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THE EF?ECT OF DETONATION 
ON rISTON HING WEAR 

INTRODUCTION 

The increasing trend In modern autoîotive enrine 
des1n is towards higher compression ratlos to enable 

p!reater horsepower output. The i1niit1n factor on how 

high compression ratlos may .o is not as keenly related 
to design as lt is to the fuel which is available to 

operate these engines. The fact that engine designers 
are taxing fuels to the limit is evidenced by the fine 
division between knocking and knock-free engine operation. 
A thin layer of deposits in the combustion chamber which 

in effect increases the corpression ratio has the deleter- 
bus effect of increasinp the knocking tendency of the fuel. 
This knocking or detonation within the conibustion chaìiber 

is what the average motorist describes as ftpjgjgfl or 
"spark knock" and he notices that it Is most pronounced 

upon acceleration or hill cliibin when a maximum amount 

of power is required from the encIne. 

Detonation in itself may have several undesirable 
effects on the automobile engine, ut of greatest concern 
to automobile manufacturers and pasoline suppliers is the 
psychological reaction the noise causes in the driver. 
No automobile owner appreciates a noisy engine and whether 
or not the noise is harmful he will inevitably take measures 

to quiet it. Por this and other reasons there is an 



extensive research program in progress by automobile 

manufcturors, oil companies, and private investigators 

to eliminate or reduce detonation. 

One obvious solution seems to be an increase in the 

octane rat1n of the fuel, but this in ttself is a dIfficult 

problem. Furthermore it becomes Increasingly difficult 

the hirher the octane rtIn. The present averae research 

octane number for premIum type gasoline is 6 to 97. It 

is estimated by various sources that by 1960 a 97 octane 

fuel would not meet the needs of over of the new cars, 

yet the initial plant Investment and subsequent expensive 

control necessary to increase merely two octane numbers 

runs Into the millions of dollars. 

As detonation is recognized to he a serious deterrent 

to the horsepower race engaged in at present by automobile 

manufacturers it is somewhat strane that more work has 

not been done on the physical effects to the enpine which 

detonation may cause. It is recopnized in the aircraft 

Industry that detonation Is extremely detrimental and if 

allowed to continue can he a contrihutina cause of rapid 

engine failure. Automobile purchasers are interested in 

buying a car that will last a reasonable period of time 

and the engine, they consIder, is ready for overhaul when 

piston rings and cylinders are worn to the extent that oil 

consumption becomes excessive. With this in mind it then 



3 

seems reasonable that more concern should he given to the 

physIcal effect of detonation. Detonation occurs in the 

combustion chamber so it is readily apparent that any 

physical effects will be registered on the top of the 

piston, piston rings and the upper cylinder walls. It 

is tnese components of the engine which are the yardstick 

for determination of engine condition so a study of the 

physical effect of detonation would he of value in the 

effort to increase engine power and reduce engine wesr. 



TBEORY OF DETONATION 

As far back in history as the beginnings of the 

internal combustion engine detonation has been the factor 

which determined the ax1murn practicable compression 

ratio. Throwh the years many different theories have 

been advanced to explain knock in terms of what takes place 

prior to detonation, but nost theories have been discredited 

for sorne reason or another. The theory which Is most 

generally accepted involves s. physical interpretation of 

knock in terms of pressure, temperature and time and has 

been termed the "autoinition" theory. According to thIs 

theory if the end gas is subjected to crItical phySIcal 

conditions autoic.nItion will occur. Miller concludes 

In his classical work on the problem of detonation, that 

knock is best explained by a combination of the autoirnition 

theory and the detonation-wave theory (ls, p.lL3). He 

claims that knock Is actually caused by a detonation wave 

that follows autoIcnItion of the end gas. 

The broad mechanism, as opposed to the chemistry, 

of detonation can be exrlalrted quite sim rlv. In studying 

the sequence of events t-at leads to the occurrence of 

knock in a conventional Otto cycle engine, that is, an 

enine operatin with spark Ignition and a premlxed charge, 

reference Is rnade to figure 1. A typical plan view of the 

combustion chamber Is shown with the piston near top dead 



center and the combustion in proress. A flame front has 

been established at the spark plug and It Is burning into 

the combustible mixture, compressing ahead of It the un- 

burned portion of the combustible air-fuel vapor mixture. 

The end gas, which is the air-fuel vapor mixture to he 

burned last, will be compressed to the greatest degree. 

Under the resultant temperatures and Dressures oxidation 

reactions occur which may lead to spontaneous Ignition of 

the end gas. This spontaneous reaction is identified as 

detonation and is accompanied by a rapid increase in 

pressure within the combustion chamber causing the cylinder 

walls to vibrate or "ping" as though hit with a light 

hammer. 

Three quantities are of major importance In the 

study of spontaneous ignition reactions. These are pres- 

sure, temperature and ignitIon lag. Ignition lag is the 

residence time of the mIxture at conditions of pressure 

and temperature prior to spontaneous ignition. The time 

of ignItion delay decreases exponentially as the pressure 

or temperature increases (1, p.P). If the end gs Is 

consumed by the normal progress of the flame front before 

the end gas reactions reach the stage of spontaneous 

ignition, no knock will occur. 

An accurate analysis of detonation has been difficult 

to obtain due to the extreme speed of the knocking reaction. 



Photographs of the combustion process which were taken by 

Miller at speeds of L10,000 and 200,000 frames per second 

indIcate that detonation waves travel at velocities from 

two to three times the speed of sound (l, p.lL2). 
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Pig. 1. Plan View of Co'Thusti 
Process 

The chemistry of detonation Is extremely complex 

and most conclusions in this respect are based on theoreti- 

cal treatment of a limited amount of data. It Is known 
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that certain cornpound such as ethyl nitrite will ¿reat1y 
increase the tendency to detonate and this seems reasonable 
to the extent that their presence lowers the penerai level 
of seif-Irnition temperature. Not so easily explained is 
the effect of nitrous oxide which is a hiphly endotherrnic 

oxygen carrier. By all rules this compound should greatly 
increase the tendency to detonate, yet it has precisely 
the opposite effect. It as been known for a long tirrie 

that lead and thalliuri, when finely divided and mixed with 

gasoline, are remarkably effective in suppressing detonation, 
yet no wholly setisfactory explanation of the chemical process 
has been given. 

Sturgis, in a comprehensive Investation, studied 
the chemistry of knock and presented some Interesting 
arguments (23, pp.36-39). Closely tied In with knock 

are the cool and blue flames which appear ustprior to 
detonation. It is reasoned by Sturgis that chemical 

reactions take place In the fuel preceding knock because: 
(1) measurements Indicate as much as 2 to LO of the 
total combustion enercry is released before a hot flame 

appears, (2) cylInder pressure rises abnormally high before 
knock, and (3) aualitative analysis of end gas has shown 

the fuel to be oxidized Into other products prior to 

autoigni tion. 
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Sturgis roes on to show that the complete burning 

of a hydrocarbon fuel is a very complex process which 

does not occur in one step, but by a series of molecule 

collisions to first form a series of intermediate products. 

The first product form ed by the reaction of a hydrocarbon 

with oxygen is neroxide, which is very unstable at the 

high temperatures of the end gas. Peroxide decomposes 

in two different ways; either by fission of the molecules, 

to yield two radIcals, each radical promoting' further 

oxIdation of the hydrocarbon, or by thermal decomposition, 

which forms the relatively inactive aldehydes, ketones 

and olefins. 

Near the end of the cool flame period the radicals 

obtained by the fission of molecules chain-react to form 

an ever increasing number of reactive radicals. This 

reaction is accompanied by a blue llame and It is theo- 

rized by Sturgis that It is this chain reaction which 

causes knock. 

Other theories too numerous to mention have been 

presented hut in general the foregoing theorIes seem to 

he the most wIdely accepted. 
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ISTON RING AND CYLINDER WEAR THEORY 

Wear of cylinders and piston rings will continue to 

be a problem as long as internal conthustion enrInes use 

piston rings to seal the piston as it reciprocates back 

and forth within the cylinder. Wear, as applied to piston 

rings and cylinders, can be classified as abrasive, corro- 

sive, scuffin or combination thereof. In addition wear 

may be consdered as a radual phenomenon consisting of 

smooth deterioration by friction. 

Abrasive wear takes place when two surfaces rub 

together and is accelerated if this rubbing occurs in 

the presence of abrasive particles. Engine cleanliness, 

proper choice of ring and cylinder surface material, and 

proper lubrication are rimary factors in red'cin or 

mInimizing abrasive wear. Another factor which appreciably 

affects abrasive wear rate is pressure of the ring against 

the cylinder wall (6, p.39). 

The second type of wear, corrosion, may be due to 

carbon dioxide and the oxides of nitrogen and sulphur. 

Corrosive wear consists of the chem . ical attack of acids 

on the metal surfaces. While sulphur appears to be one 

of the rreatest factors influencing corrosive wear (6, 

p.LO and 26, p.13°), it is interesting to note that at 

least one author reports that increasing amounts of sul- 

phur will actually cause a decrease in piston riní' wear 
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if tho operating temperature is maintained above the dew 

point of the coolant (19, p.27). Reduction in corrosive 

wear can be obtained by selection of low sulphur fuels, 

by selection of lubricating 011$ with proper corrosion 

inhibiting additives, and by maintenance of coolant temper- 

atures above the critical level. 

The third type of wear, scuffing, is a result of 

metal-to-metal contact and usually is characterized by 

an abnormally high rate of material removal. It is 

generally believed that scuffing can occur only in the 

presence of a breakdown in the oil film, and under 

conditions of speed and oressure sufficient to generate 

surface temperatures high enough to permit momentary 

welding of materials in localized areas. While proof of 

this theory is somewhat complex it is Fenerally considered 

that reduction in scuffirw wear is related priiiarily to 

the material structure of mating parts (6, pp.O-14). 

While reduction in unit pressure will reduce scuffing 

tendency it is a tantamount fact that the use of narrower 

rings will also improve scuff resistance by providinç 

for more rapid heat transfer from the ring face. 

The last type of wear, friction, is a deforming, action 

which takes place as the ring passes over the cylinder 

wall. The squashing down or cutting off of surface 

irreu1arit1es has the effect of increasing surface 
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contact area and thereby reducing unit pressure. 'riction 

wear is most pronounced during break-in of an engine and 

is desirable during this time to the extent that an eventual 

better match will be obtained between cylinder and piston 

ring. Reduction of friction wear is primarily related to 

surface finish, oil viscosity, and material properties. 

The mechanism of wear which takes piace during detona- 

tion is probably a combination of friction and scuffing. 

As has already been pointed out, when detonation occurs 

the pressure in the combustion chamber rises markedly. 

This increase in pressure is transferred from the piston 

to the rings and results in a higher pressure between 

piston rings and cylinder wall. It is theorIzed that 

this increase in pressure and accompanying pressure fluctu- 

ation is sufficient at times to break through the pro- 

tective oil film and allow momentary scuffing to take 

piace. If the pressure is not sufficient to cause the 

ring to break through the oil film, wearing of the metal 

will at least be hastened through the friction process. 

There is still the question among many authorities 

whether cylinder lubrication should be classified as 

boundary layer or hydrodynamic. It is suggested by one 

investigator that lubrication between a piston ring and 

cylinder is partially hydrodynamic and partially boundary, 

(27, p.LO). There is hvdrodynamic lubrication during 
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the tiìe when relative velocity between the c1inder and 

ring is hih and boundary lubrication at the ends of each 

stroke. If this theory is correct it is evident that 
boundary lubrication edsts at the timo of most severe 

pressure riso in the combustion chamber. Due to the 

relative low strength of the oil film there should be 

a decided tendency towards scuffing during detonation. 
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WEAR TEST METHOD 

To detect operat1n conditions which cause wear 

within an enrine it is necessary to have ari accurate 

means of wear rnea$urernent. Conventional wear test methods 

In which attempts are made to measure the change In d- 

menion of en1ne rrts or the amount of iron In the crank- 

case oil by chemical means are 1on, costly and subject to 

certain inaccuracies. Discussion of conventional wear 

test methods Is given In any of evera1 other papers (20, 

p,1; 12, p.7 and 19, p.7). In contrast, the radioactive 

tracer method of wear measurement, because of its sensi- 

tivity and continuous operation without engine rebuild, 

is shorter and cheaper with better accuracy. Utilizing 

the rarid response to changes in wear rate, it is possible, 

using the radioactive method, to study transitory wear phe- 

nomena which cannot be measured by conventional methods. 

The radioactive method consists, in generai, of 

activating a standard piston ring in the Atomic Energy 

Commission's nuclear reactor at either the Oak Ridge 

National Laboratory or the Brookhaven National Laboratory 

and installing the activated ring in the test equipment. 

As the rinr wears, radioactive particles enter the lubrica- 

ting oil and flow past a sensitive geiger tube thus enabling 

a determination of the amount of wear which has taken place. 



1L. 

A complete description of the radioactivo wear method is 

riven in several previous papers (26, pp.133-1J414; 12, pp.°-1O; 

19, pp.7-9; 10, p.1 and 20, pp.2-s). A detailed description 

of the apparatus used in this work for determining, wear rate 

is reported in a later chapter. 



OBJECTIVES OF THIS TEST 

At ienst one company has iade a limited 1nvesttation 
of the effect of detonation on piston ring wear as sped- 

fically pertains to automotive, light service type engines 

(lo, pp.2-3). InvestIgations showed that there was an 

alarming increase in wear rate with merely trace knock 

conditions under controlled laboratory tests. Other work 

done in the fIeld by the same cor'ipany with Chevrolet aiito_ 

ohiles operating under intermittent knocking conditions 

likewise resulted in wear increase with knock, but to 

considerably lesser degree.1 

One of the objectives of this investigation is to 

obtain a comparison to the previous work mentioned. 

Other objectives are; 

. to obtain a quantitative analysis of the effect 
of detonation, 

. to investigate wear rates caused by detonation 

at various compression ratios, and 

. . to correlate wear rate with an increase in the 

time rate of pressure change within the combustion 

chamber. 

1. Personal correspondence with Atlantic Refining Company, 
Philadelphia, Penn. Oct. 13, 1. 
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APPARATUS 

The engine used for this test was an AST!-CFR knock 

testing unit srecifically designed for knock testing of 

fuels. It is a sinne cylinder engine of continuously 

variable compression ratio with dimensions as follows: 

Compression ratio L to 10 

Bore, inches 3.2 

Stroke, inches 

Displacement, cu. inches 37.33 

Fig. 2. 

i 

Jis 

Engine Test Stand 

A synchronous motor connected to the engine with a 

multtple belt pulley arranpement was used to absorb the 
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developed power and hold engine speed constant at 900 rpm. 

The amount of power which was developed 'y the engine was 

not calculated because such information would hve little 

value in a relative comparison test such as this work 

encowasses. It was important that load remain constant 

for a riven set of conditions and also be easily reproduced. 

It was assumed that such was the case as throttle opening 

was fixed and speed remained essentially constant with no 

fluctuation during a test run. 

An evaporative cooling system equipped wIth a water 

cooled condenser coil above the coolant level was used, 

to maintain cooling water temperature at 2120F. 

The adjustable level four bowl carburetor which is 

standard equipment for tIie l'nock testing unit was replaced 

with a single bowl Tillotson downdraft carburetor. The 

Tillotson carburetor was entirely adequate for the scope 

of this work. The only control necessary was maIntenance 

0f a constant air-fuel ratio for all conditions. This 

was easily accomplished with a needle valve adjustment. 

Intake air was passed through a positive type filter, 

which consIsted of two layers of flannel cloth, to allevi- 

ate the possibility of dust entering with the intake air 

and affecting the results. The air-fuel ratio was set and 

periodically checked by use of a Hayes exhaust gas analyzer. 
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A gravity flow fuel system was used for dependability and 

fuel was blended by volume using the hurets and flasks 

rictured in figure 3. 

Temperature of the air-fuel mIxture w determined 

by a chrome-alumel thermocouple inserted in the intake 

manifold. Ambient teperature was checked with a mercury 

in glass thermometer. 

Fig. 3. Fuel MeasurIng 
Equipment 

Pressure fluctuations within the combustion chamber 

were determined with a mecharoelectrical pressure 

transducer developed In the assachusetts Institute of 
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Techno1opy laboratory by C. S. Draìer and Y. T. Li. 

Pressure acting on a diaphragm is converted into mechanical 

compression of a hollow cylindrical column. ResIstance- 

wire strain gaupes bonded to the hollow column convert the 

mechanical strain into an electrical slrnal. Figure L shows 

a cross-section view of the pick-up at a dIameter. Adequate 

cooling for the pick-up Is secured b supplying filtered 

air at a pressure of three to five psi. 

COOL' 
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L. Cross-section of 
Pressure Pick-up 

The most unusual feature of this pressure Indicator 

is the double catenarv diaphrarm construction. Construction 

details of the pick-up may be seen in figure . The hollow 
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cylindrical column terminates at the junction of the two 

catenary surfaces. This construction feature allows the 

diaphragm to be in tension at all times thus achieving 

structural ric-idity yet permitting a very flexible diaphragm. 

SIPS.. li 
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J SC 

JIS 4! AI S 

I 

Fig. . External View and Construction 
Features of' Pressure Pick-up 

The two 1000 ohm strain gaues mounted in the pressure 

pick-up comprise two arms of a Wheatstone bridge. The 

other two arms of the Wheatstone bridge are housed in the 

control box which serves the dual purpose of supplying 

power to the pressure pick-up and amplifying the resultant 

s5gnl. The amplified sinal is then fed either into an 
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oscilloscope to obtain a pressure-ti''e trace on the screen 

or, as done in this work, the slnai la passed throuch a 

suitable arrangement of condensors and resistance to obtain 

a differentiated trace on the oscilloscope screen. Arrange- 

ment was made so that either the pressure-time or the dp/dt 

trace could he viewed. It was concluded, however, that the 

dlfferentiate trace was best for the purposes of this work. 

Fir. 6. Oscilloscope and olaroid 
Land Camera 

A Tektronix cathode-ray oscilloscope, type equipped 

with a differential, hlrh-gain, calibrated dc prearnp, type 

3D plug in unit was used for final acceptance of the signal 

from the pressure pick-up. A Fairchild polaroid Land camera 

was utilized in recording the trace on the oscilloscope 

screen. The oscilloscope with camera attached for recording 

the trace is shown in firure 6 and ficrure 7 shows the 
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comMnation power supply-amplifier, differentlatinF box 

and oscilloscope connected in series. More is said about 

the rhotography technique in a later chapter. 

Pig. 7. Pressure Pick-up 
Circuit 

A schematic flow diagram of the wear measuring appa- 

ratus is shown in figure . As wear of the activated ring 

takes place the radioactive particles enter the lubricating 

oil and are circulated with the oil past the sensitive 

geiger tube immersed in the lead shielded container. The 

geiger tube ieasured the activity of the oil and an ROL 

Mk 13 Mod 1 scalar performed the counting operation. The 

signal from the scalar was differentiated by a Tracerlab 

Ratemeter to give counts per minute (cpm). A millivolt 

signal was then fed from the Hatemeter to a Brown Continuous 
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2 ENGINE OIL PUMP 
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4 LEAD SHIELDING 
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9 RCL SCALER 

IO TRACERLAB RATEMETER 
II BROWN POTENTIOMETER RECORDER 

12 LI PRESSURE PICKUP 
13 LI AMPLiFIER 
4 DIFFERENTIATING INSTRUMENT 

15 TEKTRONIX OSCILLOSCOPE 

Fig. . Schematic Diagram of Oil and Recording Circuits 
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Palance Potentiometer recorder to obtain a record of cpm 

against time. The recorder chart was calibrated in degrees 

Fahrenheit so conversion had to be made to cpm. With this 

done the recorder maintained a continuous record of oil 

activity in cpm. A photograph of the scalar, ratemoter and 

potentiometer is shown in figure 9. 

Fig. 9. Recording Apparatus 

In addition to a one inch 1ead shielding around the 

sensing well six inches of lead was placed between it 

and the engine to reduce the background count. 

A specially constructed lead container was used for 

shipping the rings. It surrounded the rings with two 

inches of lead to maintain a safe activity level. Total 

shipping weight of the lead container and enclosing ply- 

wood box was 32 pounds. 

An ordinary ring expander was modified and adapted 

with long handles to place the active ring on the piston. 



2 

The piston arid connecting rod asseh1y was held with a 

long handled aluminum clamp and forced up into the lubri- 

cated c'-linder. The chamfered edges of the cylinder served 

to compress the rings. 

Radiation level in the vicinity of the eruine was 

measured wIth a Tracerlab 511-1F Portable Radiation Survey 

peter. This instrument gives readings of milliroentgens 

ter hour to facilitate rapid calculation of dosage rates. 

An RCL Mark il Model 10 portable geiger counter was used 

in examining used oil, tools etc. for radioactive contadna- 
tion. 



26 

RADIATION SAFETY 

The subject of radiation safety has been covered quite 

extensively in the reports of previous work at Oregon State 

College (12, pp.2l-2L) and other literature contains an 

ever increasing amount of safety information. Therefore 

it is not felt there would by any va1xe in repeating that 

which has been investigated so fully, hut the safety proh1ei 

will he suntrnarized and a few calculations as pertains to 

this work will be given. 

The legal limit of radiation exposure as set by the 

Atomic Energy Commission (AEC) is 300 milliroentgens per 

week. The activity level of the ring upon removal from 

the reactor was 10,000 milliroentgens per hour at a distance 

of nine inches. With special tools the ring was handled at 

a distance of approximately 1 inches while installing it 

on the piston. At this distance a week's dosage would be 

obtained in approximately seven minutes. It took two or 

three minutes to remove the piston ring from the lead 

shipping container, place it on the piston and insert the 

piston in the cylinder. During this operation the major 

portion of the body was protected by working behind two 

inches of lead shielding. The heavy cst iron cylinder 
and head assembly reduced the activity level to about 

eight rnilliroentpens per hour at a distence of one foot 



27 

so the radiation hazard was slight as long as extended 

exposure immediately adjacent to the engine was avoided. 
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?ROCEDURE 

It was necessarr to modify the lead shipping container 

which was used in previous work here at Oregon State College 

for the larger diameter ring of the ASTTí-CFR engine. The 

modified design was approved by the Federal Burea'x of 

Fx1osIves and oerniission was subsequently given by the 

AC to use the radioactive ring. One compression ring 

was sent to the Oak Ridge National Laboratory to be irradi- 

ated for one month. The active ring was received during 

the first week of January and Installed in the engine using 

long handled tools and other necessary precautions. 

Operatinp conditions held constant throughout the 

entire testing program included: 

Speed 

Jacke t temperature 

Fuel 

Oil 

Air/fuel ratio 

Inlet air/fuel mixture 

Oil sumr 

900 rpm 

212 F' 

Blend of iso octane 
and n-heptane 

Heavy duty SAE 30 

13 to i 

lLF 
lO F 

Tests were made at compression ratios of 6.0, 7.0, 8.0, 

.0, and The spark timing was held constant for each 

serles of tests at a given compression ratio, but ft was 

necessary to retard the spark for each successively higher 
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compression ratio. Respective spark settings were 200, 

100, 7°, 26°, arid 2L° TTDC. 

As a complete set of new rings had been installed it 

was necessary to make a preliminary break-in run. This 

was accomplished by operating the enine for approximately 

ten hours at a compression ratio of 6.0 and then at each 

successive compression ratio for about two hours each. 

This allowed approximately 20 hours of break-in and as 

the wear rate beca'ie essentially constant during the last 

several hours it was assumed that normal wear was taking 

place. A non-detergent AF 20 W oil was used for the 

break-in run. 

After coripletion of the break-in run the oil was 

drained from the engine and replaced with a. heavy duty SAE 

30 oil. The oil was changed periodically throughout the 

test series to limit the amount of radioactive contamination. 

The general procedure was similar for each compression 

ratio. Approximately two hours of operation were necessary 

to obtain equilibrium conditions prior to each run. The 

oil temperature, which was controlled by an immersion type 

heater, and the oil pressure, were extremely critical. The 

volume of oil which flowed past the geiger tube was dependent 

on both temperature and pressure, thus a slight deviation 

in either would affect the record of relative wear rate. 
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As it was desired to obtain the relative wear rate 

under knockinç conditions as compared to rion-knockin 

conditions, it was necessary to first obtain a reference 

wear rate by operation under non-knockinc normal combustion 

conditions. This was accomplished by fIrst operating the 

enpine on 100 iso octane2 for a period of time long enough 

to obtain an indicative wear rate, usually about five to six 

hours. The fuel. blend was then chanced to allow trsce knock 

while all other conditions were held constant. After the 

wear rate became well defined again the fuel blend was 

changed to allow light knock and so on until data had been 

recorded for conditions of non, trace, light, iediumn, and 

heavy knock at a constant compression ratio. It was desired 

to operate continuously at a given compression ratio until 

a record of all conditions of knock had been established, 

but as this entaIled froii 20 to 30 hours of continuous 

operation it was sometimes necessary to divide a series 

into two or three 10 to l hour periods. 

Photographs of the oscilloscope trace showing the 

time rate of pressure change in the combustion chamber 

were taken for each condition with the poisroid camera 

described in the chapter on apparatus. 

2. In the case of a 6.0 compressIon ratio % iso octane 
was used. 
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Pressure-time traces were originally photographed for 

compression ratios of 6.0 arid 7.0, but later in the testing 

program lt was decided that a dp-dt trace enabled a better 

comparison of knockinr' conditions. Suhseciuent traces were 

differentiated and knock conditions were duplicated at corn- 

pression ratios of 6.0 and 7.0 to finally obtain the dp-dt 

traces shown in the results. The photographs were obtained 

by opening the shutter of the camera, manually triggering 

the oscilloscope trace arid closing the shutter of the camera. 

This method produced a picture of a single trace and by re- 

triggerinp at different vertical positions a series of traces 

could he photoraphed. The camera Is constructed so that 

two piCture8 per frame can he obtained. A maximum niiiber 

of three traces per picture thus allowed six traces to he 

made for each camera setting. An important feature of the 

polaroid camera is that only a one minute wait is necessary 

between time of taking the picture and obtaininr the 

finished, developed product. 

Classification of knock condition was done both by 

ear and by observation of the oscilloscope trace. 

The above procedure was followed for each compression 

ratio. Several runs were made in an effort to satisfactor1y 

reproduce results, and after analyzing the data reruns were 

made of all points in question. 
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The relative wear rate for each condition was deter- 

mined by the slope of a line drawn throu.h the recorder 

trace, The recorder trace occurs as a zicr-zag line because 

the decay of radioactive iron takes place in a random manner. 

In order to make a relatIve comparison of wear rates It was 

necessary to correct the recorded rate for the decrease in 

actIvity of the radioactive iron. Considering that radio- 

active decay Is a probability process in which rate of decay 

is proportional to the number of unstable nuclei present at 

any time the following equation can he derived: (12, pp. 

27-2f) 

(1) N = N0e-t 

Where: N = number of unstable nuclei at time t 

: the decay constant 

N0 : the number of atoms at zero time 

From (1), the time t for the number of atoms to fall to 

one-half of any given value (the half life) is: 

(2) t O.693/, 

For the radioisotope of iron which has a half-life of 

L6.3 days, from (2) is O.OlL9S and equation (1) becomes: 

(3) K = N/NO e_0.0lL9t 

Where: K = decay correction factor 

N - number of unstable nuclei at time t 

t s time In days from determination of N0 

N0 number of atoms at zero time 
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For this test zero time was taken as the day the ring 

came out of the reactor (l2-27-6) and N0 was equal to 

1.0 at this time. All data were then corrected to the same 

activity level by the relationship: 

(L1) R1 : R0/K 

Where: R1 = corrected wear rate in cpm/hr 

uncorrected wear rate in cpm/hr 
as determined from the recorder 
chart 

K decay correction factor 

Oil was measured to determine how much consumption 

took place during an oil drain interval. It was found 

there was no rreasurahle consumption so no further correc- 

tion of wear rate was necessary. 

The corrected wear rates wore plotted against knock 

condition to rive a graphical record of the effect of 

detonation on piston ring wear. 
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RESULTS 

Results of this Investigation aro presented in raphi- 

cal. arid tabular form on the fo11owiì-ì pares. The bar 

graphs show the wear rate obtained at a Iven knock coridi- 

tion for each compression ratio. Under trace and light 

knock conditions wear, in all cases, is creater than for 

non-knockinç conditions. Increasing knock intensity caused 

a corresponding increase in wear for compression ratios of 

6.0, 7.0, and .O. Highest wear rates were obtained 

for these compression ratios when detonation was mnost 

severe, and in the case of a 6.0 ratio the relative increase 

over non-knock1w conditions reached 226. 

Knock condition was larRely determined by ohservation 

of the dr/dt trace or the pressure-time trace, but a'mditory 

comparisons were also made. Under trace knock conditions 

a very light "pinging" could he heard intermittently. Light 

knock was audible all the time, but probably could not be 

heard, for instance, by the driver of an automobile. Medium 

knock was clearly audible several feet from the test stand 

and actually caused a decided vibration of the engine. 

Heavy knock was considerably louder than an automobile 

owner would allow for any period of time. The magnitude 

of pressure fluctuation within the combustion chamber was 
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sufficient to mildly shake the enp ne test stand and the 

vibration could be felt through the concrete floor. 

Typical, uncorrected wear rate traces for a compression 

ratio of . are shown in figure 19. 
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Spark Setting-26° adv. 

!.O 100 non 260 O.L6l 2-9-6 0.515 0.396 100 
i 00 

ioo 200 .'O 1-23-6 .67 .396 100 

SSO 75 trace 215 .5S9 2-9-6 1.082 121 
121 

5.0 75 trace l6 .728 1-23-36 .67 1.085 121 

5.0 6S 11it 181) .667 1-23-6 .67 .993 111 111 

s.0 60 med L20 .267 2-10-56 ,1 .522 58 

:;.o 60 med 360 ,33 1-2-6 .65 .10 7 

;.o o heavy 360 .333 1-25-6 .6 .1O 
).0 0 heavy L20 .267 2-10-6 .!1 .22 58 

Spark Set jflC-214° adv. 

;.5 100 non 21.0 0,500 2-7...56 O.535 0.93 113 

;.5 100 non 25 'Ii? 1-28-56 .62 .78 91 100 

loo non 25 .147 1-20-6 .70 .672 81 

s.j; 100 non 2L.0 .50 2-8-56 .92 11 

5.; 80 trace 190 .632 l-28-6 .62 1,02 123 123 
.s 80 trace 185 .6L,8 1-27-56 ,63 1,02 123 

5.; 7:; 1iht 1L.0 .857 1-2l-6 .69 l.21 150 150 

5.5 70 ed 155 .775 1-30-56 .605 1.28 155 

S.S 70 med 115 .828 2-8-56 .525 1,575 190 173 

5.5 60 heavy 100 1.20 1-3056 .605 1.985 240 

S.S 60 heavy 105 1.11 2-8-56 .525 2q17 262 251 

Spark Setting . _200 adv. 

6.0 non 72 1.67 1-1I-56 ì.765 2.18 loo 

6.0 90 trace tj.8 2.5 1-14-56 .765 3.27 1O 
6.0 85 light Ia4 2.73 1-1L-56 .765 3.57 16L. 

6.0 80 med 32 3,75 1-34-56 .765 L..9O 225 

6.0 75 ni-heavy 30 Ii..0 l-1L.-56 .765 5.23 240 

6.0 70 heavy 22 5.14.5 1-14-56 .765 7.12 326 

Spark Setting-1O° adv. 

7.0 100 non 210 0.572 1-16-56 0.714 0.770 100 

7.0 95 trace 130 .923 1-16-56 .7L. 1.21.5 162 

7.0 90 light 115 1.0L.2. 1-16-56 7Li. 1.Ii.08 183 

7.0 85 ned 110 1.090 1-16-56 e7 1.17O 191 

7.0 80 heavy 70 1.715 1-16-56 .7I. 2.310 300 

Spark Setting-7° adv, 

8.0 loo non 90 1.33 1-18-56 0.715 1.865 100 

8.0 92 med 60 2.0 1-18-56 .715 2.80 150 

Fig. 10 Tabulated Test Results 
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Fig. 11. Wear Rate for a Compression Ratio of .O 



93QQ 

LU 
F- 

2OO 
LU 

LU 
> 
F- 

-J w 
ci: 

ASTM-CFR KNOCK TESTING ENGINE 
900 RPM CONSTANT LOAD A/FH3.O 
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FUEL- BLEND OF ISO OCTANE & N+EPTANE 

COMPRESSION RATIO5.5 
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FIg. 12. Wear Rate for a Cotnpresslon Ratio of 
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KNOCK INTENSITY PHOTOGRAPHS 
OSCILLOSCOPE TRACES SHOWING THE TIME RATE 

OF PRESSURE CHANGE IN THE COMBUSTION CHAMBER 
COMPRESSION RATIO=5.O 

NON KNOCKING 

TRACE KNOCK LIGHT KNOCK 

MEDIUM KNOCK HEAVY KNOCK 

Fig. 15. Detonation Traces for a Copreaion 
Ratio of .O 
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KNOCK INTENSITY PHOTOGRAPHS 
OSCILLOSCOPE TRACES SHOWING THE TIME RATE 

OF PRESSURE CHANGE IN THE COMBUSTION CHAMBER 
COMPRESSION RATIO= 55 

NON KNOCKING 

TRACE KNOCK LIGHT KNOCK 

MEDIUM KNOCK HEAVY KNOCK 

Fig. 16. Detonation Traces for a Compression 
Ratio of5.5 
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KNOCK INTENSITY PHOTOGRAPHS 
OSCILLOSCOPE TRACES SHOWING THE TIME RATE 

OF PRESSURE CHANGE IN THE COMBUSTION CHAMBER 
COMPRESSION RATIO6.O 

NON KNOCKING TRACE KNOCK 

LIGHT KNOCK MEDIUM KNOCK 

MED-HEAVY KNOCK HEAVY KNOCK 

Wig. 17. Detonation Traces for a Compression 
Ratio of 6.0 
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KNOCK INTENSITY PHOTOGRAPHS 
OSCILLOSCOPE TRACES SHOWING THE TIME RATE 

OF PRESSURE CHANGE IN THE COMBUSTION CHAMBER 
COMPRESSION RATIO= 7.0 

NON KNOCKING 

TRACE KNOCK LIGHT KNOCK 

MEDIUM KNOCK HEAVY KNOCK 

Fig. 1. Detonation Traee for' a Compre3sion 
Ratio of 7.0 



WEAR RATE RECORD 

COMPRESSION RATIO=5.5 

-I 

60% Iso OCTANE 
HEAVY KNOCK I-30-56 

. 
I , 

! 

70% ISO OCTANE 
MEDIUM KNOCK l-30-56 

75% ISO OCTANE ; . ' ¶ 

LIGHT KNOCK I-21-56 

::* l 

/ 

80% ISO OCTANE 
TRACE KNOCK l-27-56 

i.;. * ¡ 

100% ISO OCTANE 
NON KNOCKING I-28-56 

- TIME 

rr i 

ASTM-CFR ENGINE AIE-13,0 
SPARK-24° ADV. OIL SUMP-150F 
WATER-212F INTAKE AIR-145F 

Fig. 19. Wear Rate Record for a Compression 
Ratio of 
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DISCUSSION OF RESULTS 

To establish the valldit'î of results the following 

factors must 'ne considered, A deviation in diametrical 

size from a true bore will appreciably affect results 

when the nature of the testing program entails a variable 

compression ratio. It must be reiemhered that to change 

the compression ratio of the AST-CFR engine it is neces- 

sary to raise or lower the integral head and cylinder 

assembly, A change in compression ratio then means that 

the piston is working in a different portion of the cylinder 

profile. Several reruns were made at a compression ratio 

of 5.0 in an effort to explain the decrease in wear with 

increasing, knock intensity above trace knock conditions. 

Resulting wear rates were consistently similar so the 

physical condition of the cylinder was investigated to 

obtain some reason for the apparent discrepancy. 

The cylinder taper may be seen in figure 20. The 

profile shown was taken after the testing program, but 

a rough check at the hepinnin of this investiration gave, 

in general, the same profile. It may be seen that the 

cylinder had a groove which extended around the circum- 

ference to a depth of 0.003g inches. This groove, it is 

reasoned, served to contain a reserve of oil. 
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Maximum wear In a cylinder takes place just below the 

top dead center position of the piston. The reason for 

this is related to the boundary lubrication which exists 
when relative velocity is low and to the pressure on the 

piston which is a maximum at this time. If by sorne 'neans 

or another a thick film of lubricant is produced on the 

cylinder wall in the area where maximum wear normally takes 

place, wear will be greatly reduced. Herein lies the ex- 

planation for a decreasing wear rate with increasing knock 
intertsitir at a compression ratio of .O. The radioactive 

ring at this compression ratio should he exhibiting maximum 

wear just below the proove in the crlinder wall. This is 

essentiall-r what happened when the combustion pressure was 

normal or slightly more than nornial, but as the pressure 
increased markedly the effect was to wedge the excess oil, 

which has accumulated in the groove, down between the cylinder 

wall and the piston ring, thus affording hydrodynamic lubrica- 

tion. The overall result was to decrease the amount of 

scuffing which would otherwise have taken place. At corn- 

pression ratios of 6.0, 7.0 and .O maximum wear was 

taking place above the groove in the cylinder wall thus 

nullifying the wedging effect. 
The relatively high wear rates obtained at a cornression 

ratio of 6.0 as compared to the other compression ratios is 
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probably a result of wear carry-over effect. H. R. Jackson 

reports that aproxinate1y five to ten hours of 

en1ne operation is necessary to obtain a normal wear rate 

after a h1h wear rate has once been established (10, p.3). 

The test at a compression ratio of 6.0 was the first series 

after the break-in run so it is possible that break-in was 

still not completed. The effect of this consideration on 

the results is of minor consequence as the wear ca'ry-over 

would merely tend to reduce the relative percentage increase 

in wear with increasin' knock Intensity. 

As a final consideration In this discussion the repro- 

ducihility of results wIll be examined. Detonation is a 

chemical reaction which is dependent on pressure, temperature, 

time, fuel composition and probably several unknown factors. 

To assume that all these conditions can be exactly repro- 

duced Is absurd. An exact blend of fuel produced different 

knock Intensity on succeeding days, even thouch there was no 

noticeable change in other conditions. To complicate the 

problem even further knock intensity varied from cycle to 

cycle under Identical conditions. A series of knock photo- 

graphs might show a time rate of pressure change which 

varied from trace knock to medium knock classification. 

The dp/dt traces were of considerable help in reproducing 

results. Each combustion cycle could be flashed on the 
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screen and the rapidity of repetition enaìIed an average 

trece to be observed. It was therefore a soiewhat simple 

process to determine if previous knock intensities were 
beinr rerroduced. 



CYLINDER PROFILE 
ASTM-CFR ENGINE 
(AFTER TESTING) 

TOP EDGE OF RADIOACTIVE 
RING WITH PISTON AT 
TOP DEAD CENTER 

R :8.0 - -- - 
- MAXIMUM 

M E T R I C 

7.0- - - 60--- 
5.5 - - - 

TAPER - .007" 

HORIZONTAL SCALE 
:- 200 

ZER 

Fig. 20. Cross-section Through the 
Cylinder Wall 
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CONCLUS IONS 

With due consideration to tbe assuniptions set forth 

in the preceding section it can he concluded that detona- 

tion within the combustion chamber results in a marked 

wear Increase. The rian1tude of this wear increase Is 

proportional to the Intensity of detonation, and may 

amount to more than three times the normal wear rate. 

It appears that the relative damage becomes more pronounced 

as the compression ratio is Increased although in making 

this conclusion it must be remembered that an Increase in 

compression ratio alone will increase the normal combustion 

ìress1re and thus csuse a higher wear rate. 



RECOMMENDATIONS 

An evaluation of the testini procedure and related 

technique points up several modifications which miht be 

made in a similar research project. Foremost is the neces- 

sity of workinp with an engine having a true bore. As was 

pointed out in the discussion of results an irreular cyl- 

inder bore is undesirable. 

secondly, it would he advisable to obtain some means 

for assuring a constant volume flow of lubricatirw. oil 

throuh the sensing . well. For the test set-up used in 

this investigation the volume of oil flowing through the 

sensing well was dependent upon both the oil temperature 

and the oil pressure. If a calibrated orifice was placed 

in the oil line an accurate control of volume could be 

obtained by maintaining a constant pressure drop across 

the orifice. 

Adapting the ASTM_CT?R engine to radioactive wear 

measurin' apparatus has opened the door to countless 

avenues of research here at Oregon State College. Quite 

by accident it was observed that a commercial grade of 

ethyl gasoline caused a considerably higher wear rate 

than the pure blends of iso octane and n-heptane used in 

this investigation. This fact suggested the project of 

an evaluation of the effect of gasoline additives on 

piston ring wear. 



It would be InterestinF to compare the results of 

this work with a similar test conducted on the cetane 

fuel rating engine. Detonation in a dIesel envine Is 

considerably dIfferent than in a spark frnitIon enrine, 

yet it is similar in that It is the cause of rapid pres- 

sure rise and pressure fluctuation. 
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