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THE EFFECT OF THE ANTIKNOCK FLUID CONTENT 
IN GASOLINE ON PISTON RING WEAR 

AS DETERMINED BY RADIOACTIVE TRACER 

INTRODUCTION 

The problem of i ncreasi ng t he octane number of 

gasoline has existed for more than a generation (1, 

pp.264-267 and 12, p.253). It i s e a si l y solved for 

small quant ities on t he labor atory scale, but not tor 

the large amounts of gasoline currently used. The use 

of tetraethyl lead to raise the octane number greatly 

increases the amount of high octane gasoline ayailable 

for public consumption. 

If tetraethyl lead alone is used in gasoline it tor.ms 

lead oxide during the combustion process (1, pp.267-268). 

Since lead oxide is a $Ol1d with a very high boiling point 

the cylinder temperature is low enough to allow it to 

solidify and form deposits. Some of these deposits are 

then reduced to metallic lead by the unburned carbon 

formed from incomplete combustion. This metallic lead 

soon shorts out the spark plugs. To prevent this so

called scavengers are added with the tetraethyl lead to 

combine with it during combustion and form lead salta with 

much lower boiling points (6, pp.4-6 and l), p.78). Thea• 

boiling points are low enough to allow the lead salts to 

escape from the combustion chamber in the exhaust gasea 
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before they solidify. 

The mixture of the tetraethyl lead. scavengers, and 

very small amounts of dye and kerosine is known as anti

knock fluid (.5, p. 23 ) • There are three of theae fluids 1n 

use today. These are the 1-T aviation mix, the motor mix, 

and the motor plus mix. The 1-T of the aviation mix 

signifies that there is one theory of ethylene dibromide 

scavenger to one theory of tetraethyl lead. This means 

that there are theoretically just enough scavenger atoms 

to combine with all the lead atoms. The motor mix has one 

theory of ethylene dichloride and one-half theory of 

ethylene dibromide to one theory of tetraethyl lead. The 

motor plus fluid has slightly more ethylene dichl.oride and 

a little more ethylene d1brom1de than the motor mix. It 

is thought that these excess halogen scavengers in the 

motor mix and motor plus are responsible for the wear 

caused by these fluids since both chlorine and bromine are 

very corrosive. 



WEAR THEORY 

Wear may be caused by friction. abrasion. scuffing, 

and corrosion (8, pp.J-6). Friction wear results from 

irregularities on one surface breaking through the oil 

film and cutting or deforming the other surface. This 

removes any high spots, resulting in a greater contact 

area and therefore a greater load-carrying ability for 

the surfaces. The finish determines the number of irrega

larities on each surface, while the amount of cutting is 

determined by the hardness of the materials- The viscosity 

of the oil regulates the thickness of the oil film and 

therefore the si~e of the irregularity that will penetrate 

it to out the other surface- This type of wear is desir

able during a break-in period since it properly fits the 

parts together. Once this fit has been obtained this type 

of wear becomes undesirable. 

Abrasion wear is caused by foreign particles caught 

between two rubbing surfaces. The number, size, shape, 

and hardness of the particles determine the amount of this 

type of wear. Softer materials have a higher wear rate 

under these conditions since the particles become embedded 

in the material. The oil and air filters are designed to 

reduce this wear. 
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Scuffing wear results from high tempe.ratures and clean 

metal to metal contact between two rubbing surfaces. This 

causes the actual welding of the two materials together and 

a tearing of one surface to separate them again. The 

resulting rough surface will cause high friction wear in 

that area. 

Corrosion wear is a chemical process resulting from 

the attack of acids on the metal parts. The main source 

of acid is sulfur from either the fuel or oil (9, pp.J4

35). Other sources are oxides of carbon and phosphorus. 

This t ype of wear is most serious at low temperatures. 

The low temperature allows water to condense and absorb 

gases to become acids. 

Other factors effecting the amount of corrosive wear 

are the composition of the metal and the viscosity and 

alkalinity of the lubricating oil. The reaction of the 

metal with an acid of course depends upon the chemical 

activity of the metal. The viscosity determines the 

thickness of the oil film protecting the metal while the 

alkalinity of the oil neutralizes the acid. 

Concentrated hydrobromic acid may be formed by the 

combination of free bromine, water vapor, and a small 

amount of sulfur dioxide to act as a catalyst. Since 

these items are all products of the burning of motor 

gasoline, conditions are very favorable for the formation 
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of concentrated hydrobromic acid 1n the combustion chamber. 

Hydrochloric aeid may be formed by the direct combination 

of chlorine with any hydrogen present. Both of these acids 

are very corrosive in the gaseous aa well as the liquid 

state promoting wear at all operating temperatures. 
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METHODS OF MEASURING WEAR 

The three basic methods of determining the wear ratee 

of metal parts in an internal combustion engine are: 

(l) by actual physical measurement before and after a test; 

{2) by chemical analysis ot the lubricating oil for the 

iron content; and (3) by use of radioae tive pa.rts with 

measurement of the radioactivity or the oil C4. pp.S24
525}. 

The direct physical measurement method normally 

requires very long test runs in order to obtain measurable 

results. Parts must be removed and measurements made at 

the end of each run. Also, there is no way of learning if 

the wear rate is uniform over the teat period. Since the 

test must run a minimum of one hundred hours and at least 

a partial disassembly made between each run, these testa 

are very expensive. Another disadvantage is that exeeasive 

wear usually occurs after the parts have been cleaned and 

reinstalled. 

At present the chemical analysis method is not suf

ficiently sensitive to obtain valid results with short 

testa (10, pp.l60-161). For long runs the corrections 

for oil consumption and replacement, dilution, and the 

like can cause errors that reduce the validity of the test. 

The source of the iron measured by this method ia also 
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subject to question since ic may come .from almost any part 

of the engine. The delay in obtaining the r e sults is also 

a serious disadvantage.. 

The radioactive tracer method is new procedure that 

is still being developed (10, p.4). It usea an irradiated 

part and measures the wear ot this part only by observing 

the increase in radioactivity of the lubricating oil. As 

particles of the radioactive part are worn off they are 

washed into the lubricating oil giving it an increased 

activity proportional to the wear. By this method wear 

rates can be measured in as little time as three to four 

hours for high wear conditione (10, pp.20-22). This time 

must be increased when measuring low wear rate conditione. 

This method makes it poas.ible to determine the ef.fect of 

an operating variable upon the wear rate 1n a relatively 

short time. The saving in time and there.fore money more 

than justifies the precautions needed for safety and the 

expensive instruments needed to measure the radioactivity. 
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SAFETY PRECAUTIONS 

Radiation. Radioactive materials must be treated with 

great care since the human five senses cannot detect 

exposure to radioactivity (4, p.528 and 10, pp.J-6). A few 

simple precautions are necessary to permit them to be 

safely handled. The Atomic Energy Ccmmission currently 

considers an exposure of leas than three hundred milli• 

roentgens per week to be safe. While the background 

radiation normally received from space and the radioactive 

materials in the earth is only two milliroentgens per week 

a person carrying a large radium dial watch could be 

exposed to a hundred milliroentgen& per week. 

Radioactive iron emits both beta and gamma rays. For 

the purpose of measuring dosage they are considered the 

same. Beta rays are stopped by most materials and their 

path in air is short. They are only dangerous if some of 

the radioactive material is absorbed by the akin or taken 

into the body. For this reason rubber gloves should be 

worn when handling the contaminated oil. Several inches 

of lead are necessary to stop the high penetra. ting power 

of gamma rays. People should be shielded from this type 

of radiation to keep their dosage to a minimum. 

Since the radiation level varies as the square of the 

distance one of the best and easiest means of increasing 
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the safety factor is to increase the distance. This is why 

special long-handled tools are normally used to handle the 

radioactive parts. If the time factor is increased too 

much by the awkwardness of the longer tools shorter tools 

may be better. The safest tools are the ones with the 

lowest value of installation time divided by the square of 

the distance that the person 1s from the radioactive 

material. 

Tetraethyl ~· Approximately sixty per cent of 

antilmock fluid is tetraethyl lead. This fluid must be 

handled very carefully since tetraethyl lead is both 

extremely poisonous and inflamable. Skin contact with the 

concentrated fluid or breathing of the fumes must be 

avoided. Rubber gloves should be worn at all times when 

handling the fluid. If a gas mask is not used the fluid 

must be handled within an adequately ventilated fume hood. 

The suction on the hood must be maintained whenever the 

fluid is present in unsealed containers and when contamin

ated apparatus is present in the hood. The apparatus 

should be washed immediately after being used. In case 

some fluid is spilled on the skin it should be washed 

immediately with kerosine followed by soap and water. 

Figure 1 shows the equipment used within the fUme 

hood. The bottle to the left of the burette stand contains 

kerosine. 



10 

Fig. 1. Exhaus ·t Hood and Antiknock Fluid 
Measuring Equipment. 
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OBJECTIVES 

The use of excess scavengers in automotive fuels to 

reduce spark plug fouling has been accepted even though no 

excess is allowed in aviation fuels. It was found in air

craft engine tests conducted during World War II that the 

excess scavengers were the cause of eonsid.erable wear and 

corrosion (1, pp.288-289 and .3, PP•54·56). Since little 

published material is available on the wear I'ates of anti

knock fluids in automotive gaaolines it was decided to 

investigate the effect on wear of the two antiknock fluids 

used in moat automotive fuels. The motor mix is the most 

common antiknock fluid currently used in motor fuels, but 

a few oil companies use the motor plus fluid. 

The radioactive ring wear test method was selected to 

determine the wear rates :for this project. This is the 

quickest and most accurate method of measuring ring wear. 

Since this method has been used at Oregon State College 

since 1952 the necessary equipment was already avai~able. 
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APPARATUS 

An ASTM CFR engine was used for this test. A special 

air filter which filtered the engine intake air through 

flannel cloth was used to minimize any abrasive wear. The 

lubricating system was modified by replacing the oil filter 

with an external sensing well which housed an immersion

type geiger counter. This well is shown in the foreground 

of figure 2. Another oil line from the sump was added 

which by-passed the engine's oil pump and allowed circula

tion of the lubricating oil by a scavenging pump. This 

arrangement provided an aide in the filling and draining 

operations. 

Fig. 2. Test Engine and Apparatus 
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The jacket temperature was kept at the boiling point 

of water by a reflux condenser . The oil temperature was 

controlled by an electric heater in the sump . The standard 

equipment oil temperature gauge mounted in the sump was 

used to measure the oil temperature . 

An immersion- typ geiger counter was placed in the 

sensing well to determine the activity of the oil. A RCL 

Mk Mod 1 Scaler was used to measure the total counts of the 

geiger counter . This instrument is shown in the upper left 

of figure 4. The radiation entering the geiger tube causes 

the gas in it to ionize and generate a small electrical 

current . The sealer amplifies and counts the number of 

these electrical impulses . 

Fig. 4. Radioactivity Measuring and 
Recording Equipment . 



This scaler has been modified to allow a Tracerlab 

Ratemeter to be connected to it. The ratemeter is shown 1n 

the upper right corner of figure 4. This instrument 

accumulates the number of total counts over a short period 

or time and indicates their average as a continuous read

ing or counts per minute (cpm). The output of the rate

meter was connected to a Brown Continuous Balance Poten

tiometer Recorder which recorded the cpm against time. 

The Brown Recorder is on the lower right side of figure 4. 
The sensing well was protected from radiation by 

placing it within a cylinder of lead with walls one inch 

thick. An additional six inches of lead was placed be

tween the sensing well and the engine to reduce the 

radiation received from the ring. Previous work at Oregon 

State College had shown this protection to be adequate. 

The radioactive ring was shipped in a special 

container constructed or lead as specified by government 

regulationc:s. The ring was surrounded by at least two 

inches of lead to make it reasonably safe. It was 

returned to this container for storing after the test was 

completed. 

A Tracerlab SU•lF Portable Radiation Survey Meter was 

used to check radiation during the installation and removal 

of the ring. Since this instrument reads directly in 

milliroentgens per hour the safe times and distances can 
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be checked quickly and easily. In addition to the survey 

meter a RCL Mark 11 Model 10 portable geiger counter was 

used. Although this instrument does not measure dosage 

it is more sensitive than the survey meter and therefore 

very useful in checking for contamination. 
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PROCEDURE 

The radioactive ring had already been installed and 

used in the engine for another test. The only necessary 

preparation was to change the air filter and oil. The 

oil used was SAE 30 grade , which is prescribed for this 

engine. 

The motor mix and motor plus antilmoek fluids were 

donated to the Mechanical Engineering Department by the 

leading manufacturer in this field. A fifty-gallon drum 

of white gasoline w·as obtained for a base fuel. As this 

fuel had the lowest octane number of those to be tested, 

the engine was run on it with a pressure pickup connected 

to an oscilloscope to detect any knocking. The ignition 

timing was then retarded until all signs of knock dis

appeared from the oscilloscope. 

All variables except the fuel were kept as constant 

as possible. The factors that were held constant were: 

Throttle Opening Constant 

Speed 900 RPM 

Jacket Temperature 212 F 

Oil Temperature 150 F 

Ignition Timing 15° BTDC 

Air-Fuel Ratio 13.1 to 1 

Compression Ratio 5 to 1 
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Antiknock fluid was added to the base fuel in amounts 

to give approximately 1.5, 3.0 and 4.5 milliliters of 

tetraethyl lead per gallon for both the motor mix and motor 

plus mixtures. Wear tests were also made with the white 

gasoline and with several commercial ethyl gasolines. A 

few of these commercial ethyl gasolines contained special 

additives and these fuels were of especial interest to see 

what effect the additives had upon the wear rate. 

Rubber gloves and an exhaust hood were used when 

measuring the antiknock fluid. All the necessary equip

ment was placed in the hood and then the exhaust fan was 

started. The antiknock fluid container was then opened 

and the burette tilled. When the proper amount had been 

measured out the excess was returned to the container. 

The measured amount was then poured into a pint of white 

gasoline to allow it to be handled more safely. This 

solution was added to the previously measured white 

gasoline to obtain the test fuel. The antiknock fluid 

container was kept closed except when filling and draining 

the burette. The glassware and rubber gloves used were 

carefully washed immediately afterwards. The exhaust fan 

was left running as long as any contaminated apparatus 

was in the hood. All of these precautions were in 

accordance with the instructions recommended for handling 

this toxic fluid. 
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The oil was measured by a graduate during the filling 

ope ration and again when it was drained. The oil was 

changed when its activity became great enough to approach 

the maximum reading for the Brown Potentiometer. 

The test procedure was to warm up the engine on white 

gasoline until the oil temperature was normal and the wear 

shown by the Brown Potentiometer be came steady for several 

hours. When changing from a high wear rate fuel to a 

lower one , the engine was operated five or six hours on 

white gasoline to eliminate any carry- over Jear . The 

Brown Potentiometer indicated that this wear was normally 

removed in two or three houz•s . 

When the engi ne had reached equilibrium, the white 

gasoline was shut off and the carburetor was allowed to 

empty . When the engine ceased firing the test f'uel we.s 

turned on . This kept any dilution of' the fuel by the 

white gasoline to a minimum. The engine we.s then run 

until a uniform wear slope had been obtained for a period 

of at least six hours . Most runs had a duration of about 

eight hours . Readings of the total counts and time were 

made every twenty minutes when possible . The readings of 

the temperatures and air~fuel ratio were taken each hour . 

Since only part of' the iron atoms are radioactive the 

number of activated atoms present in the sensing well is 

not uniform. This results in a saw- tooth curve on the 
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recorder which has to be averaged by a straight line 

through the axis of the trace. The curves were dram1 

from the points obtained from the total count and time 

readings and checked against the slopes of the ~ecorder 

trace. To place all the slopes on a common basis they 

must be corrected for the radioactive decay of the iron . 

This is done by use of a nomogram for radioisotope buildup 

and de cay with time (see appendix). Knowing the half'-life 

and time the decay factor can be read directly from the 

nomogram. This factor is the ratio of the uncorrected 

slope over the corrected slope and therefore it must be 

divided into the uncorrected slope to COlTect i t. 
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RESULTS 

The results of this investigation are shown in graph• 

ical form on the following pages. Figure 5 shows the effect 

of the antiknock fluid content 1n the gasoline upon the 

wear rate. The increase in wear with increase in anti

knock fluid is definitely shown in the case of both fluids. 

In figure 6, the effect of the scavenger content on the 

wear rate is shown. The increase in the wear rate appears 

to be almost linear. The motor plus fluid indicates a 

slightly higher wear rate. This is probably due to both 

the increase in ethylene dibromide and the greater total 

amount of scavengers for the same tetraethyl lead content. 

The wear rates for the various commercial ethyl gaso

lines, white gasoline, and isooctane are shown in figure 7. 

The wide difference in wear rates may be accounted for by 

the varying contents and types of antiknock fluids used. 

Brand D is known to use aviation mix while brand C uses 

its own additive in addition to an antiknock fluid. It is 

suspected that this antiknock fluid is also aviation mix 

as the advertised additive could not account for this low 

wear rate. Another possibility is that the source service 

station had bought some brand D gasoline when their own 

brand was not available. Brand A was the only fuel using 

motor plus fluid and its high wear rate checks with the 

results shown in figure 6. Brands E and F are two normal 
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commercial ethyl gasolines that use the motor mix anti

knock mixture . 
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Fig. 6. Effect of Scavenger Content on Ring Wear. 

10 

(r' 
I 
........ 

~ 
a.. 
u 

w 
~ 
4 5a:: 

a:: 
4 
w 
~ 

ONE-CYLINDER ASTM CFR ENGINE 

PART LOAD 900RPM 



- -

-- --10 r-

w 
1
<[ 
a: 

5 
a: 
<[ 
w 
~ 

0 

ONE- CYLINDER ASTM 

PART LOAD 900RPM 

-
1-- -~ 

w 
z 
<[ 
1- 0 
u u0w 01 0 0 z- '..f)- z <[I 

<[ a::~ 
,....--- a: CD 

CD ,....---

n 
FUEL 

CFR ENGINE 

212F JACKET 

-

LL.. 

0 
z 
<[ 
a: 
CD 

r--

w -
0 
z 
<[ 
a: 
ID 

- r--- 

CD 

-
0 
z 
<[ 
a: 
CD 

<[ 

0 
z -<[ 
a: 
ID 

Fig. 7. Effect of Various Brands of Gasoline on Ring We ar. 
1\) 

\.11. 



26 

Fig. 8. Combustion Chamber Deposits. 

Brand B uses an additive which is purported to remove 

deposits from the combustion chamber (11, pp.449-450 and 

14, pp.67-68). Some trouble was encountered in testing 

this gasoline as the wear rate was high and erratic. 

After a long run, the wear rate finally became uniform. 

The heavy deposits shown in figure 8 are probably respon

sible for this. It is possible that · the additive loosened 

some of the deposits, allowing them to get between the 

piston and the cylinder walls to cause abrasive wear. 

Figures 9, 10 and ll sh ow the corrected wear slopes 

for the motor mix , the motor plus fluid, and the commer

cial ethyl gasolines respectively. The wear rates in 

figures 5, 6 and 7 were taken from these curves. 
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CONCLUSIONS 

The results of this investigation showed definite 

differences in the wear rates of currently marketed premium 

gasolines. The highest wear rate was more than ten times 

that of the lowest. The wear rate definitely increased in 

proportion to the amount of excess scavengers in the anti

knock fluid. 

It appears from the results obtained that at least 

two oil companies have already recognized and solved the 

problem of excessive wear from scavengers . The 1-T 

aviation mix appears to be the best antiknock fluid pro

vided some additive can be used to prevent spark plug 

fouling. The motor mix is slightly better than the motor 

plus fluid, but the wear rate of both is so much greater 

than that of the 1-T aviation mix that the difference is 

almost insignificant. 

The fact that the wear rates for brands C and D are 

lower than that of isooctane is possibly due to the use of 

additives wh ich may retard acid corrosion and to the 

lubricating qualities of lead. The reason for the rela

tively high wear rate of the white gasoline is still not 

apparent. 

Since the engine had been run mostly on isooctane in 

the previous project it may be assumed that most of the 
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deposita found in the combustion chamber came from the 

present tests as isooctane forms few deposits compared to 

other fuels (7, pp . 48-49) . The part throttle operation 

was also conducive to the formation of deposits since the 

combustion chamber is cooler and allows more salts to 

solidify. 

The results of this investigation may be applied to 

other engines since the corrosive wear of the scavengers 

is effected mostly by the amount that they exceed the 

theoretical quantity required by the tetraethyl lead. It 

is probably a simple matter of time before the rest of 

the oil companies will change to the l -T aviation mix . 

Another possibility would be a different antiknock fluid 

mixture having one theory of scavengers compos~d of both 

ethylene dibromide and ethylene dichloride to one theory 

of tetraethyl lead. 
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RECOMMENDATIONS 

The relatively high wear rate of the white gasoline 

might mask some results of the increase in wear caused by 

the addition of antiknock fluid. If isooctane were used 

as the base fuel the results might be more linear. At the 

time this project was begun it was not known that the l~T 

aviation mix was being used in automotive gasoline. The 

wear rate of this antiknock fluid should be checked, 

preferably with a low wear base fuel such as isooctane. 

Another possible avenue of research would be to 

simulate automotive conditions with cycles of part 

throttle and full throttle operation. In addition to this 

the effect of low cylinder wall temperatures might be 

investigated with a sulfur free fuel. 

The oil used in this experiment was another large 

source of combustion chamber deposits. The use of a 

synthetic oil with low deposit characteristics would 

allow better reproducibility and comparison of tests. 

Brand C is reported to use motor mix antiknock fluid. 

While the test made on this sample was satisfactory it is 

possible that the sample may not have been representative. 

It would be desirable to try another sample of brand C to 

check the validity of the first sample. It would also be 

better to test several samples of each brand of gasoline 
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from widely separated sources in order to be more sure of 

having representative samples. 

A definite sine wave was apparent in both the plotted 

data and the recorder trace. This might be due to the 

rotation of the ring. The rotation of the ring during 

operation could be checked by placing a small, radio

active piece of metal in the piston ring. This could be 

done by drilling a hole in the ring and pl acing the 

activated material in the hole. Two gei~r counters 

mounted at two adjacent corners of the cylinder could 

locate the radioactive material by the intensity of the 

radiation at each counter. 
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Instructions for Use of 
NOMOGRAM for RADIOISOTOPE BUILDUP and DECAY 

By J. R. Stehn and E. F. Clanc~ 
Knolls Atomic Power Laboratory 
Schenectady, New York 

Calculations of buildup or decay of radioisotopes 

involve the terms e·0 •693t/Tl/2 or (1 - e-0.693t/Tl/2) and 
often are inconvenient or tedious. This nomogram speeds 
such computations. 

By placing a straightedge on appropriate positions on 
the half-life and time of decay or irradiation scales, 
decay factors or buildup-toward-saturation factors for a 
particular isotope can be read at the straightedge inter
section with the scale on the right. One precaution: be 
sure to state half-life and time of cooling or irradiation 
in the same units. 

Example A: For a radioisotope whose half-life is 300 
days (half-life scale) and whose parent is irradiated for 
30 days {time scale), from the buildup-factor scale it can 
be seen that the radioisotope achieves 0.066 (6.6%) of its 
saturation activity in a given neutron flux. 

Example B: After the radioisotope considered in 
example A has-been removed from the neutron flux for a 
period of 190 days (time seale), from the decay scale it 
is seen that its radioactivity has decayed to a factor of 
0.64 (64%) of what it was at the time of removal. 

*operated by the General Electric Company for the u.s. 
Atomic Energy Commission. 
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