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MIXTURJ CONTROL TESTING OF A SPARK-IGNITION 
ENGINE WITH ANTI-DE'iONANT ADMISSION 

I. INTRODUCTION 

Since the work reported herein concerns the opera- 

tion of an internal coiibustion enirie, it seems fitting to 

present a brief review of the combustion process and the 

variables which tend to influence the performance of the 

engine. 

TH1 COMi3USPION .iUCSS 

The combustion process may be described as a process 

whereby chemical energy of the fuel is released to form 

kinetic energy in a gas. This kinetic energy is evidenced 

by a rise in temperature and pressure in the combustion 

chamber. Thus, performance of an engine depends priiarily 

on the energy of the mixture that is supplied to the engine 

and on the efficiency with which the engine converts this 

energy supply Into work. (5, p. )46iY 

The principal basic items which regulate the corn- 

bustion process are the temperatures and the pressures 

throughout the cycle, the timo available for the combustion 

process to occur, and the rate of flame propagation across 

'iumbera In parentheses refer to bibliography. 



the combustion chamber. (Li., p. 190) 

The limiting factor of the rate of combustion is 

detonation. Although many investigations have been made, 

present knowledge on the combustion mechanism leading to 

detonation Is not complete. One of the most recent de- 

scriptions of this mechanism has been presented by dward 

F. Obert. 

From experimental evidence the following 
sequence of events appears probable: A flame is 
initiated by the spark plug and travels at a 
rapid but orderly rate across the combustion 
chamber. The release of chemical energy during 
this process causes the teìperature, and there- 
fore the pressure, to increase. The first portion 
of the r.iixturc to be burned expands arid can- 
presses the other portions. This compression in- 

the temperature of the unburned mixture. 
Similarly, when the final portion is burned and 
expands, the previously burned portions are corn- 

pressed, with a consequent rise of temperature. 

While the flame Is traveling across the 
combustion chamber, the portion of mixture being 
compressed ahead of the flame may reach a spon- 
taneous Ignition temperature. IC the mixture is 
held at or above this critical temperature for a 
finite time an explosive reaction, called detona- 
tion, may occur without awaiting the arrival of 
the flame. Apparently in some cases the flame 
may pass entirely through the end portion of the 
charge before detonation occurs. This would 
Indicate that the release of chemical energy is 
not completed in the flame front. 

In the normal operation of an engine, detona- 
tion occurs as the piston is proceeding downward 
on the exaxision stroke; hence, when a mixture 
detonates, the volume of the combustion chamber is 
smaller than it would be for a burning period that 
took a greater amount of time. Since the combus- 
tion time is shortened, more energy will be re- 
leased before the piston has traveled far on the 
expansion stroke. Because of this effect, if for 
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no other reason, detonation in the engine 
should cause higher averae combustion tem- 
peratures. Note that the momentary pressure 
unbalance created by detonation will travel 
through the chamber and compre3s the initially 
burned (hottest) portion to the extremo pres- 
sure of detonation, thus momentarily raising 
its temperature stili higher. (7, p. 2) 

PERFORMANC E VARIABLES 

Most of the variables which affect the performance 

of a four-stroke cycle, spark-inition, gasoline engine are 

those varIables which affect the combustion procese. If 

Oflt: particular engine is considered, those variables in- 

volving the physical characteristics of the engine such as 

piston speed, distribution, and combustion chamber design 

may be rogarded as constant8. Also, absolute manifold 

pressure, per cent of rated load applied to the engine, 

and engine speed are the principal items which deternine 

the power datum point. Therefore, these items may be 

classed as independent variables. 

The variables that have the most marked effect on 

the combustion process and its limiting factor, detona- 

tion, are air-fuel ratio, time of ignition, and fuel 

characteristics. 

1. Air-Fuel Ratio. Maximum power outpt is ob- 

tained when there is sufficient fuel in th. airful 

mixture to obtain complete combustion wIth all the oxygen 
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present In the combustion chamber. This requires an air- 

fuel ratio of uproxiiate1y thirteen to one. A lower air- 

fuel ratio (richei' idxture) than this bet-.power nixture 

results in a loss of power and efficienc; which produces a 

higher brake specific fuel consumption. A higher air-fuel 

ratio (leaner mixture) than that of the best-power mixture 

results In a power loss but yields an increase in effi- 

cienoy and a lower brakc pcific fuel conzumption up to 

i;he air-fuel ratio givin best economy. Best economy i 

obtained at an air-fuel ratio of approxiniately l to 1. As 

tile air..fu1 ratio is ircrascd beyond tIie point of best 

economy, both the power and cfi'icicc decrease, thereby, 

yielding a higher brake specific fuel consuiiption. Iix- 

tures other than the bcst-power mIxture have slower rates 

of combustion. Mixtures leaner than the chemically- 

correct mixtures are ;ost susceptible to detonation due to 

the slower rate of combustion and a high prevailing tern- 

perature. 

2. Time of Ignition. For maximum power, the rnix- 

ture must be ignitied at such a time during the compression 

stroke that the maximum pressure durin, the cycle will 

occur just after the piston has reached the top dead 
center position. A spark retard from this bc-3t-power 

timing results in a power loss because bhe peak pressure 

occurs too late in the cycle and will be reduced in 
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magnitude. A spark advance from this best-power timing 

also results in a power loss because the peak prosure will 

occur too soon in the cycle producing excessive negative 

work at the end of the compression stroke due to the ex- 

cessive maximum pressure before the piston has reached the 

top dead center position. The combination of excessive 

combustion pressure and the corresponding temperature Is 

most conducive to detonation. 

3. Fuel Characteristics. The three characteris- 

tics of gasoline which affect the combustion process are 

the molecular structure, the rate of burning, and the 

temperature of self-ignition. The molecular structure is 

related to the knocking tendency of the fuel, and in 

general, it appears that the more compact molecular struc- 

tures are associated with lower knocking tendencies. (6, 

p. 157) The self-ignition temperature determines the de- 

gree of temperature and pressure rise in the crlinder 

without experiencing detonation. The rate of burning is 

responsible for the rate of flame propagation. The corn- 

bination of rate-of-flame propagation, self-ignition tem- 

perature, and teipei'ature rise, determine whether dotona- 

tion occurs. Obviousl there will be rio detonation if' the 

flame progresses through the unburned fraction before the 

temperature rises to a point of self-ignition. 

The one variable that is the key to the performance 



of a combìzstion engine is the compression ratio. It has 

been pointed cut in the preceding paragraphs that the 

limiting f&.ctor of the rate of combustion is detonation. 

It has also been pointed out that the two most important 

factors in pronotng detonation are the temperatures and 

pressures existing during the combustion process. If the 

compression ratio is increased the pressures arid tempera- 

tures in the cycle will also increase. Thus, increasing 

the compression ratio lends the p rocess more susceptible to 

detonation. (6, p. l9) 

However, it has long been recognized that the ef- 

ficiency of spark ignition engines can he improved sub- 

stantially by raising the conipression ratio. This 

kiowledge datos back some ô5 years to the time of Sir 

Dugald Clerk who was the first to deduce both on theoret- 

ical and practical :rounds that the Otto cycle engine was 

the most efficient of the engines then in use because of 

its expansion ratio. Moreover, he also recognized imock 

or "pre-Ignition" as he called it as one of the limiting 

factors to high compression ratios. (1, p. 1) 

SUrRSSII4G 1)n.TO!ATION 

The problem of eliminating the knock induced by the 

higher compression ratio has been solved by increasing the 

antiknock quality of the fuel. However, as pointed out by 



Holaday, n increase in the overall antikncck quality from 

the present level requires an excessive caita1 investment 

by the refiners, and is obtained at the exeì1se of de- 

creased production of fuel oil fractions and straight-run 

Diesel fuel. (3, p. 6) 

Thus, in the interest of economy, supply and deriand, 

and conservatic'n of natural resources, the engineer has 

been compelled to 1nvestiate the possibilities of obtain- 

Ing higher effIciency by utiliz±ng, a Iuier compression 

ratio with a low octane fuel and suppressing the resulting 

detonation by some other means. The addition of small 

quantities of tetracthyl lead to jasoilne will effectively 

increase the antiknock quality, but this process has some 

lirnitatons. The Surgeon General of the United States ha 

specified that the quantity of tetraethyl lead per gallon 

shall ìot exceed three milliliters. Also, the economical 

relationship between the quantity of tetraethyl lead added 

and the effective increase in antiknock quality is Coverned 

by the lead susceptibility of the gasoline. 

Recent developments indicate that much can be ac- 

complished in suppressing detonation by the introduction of 

certain internal coolants with the charge at the proper 

time and in the correct quantity. However, this is not a 

new practice. As early as 1913 it was found that not only 

was the charge cooled and pre-ignition prevented by water 



injection, but in addition, the cylinder walls, head, and 

pistons were cooled, doing away entirely with the cylinder 

coolin, jackets. (8, p. 2) 

Recent investigations have substantiated and 

elaborated on this theory. The following has been pre- 

sented by A. T. Coiwoll nd a8sociates. 

The effect of any cooling agent upon de- 
tonation is classified by thinking of the process 
of combustion in stages. Taking for exanpie an 
average passenger-car engine, stage one is the 
ignition; the as pressure at this stase is 
compression pressure or around 150 psi. The 
second stage Ls when the flame has traveled 
about one-third the distance; the gas pressure 
in the unburned 2ortion thei is about 230 psi. 
The third stage is when the flame front has 
moved two-thirds of the way across the combustion 
chamber; the gas pressure in the unburned one- 
third being 350 psi. From this point on, what 
happens depends on the temperature of the last 
as to burn. This sas, if in the hot area, would 

be ready to detonate with very little more flame 
aovement. If tuis last gas is in a cool area, or 
has had the benefit of a cooling medium, or ita 
temperature is held down by the work done and the 
work going on in vaporizing a cooling medium, then, 
obviously, the flame front completes the travel 
without self-ignition taking place in this last 
gas, and thus there is no detonation. (2, p. 358) 

In determining the best cooling medium, in view of 

the above, it might be concluded that the best coolant 

would be the one having the highest latent heat of vapor- 

zation. It is not conclusive however that the latent heat 
of vaporization is the only factor involved. 

Coiwell points out: 

Alcohol, When used alone as a motor fuel, 
has an octane rating of 90 to 100, but tends to 



have a hîther value whefl used as a b1endin agent. 
Results indicate that burning characteristics of 
the charge are altered, reducln-. the rate of 

pressure riøo, lowering peak values, and fatten- 
Ing the indicator diagram. The brnep thus de- 
veloped is, therefore, greater because the expan- 
sion pressure points on the diagram are in a more 
advantageous position relative to the crank throw, 
whereas a higher peak pressure be so placed that 
the force applied to the crank is less effective 
in producing torque. Water itself will reduce 
the degree of pressure rise and peak pressure 
(primary cause of detonation), but will contrib- 
ute little toward fattening the diagram. However, 
if a slow-burning fuel, such as alcohol, is used 
as an anti-detonant instead of, or with, water, 
the peak pressure will appear at a greater number 
of degrees past top center and the diagram will 
have a f1ater top, fattening the diagrar on the 

expansion side. (2, p. 358) 

Another phase of the same problem has been presented 

by Rowe aad Ladd. 

Basically, calculations have shown that the 
cylinder-head temperature cooling obtained using 
water or water-alcohol injection represents ap- 
proximabe.ly 30 to t.O% of the available heat of 
vaporization of the injected water. However, 
this heat of vaporization is not considered to 
be the total resultant effect of water injection. 
Test result calculations on the compression of 
gaseous fluids have demonstrated that the work 
exponential of the basic equatIon pv - K will be 
reduced as water is injected into the work cycle, 
and that this reduction may amount to lO-l2. 
This change indicates that the specific heat 
during the combustion cycle would have to be 
taken into account in any truly theoretical 
analysis of water injection. Too, calculations 
made at absolute intake charge pressure condi- 
tions, for constant speed and increasing horse- 
power at constant cylinder-head temperatures, 
show tìiat the slope of specific brake water con- 
sumption does not change when going from a 
pressure condition of completo vaporization to 
that where the pressure is too high to permit 
vaporizatIon. This is Important and indicates 
that the major cylinder-head temperature cooling 
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effect is obtained durino the h;h toirerture 
and preesure peaks of the combustion cycle, 
since It does riot appear to mattor whether the 
water enters the cycle as either vapor or 
liquid. 

Gerioi'al experience at the Wright Aeronauti- 
cal Corp. has taught that water and water- 
methanol mixtures are best; suited for detonation 
inhibitors and internal coolants. The addition 
of O; riethanol to atr by volume is considered 
to be optimum for water-methanol mixtures. Tests 
with pure alcohol, either methyl or ethyl, have 
indicated decreases in detonation limited power 
outputs n conpared to 100-octane fuel. Investi- 

gation of vater vapor injection into induction 
air ahead of supercharging has shown that this 
medium iS arì effective detonation inhibitor at 
lean fuel-air ratios only. (9, p. 26) 

The quantity of antl-detonant necessary to suppress 

detonation depends on number of factors such as the dif- 

ference between the octane rating of the fue]. and the 

octane requirement of the engine, engine speed, the mix- 

ture ratio, and the fuel characteristics. Coiwell found 

that the quantity of alcohol-water required for best border 

line knock performance ranged from 2.5 per cent by weight 

at low speed to 16 per cent at hiIì speed, with a maximum 

quantity admitted at the speed of maximum torque. (2, 

p, 363) Most of the inve8tigators have found by expon- 

once that the quantity of internal coolant should not 

exceed 20 pr cent of the total liquid charge. 

Thus, a surimation of the opinions of investigators 

in the field are as follows: 

1. Detonation may be suppressed by internal 
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coolants. 

2. Two fluids well suited for this purpose are 

water and a mixture of 50 per cent water and 50 

per cent methyl alcohol by volume. 

3. The average optimum quantity of internal coolant 

is approximately 20 per cent of the total liquid 

charge. 

4. These two coolants have different operating 

characteristics. 

a. Water alone offers the best rate of 

cooling. 

b. Water-methanol mixtures permit the 

greatest power output. 

5. water is most effective at lean mixtures only. 
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II. TEST 'ROCEURE 

The object of this investi',ation was to determine 

the merits of two selected intrna1 coolants with regard 

to their relative performance at full-load over a range of 

air-fuel mixture ratios and engine speeds. 

The internal coolants were; (1) water, and (2) a 

mixture of 50 per cent methyl alcohol and 50 per cent 

water by volume. These two coolants were selected becaise 

in the opinion of major investigators in this field, these 

two coolants have many advantages over other liquids. 

The air-fuel mixture ratio range was from 10 to 17. 

These particular limits were selected because they re- 

present the limit of useable mixture ratios in a spark- 

iL)nition internal-combustion engine. 

The engine speeds at which the observations were 

made were 1200 rpm, 1300 rpm, 210O rpm, and 3000 rpm. 

These four speeds were selected because they are repre- 

sentative of the engine's useful full-load jower range. 

In order to determine the merits of the two se- 

lected internal coolants, twelve ptrformance tests were 

performed. Four tests, one for each of the four engine 

speeds selected, were completed by operating the test en- 

gine on the reference fuel without admitting an internal 

coolant. Four tests were made by operating the test engthe 

on the reference fuel and admitting water as the internal 
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coolant, and four tests wero completed operatin the test 

engine on the reference fuel and admittinL an alcohol-water 

mixture as the anti-detonant. The independent variable 

during each test was the air-fuel ratio. 

In order to complete each test, it was necessary to 

conduct a series of observations. Each individual observa- 

tion was made at a different fuel rate while all other 

variables were held rigidly constant. During each observa- 

tion proper data were taken in order to determine brake 

specific fuel consumption, corrected brake horsepower, 

brake thermal efficiency, and the air-fuel ratio. The 

results of these determinations were plotted, corrected 

brake horsepower as the abscissa and brake specific fuel 

consumption as the ordinato, forming the mixture control 

curve. Typical mixture control curves may be seen in 

Figure 1. Note that the maximum power points and the best- 

economy points are sharly defined. Each point on the 

curve represents an air-fuel ratio corresponding to the 

fuel rate at which that particular observation was made. 

The procedure for conducting each series of observa- 

tion at the selected engine speed consisted mainly of 

making certain that the engine had reached equilibrium, 

regarding operating temperatures and load, to the end that 

a constant engine speed was maintained with a variation of 

plus or minus ten revolutions per minute. In order to 
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determine the first point ori e&ch curve, the needle valve 

on the carburetor was adjusted to meter a fuel rate to give 

ari air-fuel ratio of approximately ten to one. After the 

engine had reached equilibrium and maintained a constant 

speed, two consecutive observations were made of the fol- 

lowing data: engine speed--rpm, net beam load--pounds, 

spark advance--degrees BTC, fuel rate--seconds for one-half 

pound of fuel, water temperature in--derees Fahrenheit, 

water temperature out--degrees Fahrenheit, oil tempera- 

ture--degrees Fahrenheit, the pressure drop across the 

orifice of the air meter--inches of water, internal coolant 

consumption--seconds for one-tenth pound, wet and dry bulb 

temperatures--derees Fahrenheit, barometric pressure-- 

inches of mercury, and ambient te:perature at the baro- 

meter--degrees Fahrenheit. The two consecutive observa- 

tiona should coincide withIn one per cent deviation. Be- 

fore proressing to the next fuel rate, the brake specific 

fuel consumption, corrected brake horsepower, and the air- 

fuel ratio were computed and the point plotted ori the 

curve. 

The above operation was repeated, each time decileas_ 

ing the fuel rate to give approximately the next higher 

air-fuel ratio until the leanest feasible mixture was ob- 

tamed. It was not considered feasible to operate the 

engine on an air-fuel ratio greater than seventeen to one 
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or on any air-fuel ratio that cave a power loss treater 

than 25 per cent. As the test progressed, it was at times 

necessary to adjust the fuel rate to give an intermediate 

air-fuel ratio in order to locate an optimum point on the 

curve or to bracket a particular point about which there 

was sorne doubt. 

It should be reiterated that, in order to obtain 

data on engine performance which were intended to be com- 

pared quantitatively, ali variables had to be held constant 

at their selected operating levels with the exception of 
the fuel rate. 

The brake thennal efficiencies for each observation 

were plotted, tnermal efficiency as ordinate and air-fuel 

ratio as abscissa. The naximurn thermal efficiency cor- 

responding to the point of best economy was sharply de- 

fined. 
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III. EQUIPMEIT 

The principal eqipment used in this investigation 

consisted of the following: a four-stroke cycle, liquid- 

cooled, gasoline engine; a direct-connected electric dyna- 

mometer for applying the load; appropriate equipment for 

measuring the consumption of air, fuel, and internal cool- 

ant; and small instruments necessary for deternining ongine 

speed, atmospheric pressure, atmospheric water vapor 

pressure, and temperatures. 

ENGINE 

The test engine, Figure 2, had the following general 

specifications before being slightly nodified to accoir2mo- 

date the work reported herein: 

Manufacturer Nash-Kelvinator Corporation 
Year l9LJ. 

Model 116O 
Number of cylinders 6 
Bore, inches 3-3/8 
Stroke, Inches 
Displacement, cubic inches 234.8 
Compression ratio ó.3 
Rated output, brake horsepower 105 
Rated speed, revolutions per minute 3400 
umber of main bearings 7 

This engine is a valve-in-head type, equipped for 

dual-ignition. The carburetor, an Lnsign, has an adjust- 

able main jet for control of the fuel rate. The spark 

advance is controlled manually. An external oil pump, seen 



Figure 2. The Test Engine and Dynamometer 
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In foreground of Figuro 2, circulates oil from the crank- 

case of the engine through a heSt exchanger and back to the 

crankcase. The rate of' coo1in water flowing over the heat 

exchaner is controlled manually to maintain the lubricant 

at a constant temperature. The cooling water for the 

enine's block and head is circulated through a hìeat ex- 

chcnger by the engine-driven water pump. The temperature 

of the wter entering the block is regulated by control1in 

the rabe of water passing over the heat exchanger. The 

temperature of the water leaving the head is controlled by 

a gate valve in the outlet line, thereby controlling the 

rate of circulation. 

DYN Ai 0M F 

The electric dynamometer, Figure 2, a Generai 

Electric, one hundred horsepower, direct-current generator, 

Is cradled in ball bearing trunions, and the turning effort 

exerted by the stator was measured directly in pounds on a 

beam scale. 

i'he restraining torque was controlled from the con- 

trol panel, Figure 3, by Increasing or decreasing the field 

resistance of the generator. The electrical energy was 

dissipated into banks of cast iron resistors. The gener- 

ator was separately excited by means of a 7.5 kilowatt 

motor-generator set. This type of unit is one of the most 



Figure 3. Fuel Weighing System and Load-Control Panel 
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accurate of ali tor-que-meaßurin devices. It is estimated 

that error is lese than one per cent. 

FUEL-CONSUMPTION MEASURING EQUIPMENT 

A pan balance mounted in a cabinet, Figure 3, pro- 

vided the means of rneasurin the fuel consumed by the test 

en.ine. The fuel, contained in a tank below the cabinet, 

is transferred to a three-liter beaker on the balance pan 

by means of a gear pump driven by a direct-current motor. 

The pump and motor are mounted directly underneath the 

cabinet. An Autopulse fueltransfer pump, mounted ori top 

of the cabinet, is used to boost the fuel from the beaker 

to the engine-driven fuel pump. A stop watch, which could 

be read to one-tenth second, was employed to determine the 

time for the engine to consume one-half pound of fuel. 

Ieasurements were always started with the fuel at 

the same level in the beaker to avoid any error that might 

be introduced by the effects of bouyancy on the fill and 

aupply tubes immersed in the gasoline. The fuel-measuring 

system is accurate to within one per cent. 

AIR-CONSUMPTION MEASURING EQUIPMENT 

An orIfice meter assembly, Fiurc t, was employed 

to measure the weight of air consumed by the engine per 



Figure Li.. Air Meter and Anti-Detonant Weighing System 

e. 
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unit of timo. The orifice is 2.l2 inches in diameter and 

is mounted in the end of a fifty-five gallon steel drum. 

A three-inch inclined draft gauge, readable to 0.01 inch 

of water, Is utilized to obtain the pressure drop across 

the orifice. A second drum, the steel ends of which had 

been removed and covered with a sheet of rubber, is con- 

nected between the engine and the orifice drum. The rubber 

heads help dampen the surge of air and to steady the column 

of water in the draft gauge. The error involved in corn- 

putin pounds of air consumed per hour with this equipment 

Is estimated at one per cent. 

AiTI-DEONAÎT-00NSUMPTI0N MIASUEING EQ.UI2MENT 

The internal coolant was admitted into the manifold 

of the engine at the junction of the manifold and down- 

draft carburetor flanges. The anti-detonant was contained 

In a one-gallon glass jar which was placed on one pan of a 

Toledo pendulum balance, Fi;ure 14. The Internal coolant 

was allowed to flow to the engine by gravity, assisted by 

the manifold vacuum, and the rate of flow was controlled by 

a manual-set needle valve. A stop watch was used to de- 

termine the time for consumption of one-tenth of a pound of 

the internal coolant. Since the rate of flow was very low, 

the error introduced was approximately three per cent. 
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MISC ELLAth.OUS 

A Hahn and Koib chrono-tachometer was employed to 

determine the speed of the engine in revolutions per 

minutes This instrument was calibrated on a synchronous 

electric motor and found to he accurate to within three- 

tenths per cent. A number of speed measurements were ob- 

taIned during each observation period and an average value 

was used in computing brake horseower. 

An H and B Instrument Company, Typo MP motorized 

hygrometer was used to determine the atmospheric water 

vapor pressure. Te vapor pressure and the dry bulb tern- 

perature were used In deterrnininç the factor for correct- 

ing the observed brake horsepower to standard conditions. 

Atmospheric pressure was determined from a standard mercury 

barometer. Corrections were made for ambient temperature 

of this instrument. 

MODIFICATIONS 

Certain modifications were made on the test engine. 

First, the compression ratio was increased from 6.3 to 7.0. 

This was done in order to Increase the engine's octane- 

requirement of the fuel. The increase in compression ratio 

was accomplished throu:L decreasing the cOEnbustlon recess 

by removing a layer of metal, 0.067 inch in depth, from the 
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jo1in-fac of the head. 

Second, the distributor and the Ignition system were 

modified. The centrifugal spark advance mechanism was made 

Inoperative by locking the weihts in the fully-retarded 

position. Afl arm was attached to the distributor housing 

for manual control of the spark timing. The fly wheel of 

the engine was calibrated in five-degree intervals, from 

ten degrees alter top dead center to 8ìxty degrees before 

top dead center, to correspond wit1i the piston travel of 

numbers one and six cylinders. Time of ignition was ob- 

served with a p1stol-tpe "Sun" power timing light, and 

could be determined to within plus or minus one crankshaft 

degree. The left bank of ignition wires was removed and 

the "left" ignition coil disconnected from the distributor. 

Thus, by firing only one spark plug per cylinder, the spark 

plug being located at the edge of the cylindrical combus- 

tion chamber, the tendency to detonate would be increased 

(11, p. 100) and the effect of the anti-detonant more 

easily observed. 

Third, an adapter was made to accommodate the ad- 

mission of internal coolant. This adapter was a one-half 

inch thick spacer machined to exactly the same croas 

sectional dimensions es the manifold riser flange. A 

one-eighth inch copper tube, througi which the internal 

coolant was allowed to flow, was inserted through this 
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spacer and cxtended to the center of the riser area. he 

tube was horizontal and cut off squarely at ita termination 

in the riser. 
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IV. DETEflMINATION OF THE TT CONSTAITS 

As outlined in the introduction to th1 investia- 

tion, there are many variables which af'ect the performance 

of an Internal combustion engine. In order to observe the 

chanr'e of performance with respect to one of these vari- 

ables, all other variables must be held constant with the 

greate8t of care. Sortie of these variables are less im-. 

portant than others and affect the performance to only a 

minor degree. The operating levels at which they were held 

constant for this investigation were selected from the SAE 

Gasoline ¿ugine Test Code and certain manufacturers' speci- 

fications. These minor variables and the level at which 

they were held constant throughout the entire test are as 

follows: 

1. Temperature of the cooling water entering the 

block--125, plus or minus fIve, degrees Fahren- 

heit. 

2. Temperature of the cooling water leaving the 

head--175, plus or minus five, degrees Fahren- 

heit. 

3. Lubricant operating temperature--lóO, plus or 

minus five, degrees Fahrenheit. 

Lt.. Spark plug. electrode gap--O.025, plus or minus 

0.002 inch. 
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. Distribu.tor breaker dwell angle--3L., plus or 

mInus one, degrees. 

ô. Heat rane of spark plugs--Chanpion 39. 

7. Valve tappet cicarance--0.015, plus or mInus 

0.001, inch. 

The major variables, those which affect the engine's 

performance to a marked degree, and the operating levels at 

which they were held constant are as follows: 

1. Throttle opening-Fully opened. 

2. Load. When an engine is driving a dynamometer, 

the power of the engine is absorbed in generating elec- 

tricity. Since the restraining force exerted by the 

erìerator is applied at some distance from the center of 

the shaft, the force becomes a torque. The engine was 

operated at fully-opened throttle, and it was desirei to 

make a test at a definite engine speed. Thus, it was 

necessary to apply a sufficient amount of torque to keep 

the engine speed at the desired value. The combination of 

a fully-opened throttle and the maximum torque necessarj to 

keep t'ne engine operating at a desired speed is known as a 

full-load condition. This full-load condition was main- 

tamed throughout any single complete test. 

3. Fuel, The primary fuel used for all te vari- 

able mixture tests was a regular grade of coninercial 

gasoline. This fuel was rated on a CPR engine by the ASTM 
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Motor metfio3 at a 7.1 octane number by using primary 

reference Cuela. The specific ¿ravity of the reu1ar gaso- 

line w determined to be 9,O decrees API, A].ao, a pre- 

mium ¡rado of cornri.ercial ¿asoline was iaed vhen itakin some 

pr1iminary spark advance observations. The premium fuel 

was rated by the above method at an 3t.2 octane number by 

us1n primary reference fuels nd doble checked by using 

secondary reference fuels. The specific gravity premium 

fuel was determined to be 9.8 de;rees Ax[. 

Li.. Spark timing. It had previously been deternined 

that when operating the engine with a 6.3 compression 

ratio, best-power spark advance could be obtained at any 

engine speed using a regular grade of fuel operating under 

fully loaded conditions with a thirteen to oìe air-fuel 

ratio. Having increased the compression ratio, it was ex- 

pected that the octane requirement would be higher and that 

this same best-power spark advance could not be obtained 

without severe detonation taking place when using the sarie 

rtde of ftel. Thus, it was ncessary to make a series of 

preliminary full-load observations to deteriine the maximum 

degree of spark advance to which the engine could be sub- 

jected, at each of the four engine speeds used in the test, 
without encountering detonation. Several spark-advance 

settings were made at each speed under full-load condi- 

tioris, with the spark timing being advanced in five or 
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ten-degree intervals until the point of audible knock was 

reached. The corrected brake horsepower developed for each 

spark-advance settin was obt,ained. The air-fuel ratio was 

thirteen to one and all other varIables were held constant 

as indicated above. The results of these prelIminary tests 

are shown In Fiure . The maximw spark-advance setting 

without encounterin; audible knock with recular gasoline, 

at eacT of the engine speeds used In the teets were de- 

termined to be as follows: 

1200 rpm--lO degrees BTC 

1800 rpm--l5 degrees BTC 

2t.0O rprn--25 deErees BTC 

3000 rpm--30 degrees BTC 

Also, superimposed on these curves arú the results 

of a similar test conducted with premium &asoline. As the 

spark advance is Increased up to the point of detonation 

for the regular asol.Lne, it is noted that this lower 

octane fuel develops îiore power than does the hIgher oc- 

taie premiun fuel. It is also noted that the slopes of 

all the curves of the premium gasoline are less than the 

slopes of the curves for regular gasoline. This may be 

explained by two factors. First, the gath ifl power for 

the lower-octane fuel nay he laid to the shorter comhuston 

time of this fuel due to inelpiont detonation. (1, p. 55) 

second, ft is evident tbat these two fuels have different 
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chemical structures. Since these two fuels did not give 

the sanie power for the same spark dvancc, the coriparisvi 

of these two fuels by the mixture control method of testing 

was beyond the scope of the work reported. 

However, Figure , indicates that a fuel wIth an 

octane rating of approxinately 8 satisfies the require- 

ments of the engine and that a 7 octcrie fuel does not 

satIsfy the full-load requirement o± the engine. This is 

evidenced by the fact that a lmock-free best-power spark 

advance was obtained with the premium fuel, whereas the 

regular fuel detonated before a best-power spark advance 

could be obtained. 

ANTI-DPONANTS 

The two anti-detonant fluids selected were: (1) 

water, and (2) a mixture of O per cent water and Q per 

cent methyl alcohol by volume. In order to make certain 

that the quantity of anti-detonant a&nitted was constant 

per cycle regardless of engine speed It was decIded that 

20 per cent of the fuel rate at an air-fuel ratio of 

thirteen to one would be the basis for determining the 

internal-coolant rate. In order to determine the rate at 

which the internal coolant was to be admitted at each 

engine speed selected for the investigation, a preliminary 

full-load test was run at eacn of the four engine speeds 
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to determine the number of pounds of fuel per hour consumed 

at each of these speeds. The internal coolant rate at each 

en4ne speed would be 20 per cent of a fuel rate so deter- 

ained for each speed. These rates are tabulated following: 

&ì.gine Speed Fuel Rate Coolant Rate k>er Cent Coolant 
rpm lb/hr lb/hr of Fuel + Coolant 

1200 22.6 4.5 16.5 
1800 33.5 .7 16.6 
2t.0O L3.2 8.6 16.6 
3000 51.7 10.3 16.6 

The quantity of internal coolant admitted per 

cylinder per cycle is 0.00002 pound. 

During the mixture control tests, ib was desirable 

to measure the consumption of the anti-detonant durin; the 

same time in wbich the fuel consumption measurement was 

being made. Fuel consumption measurements indicated that 

one-half of a pound of fuel was consumed in a certain 

number of seconds. Therefore, if in measuring the con- 

sumption of the anti-detonant one-tenth of a pound of 

internal coolant--20 per eent of one-half pound--were used 

as the standard of measurement, the elapsed time for the 

test quantities of the internal coolant and the fuel to be 

consumed would nearly coincide. 

'Ihe metering of the anti-detonant proved rather 

difficult because of the small quantity to be metered and 

the construction of the metering apparatus. It was ex- 

perinientally determined that three per cent error was the 
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limit of aceiraoy of this neLorin system. Thus, allowable 

time limits for the consumption of the one-tenth of a pound 

of internal coolant wero computed. They aro as follofla: 

Enìgine Speed 

l,.)o0 

100 
2140 O 

3000 

Coolant Rate 
lb/hr 

.7 
3.6 

10.3 

Allowable Time 
sec 3' 

35.0 1.0 
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V. M12HODS OF CALCULATIONS 

As stated in the preceding section, it was meces- 

sary to compute brake specific fuel consumption, corrected 

brake horsepower, the air-fuel ratio, and brake thermal 

efficiency. The methods used in computing these and other 

items used in determining the performance data are as 

follows: 

Observed Brake Horsepower 

(obs) Bhp 
2t }'RN PRN ____ 
33000 252 3000 

where f Net beam load on the dynamometer, pounds 

R Lever arm on the dynsmometer l.7 feet 

N - Engine speed, rpm 

Fuel Consunwtion Rate 

Jf lb/hr 

where t Time in seconds to consume the 1/2 pound of fuel 

Brake Specific Fuel Consumption 

lb Fuel Rato, lb/hr 
BSFC, Bhp - hr (obs) Bhp 

Corrected Brake Horsepower 

(corr) Blip f x (oba) Blip 

29.92 (T/20)h1'2 B-E' 
where B True barometer corrected for temperature, in Hg 

E - Ataospheric water vapor pressure, in Hg 
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T - Absolute intake air temperature at carburetor 

inlet degrees Rankino 

Air Consumption Rate 

?, lb/hr CD2 ( k x B/T)'2 

where C Orifice coefficient, 0.969 to O.991.. (accordIng 

to P) 

D Orifice dIameter, 2.12S inches 

B True barometer, inches Hg 

T Absolute temperature, degrees Rankine 

P Pressure drop across the orifice, inches of water 

A chart, Figure 6, was prepared whereby the air 

consumption rate could be determined 

The chart provides for interpolation 

sure but was computed for the one to) 

groes Fahrenheit which Is an average 

temperature variation experienced in 

effect of a small temperature chango 

negligible since is a function of 

square root of T. 

Air Fuel Ratio 

A/F - 
a 
+ 

'al 

quickly and directly. 

for barorietric pres- 

uperature of 80 de- 

of the 20 degree 

the laboratory. The 

on the air flow is 

the reciprocal of the 

where Wa Air-consumption rate, pounds per hour 

'f 
Fuel-consumption rate, pounds per hour 
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Wai Alcohol-consumption rate, pounds per hour 

Anti-Detonant Rate 

lb/hr 
i/io lb x 3600 sec/hr 

ad' t SC t 

where t Time in seconds to consume 1/lo of a pound of 

internal coolant 

ad - knti-detonant consumption rate, pounds per hour 

Alcohol Rate 
6.63 

W , lb/hraW x al ad 6.63 + 
a 0.141.3 Wad 

where Ueiht of alcohol conaumed, pounds per hour 

Total anti-detonant (alcohol-water) consumption 

rate, pounds per hour 

6.o3 i-founds per ¿a1lon of xnthyl alcohol 

8.33 - rounds per galion of water 

Brake Theina1 Efficiency 

BTE, > 

25)45 

BSFC X 

where HHVg a 18320 + 14.0 (API 10) 

BSFC Brake specific fuel consumption pounds per 

brake horsepower hour 

HHVr Gasoline higkier heating value, Btu/lb 

API - Fuel specific gravitr on the American Petroleum 

Institute scale, degrees 

'Jhen comj)utin Brake Thermal Efficiency witn alcohol-water 

as the anti-detonant, 
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- 2545 x (obs) Bhp 
BTE, 

(Wf X IiW) 
+ al 

x illiVai) 

where H}IVi - Methyl alcohol higher heating value, 

12000 Btu/lb 
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VI. RESULTS 

The three mixture control curves and the corre- 

sponding thermal efficiency curves for each engine speed 

selected for this investigation are shown in Fi&ures 7 

through 114. The performances when admitting the two in- 

ternal coolants were compared with the performance without 

admittin an internal coolant at the points of maximum 

power and the points of best economy. These comparisons, 

when taken collectively over the speed range, established 

certain trends. 

MAXIM'JM i-OR 

Consider first the points of maximum power on the 

mixture control curves, seen in Figures 7, 8, 9, and 10. 

' 

Note that there is a power loss with the introduction of 

either internal coolant. At 1200 rpm, either coolant pro- 

duces a 14. per cent loss. At 1800 rpm, either coolant 

produces a 14.o per cent loss. At 21400 rpm, water produces 

a 3.6 per cent loss and alcohol-water a 3.2 per cent loss. 

At 3000 rpm, water produces a 1.1 per cent loss and 

alcohol-water a 1.6 per cent loss. Thus, a trend is es- 

tablished at the point of maximum power--the loss of 

power, occurring when admitting an internal coolant, de- 

creases with increasing engine speed. 
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Also, note that at maxinaum powor there is an in- 

crease in specific fuel consumption and a decrease in the 

air-fuel ratio occurring with the introduction of water and 

a further increase in specific fuel corìswnption and a de- 

crease in air-fuel ratio occurring with the introduction of 

alcohol-water. The curves, at the points of maximum power 

are rather steep and quantitative analysis of specific fuel 

consumption and corrsonding air-fuel ratio is only ap- 

proximate. However, a trend is established. At the point 

of maximum power, the increase in specific fuel consumption 

and the corresponding increase in air-fuel ratio, occurring 

when admitting an internal coolant, are a minimum at low 

and high speeds and are a maximum at an intermediate speed 

corresponding to the speed of maximum torque. 

BJ.ST CO1iOiY 

Consider now the points of best economy on the 

mixture control curvo seen in Figures 7, 8, 9, and 10. 

Note that at 2t00 and 3000 rpm, when operating without 

admitting an internal coolant, a knock limited performance 

point was reac1ed at an air-fuel ratio of lL.l and ]J4.L1. 

respectively. At this point detonation was too severe to 

permit any further leaning of the mixture. Also note that 

satisfactory knock-free operation was obtained when ad- 

nutting internal coolants at air-fuel ratios higher than 
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iJ4.i and 114.14 respectively. Thus, the best-economy points 

were obtainable at 2)400 and 3000 rpm only when admitting an 

internal coolant. 

At 1200 rpm, there is a por cent power loss with 

the introduction of either coolant. At 1300 rpm, a 3. per 

cent power loss results with the introduction of either 

coolant. At 2)400 and 3000 rpm, while no power loss compar- 

ison can be made, it is noted that the pointa of best 

economy occur at the same power when admitting either 

coolant. However, a trend is established in that at the 

point of best economy at any engine speed, the power loss 

with the introduction of alcohol-water is equal to the 

power loss with the introduction of water. 

It is noted that the air-fuel ratios occurrin at 

best economy are higher with increasing engine speed, and 

tbat the difference between the air-fuel ratio when water 

is admitted and the air-fuel ratio when alcohol-water is 

admitted, le 0.2 air-fuel ratio at 1200 rpm and increases 

to 1.0 air-fuel ratio at 3000 rpm. It is also noted that 

the difference between the specific fuel consunption for 

best economy, when water is admitted and the specific fuel 

consumption when alcohol-water is admitted, is 0.0)4 

lb/bhp hr at both 1200 and 1800 rpm but becomes 0.02 at 

2)400 and 0.03 at 3000 rpm. 
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THERMAL EFFICIENCY 

The curves of thermal efficiency versus air-fuel 

ratio for each engine speed are shown in Figures 11, 12, 

13, and iL. At 1200 and 1800 rpm, lt is noted that the 

thermal efficiency obtained when no coolant is admitted 

exceeds the thermal efficiency obtained when either coolant 

is admitted at ail air-fuel ratios. Further, it is noted 

that the efficiency obtained when adrnittin water, exceeds 

the efficiency obtained with alcohol-water at an air-fuel 

ratio of 13.0 at 1200 rpm and 13.5 at 1800 rpm. At 2LOO 

rpm, the tkìernial efficiency when alcohol-water is admitted, 

exceeds the efficiency obtained 

or when water is admitted, up to bhe air-fuel ratio of 15.2. 

Above the air-fuel ratio of 15.2 the efficiency obtained 

with the admission of water exceeds the efficiency obtained 

with alcohol-water. Note that the efficiency obtained when 

no coolant is admitted is below that obtained when admit- 

ting water. However, the knock-limited performance point 

at 1)4.1 air-fuel ratio when no coolant is admitted prevents 

any further comparison. At 3000 rpm, the efficiency ob- 

tamed when admitting alcohol-water exceeds that obtained 

when admitting either water or when no coolant is admitted, 

up to an air-fuel ratio of lit.9. Above the air-fuel ratio 

of 1)4.9 the efficiency obtained when water is admitted is 

the highest. Note that the efficiency obtained when water 
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is admitted exceeds the efficiency when no coolant is 

admitted between the range of 11.2 and 14.0 air-fuel ratio. 

Here again when no coolant is admitted a knock-limited per- 

formance point prevents any further comparison. 

Therefore, a general trend is established whereby 

the efficiency obtained when admitting alcohol-water ex- 

coeds the efficiency when admitting water In the rich 

mixture range, and the efficiency obtained when admitting 

water exceeds that obtained when adm1ttind alcohol-water 

in the lean mixture rango. The air-fuel ratio at which the 

efficienc; with water exceeds that obtained with alcohol- 

wat&r, increases with increasing enìgine speed. Also, the 

efficiency when no coolant is admitted exceeds the ef- 

ficiency when either coolant is admitted at low speed but 

is exceeded by the efficiency obtained when either coolant 

is admitted at high speeds. 

SUMMARY 0F RESULTS 

1. At the point of maximum power, the power loss 

which occurs when admitting an internal coolant, decrea3es 

with increasing engine speed. 

2. At the point of maximum power, the increase in 

specific fuel conaumpton and the corresponding air-fuel 

ratios which occur when admitting an internal coolant, are 

a minimum at low and high speeds and are a maximum at an 
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intermedite speed correspondin to the speed of maximum 

torque. 

3. At any engine speed, the power loss occurrin at 

the poInt of best economy with the introductIon of alcohol- 

water is equal to the power loss when admitting water. 

t1.. At the points of maximum economy, the difference 

between the air-fuel ratio occurring when water is ad- 

mitted arid the air-fuel ratio occurring when alcohol-water 

is admitted, increases with incresirig engine speed. 

5. The thermal efficiency obtained when water is 

admitted exceeds that obtained when alcohol-water is ad- 

nitted at a certain air-fuel ratio which increases with 

increasing engine speed. 

6. The thermal efficiency obtaIned when no internal 

coolant is admitted, exceeds the efficiency wkieì either 

coolant is admitted at low speed, and is exceeded by the 

efficiency obtained when either coolant is admitted at 

high speed, 
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VII. PISCJSSION 

The following disousion is offered as a loical 

explanation of the results set forth on the precedIng 

pases. 

POR LOSS FROM WATER ADMISSION 

The power loss oecurrin at maximum 1ower when ad- 

rnittin vater as an internal coolaiìt nay be &ccountcd for 

by the heat required to vaporize and superheat the water. 

The latent heat of vaporization of water was taken 

as the change of enthalpy from saturated liquid to satu- 

rated vapor at the brake moan effectIve pressure for each 

engine speed. 

At 1200 rpm, 

1.8 hp loss x 2J4 Btu/bhp hr L8o Btu/hr 

14..5 lb water/hr x 337 Btu/lb L000 Btu/hr 

ggioo - 115 per cent vaporized 

At 1800 rpm, 

2.f hp loss x 25 Btu/bhp hr 6360 Btu/hr 

6.7 lb water/hr x 83) Btu/lb - S920 Btu/hr 

g100 108 per cent vaporized 

At 2!.00 rpm, 

3.0 hp loss X 2SL.5 Btu/bhp hr 7635 Btu/hr 

8.6 lb water/hr x 883 Btu/lb 7590 Btu/hr 



x 100 101 per cent vaporized 

At 3000 rpm, 

1.0 hp loss x 25 J3tu/bhp hr 2L Btu/hr 

10.3 lb water/hr x 90L. Btu/lb a 9300 Btu/hr 

x 100 - 27 per cent vaporized 

Since a constant quantity of water (2 X 10 pound) 

was admitted per cycle, it is observed that the per cent 

of water vaporized is not a linear function of the time 

available. The time available includes the time required 

to complete the compression and expansion strokes. This 

iay be clearly seen In the fol1owin table. 

&igine Speed Time Per Cycle Per Cent Vaporized 
rpm second per cent 

Total DII' Total Dit 

1200 0.00 11 
0.017 7 

1800 0.033 108 
0.008 7 

2h00 0.02 loi 
0.00!; 7h 

3000 0.020 27 

From the table it is evident hat there is a proLlem 

involving the time available to vaporize the water and the 

prevailing rate of vaporization. The rate of vaporization 

a liquid is a function of the rate of heat transí'er and 

depends ori the existing surface to volume ratio. Thus, it 

may be said that the decree to which vaporization takes 



place deçend3 two fator: (1) eine s.ed--repre- 

sentina the time available, and (2) the dcree of atomiza- 

tion--representing the relative amount of exosed surface 

available for heat transfer. 
This is somewhat verified by a statement of dward 

F. Obert: 

When a liquid and as are coi1pres2ed, vapor- 
ization of the liquid will cool the bas and less 
work will b required for the oo;nressi3n. water, 
with Its high latent heat, is particularly eulted 
for this purpose, but ib ziut be finely atoaized 
arid sufficient time allowed for its vaporization. 

......1vidently, in normal opeatiou of an un 
supercharged engine the water does not vaporize 
until after the combustion process i well under 
way. (1, p. 7) 

No quantitative data regarding the degree of atom- 

ization were taken durinc 
the course of this investigation 

and no provisions were made to control atomization. Due 

to the construction of the flow mechanism (refer to page 

25 of this text), the atomization was dependent upon tur- 

bulence in the manifold and combustion chamber. 

POWER LOSS FROi ALCOHOLs.WATR ADMISSION 

The above discussion concerning heat losa due to 

vaporization of the water does nob apply to the methanol- 

water mixture. The latent heat of vaporization of the 

methanolwater mixture is only 70 per cent of the latent 

heat of vaorizatiori of water, indicating that more than 



the evaporation heat loss nust be accounted for. As wT.1l 

he outlined in the followin paragraphs, it is believed 

that not ali of this Rdditional et loss reprosert the 

work required to superheat water in the methanolwater 

mixture. 

As shown by Coiwell (refer to pace 3 of this text) 

and by the thera1 efficiencj plots (Piures li, 12, 13, 

arid )J.), the cherncal enery of the alcohol adtìs to the 

energy of combustion. Since alcohol is a slower burning 

fuel than gasoline, it ma;r he concludod that the rate of 

combustion of the total air-fuel m1xt.ire wa retarded, and 

the spark bimin would have to bo advced in order to make 

use of this additional energy. As shown by eshadri (10, 

p. Li), a greater spark advance was necessarr to ohtatn 

maxtntwn )ower when adyittin a constant qiantity of a 

methanol-water solution as compared with the spark advance 

necessary to obtain maxinum power when ad:riitti.n the same 

quantity of watcr. However, the spark advance was main- 

tamed at a constant setting and a decrease in power was 

observed when alcohol was admitted as an internal coolant. 

Thus, the addlltiorial power loss may be considered as energy 

rejected to the exhaust ases as a result of the slower 

rate of burn1n:, This naj account for the additional heat 

loss mentioned above, 

The overall conclusions considerin this discussion 



on the heat loss wocese of the two coolants follow: 

1. Atomization of the coolant iS an important 

factor in the effect1venesi of n internal 

coolant. 

2. W)ien admittin water, the power loes nay be 

accounted for by the latent heat of vporiza- 

ion plus some superheat. 

3. ['en acLnittin alcohol-wabtr, the jower loss 

nay Include energy rejected to the exhaust 

grises as a result of the slower rate of burning. 

THERMAL 1TICICY 

As shown b the thermal efficiency curves and as 

pointed out la the results reported herein, alcohol-water 

produces a high thermal efficiency in the ric: nixtu.re 

ranges, ud water produces a high thermal efficiency in 

the lean mixture range. 

High thermal efficiency obtained with alcohol- 

water adnission 

finite quantity 

process. It is 

ficiency may be 

;otential energ 

spark timing to 

The drop 

at rich mixtures may be attributed to the 

of chemical energy added to the combustion 

believed that still higher thermal ef- 

obtained by making better use of the 

of the alcohol throuh adjusthent of 

compensate for the slower combusbion rate. 

In thermal efficiency obtained with 
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alcohol-water admission at lean ;dxtures may be attributed 

to the additional reduction in the rate of combustion from 

the leaner mixture. The summation of this reduction, the 

reduction attributed to lower tem»eratures resulting from 

the vaporization process, and the reduction caused by the 

slower burning alcohol, causes the total rate of combus- 

tion, when alcohol-water is admitted, to be reduced to a 

point where the process is not wholly completed by the 

time the exhaust valve opens; thereby, losing a greater 

amount of energy to the exhaust gases. 

It seems to follow that high thermal efficiencies 

are obtained with water admission at lean mixtures because 

of the difference in the rate of combustion. 

OPTIMUM PEEFORMANC rOINTS 

The decrease in air-fuel ratio and the increase in 

brake specific fuel consumption for corresponding points 

of maximum power and best economy with the introduction of 

either Internal coolant are directly caused by the loss of 

power at these points. 

Brake specific fuel consumption Is directly pro- 

portional to the pounds of fuel supplied and inversely 

proportional to the brake horsepower produced with this 

quantity of fuel. Therefore, since less power was de- 

veloped for any one air-fuel ratio, the specific fuel 



consumption was correspondingly hi.her. This had the 

effect of moving the mixture control curve up and to the 

left with respect to the co-ordinate axes. Thus, the 

optimum performance points when admittin an internal 

coolant were above and to the left of the datum curvo as 

a result of the power loss described in the preceding 

section. 
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CONCLUSIONS 

From the resulta of the performance tests and the 

1ojica1 justification for these results, it is evident 

that the performance of an enine has certain definite 

characteristics when an internal coolant Is admitted with 

the charge as compared to the performance without an in- 

ternal coolant, and that these characteristics may be 

attributed to a power loss resulting from the absorption 

of energy by the vaporization of water and from a reduo 

tion in the rabe of burning of the mixture by the addition 

of alcohol. 

Thus, i.t follows that it is not possible to obtain 

better performance from an unsupercharged engine with 

anti-detonant admission unless the loas of power result- 

Ing from detonation when no anti-detonant is admitted 

exceeds the inherent loss of power resulting from the 

anti-detonant adralesion. 



VIII, DATA 
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D.h TA 

L'iT 3ERIE iMì3 I 

Engine ipeed-1200 rpm, spark advance-lO deg bto, Full load, 

1ue1-75 octne, Internal coolant-none. 

Test Rpm eam Fuel Air A/F Obe ifc Cor 3te 
iSO. Load Rate Rute Ratio ihp Bhp 

1 1190 91.7 7.1 291 10.7 3O.4 0.745 3'í.7 lC.E3 
¿ 12U0 9't. .:.0 95 11.0 37.o 0.t8O o. i.4 
3 1200 9t.. ¿95 l.b ..b.t 0.615 3. . .4 
4 1O8 9o.l E. .0 ¿95 1. .9 ô.7 0.593 4.1 .,1.l 

5 1200 9o.1 ..3 295 l.i. 3h.5 0.79 .1.6 
£ 1200 94. 21.0 2b9 1.7 57.7 (J.59 .39. ¿2.4 
7 1205 U9,4 1... ¿86 14.7 ib.0 .540 3b.0 .2 

1l0 85.5 lc.b .97 15, 4.b 0.544 35.d 
9. 1190 17.1 289 1t,9 ¿9.2 0.5t36 30.4 21. 

TEST 3ERLS NtJLfl3iR II 

Engine peed-1U00 rpm, Spark advanoe-15 deg ito, Full lou.d, 

Fuel-75 oot..ne, Internal coolant-none. 

rest Rpm Beam Fuel Air /F Obs Bsfc Cor Bte 
.L;o. Load Rate Rate Ratio Blip Bhp 

i 1795 95.t 41.2 424 10.3 57.3 0.729 60.4 17.1 
¿ l300 97.c ¿7.6 4t3 11.2 58.b 0.b41 61.7 1..5 
3 l7')5 9c.2 Ó4.9 4z3 1..1 5t.7 bl.t3 E1.1 
4 180Q 9c.1 4.0 423 1.4 5.9 0.579 62.0 21.6 
5 1800 97.ô ¿...4 4 l.C) 5j4 0.554 61.5 ¿2.6 
6 iblO 94.6 ¿0.5 423 1±.J 57.]. U.534 60.2 ¿.5 
7 1800 9..5 2i.0 423 1z.2 54.3 0.516 56.9 24.2 
8 l&l0 Lit.5 26.6 426 1L..J 50.4 0.58 5.b 23.7 
9 1800 7b.4 25.9 42b lb.b 47.0 0.c50 49.0 22.8 
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:FL; NU1Li3ER III 

Engine speed-4OO rpm, Spark advance-25 deg btc, ?ull 1od, 

Fuel-75 octane, Inturnal coolant-none. 

Test Rpm Beam Fuel .Air A/F Obs Bsfc Cor Bte 
No. Load Rate Rate Ratio Bhp Bhp 

1 2395 97.4 54.5 566 10.4 77.6 0.701 81.5 17.9 
2 2398 99.0 50.3 564 11. 79.1 O.o35 83.1 19.7 
3 2400 99.5 46.1 564 11,7 79.6 0.o05 8.6 ¿t.7 

2398 9.6 45.0 561 12.5 79.6 0.565 8.6 2.1 
5 2400 100.0 43.6 561 lz...9 80.0 0.545 84.0 23.0 
6 2400 98.8 41.b 558 l.4 79.0 0.527 83.0 23.8 
7 2400 97.8 39.7 558 14.1 7U. 0.506 82. 24.3 
U Detonatiun too severe for further operation. 

TE3T S.RIES iW1BR IV 

ngine epeed-3000 rpm, Spark advance-30 deg btc, Full load, 

Fuel-75 octane, Internal coolant-none. 

Test Rpm Beam Fuel Air A/F Obs Bsfc Cor Bte 
No. Load Rate Rate Ratio Bhp Bhp 

1 3007 86.9 60.1 664 11.0 87.0 0.692 90.6 lu.l 
2 2995 88.3 55.4 661 12.0 0.o27 92.D ¿..0 
3 3010 88.3 53.0 661 l.5 0.597 9.. 1.0 
4 3005 8b.d 52.0 660 12.7 88.9 0.u85 9.0 21.4 
5 .005 88.8 50.7 660 l5.0 88.9 0..71 ¿1.9 
6 3010 88.2 48.1 660 l.7 88.5 0.44 9.2 2.0 
7 3004 87.3 45.6 656 14.4 87.4 0.52 91.0 24.0 
8 Detonation too Severe for further operation. 



TEST SERIES IUMBR V 

Engine speed-1200 rom, Spark advance-lO deg btc, Full load, 

Fuel-75 octane, Internal 000lant-water. 

Test Rpm Beam Fuel 
No. Load Rate 

1 1210 69.7 23.6 
2 1196 92.1 2.2 

1200 91.7 21.6 
4 110 d9. 20.1 
o 100 82.4 19.4 
6 1205 79. 19.0 

Air 
Rate 

') r 

289 
205 
286 
265 
285 

A/F 
Ratio 

12.1 
12.5 

14.2 
15.2 
15.5 

Obs BsÍ'c 

Bhp 

3.2 0.652 
36.7 0.631 
3o.6 0.592 
35.7 0.563 
33.0 0.75 
31.9 0.596 

2T SERIES NUMBER VI 

Cor 
Bhp 

30.2 
3.3 
3b.2 
37.7 

33.1 

6S 

A.D. Bte 
Rate 

4.58 19.2 
4.57 19.9 
4.57 21.2 
4.50 2.2 
4.b8 21.0 
4.58 21.0 

Engine speed-1600 rpm, Spark advancü-15 deg Utc, Full load, 

Fuel-75 octane, Internal coo1ant-ater. 

1'est Rpm Beam Fuel Air A/F Obs Bsí'c or A.D. Bte 
No. Load Rate Rate Ratio Bhp Bhp :. te 

1 1794 9.5.9 3i.1 426 11,2 5-.2 0.678 56.9 .76 16.5 
g: 1795 94.8 3.7 424 11.c 56.7 0.645 59.4 .75 19.4 
3 107 3.'± 48 5o.3 0.575 59.0 .u6 ¿1.d 
4 1799 9(.9 29.7 426 14.4 54.5 0.545 57.1 ..9 23.0 
5 1790 bb. .L:.* 422 14.9 5.6 0.539 55.1 6.u8 2..2 
6 1790 83.t 27.2 42 15.t 49.9 0.544 5.2 6.92 23.0 
7 1795 71.i 25.4 424 lo.7 4.6 0.o95 44.6 6.68 21.0 



TT S2RI3 ìflJMBR VII 

ngine speed-2400 rpm, spark advanoe-25 deg btc, Full load, 

Fuel-75 octane, Internal coolant-water. 

Test Rpm Beam Fuel 
Uo. Load Rate 

1 2400 95.1 51.0 
2 2396 96.3 47.4 
3 2400 973 
4 ¿406 96. 40.8 
5 ¿i96 94.6 38.2 
6 2405 88.5 3; .' 

7 ¿400 8i.7 3.8 
8 2400 80.0 32.6 

ir 
Ra t e 

558 
555 
554 
555 
555 
548 
546 
549 

Ratio 

10.9 
11.7 
12.8 
13.6 
14.5 
15.5 
16.2 

16.8 

Obe .jsfc 

Bhp 

76.0 0.671 
76.9 0.o16 
77.6 0.556 

0.b8 
75.6 0.05 
71.0 0.499 
67.0 0.504 
64.0 0.509 

Ti5T RIiS NUMBiR VIII 

Cor 
Bhp 

79.0 
79.9 
80.7 
80.3 
78.6 
75.2 
70.9 
67.7 

A.D. Bte 
Ru t e 

8.54 18.7 
8.60 20.3 
8.54 22.5 
8.64 23.8 
.74 24.8 

8.54 25.1 
8.41 24.9 
b.o] 24.6 

ngine upeed-3000 rpm, spark advance-SO deg btc, Full load, 

Fuel-75 octane, Internal coolant-water. 

Test Rpm Beam Fuel ir A/F Obs Bsfc Cor ,D. Bte 
I'o. Load Rate Rate Ratio Bhp Bhp Rate 

i 3000 84.3 57.1 638 11.2 84.3 0.678 89.3 10.41 18.5 
2 3000 86.5 50.3 637 12.7 86.5 0.581 91.b 10.00 21.6 
3 3000 85.5 46.4 67 13.8 85.5 0.543 90.6 10.35 23.1 
4 3000 84.0 43.4 637 14.7 84.0 0.516 8.0 10.50 24.3 
5 3010 8..O 4.2 641 15.2 8.4 0.512 87.3 10.2 24.5 
6 3000 7i,3 40.1 640 lo.O 79.0 0.509 83.6 10.22 24.6 
7 3000 71.5 38.0 641 18.9 71.5 0.531 7u,7 10.42 2ó.6 
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ST 2RIíS 1PtbR IX 

Engine epeed-l00 rpm, Spark advance-lO deg btc, Full 1otd, 

Fuel-75 octane, Intrnal coolant - methyl alcohol and water 

(50-50 by volume). 

Teet 0b3 .ir Gaso À.D. lco Total sfc Cor A/F .:te 

No. Bhp Rate Rate Rute Rate Fuel Bhp Rutio 

i 3..6 299 25.0 4.63 .O5 27.1 0.756 36.6 11.0 17.1 

2 37.1 299 22.3 4.56 2.3 0.655 38.2 l 

3 3b.5 291 20.4 4.53 ¿.01 22.4 0.b14 37.;i 1,0 2l. 

4 35.4 295 19, 4.50 .00 21.5 0.uO? 3o. l..7 ¿1.5 

5 D3.7 295 4.55 .02 ¿0.3 0.u0 34.o ii,5 l.7 

6 32.6 295 17.8 4.63 2.05 19.9 0.610 33.5 1.d 21.5 
7 30.8 295 17.1 4.51 2.00 19.1 0.620 31.7 15.4 21.2 

TET SERL3 NULLBR X 

Engine speed-1800 rpm, Spark advance-15 dep btc, Full load, 

Fuel-75 octane, Internal coolant - methyl alcohol and water 

(50-50 by volume). 

Test Obs Air Gaso A.D. Abo Total Bsfc Cor A/F Bte 

No. Bhp Rate Rate Rate Rate Fuel Bhp Ratio 

i 53.6 427 39.0 6.92 3.06 42.1 0.785 56.1 10.1 16.5 

2 56.8 426 33.3 6.59 2.92 36.2 0.o37 59,4 1l.c3 ¿0.3 
3 55.5 425 30.0 o.76 3.00 33.0 0.595 5b.1 . 1.9 21,9 

4 5'A.4 424 2b. 6.92 3.06 32.0 0.590 5.9 13.3 2.2 
5 51.5 425 27.2 6.82 .3.02 30.... 0.586 53,9 14.1 2.i 
6 4b.1 424 25.8 6.58 2.92 28.7 0.595 50.4 14.8 21.8 
7 39.6 425 23.6 .91 3.06 26.7 0.674 41.5 15.9 l'3.4 



Tii3T SERLS NUMBER XI 

ngine speed-2400 rpm, Jpark advance-25 deg btc, .'ul1 load, 

Fuel-75 octane, Internal coolant - methyl alcohol and ater 

(50-50 by volume). 

Test Obs Lir Gaso 2. lco Total !sfo Cor 3te 

o. Bhp Rate Rate :te Rate Fuel Bhp Ratio 

i 7.0 554 51.'J tì.7 3.UD 55.7 0.755 77.2 10.1 17. 

2 77.5 554 4..0 8.44 3.74 443 O.98 81.1 12,0 21.9 
3 77.: 546 48.8 ,85 44.7 0.576 81,1 ¿2.5 
4 77.2 548 39.2 8.78 3.89 4.1 C.559 00.8 12.7 23. 

5 76.1 48 36.8 8.57 ..80 40.6 0.54 79.7 12.5 24.4 
6 72.6 558 33.b ¿.80 37.6 0.517 74.6 14.8 25.3 
7 Gti.ti 546 0.68 3.&5 36.1 0..25 72.3 lL.l ¿5.0 
8 6..3 554 30.8 8.31 3.68 34.5 0.545 6. lb.0 24.3 

TEST SRIS IE1v1BR XII 

ngine speed-3000 rpm, Spark advance-30 deg bto, Full load, 

Fuel-75 octane, Intrna1 coolant - methyl alcohol and water 

(so-so by volume). 

Test Obs Air Gaso .D. lco Total Bsfc Cor A/F Bte 

Io. Blip Rate Rate Rate Rate Fuel Bhp Ratio 

i 86.5 643 57.0 10.1 4.84 61.8 0.715 90.2 10.4 18.1 

2 88.9 645 54.9 11.0 4.88 59.8 0,o69 90.6 10,8 18.9 

3 87.3 645 51.5 11.0 4.88 56.4 0.o45 91.0 11.4 ¿0,1 

4 87.4 645 46.6 10.8 '.79 5.4 0.oll 91.1 12.1 ¿1.3 

5 bo.7 641 44,2 10.8 4.79 49.0 0.565 90.5 13.1 23,1 

6 645 4.9 11.1 4.)]. 45,ti 0.545 87.0 14.1 24.1 

7 8u.5 645 38.5 11,0. 4.88 4..4 3.539 84.0 14.9 ¿4.4 

8 7o.1 o43 37.1 11.0 4.88 4..0 0.559 78.4 1,3 23.6 
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