressed, its temperature is 

increased while its ignition point is lowered. Corn- 

bustion ïs then initiated at a single point by a heat 

source such as a spark plug. This local burning raises 

the mixture temperature to its ignition point, and the 

remaining charge burns rapidly. Since the air and gas 

are thoroughly mixed before compression, it is pos- 

sible to operate with very little excess air. The 

fact that such engines can operate only with an 



Table I 

Ignition Temperatures and Approximate Limits 
of Inflammability of Gases and Vaporß in Air 

at Atmospheric Conditions 

Fuel 
;Ignition Limits, % by volume 
:temp, F : 

Low :Correct : High 

Hydrogen 1020-1120 4.1 29.6 74 

Carbon monoxide 1160-1250 12.5 29.6 74 

Methane 1260-1380 5.3 9.5 14 

Ethane 990-1120 3.2 5.7 12.5 

Propane 950-1080 2.4 4.0 9.5 

Butane 890-1020 1.9 3.1 8.5 

Pentane 890-1020 1.4 2.6 8.0 

Ethylene 890-1020 3.3 6.5 34 

Acetylene 635- 750 2.5 7.7 80 

Benzene 930-1070 1.4 2,7 8.0 

Toluene 

Methyl alcohol 

Ethyl alcohol 

Ethyl ether 

1.3 

6.0 

840- 970 3.5 

340- 370 1.7 

2.3 7.0 

12.3 36.5 

5.7 19.0 

3.4 

(3, p. 93) (12, p. 148) 
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inflammable mixture makes them susceptible to pre- 

mature ignition in the presence of localized hot- spots 

such as particles of glowing carbon or sections of the 

spark plug. 

In a typical Diesel engine, however, the fuel is 

injected into air heated above the ignition tempera- 

ture of the fuel by the high compression. Since the 

fuel and oxygen mut combine in the cylinder in an 

extremely short time, much emphasis has been placed 

on obtaining maximum fuel atomization and dispersal 

by Diesel engine designers. Of necessity, Diesels 

operate with high excess air. At partial loads the 

excess air increases due to the fact that the air in- 

take remains constant at a given speed, governing be- 

ing accomplished by regulating the fuel quantity. 

The high excess air characteristic of Diesel 

combustion is the factor which allows the burning of 

gas-air mixtures at high compression ratios without 

pre-gnition. When a fuel such as natural gas, for 

example, which has about the same heating value as 

fuel oil by weight, is admitted with the air before 

compression, the weight of gas, and consequently the 

air-fuel, may be approximately the same. Compression 

raises the temperature of the mixture to about 800 F, 



which probab1 exceeds the low ignition point of a 

mixture within the inflarriraabillty range at that high 

pressure. The mixture does not ignite, however, because 

it is below the lower limit of inflammability. The 

pilot charge is injected into this mixture and begins 

to burn as it would if injected into heated air. While 

the duration of the injection period is short in time, 

it is long relative to the entire combustion period, 

and the amount of heat added is substantial. It is 

this addition of heat that initiates, sustains, and 

propagates combustion of the gas-air mixture. Engine 

tests indicate that the pilot fuel insures combustion 

of the leanest mixtures. (17, p. 67) 

In the Otto cycle engine, on the other hand, the 

spark is nearly iri'stantaneous, intensely hot, and 

highly localized. Although it is of suffïcient in- 

tensity to initiate the burning of an inflammable mix- 

ture, it does not add heat progressively as required 

to sustain combustion in an extremely lean mixture. 

Although internal combustion engines which could 

operate on either gas or oil as fuel have been man- 

ufactured for many years, unfamiliarity with the above 

principles dictated that the change-over involve 

reducing the compression ratio and providing a means 

of ignition to facilitate operation on the Otto cycle. 
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Nor were the significant features of Dr. Diesel's 

early patent incorprated in the first gas engine 

built to operate ori the Diesel cycle. This engine, 

built in 1928, was arranged to compress air only, the 

gas being injected at top dead center under very high 

pressure. A].:though this engine ran without any other 

means of ignition, it was found that the injection of 

a small amount of fuel oil stabilized the somewhat 

irregular ignition characteristics of the gas alone. 

The necessity of supplying a high pressure injection 

compressor, as well as a means of injecting the oil, 

made this design commercially unsound, and no plans 

were made for its production. (17, p. 64) 

To the engineers of the National Gas and Oil 

Engine Company, Ltd.) of Great Britain, must go the 

credit for casting aside preconceived ideas and test- 

ing the principle of compressing gas-air mixtures to 

Diesel pressures. This work led to the first commer- 

ctal development of this type in 1940. In the United 

States, the Worthington pump and Machinery Corporation 

was the first to build an engine to operate with low 

pressure gas induction on the Diesel cycle, running an 

experimental unit in February, 1944. Since that time 

a few other manufacturers have investigated the 



possibilities of such engines, and various methods have 

been devised for introducing the gas. 

At this point it is well to clarify the confused 

terminology existing in this field. The terni "gas- 

Diesel" is used to describe a Diesel engine which is 

designed to operate on gas with pilot fuel only, or to 

identify the principle upon which it operates, whereas 

the term "convertible" applies to an engine which can 

be operated either as a gas-Diesel or as a regular 

Diesel. The term "dualfuel" is applied to an engine 

which will, operate either as a gas-Diesel, a regular 

Diesel, or upon any proportion of gaseous and liquid 

fue is. 

One of the simplest methods of adapting an 

existing Diesel engine to gas-Diesel operation con- 

sists of providing a separate gas manifold with a 

connection to each cylinder which introduces the gas 

into the inlet passage in the cylinder head as shown 

in Figure 1. The fuel injection pump is then locked 

in a minimum position and the governor connected to 

a butterfly valve controlling the quantity of gas. 

Further refinement is possible by providing a manually- 

controlled plug valve for each gas inlet to give satis- 

factorily balanced combustion in each cylinder. This 



system is applicable only to small engines where the 

backfire hazard is not great. 

A superior method of taking gas into the cyl- 

inders is shown in Figure 2. A special valve cage 

with gas inlet valve and passage replaces the standard 

air inlet valve cage in engines employing this system. 

The gas control valvè stem overlaps its bore so that 

the gas is admitted after the inlet valve opens, thus 

avoiding loss of gas during valve overlap. This 

feature allows the supercharging of gas Diesels where 

the valve overlap is of long duration and thé cylinder 

must be thoroughly scavenged with fresh air. As with 

the first system, the gas governing valve can be 

adjusted to equalize the loads on the cylinders. Too, 

this system greatly reduces the possibility of back- 

fire; first, because no gas is admitted during the 

overlap period, and second, because the quantity of 

gas-air mixture in the inlet manifold is always small. 

The method diagrammed in Figure 3 has the same 

advantages as the gas valve mounted on the intake 

valve stem, and also permits complete control of the 

timing of the gas induction period. This design is 

more expensive, however, and is obviously not suitable 

for converting existing engines to gas-Diesel operation. 
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Figure 1. Simplified method of injecting 
gas Into intske air. (17, P. 66) 

F: 
valve. (1, p. 55) 
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Figure 3. Inlet passage of four-stroke cycle dual-fuel 
engine, showing auxiliary gas valve. (2, p. 186) 

Figure 
engine. 
right. 

4. ÒI ead of two-sEroke cycle dual-fuel 
Fuel oil injector in center, gas injector at 
(2, p. 186) 
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At least two two-3troke cycle engines capable of 

operating on gas are currently being manufactured in 

this country. Such engines operate on much the sanie 

principle as the four-stroke cycle gas-Diesels, ex- 

cept that inasmuch as the cylinder is scavenged with 

air, the gas cannot enter the cylinder untIl the ex- 

haust ports or valves are closed. This necessitates 

introducing the gas under pressure. 

A convertible engine employing a separate cam- 

actuated gas valve in addition to the oil fuel valve 

is shown in Figure 4. This design uses the same in- 

jector for the pilot charge as for full fuel oil opera- 

tion. 

The Nordberg Company uses a novel system which 

hes enjoyed wide acceptance in the large engine field, 

the smallest unit built developing about 1400 horse- 

power. Since difficulties are encountered in metering 

the small pilot charge with the large injection pumps 

of such engines, this system includes a small pilot oil 

pump for gas-Diesel operation. When converted to gas, 

then, the main fuel pump is disconnected from the in- 

jection valve and connected to an oil cylinder which 

actuates the gas-oil sprayer valve, as indicated in 

Figure 5. Since the size of the gas compressor and 

injector would be prohibitive for gases of low heating 
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Figure 5. Diagrammatic arrangement of Nordberg two- 
stroke cycle injection equipment. (14, p. 197) 
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value, the application of this engine is obviously 

limited. (14, p. 1s) 

Although the present designs for engines burning 

gas on the Diesel cycle are undoubtedly based on con- 

siderable resesrch and experimentation, it is not con- 

ceivable that the possibilities of a principle which 

has been proven feasible so recently have been thorough- 

ly investigated. Available literature supports this 

contention, for with few exceptions all work has been 

done with large engines operating at speeds under 600 

r.p.m. and embodying the direct-injection or open com- 

bustion chamber. No attempt to analyze the combustion 

processes peculiar to gaseous fuel operation have been 

reported, nor is there evidence of successful opera- 

tion on other than natural or sewage gas, both of which 

contain a major proportion of methane. 

Although the reasoning which has directed the 

above approach is in most instances obvious, it is not 

intended that the course of this investigation be 

altered by preconceived conclusions which so completely 

shackled the entire principle of operation for more 

than 40 years. 

The purpose of this investigation is, then, to 

determine the characteristics of a high speed air-cell 

Diesel engine adapted to dual-fuel operation, to 
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analyze the principles involved, to evaluate the suit- 

ability of a high hydrogen gas for such applications, 

and to determine t-he economic feasibility of using 

gaseous fuels in such engines. 
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II. EQUIP1I1ENT AND FUELS 

The principle equipment used in this investiga- 

tion consisted of a four-stroke cycle Superior Diesel 

engine with integral direct current generator, the 

necessary modifications for using gaseous fuels, and 

a control panel and resistors for loading the e.igine. 

Test instruments and apparatus included a cb.ronomatic 

engine indicator, a maximum pressure indicator, a 

fuel and gas measuring system, an Orsat for exhaust 

gas analyses, a potentiometer for exhaust gas tempera- 

tures, a hand speed indicator, a stop watch, and various 

thermometers. 

ENG INE 

The test engine, Figures 6 and 7, has the fol- 

lowing general specifications: 

Number of cylinders 2 

Bore, inches 4.5 
Stroke, inches 5.75 
Displacement, cubic inches 183 
Rated output, brake horsepower 16.3 
Rated speed, revolutions per minute 1200 
Brake mean effective pressure, psi 58.74 
Compression pressure, psi 375 
Firing pressure, psi 650 
Injection pressure, psi 1600 

This engine emDloys the dual combustion system, 

so designated because the combustion of the fuel oil 

takes place in two successive stages. As shown in 
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Figure 6. Two-cylinder Diesel engine-generator 
set used as test unit. 

Figure 7. Front view of sanie engine. 
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Figure 8, the main combustion chamber, shaped roughly 

to the envelope of the fuel spray, is east into the 

cylinder head. A passageway connects this chamber 

with an auxiliary chamber entirely outside the cylinder 

bore. The horizontal injection nozzle is of the pintle 

type, giving a rather coarse partially atomized core 

with an envelope of finely atomized. particles. Al- 

though the injected fuel oil is directed into the 

passageway between the two chambers, only the spray 

core consisting of the heavier particles having high 

penetrating power enters the auxiliary chamber. The 

envelope of finely atomized particles, on the other 

hand, tends to fill the main chamber where the heat 

causes rapid ignition. The resulting pressure rise 

and turbulence tends to force the hot gases into the 

auxiliary chamber where, by this time, the coarse 

particles of fuel entrapped there have begun to burn. 

The pressure then rises in the auxiliary chamber and 

the burning gas flows back into the main chamber, 

creating turbulence and mixing there. Finally, com- 

bustion is completed and maximum pressure attained in 

the main chamber. The four steps of this combustion 

process are shown progressively in xiigure B. 
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Since this engine has a compression ratio of 12 

to i when both main and, auxiliary chambers are in use, 

it is built with a plug valve in the passageway be- 

tween the two chambers for closing off the auxiliary 

chamber to increase the compression ratio for starting. 

The coolant system is of the positive circulation 

type with thermostatic control. As originally designed, 

the heat of the jacket water was removed by passing 

through a heat exchanger which used raw water as a 

cooling medium, as is common in marine service. To 

facilitate laboratory work, the raw water pump has 

been removed and a line from the city main connected 

to the raw water inlet of the heat exchanger. 

The valve overlap of 16 degrees, indicated in 

Figure 9, is of the order characteristic of high speed 

Diesel engines. 

KNGINE MODIFICATIONS 

Since any other system would require that perma- 

nent alterations or replacements be made on the engine, 

introducing gas into the air intake common to both 

cylinders was selected as the most expedient. A gas 

carburetor for a gasoline engine serves the purpose 

admirably. Although equipped with various jets for an 

auxiliary liquid fuel, the unit is used only as a 
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Figure 3. Combustion chernber of test engine. 
(16, p. 94) 
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mixing valve for the gas and air. In use the gas line 

is connected to the intake at the right, Figure 10, 

and gas enters the gallery around the venturi and is 

forced into the intake air through the twelve small 

holes around the circumference. The quantity of gas 

entering the manifold is controlled by a manually 

operated valve in the gas line leading to the engine. 

Although the addition of gas to the intake air 

of a Diesel engine causes the governor to automatically 

reduce the amount of oil to compensate for that part 

of the load being carried by the gas, under test con- 

ditions it is desirable that the fuel oil pump be 

rigidly controlled. The pump control rack was there- 

fore disconnected from the hydraulic governor of the 

engine and tbe system shown in Figures il and 12 in- 

stalled. Since the maximum movement of the control 

rack is in the neighborhood of half an inch, the 

micrometer. head on the manual pump control affords 

excellent adjustment of the fuel oil injected. 

LOAD CONTROL 

The Delco direct current generator mounted 

integrally with the engine is rated at 10 kilowatts 

at 120 volts while rwining at 1200 r.p.m. Figure 13 



Figure 10. Carburetor used to mix 
gas with intake air. 



Figure 11. Side view of engine showing micrometer 
injection pump control. 

P'igure'T2. Same 
front of engine. 

's 
control 
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shows the generator efficiency as determined fron the 

values given by the manufacturer. 

Since the generator is shunt wound and self- 

exited, the amount of exiting current supplied to the 

generator may be controlled by varying the resistance 

in the field circuit. The field circuit is therefore 

connected across the armature with a rheostat in series. 

The power generated is dissipated as heat by ten 

1000-watt heating elements mounted on an overhead frame 

near the engine. Five knife switches mounted on the 

underside of this frame determine the loading, each 

switch controlling two elements. This system is shown 

in Figure 14, and the control ane1, mounting the 

voltmeter, ammeter, field and load switches, fuses, 

and the field rheostat is pictured in Figure 15. 

MAXIMUM PRESSURE INDICATOR 

For runs in which it was desired to control the 

maximum pressure developed in the engine cylinders, 

a Premax Indicator, made by the Bacharach Industrial 

Instrument Comoany, Figure 16, was used. In operation 

the force of a spring acting on one side of a piston 

is gradually increased until it equals the force 

exerted on the opposite side of the piston by the 

maximum cylinder pressure. At this point a contact 
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Figure 14. Load resistors. 

Figure 15. Control panel. 



Figure 16. Pren.ax indicator mounted on engine. 

moìnted on engine. 
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switch in a neon light circuit remains open, causing 

the light to cease flashing as it does when contact is 

being made. The pressure is then read from the in- 

dexed sleeve which controls the spring tension. Since 

all parts are at rest when the two forces on. the 

piston balance, the accuracy of this instrument is 

independent of the engine speed and rate of pressure 

rise. 

CHRONOMATIC ENGI1E INDICATOR 

For obtaining pressure-time diagrams, the chromatic 

indicator sho in position on the engine in Figure 17 

was used. This instrument, as the name implies, 

records engine pressures as a function of time, thus 

making possible the determinatIon of pressure varia- 

tions near top and bottom dead centers which are not 

easily interpreted on pressure-volume diagrams. 

The essential difference between this type of 

indicator and the conventional form lies in the use 

of a cantilever bar spring instead of the ordinary 

helical spring. This results in a considerable reduc- 

tion in weight of the moving parts, permitting use at 

speeds prohibitive for the conventional indicator. 



FUEL AS1JREMENT 

Measurement of the fuel oil was by weight, all 

determinations being made in the fuel apparatus shown 

in Figure 18. with this unit it is possible to 

operate an engine from eIther the storage tank under- 

neath or from the beaker on the balance, to return 

excess fuel from the engine to the beaker, to fill 

the beaker from the storage tank, and to maintain oil 

in the line supplying fuel to the engine, thus reduc- 

ing the possibility of taking air into the injection 

system. 

The volume of gas used was measured by a conven- 

tional light meter, and its pressure and temperature 

obtained at the meter outlet from a U-tube water 

manometer and a mercury thermometer mounted in the 

gas line. 

EXHAUST GAS DETERMINAT IONS 

Although gas samples from many of the preliminary 

runs were analyzed for methane, ethane, and hydrogen, 

the results obtained indicated that the exhaust gas 

contained a total of less than two-tenths of one per 

cent of these gases. It is obvious, therefore, that 

little could be gained from such time-consuming 



Figure 18, Fuel weighing apparatus. 

Figure 19. Potentiometer and Orsat, 
showing connections to engine. 
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procedures, and the remaining runs were analyzed for 

carbon dioxide, oxygen, and carbon monoxide in the 

conventional Orsat apparatus. 

Exhaust temperatures were determined at the out- 

let of the exhaust manifold b?Jmeans of a cbromel- 

alumel thermocouple and a Leeds-Northrup potentiometer. 

The instruments used and the points at which the 

measurements were made is shown in Figure 19. 

FUELS 

The oil-gas currently being produced by the 

Portland Gas and Coke Company, from whose lines the 

gas used in the investigation was obtained, has the 

following analysis: 

Per cent 
by volume 

Carbon dioxide 3.0 
Benzene 0.8 
Butene 0.2 
Propene 0.6 
Ethene 4.0 
Oxygen 0.9 
Carbon monoxide 8.0 
Hydrogen 46.4 
Methane 27.4 
Ethsne 0.7 
Nitrogen 8.0 

Calculated heating value saturated at 60 F, 570 Btu/cu ft 
Calculated specific gravïty, 0.474 
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During periods of high gas consumption in this 

area, however, this gas may be diluted with as much 

as 35 per cent of a butane-air mixture having a heat- 

ing value of 1000 Btu per cubic foot. Since this gas 

contains one volume of butane to two volumes of air, 

it is possible to determine to what extent the oil- 

gas is blended by tuaking a simple analysis for oxygen. 

In order to maintain a constant gas composition for all 

runs, only those for which the oil-gas was not blended 

are tabulated and considered in this investigation. 

The Diesel oil used has an A.P.I. gravity of 

39.1 at 60/60 F, giving it an approximate heating 

value of 19,800 Btu per pound as determined by the 

Sherríian-Kropf formula. Its specific gravity is 

0.8294, for which the weight per gallon is 6.906 

pounds. 
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III. TEST PROCEDURE 

The scope of an investigation of this type is 

controlled to a considerable extent by the limitations 

imposed by the instruments and equipment available. 

Thus, with due consideration to the test engine and 

instrumentation, observations were made to determine 

the following: 

1. Characteristics of operation on fuel oil at 

conditions specified by the manufacturer. 

(Table II) 

2. Minimum pilot charge necessary to maintain 

regular ignition of the charge. 

3. Effect of pilot charge timing on gas-Diesel 

operation. (Tables 111.-Vii) 

4. Effect of varying gas percentage at full 

load and constant fuel oil injection 

timing. (Table viii) 

5. Effect of pilot charge timing on the per- 

centage of gas which may be burned without 

exceeding the firing pressure attained for 

full Diesel operation. (Table IX) 

Since the test engine is designed for constant 

speed operation at 1200 rpm and the generator efficiency 

is available only for this speed, no observations of 
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the effect of variable speed operation were made. 

Thus, though the load can be varied only in increments 

of approximately two kilowatts, it was possible to 

obtain exactly reproducible load conditions. That 

the generated voltage is a function of the speed 

makes it possible to detect and correct for any devia- 

tions in output by observing the voltmeter. 

Since the operation of the engine on fuel oil 

offers a basis for evaluating the results obtained 

when burning gas, the first series of runs was made 

with Diesel fuel over the range of loads at the rated 

ignition advance of 40 degrees. Before making any 

observations the engine was operated at full load for 

one hour in order to raise the temperature of the 

lubricating oil, generator wiridings, and load resis- 

tors to the operating range. The load was then set 

for the particular run and the field rheostat ad- 

justed to obtain a generator voltage of 120 at 1200 

rpm. The engine was then allowed to operate for 25 

or 30 minutes w1ile making the minor adjustments in 

fuel setting, field resistance, and jacket temperature 

necessary to maintain the desired speed and load. 

Once equilibrium conditions had been established, 

the start of a run was determined s.s the point at 

which the balance for weighing the fuel oil passed 
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the midpoint of its swing, at which point a stop watch 

was started. The balance weights were then adjusted 

to bring the balance into equilibrium again after a 

desired amount of fuel had been consumed, the amount 

depending on the rate of consumption for the run. All 

temperatures and pressures were observed at least 

twice during each run, and two exhaust gas samples 

were drawn and analyzed. When the balance again passed 

the midpoint of its swing, the stop watch was stopped. 

Maintaining the same conditions, a pressure-time 

diagram was then obtained. 

To determine the absolute minimum pilot charge 

necessary to maintain regular combustion while operat- 

Ing as a gas-Diesel, the engine was brought up to 

operating temperatures as before. The load was then 

arbitrarily set at 6 kilowatts generator output at 

rated speed and voltage. Then, by opening the gas 

control valve while reducing the quantity of fuel 

oil to maintain the load and speed, a point was 

reached at which further reduction in the quantity of 

fuel oil resulted in irregular operation. The engine 

was then allowed to reach equilibrium conditions as 

for the full Diesel runs, following which measure- 

ments were made of both gas and fuel oil consumption. 
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In determining the effect of the timing of the 

pilot charge on the operating variables investigated, 

an arbitrary pilot charge of about two pounds of fuel 

per hour, or roughly one-half the amount necessary for 

no-load operation, was selected. While this is about 

20 per cent of the total heat supplied at full load, 

which is somewhat higher than most published values, 

preliminary runs indicated that such a value was neces- 

sary for operation under the more retarded conditions 

of injection timing. Since severe knocking was ob- 

served at loads above six kilowatts, only one run was 

made at a higher load in this series of tests, and 

that at the minimum advance, 28 degrees btc, at which 

the engine would operate. 

Changes in injection timing for these runs were 

made by changing the relative angular position of the 

fuel pump shaft with respect to the auxiliary drive 

shaft at the fuel pump coupling. Since this coupling 

was graduated in intervals of six crank angle degrees, 

the change in advance for successive runs was ar- 

bitrarily taken as three degrees, or one-half ari 

interval on the coupling. Having set the coupling 

for the desired injection timing, the procedure of 

the previous runs was repeated except that the pilot 
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fuel was set for about two pounds per hour instead of 

a minimum. 

Data on the effect of varying the gas percentage 

at full load were obtained by proceeding as before, 

but increasing the gas percentage on successive runs 

until the knock became plainly audible. In this 

series of runs the fuel injection timing remained con- 

stant at 40 degrees before top dead center. 

The effect of the pilot charge timing on the 

maximum percentage of gas which may be used while main- 

taming the firing pressure attained on full load 

operation with oil was determined in the final series 

of runs. To obtain the firing pressure from pressure- 

time diagrams while adjusting the fuels is obviously 

not practical, and the chronomatic indicator was re- 

moved and replaced by the Pretnax indicator for these 

determinations. The only deviation from the regular 

procedure is that the gas and fuel oil were so adjusted 

that the firing pressure wes the same as for full 

Diesel operation, 650 psi. 

Although the amount of fuel oil leakage at the 

injectors is slight, its percentage of the total pilot 

fuel was appreciable in certain runs. Since the 

leakage varied but slightly over the range of fuel 



oil consumption, an average value was determined and 

subtracted from the amount of oil consumed from the 

balance. 
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IV. METHODS OF CALCULATION 

HEATING VALUES OF FUEL 

The higher heating value of a liquid fuel is 

defined as the amount of heat liberated when one 

pound of the fuel burns In oxygen and the products 

of combustion are cooled to 60 F, while the lower 

heating value is the heat liberated from the same 

combustion if the products of combustion are cooled 

to 212 F without condensation of the steam contained. 

(B, p. 79) 

Although it is argued that the thermal efficiency 

of an engine should be based on the lower heating value 

of the fuel because the products of combustion lesve 

the engine well above the dew-point of the water vapor 

formed, It is the custom in this country to base the 

thermal efficiency on the higher heating value. 

(12, p. 37) 

To obtain a reasonably close approximation of 

the higher heating value (HHV) of the oil, therefore, 

the API gravity was measured and substituted in the 

modified Sherman-Kropf emperical formula for fuel oil 

as follows: 

1111V = 18,650 40 (deg API - 10) (18,p.436) 
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Several determinations of the amount of fuel oil 

leakage from the injectors were made, and it was found 

to vary littLe from 0.045 pounds per hour over the 

entire range of loads snd oil consumption. Therefore, 

this amount was subtracted from all fuel oil consump- 

tion values. 

In correcting the volume of gas to 60 F and 

14.7 psis, it is assumed that both Boyle's and Charles' 

Laws apply. Although this is not exactly true, the 

deviation is not great enough to demand consideration 

at the low pressures involved. (3, p. 651) The cor- 

rected gas volume is therefore the original volume 

multiplied by the direct ratio of the observed pres- 

sure to the standard pressure and the inverse ratio 

of the observed absolute temperature to the standard 

absolute temperature. 

EXHAUST GAS A1ALYSES 

For all exhaust gas analyses obtained by seise- 

tive absorption, as in the Orsat apparatus, the per- 

centages obtained are on a dry basis. This is due 

not only to the condensation of the water vapor in 

the sampling tube, but also to the fact that although 

the original sample may be saturated with water vapor, 

the progressive condensation which occurs as the 
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shrinkage of the gas takes place is absorbed in the 

various solutions, and the water vapor therefore remains 

constant in magnitude. (10, p. 258) 

On this basis it is most convenient to calculate 

air-fuel ratios by the so-called complete balance 

method. In the calculations that follow, CO2, 02, and 

00 are percentages by volume on the dry basis as ob- 

served, and N2 is obtained by subtracting the sum of 

all the other percentages from 100. Although this 

method of determining percentages does not take into 

account the presence of hydrogen, methane, oxides of 

nitrogen, and aldehydes which may exist in the exhaust 

gas, preliminary tests and published analyses indicate 

that the magnitude of these volumes is insignificant 

and will not alter the results obtained by this method. 

Further, the composition of air is considered to 

be 21 per cent oxygen and 79 per cent nitrogen by 

volume, whereas it actually contains very small per- 

centages of argon, krypton, carbon dioxide, and other 

gases. These values, too, are insignificant and have 

no effect on the results obtained when included with 

the nitrogen percentage. 

The steps in calculating the air-fuel ratio on 

the basis of 100 mols of exhaust gas, a pound-nial 
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being defined as the molecular weight in pounds for a 

particular substance, are as follows: 

1. Add up carbon atoms in 002 and CO = C 

2. Add up oxygen molecules in 002, 00/2, and 

02 = 2 accounted for 

3. N2 (21) 2 input in mols 
(7g) 

4. 02 input = mols air input 

0.21 

5. 29 x mols of air input pounds of air input 

6. 02 input - 02 accounted for = 02 to burn H2 

7. 2 x 02 to burn H2 mols H2 burned 

8. 2 x mols H2 burned 12 x C pounds of 

fuel input 

9. Pounds of air input air-fuel ratio 
Pounds of fuel input 

10. 12 x C C/H ratio for fuel 
2 x H2 

The C/H ratio thus obtained for fuel-oil runs 

averaged 6.4, whereas a like analysis of the oil-gas 

gave a result of 2.84, indicating a considerably 

higher percentage of hydrogen. 

INDICATED HOHSEPOVJER 

Since it is extremely difficult to obtain suitable 

pressure-volume diagrams on high speed engines of this 
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type with the conventional engine indicator, the 

cbronomatic indicator previously described was used 

to obtain pressure-time diagrams from which the imep 

may be determined by a process to be described. 

Referring to Figure 20, it can be shown that 

if the surface speed of the chronomatic drum and the 

speed of the engine are known, it is possible to ob- 

tain the imep by a process of transferring points on 

the pressure-time diagram to their equivalent posi- 

tions on the pressure-volume coordinates. Figure 21a, 

a section of the pressure-time diagram, and Figure 21b, 

a development of this diagram on pressure volume co- 

ordinates, show the construction used in this method. 

Although this procedure is obviously too laborious 

for convenience, it makes apparent the fact that if 

the ratio between the rotational speed of the engine 

and the surface speed of the indicator drum is kept 

constant, the distances along the crank circle from 

top or bottom dead center bear the same ratio to the 

distances messured from top to bottom dead center on 

the pressure-time diagram. It follows that if the 

engine crank circle is graphically represented by a 

circle and the piston stroke by a diameter of this 

circle, it is possible to project any point on the 

volume axis to the crank circle in such a manner 
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that the intercepted arc may be interpreted s.s a 

measurement on the time axis of the pressure-time 

diagram. 

It may be shown that a drum speed in feet per 

minute numerically equal to one-half the engine speed 

in rpm will result in a diagram about six inches in 

length. Since this is a convenient value, an indi- 

cator drum speed of 600 feet per minute was chosen. 

The drum speed indicator cannot be relied upon to 

make the diagram exactly six inches in length, how- 

ever, arid a more exact method of analysis was required. 

With the above relationship between indicator 

and engine speeds, the compression-expansion humps of 

successive cycles will follow each other as shown in 

Figure 20, and it becomes apparent that the distance 

?n between two successive bottom dead center posi- 

tions may be determined from the equation 

t lTd - a 
2 

where "a" is the distance between similar top dead 

centers and "d" is the diameter of the drum. 

To obtain the top dead center point the fuel was 

cut off to the cylinder on which the indicator was 

mounted and a compression diagram obtained at the 



same drum and. engine speeds as the firing diagrams. 

A line was then drawn parallel to the atmospheric line 

to intersect the compression and expansion lines of 

this diagram, and the top dead center position taken 

as the midpoint between the two intersections. To 

locate the top dead center point on a firing diagram, 

a line was first drawn parallel to and the same dis- 

tance from the atmospheric line. The point located by 

laying off on this line from the compression line 

distance equal to the corresponding length on the 

compression diagram is then the required position. 

The bottom dead centers are obviously a distance t/2 

on each side of the top dead center position. 

Since the value of "t" did not vary more than 

one-half inch, the distance on the diagram between 

bottom and top dead center always exceeded 2 3/4 

inches. A scale of this length was therefore gradu- 

ated on a crank circle of unit radius between bottom 

and top dead center positions as shown in Figure 22, 

end the ordinate positions for Tehebycheff's inte- 

gration approximation rule were laid out on the 

volume axis. Relative crank circle positions were 

then determined by setting a pair of dividers to the 

conrod-crank ratio of the engine, in this case 4.05 
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inches, and scribing arcs from each 

Tchebycheff ordinate position while 

dividers on the piston centerline. 

determined on the crank circle were 

construct the scale shown in Figure 

In use the scale is placed un 

succes s ive 

centering the 

The values thus 

then used to 

23. 

1er the pressure- 

time diagram in such a position that the top dead 

center and bottom dead center positions on the scale 

coincide with those of the diagram. The intermediate 

points of the scale are then transferred to the bottom 

edge of the card strip and perpendiculars to the at- 

mospheric line erected to cut the expansion and coin- 

pression lines. Each ordinate with the exception of 

those at top and bottom dead centers is then care- 

fully measured, and the sum of the compression or- 

dinates subtracted from the sum of the expansion or- 

dinates. The indicated mean effective pressure is 

then determined by multiplying the value obtained by 

the effective snring scale and dividing by ten. 

(4, p. 2-3) 

The term "effective" is used here to indicate 

that although a 600-pound spring was used, frictional 

losses in the indicator mechanism and reduced pres- 

sures in the cylinder due to the volume of the 

indicator cock have the effect of reducing the height 
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Figure 23. Base scale for conrod-crank ratio of 4.05:1. 

of the diagram. Since the test engine is nearly new 

and in excellent condition, it is assumed that the 

compression and firing pressures specified by the 

manufacturer are attained. The spring 

scale is thus determined to be 750 pounds instead of 

600. While the accuracy of such an assumption is ob- 

viously questionable, other operating factors justify 

its use by giving more plausible results than the 

rated value. 

In calculating the indicated horsepower from 

the indicated mean effective pressure, the following 
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terrils are used: 

P indicated mean effective pressure in psi 

A = piston area in square inches 

L length of stroke in inches 

N = revolutions per minute 

x = revolutions per power stroke per cylinder 

C number of cylinders 

It may then be shown that the indicated horsepower may 

be found ss follows: 

ihp PLANO 
12 33, 000 )x 

BRkKE HORSEPOWER 

The brake horsepower of the engine is determined 

by dividing the generator output by the generator ef- 

ficiency as determined from its efficiency curve and 

converting the result to horsepower. Although the 

curve from which the efficiency is obtained may be of 

questionable accuracy in the first decimal place, the 

application of these values to all values does not 

affect the relative results. 

Friction horsepower is then taken as the dif- 

f erence between indicated and brake horsepower, and 

the mechanical efficiency of the engine as the ratio 

of the brake horsepower to the indicated horsepower. 



V. RESULTS 

EFFICIENCY OF GINE 
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In Figure 24 are shown curves for the indicated 

horsepower of the engine while operating on fuel oil, 

the brake load iniposed on the engine, and the resultant 

mechanical efficiency and friction loss. Since the 

mechanical efficiency for a given load is essentially 

independent of the injection timing and the charac- 

teristics of the fuel used, these curves may be applied 

equally well for all runs. These data, in addition to 

the observed brake thermal efficiency of about 21 per 

cent for full load fuel oil operation, Figure 25, 

indicate that the efficiency of the test unit is con- 

siderably below that of representative Diesel engines. 

Although many factors may contribute to the 

relatively low mechanical efficiency of the engine, 

it is attributed principally to the high percentage 

of the indicated output required to drive the necessary 

accessories on a small engine. The possibility that 

the carburetor used to mix the gas and air might 

throttle the intake was investigated by making iden- 

tical runs with and without the unit in place, and no 

differences could be detected. 
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Too, errors in the assumption that the engine 

attains specified firing and compression pressures 

may have significant eftect on the values obtained. 

If it is assumed that no losses at all exist due to 

the indicator cock and mechanism, which is obviously 

not true, reducing the spring scale from 750 to 600 

psi per inch would reduce the indicated horsepower 

by 20 per cent and consequently increase the mechanical 

efficiency to about 50 per cent, still considerably be- 

low typical values. Faults in the indicator mechanism 

which do not allow the instrument to record the drop 

in pressure in the cylinder when the exhaust valve 

opens may account for a slightly high itnep, but of 

course does nothing to explain the low brake thermal 

efficiency. 

Whatever the reasons, the low values obtained 

must be attributed to conditions other than those with 

which this investigation is concerned. Since for the 

most part the results are evaluated on a comparative 

basis, it is not likely that such an assumption 

materially affects the observations. 

QUANTITY 0F PILOT CHARGE 

There is little agreement among authors concern- 

ing the optimum amount of pilot fuel, due probably to 
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differences in engines, fuels, and induction and in- 

jection systems being used. In general, the minimum 

value varies from 5 to 25 per cent of the total heat 

supplied to the engine at full load. (7, p. 956) 

Experimental results indicate that the above 

values are high for the engine tested, for several 

runs were made at 6.l per cent load for which the 

pilot fuel accounted for but 2.64 per cent of the 

total heat supplied. These runs averaged 0.278 pounds 

of oil per hour, or 0.000232 pounds per injection, 

while maintaining a brake thermal efficiency of about 

21 per cent. Therein lies the probable explanation 

for the deviation from published values, because the 

size of the injection valves on the large engines pre- 

viously tested prevents the metering of such minute 

quantities of fuel relative to their total fuel re- 

quirements. Further, it is doubtful that the separate 

pilot fuel injection valves employed on some large 

convertible engines are capable of measuring compara- 

tively small quantities due to limitations placed on 

their size by the heavy sections characteristic of 

such engines. Too, the observed percentage of the 

total heat supplied by the pilot charge would be con-. 

siderably smaller for full load conditions due to the 
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fact that the pilot oil necessary to insure ignition 

remains constant over the load range. 

For the tests to determine the effect of injec- 

tion timing, the pilot charge supplied about 40,000 Btu 

per hour, roughly 20 per cent of the total heat required 

for full load operation. Although previous runs had 

indicated that this was considerably in excess of the 

minimum pilot fuel requirements, such a value was ar- 

bitrarily selected to insure ignition at the minimum 

injection advance of 28 degrees before top dead center. 

While this results in a considerable percentage of the 

total heat being supplied by the pilot fuel at low 

loads, it is léss than one-half the no-load fuel re- 

quirements of the engine, thus fulfilling the require- 

ments of the patent granted to Heidelberg in 1932. 

LIMITATIONS DUE TO GAS USED 

The high combustion velocity of hydrogen in air, 

8.43 feet per second, far exceeds those of the other 

constituents found in gaseous fuels, (11, p. 122) 

Thus to the high proportion of hydrogen in the gas 

used, 46.4 per cent, is attributed the severe knocking 

of the engine at loads about 63.1 per cent when operat- 

ing with high percentages of gas. Justification for 

this is obtained from the pressure-time diagram for 



63.1 per cent load, Figure 28, calculations from the 

original indicating a maximum rate of pressure rise 

of 372,000 psi per second or 51 psi per degree of 

crank angle. Janeway, in his analysis of rough 

combustion processes, indicates that rough operation 

is obtained when the rate of pressure rise reaches 

344,000 psi per second, and Ricardo has shown that 

when the rate of pressure rise exceeds 35 psi per 

degree of crank angle, the turbulence produced in- 

creases the heat loss and causes a loss in power. 

(9, p. 139) (15, p. 108) 

Although the knock for the above run was audible, 

it was not nearly as pronounced as for still higher 

loads. Since operation at conditions producing an 

audible knock is not satisfactory, runs were made only 

under conditions for which the knock was not pro- 

nounced. 

THERMAL EFF IC IENCY 

Figure 25 indicates that as the pilot charge 

timing is retarded to allow the addition of gas to the 

incoming air while maintaining the specified firing 

pressure of the engine, the brake thermal efficiency 

is reduced very slightly. While it appears that the 

engine can be operated satisfactorily on not more 
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than 70 per cent gas at full load with little sacrIfice 

in efficiency, a slight knock was detectable at this 

load and gas quantity which makes recommended opera- 

tion under these conditions questionable. The observed 

increase in exhaust temperature is attributed to the 

later burning of the charge as the timing is retarded. 

The effect of varying the pilot charge timing on 

the thermal efficiency and exhaust temperature at 

three different loads is shown in Figure 26. Obviously 

the optiniwn injection advance, at least for these part 

loads, is about 37 degrees before top dead center, or 

three degrees less than for oil operation. The maximum 

brake thermal efficiency for 63.1 per cent of the rated 

engine output shows a definite increase over the corn- 

parable value for fuel oil operation, the values being 

18.6 and 17.0 respectively. Although this wss the 

only gas-Diesel run to exceed the brake thermal ef- 

ficiency of full Diesel operation, the trend of the 

curves suggests that at higher loads the utilization 

of gaseous fuels would prove more efficient were it 

possible to avoid the knocking condition previously 

mentioned. Consideration of the superior mixing of 

the air and fuel when using gas supports this conten- 

t ion. 



700 

i 600 
Q- 

w 
I- 

I- 

500 

u 

400 2C 
I- 
z 
w o 

-J 

crIO 
w 
I 
I- 

w 
4 

oad 

6310/ L 

- - 45.6% Load 

- 
40 37 34 31 28 

INJECTION BEGINS-DEG. B.T.G. 

Figure 26. Effect of injection timing on brake thermal 
efficiency Rnd exhaust temperature. No attempt to 
control maximum pressure. 



Table IX indicates that for the specified injec- 

tion timing of 40 degrees before top dead center both 

the brake thermal efficiency and the exhaust tempera- 

ture remain constant for full load conditions as the 

percentage of gas is increased. This supports the 

previous observation that the exhaust temperature is 

essentially independent of the amount of gas burned. 

PRESSTJRE-TIME DIAGRAMS 

The method used for determining the top dead 

center position of a pro ssure-tinle diagram gives ex- 

collent results, as shown in Figures 27 to 34. In 

all instances the observed increases in exhaust tern- 

perature with retarded injection timing may be pre- 

dicted from the progressively later peak pressures 

and the resultant higher cylinder pressures during 

the expansion stroke. Too, the progressively lower 

peak pressures as combustion takes place later in the 

cycle are evident in Figures 28 to 32, and partic- 

ularly in Figure 34, which shows the effect of retarded 

injection on the 63.1 per cent load diagrams. 

Referring to Figure 33, it is apparent that the 

peak pressure increases as the percentage of the total 

heat supplied by the gas is increased, and that the 
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Figure 29. Pressure-time diagrams for gas-Diesel 
operation. Injection 37 degrees btc. Variable load. 
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Figure 31. Pressure-time diagrams for gas-Diesel 
operation. Injection 31 degrees btc. Variable load. 
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Figure 32. Pressure-time diagrams for gas-Diesel 
operation. Injection 28 degrees btc. Variable load. 
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Figure 33. Pressure-time diagrams for ges-Diesel 
operation at full load. Injection 40 degrees btc. 
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Figure 34. Pressure-time diagrams for ges-Diesel 
operation at 63.1 per cent load. Variable injection 
timing. 
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mere presence of gas increases the delay period ap- 

preciably. That the percentage of gas has no notice- 

able effect on the extent of the delay period may be 

due to the chemical composition of the fuel itself, 

although experimental error is a more plausible cause. 

The extremely late burning of the charge as the 

injection timing is retarded contributes materially 

to the low efficiencies observed for these conditions. 

(HAUST GAS ANALYSES 

The inherent possibilities for error in the cal- 

culation of air-fuel ratios from exhaust gas analjses 

is apparent when the effect of an error of one- or 

two-tenths of one per cent in the volume of a con- 

stituent is carried through the calculations pre- 

viously indicated. Further, the effect on the air- 

fuel ratio of introducing the gas with the intake air 

is not known, one author claiming that the amount of 

air taken into the cylinder is not affected by the 

added gas and another that the gas displaces an equal 

volume of air. (17, p. 67) (12, p. 151) Although 

the latter effect seems more probable, there is no 

basis for a reasonable assumption, and the calcula- 

tions of the air-fuel ratio when gas is being burned 

are made in the same manner as for a liquid fuel. 



Due to the very questionable accuracy of such results 

due to both nitrogen and oxygen being present in the 

oil-gas, no conclusions are made in this respect. 

The principal purpose of analyzing the exhaust 

gas was, then, to determine the completeness of com- 

bustion. In all cases the analyses obtained were 

representative of high speed Diesel engines, and under 

no condition did the carbon monoxide exceed 0.1 per 

cent. Such complete combustion is characteristic of 

Diesel engines, since they necessarily operate with 

a high air-fuel ratio to insure mixing and combustion. 

(10, p. 265) 



Table II 
Full Diesel Operation 

Speed, rpm 1200 Injection timing, deg. btc, 40 

Lub oil in, F, 159-163 Jacket water in, F, 159-163 
Lub oil out, F, 162-166 Jacket water out, F, 163-.167 
Lub oil pressure, psi, 34-36 Fuel oil pressure, psi, 22-24 

: Generator Output 
Item : : : 

10kw : 6kw : 6kw : 4kw : 2kw 

Engine output, bhp 16.3 13.2 10.3 7.45 4.26 
Engine load, % 100 81.0 63.1 45.6 26.2 
Time for 4.0 lb oil, sec 1465 1600 1637 2157 2608 
Oil, lb/br observed 9.968 9.000 7.813 6.677 5.521 
oil, lb/br corrected 9.923 8.955 7.768 6.632 5.476 
Oil, Btu/br 196,500 177,300 153,800 131,300 108,400 
Btu/bhp-hr 12,100 13,400 14,900 17,600 25,400 
Thermal eff, % 21.1 19.0 17.0 14.4 10.0 
Exhaust temp, F 616 546 484 423 370 
Exhaust analysis, by vol - - - - - 

Carbon dioxide 9.4 8.4 7.1 5.9 4,5 
Oxygen 8.0 9.3 11.0 13.0 14.0 
Carbon monoxide 0.1 0.0 0.0 0.0 0.0 
Nitrogen 82.5 82.3 81.9 81.1 80.7 

Air-fuel ratio 22.9 25.8 30.1 36.5 49.8 
C/H ratio 6.4 6.2 5.8 6.6 6.8 
Ambient air, F 85 86 87 87 86 
Volumetric eff, 82.0 83.3 84.3 87.1 98.6 

o-) 



Table III 

Gas Operation 

Speed, rpm 1200 
Lub oil in, F, 159-16$ 
Lub oil out, F, 162-166 
Lub oil pressure, psi,$4-36 

Injection timing, deg btc,40 
Jacket water in, F, 159-163 
Jacket water out, F, 163-167 
Fuel oil pressure,psi,22-24 

Generator Output Item 
e s s 

: 6kw : 4kw : 2kw 

Engine output, bhp 10.3 7.45 4.26 
Engine load, % 63.1 45.6 26.2 
Time for 1.0 lb oil, sec 1991 2197 2042 
Oil, 1b/bi 1.807 1.639 1.763 
Oil, lb/br corrected 1.762 1.594 1.718 
Oil, Btu/br 34,900 31,600 34,000 
Gas, ou ft 129.7 125.9 99.4 
Gas, eu ft/br 234.5 206.3 175.2 
Gas temp, F 81 81 81 
Gas pressure, in water 2.9 3.1 3.4 
Gas, eu ft/hr corrected 227.0 199.8 169.8 
Gas, Btu/br 129,400 113,900 96,800 
Total Btu/br 164,300 145,500 130,800 
Total Btu/bhp-br 16,000 19,600 30,600 
Thermal ef f, % 15.9 13.0 8.32 
Exhaust temp, F 510 458 398 
Exhaust analysis, °/ by vol - - - 

Carbon dioxide 6.7 4.6 3.8 
Oxygen 11.5 12.9 14.4 
Carbon monoxide 0.0 0.0 0.0 
Nitrogen 81.8 82.5 81.8 

Air-fuel ratio 33.5 41.6 50.0 



Table IV 

Gas Operation 

Speed, rpm 1200 
Lub oil in, F, 159-163 
Lub oil out, F, 162-166 
Lub oil pressure, psi,34-36 

Item 

Injection timing, deg btc,37 
Jacket water in, F, 159-163 
Jacket water out, F, 163-167 
Fuel oil pressure,psi,22-24 

Generator Output 
t t 

6kw : 4kw : 2kw 

Engine output, bhp 10.3 7.45 4.26 
Engine load, 63.1 45.6 26.2 
Time for 1.0 lb oil, sec lB32 1608 1650 
Oil, lb/br 1.965 2.239 2.182 
Oil, lb/hr corrected 1.920 2.194 2.137 
Oil, Btu/br 38,000 43,400 42,300 
Gas, cu ft 92.0 80.9 69.8 
Gas, cu ft/br 180.8 181.1 152.3 
Gas temp, F 77 77 BO 
Gas pressure, inches water 5.3 3.0 3.4 
Gas, eu ft/br corrected 180.8 176.6 147.9 
Gas, Btu/br 103,000 100,000 84,200 
Total Btu/br 141,000 143,400 126,500 
Total Btu/bhp/hr 13,700 19,300 29,700 
Thermal eff, 18.6 13.2 8.58 
Exhaust Temp, F 514 461 410 
Exhaust analysis, by vol - - - 

Carbon dioxide 6.7 4.8 3.9 
Oxygen 11.0 13.2 14.8 
Carbon monoxide 0.0 0.0 0.0 
Nitrogen 82.3 82.0 81.3 

Air-fuel ratio 30.9 41.4 51.0 
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Table V 

Gas Operation 

Speed, rpm 1200 Injection timing, deg btc,4 
Lub oil in, F, 159-163 Jacket water in, F, 159-163 
Lub oil out, F, 162-166 Jacket water out, F, 163-167 
Lub oil pressure, psi,34-36 Fuel oil pressure,psi,22-24 

Item : Generator Output 

: 6kw : 4kw : 2kw 

Engine output, bhp 10.3 7.45 4.26 
Engine load, % 63.1 45.6 26.2 
Time for 1.0 lb oil,sec 1800 1920 1936 
Oil, lb/hr 2.000 1.875 1.859 
Oil, lb'/br corrected 1.955 1.830 1.814 
Oil, Btu/h.r 39,500 36,200 35,900 
Gas, cu ft 105.0 111.4 96.2 
Gas, eu ft/hr 210.0 208.9 178.9 
Gas temp, F 76 80 79 

Gas pressure, inches water 5.4 3.1 3.2 
Gas, eu ft/hr corrected 205.9 202.7 173.9 
Gas, Btu/br 117,400 115,500 99,100 
Total Btu/br 156,900 151,700 135,000 
Total Btu/bhp-hr 15,200 20,400 31,700 
Thermal eff, °, 16.8 12.5 8.05 
Exhaust temp, F 520 471 419 
Exhaust analysis, % by vol - - - 

Carbon dioxide 6.0 4.6 3.9 
Oxygen 12.0 13.4 14.5 
Carbon monoxide O O O 

Nitrogen 82.0 82.0 81.6 
Air-fuel ratio 31.0 42.8 50.0 
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Table VI 

Gas Operation 

Speed, rpm 1200 Injection timing, deg btc,31 
Lub oil in, F, l59-l6 Jacket water in, F, 159-163 
Lub oil out, F, 162-166 Jacket water out, F, 163-167 
Lub oil pressure, psi,34-36 Fuel oil pressure,psi,22-24 

Item Generator Output 

: 6kw : 4kw: 2kw -- ___ 
Engine output, bhp 10.3 7.45 4.26 
Engine load, % 63.1 45.6 26.2 
Time for 1.0 lb oIl, sec 1580 1550 1570 
Oil, lb/hr 2.278 2.323 2.293 
Oil, lb/br corrected 2.233 2.278 2.248 
Oil, Btu/br 44,200 45,100 44,500 
Gas, eu ft 95.6 83.8 79.0 
Gas, cu ft/br 217.8 194.6 181.1 
Gas temp, F 78 78 78 
Gas pressure, inches water 3.0 2.9 2.8 
Gas, cu ft/br corrected 212.1 189.5 176.3 
Gas, Btu/lar 120,900 108,000 100,500 
Total Btu/lar 165,100 153,100 145,000 
Total Btu/bhp-br 16,000 20,600 34,000 
Thermal eff, 15.9 12.4 7.50 
Exhaust temp, F 556 525 452 
Exhaust analysis, by vol - - - 

Carbon dioxide 6.1 5.0 3.8 
Oxygen 11.6 13.0 14.5 
Carbon monoxide O O O 
Nitrogen 82.3 82.0 81.7 

Air-fuel ratio 33.6 40.1 49.7 
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Table VII 

Gas Operation 

Speed, rpm 1200 Injection timing, deg btc,28 
Lub oil in, F, 159-163 Jacket water in, F, 159-163 
Lub oil out, F, 162-166 Jacket water out,F, 163-167 
Lub oil pressure, psi,34-36 Fuel oil pressure,pi,22-24 

Item Generator Output 

- 
: 8 kw 6 kw : 4 kw ; 2 kw 

Engine output,bhp 13.2 10.3 7.45 4.26 
Engine load, % 81.0 63.1 45.6 26.2 
Time for 1.0 lb oil, 
sec 1l8 1808 1932 1878 

Oil, lb/br 1.980 1.991 1.863 1.916 
Oil, lb/hr corrected 1.935 1.946 1.818 1.871 
Oil, Btu/iir 38,300 38,500 36,000 37,000 
Gas, Cu ft 137.4 127.2 122.2 112.2 
Gas, eu ft/hr 272.1 253.3 227.7 215.1 
Gas temp, F 78 80 82 83 
Gas pressure,inches 
water 2,4 2.7 2.9 3.0 

Gas,cu ft/br corrected 264.5 245.5 220.0 207.5 
Gas,Btu/hr 150,800 139,400 125,400 118,300 
Total Btu/br 189,100 177,900 161,400 155,300 
Total Btu/bhp-hr 14,300 17,300 21,700 36,400 
Thermal eff % 17.8 14.7 11.7 7.00 
Exhaust temp, F 640 625 585 515 
Exhaust analysis, 
%byvol - - - - 

Carbon dioxide 7.1 5.8 4.6 3.7 
Oxygen 9.4 11.0 11.8 12.6 
Carbon monoxide 0 0.0 0.0 0.0 
Nitrogen 83.5 83.2 83.6 83.7 

Air-fuel ratio 28.4 33.6 39.6 45.3 



Table VIII 

Effect of Injection Timing on 
Permissible Gas Percentage 

Speed, rpm, 1200 
Lub oil in, F, 159-163 
Lub oil out, 1, 162-166 
Lub oil pressure, psi,34-36 
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Load, 16.3 bhp 
Jacket water In, F,159-163 
Jacket water out,F,163-167 
Fuel oil pressure,psl,22-24 

Item Injection tiniin deg btc 
: 

37 : 34 : 31 : 28 

Time for 1.0 lb 
oil, sec 

Oil, lb/br 
Oil, lb/br corrected 
Oil, Btu/br 
Gas, cu ft 
Gas, cu ft/br 
Gas temp, F 
Gas pressure, 
inches water 

Gas, cu ft/br cor- 
rected 

Gas, Btu/br 
Total Btu/hr 
Gas, of total Btu 
Total Btu/bhp-br 
Brake thermal eff,% 
Exhaust ternp, F 
Exhaust analysis, 

% by vol 
Carbon dioxide 
Oxygen 
Carbon monoxide 
Nitrogen 

485 638 906 996 
7.423 5.643 3.973 3.614 
7.378 5.598 3.928 3.569 

146,100 110,900 77,800 70,700 
14.1 30.4 58.2 71.5 

104.7 171.5 231.3 258.4 
79 82 78 83 

3.6 3.2 2.7 2.6 

101.9 1b5.8 225.0 249.0 
58,000 94,500 128,200 141,900 

204,100 205,400 206,000 202,600 
28.4 46.0 62.3 70.0 

12,500 12,580 12,630 12,430 
20.4 20.2 20.2 20.4 
625 640 661 689 

9.4 9.2 9.0 
7.8 7.5 7.3 6.8 
0.1 0.1 0.1 0.1 

82.7 83.2 83.6 83.5 
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Table IX 

Effect of Varying Percentage of 
Gas at Full Load 

Speed, rpm, 1200 Injection timing,deg btc,40 
Lub oil in, F,159-163 Jacket water in, F, 159-163 
Lub oil out, F,162-166 Jacket water out, F, 163-167 
Lub oil pressure, psi,34-36 Fuel oil pressure,psi,22-24 

t 

Item Run 

: A : B : C D 

Time for 4.0 lb.oil 1538 1717 2108 2188 
Oil, lb/hr 9.363 8.388 6.831 6.581 
Oil, ib/lir corrected 9.318 8.343 6.786 6.536 
Oil, Btu/br 184,700 165,000 134,300 129,300 
Gas, cu ft 14.4 34.4 78.0 86.8 
Gas, eu ft/hr 33.7 74.8 133.0 142.7 
Gas temp, F 80 82 75 75 
Gas pressure, inches 
water 4.4 4.1 5.5 5.5 

Gas, cu ft/hr 
corrected 32.8 72.5 130.5 140.0 

Gas, Btu/br 18,700 41,300 74,400 79,900 
Total Btu/br 203,400 206,300 210,700 209,200 
Gas, % of total Btu 9.2 20.0 35.2 38.2 
Total Btu/bhp-b.r 12,500 12,700 12,900 12,800 
Brake thermal eff,% 20.4 20.0 19.9 19.7 
Exhaust temp, F 614 624 620 618 
Exhaust analysis, 
%byvol - - - - 

Carbon dioxide 9.2 9.2 9.3 9.4 
Oxygen 8.2 7.8 7.5 7.0 
Carbon monoxia.e 0.0 0.0 0.0 0.0 
Nitrogen 82.6 83.0 83.2 83.6 
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VI. CONCLUSIONS 

1. Contrary to the observations published by 

one author, it is possible to operate an energy-cell 

engine on the gas-Diesel principle. (14, p. 194) 

It is doubted, however, that the engine operates on 

the combustion principle for which it was designed. 

2. Although the results obtained do not in- 

dicate any general increase in brake thermal efficiency 

when using this particular gaseous fuel, it is possible 

to operate satisfactorily at full load if the injection 

timing is slightly retarded and the perce tage of gas 

is not too high. 

3. The engine tested is capable of operating on 

a smaller percentage of pilot fuel than any engine for 

which data have been published. This is attributed to 

the characteristics of the injection valves, to the 

combustion chamber design, and to the small engine 

size. 

4. Gases having a high hydrogen content are not 

satisfactory for Diesel cycle operation due to their 

high rate of combustion and the resultant rapid pres- 

sure rise. 

5. Since the efficiency is not in general in- 

creased, operation on the available gas in this area 
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is riot economically sound due to the fact that the gas 

is produced from oil and is therefore more expensive. 

In other areas where cheap natural gas is available, 

however, a considerable advantage is indicated. In 

northern California, for example, the cost of natural 

gas is 27Ø' per million Btu as compared with 58çt for 

standard Diesel fuel in the same area. 

1/loreover, the ability to operate on either gaseous 

or liquid fuels makes such engines particularly desir- 

able in areas where the gas cannot normally be sold 

due to a fluctuating supply. 
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VII. RECOMMENDATIONS 

1. Because very few investigations have been 

made of the possibilities of operating high speed 

Diesel engines on gaseous fuels, further work should 

be undertaken in this respect. 

2. Definite limitations on the operating range 

of the engine tested due to the gaseous fuel used sug- 

gests that in further investigations commercially pure 

petroleum gases should be employed. The use of 

methane, ethane, propane, and butane, for example, 

would permit a series of tests from which more definite 

conclusions concerning the desirable characteristics 

of the gaseous fuels might be obtained. 

3. The inherent shortcomings of the mechanical 

engine indicator prevent accurate analysis of the com- 

bustion process. In future studies the use of a 

piezoelectric indicator is warranted. 

4. Exact determinations of the effect on the 

air-fuel ratio of introducing gas with the intake air 

would assist materially in analyzing the combustion 

process. 
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