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SUMIARY

Tests with CFR and aircraft-type single-cylinder engines
were made to investigate the progressive accumulation of lead
deposits on spark plugs under nonvarying operating conditions.
Deposit-weight determinations and photographic observations are
presented, which demonstrate the following characteristics of
deposit accurmlation?

1. Deposits accumulate at rates that decrease as the total
weight of deposit increases.

2. The change in the rate of deposit accumulation with time
may differ with different engine operating conditions.

%« Deposits may change their positions on the svark olug
during engine operation under the influences of gravitation and
molecular forces and, possibly, forces arising from gas flow
within the combustion chamber.

IITTRODUCTION

One of tho disadvantages of lead as an antiknock agent for
aircraft fuel is its characteristic of depositing, either as the
metal or as a compound, on combustion—-chamber surfaces during en-—
gine operation. Lead deposits on spark plugs are known to cause
ignition failures both by bridging the electrode gaps and by form-
ing conducting paths across the insulator surfaces and are sus-
rected of lowering the preignition ratings of spark nlugs and of
contributing to the erosion of svark-wlug electrodes. Because of
these actions, the deposition of lead on spark plugs not only
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onstitutes a flying hazard but also increases the time and cost

of aircraft—ensgine maintenance, acts as a limiting factor on the
use of totraethyl lead, arnd constitutes an obstacle to the devel-
onment of spark olugs of longer service life.

Scveral investigations of lead fouling in swecific engines,

otably the V-1710, ’ ve becn made. Part of the spark-plug foul-
1ng difficulty experlenced with this type engine has been traced
to an uneven distribution of totraethyl lcad to the individual cyl-
inders under cruising condition reductions in fouling difficulties
have been achieved by the follow1ng aids to lead distribution: in-
crease in inlet-air temoerature; increase in coolant temperature;
and installation of a bafflec or a veanturi in the main induction
trunk. Occasional bursts of high-power oporation have heen found
to reduce deposits accumulated during long periods of cruise opera-—
tion. NACA tests (reference 1) and tests by the Zthyl Gasoline Cor—
poration have indicated that substantial reductions in lead fouling
can be realized by increasing the amount of lecad—-scavenging agent
(ethyleno dibromide) in the fuel above the stoichiometric provor—
tion normally used (1=T mix)s

At the rcquest of the Air Technical Service Command, Army Air
Forces, an investigation of the fundamental processes of lead foul-
ing of spark plugs was bogun at the WACA Cleveland laboratory in
August 1943, The results reported herein describe the character-—
istics of the progressive build-up of svari—plug deoosits with time
during single-—cylinder engine tests under nonvarying operating con-
dlthﬂo. The results are oresented ags a general survey of the

eposit—accumulation process and of the manner in which the process
may be exvected to chenge with widely varying operating conditions.
The survey orovides a basis for intervreting test results in studies
of tho effects of specific operating conditions on lead fouling,

METHOD AND APPARATUS

The progressive accurmlation of devosit on spark plugs was
observed by examining cach spark nlug and periodically weighing
its total deposit throughout a series of test runs at constant en-
gine conditions. Photographic records of the deposits were made
in somc cascs.

Detocrmination of deposit weight. — Deposit weights were deter—-
mined by weighing the spark plugs on an analytical balance before
and after their use in the engine., A cleaning technique was devcl-
oped to minimize weight errors due to oil, moisture, and other ex—
traneous material on external surfaces, For all of the tests exceont
one, the cstimated precision of weight uotermlnatlon (based on
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weight-precision tests) was 26 milligrams. ZFor one test the esti-
mated precision was £10 milligrams but the maximum deviation was only
6 vercent owing to the large amounts of doposits accumulated during
this tect (fig. 1). Tests with nonleaded fuel showed that weight
changes caused by carbon fouling and gap erosion were not greater than
the uncertainty of weight determination. o oil fouling was observed
during the tests. An uncontrollable (but probably small) error occurs
in the breaking off of deposit on the neriphery of the spark-plug
shell when the svark plug is remcved from the cylinder.

Test engines. - A CFR F-l Imock-test engine, with slight modi-
fications in the auxiliary equipment, was used for part of the tests.
For the remeinder of the other tests, & V=1710-51 engine modified
for single~cylinder operation was used. The rocker arms, pistons,
and connecting rods of the left bank were removed and holes were
drilled in five of the right~bank nistons to reduce friction losses.
The firing cylinder was 6R. Fuel was injected into a vaporization
chamber thot was connected to the standard three-port manifold of
the engine. The intake ports of cylinders YR and SR were blanked.

A petcock was installed at the lowest point of each blanked section
of the manifold to detect the accumulation of liquid fuel but none
wag observed. IEngine power was absorbed by a dynamomcter and stand=
ard laboratory equipoment was used to measure engine operating con-
ditions.

Spark olucs. - lfew spark plugs of three different types desig-
nated types A, B, and C, were uscd for the tests.

Fuel. - The fuel used for the tests was AN-F-28, Amendment-2,
with tetracthyl-lead additions (1-T mix) in some cases.

RESULTS AND DISCUSSION

Variation of deposition with time. - The history of deposit
accunulation on a tyve A spark plug in the CFR engine is recorded
in figure 1. 1In order that the test might cover the condition of
very large total devosit without the necessity for long engine runs,
the lead contont of the fuel was increased to 34 milliliters ver
gallon., Quelitatively, the variation of net rate of deposition with
time is typical of that observed under a variety of conditions of
engine operation, spark-plug type, =nd lead content of the fuel. The
deposit a2t the end of the test filled the spark-olug-nose cavity
approximately to the end of the insulator. A photograph of the
svark plug at the end of the test is also shown in figure 1. An
attempt to operate the spark plug at high engine power after the com—
pletion of the accuwmulation test was unsuccessful because of short
circuiting by the fouling deposit.




L NACA MR To. E5K25

Effect of power level. - As shown in figure 2, different encine
operating conditions may result in time~accumulation curves of quite
dl:?erent shapes and thc relative effects of different operatin
conditiong on total accumulation of deposit may depend upon opecrat-
ing time. The tcsts wore made with the CFR engine, using fuecl with
a lead content of 4.6 milliliters ver gallon, at two different power
levels. ©Sparl=-plug failure occurred during the low-powcr run shortly
after 14 hours of operation because of the formation of a small ball
of lcad deposit on an electrode gav. The avpcarance of the spark
plug at this time is shown in figure 3.

Accumulation of devosit masses. — The accumulation of ceoposit
P

with time in the cxhaust spark plug of the converted V-1710 single-
cylinder engine is shown in figurc 4. The enginc was operated at
cruise conditions with fuel containing 18 ml TEL ver gallon. During
the test, the develooment of deposit on the svarz plug was photo—
graphically recordecd. The photographs, which were talken each time
the spark plug was removed from the engire for weighing, arc shown
in chronological order in figure 5. The spark plug is shown in the
same orientation in all photographs, the orientation being approxi-
mately that which occurred in the engine. The photographs of fig—
ure 5 indicate that a large portion of the deposit existed during
engine operation in the form of molten globules, which changed posi-
tion under the influence of gravitation and molecular forces and,
possibly, forces arising from gas flow within the combustion charmber,
As the total deposit bccame large after long operaztion, the concen—
tration of decposit near the lowest woint of the spark-nlug cavity
became pronounced.

Obscrvations of devosits on many spark plugs at the Cleveland
laboratory have shown that the appearances and characteristics of
deposits formed under different conditions may be quite different.
It is thercfore impossible to desiznate any warticular devosit
typical; dcoosits similar to those of figure 5 have, however, been

observed on badly fouled swark plugs from engines in service usc.

Deposit losses. - The most characteristic foature of the accum-
ulation of lead deno 31t on spark plugs is the decrease in net rate
of deposit with operating time. Vhen the total dcposit is large,
such a decrecasc would be expected because of the resultant filling
of the sparl=plug-~nose cavity. QNeference 5 has shown that for spark
plugs of esgentially thoe same design differing only in the volume of
the nose cavity, the rate of accumulation of deposit is a function
of the volume of the nose cevity. Filling of the cavity does not,
however, explain differecnces in rates of change of deposition for
similar soark plugs such as are illustrated by thc curves of fig-
urc 2. The only general statcuent that ean be made concerning the
accumilation of deposit is that both the initial ratc of dcposition
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and its variation with time depend upon the construction of the
spark plug and its overating conditions. The manner in which the
rate of deposit varies suggests that the net rate is the result of
deposition, possibly at a constant rate, and loss of deposit at a
rate that increases as the total deoosit increases. Two processcs
of this typec might be cxpected to be indepcndent functions of oper-
ating conditions. The nonstationary nature of the devosit, as

shown by the ovhotogrsphs of figure 5, suggests that deposit losscs
might be expected to occur during ongine operation. In order to
test this possibility, a2 spark plug was operatcd in the CFR engine
at a specific ovower of 0,68 indicsted horscpover per cubic inch with
S refercnce fuel to wiich had been added 6 ml TEL per gallon. At
the ond of 75 hours, the spark »lug had collected 159 milligrams of
deposit. The spark »lug was then revlaced in the enginc and oper—
atcd for 1 hour under the same conditions but with nonleaded S rcf-
erence fucl. At the ond of the hour the deposit weight had fallen
to 112 milligrams, a value 30 percent lower than the original de-
posit weight. A similar test on another spark plug resulted in a
devosit loss of 35 percent during the operation with nonleaded

fuel. The hypothcsis that deposit is continuously being lost during
engine operation implies that advantages in antifouling performance
can be zaincd through the use of combustien-chamber and spark-plug
constructions that facilitate such losses.

Significence of deposit weishts. = The electrical failure of a
spark plug by lead fouling occurs when a deposit path of sufficient
electrical conductance to prevent sparking is formed between the
gpark-olug shell or a ground electrode and the center clectrode. In
the case of dircct bridging of the electrnde gap (fig. 3), a vory
small amount of deposit may sufficc to cause the actual failurc.
Experience at *he Clevelend laboratory has indicated that gap bridg-
ing is not the most common tvoe of failure of spark plugs incorporate
ing large nickel or tungsten clectrodes. In the more usual casc of
failure by conduction along deposits on the insulator, short cir-
cuiting does not occur until rclatively large quantities of deposit
arc presont. In this case, the occurrcnce of a short-circuiting
path devends uoon the amount of deposit present, its distribution,
and its clectrical conductivity. It seems cvident from figure 5
that, aside from certain concentrating influences such as the force
of gravity =nd large temperature differnces, the distribution of
deposit on the spark-plug surfaccs is largely a matter of chance.
The amount of deposit and the chomical or physical characteristics
of the deposit should then be considered as factors determining the
probability of failure, whereas the actual occurrcnce of failure is
dependent upon the distribution of dcvosit. The rate of accumula-
tion of devosit is a measurcble quantity that, when intervreted with
due regard for the characteristics of the devosit, is an indication
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of the probability of failure within a given period of operation.
Although the net rate of accumulation is apparently subject to some
randon variation, as would be expected from the foregoing discussion
of the nrocess of deposit build-up, it is 2 more reproducible quan-
tity than the occurronce of spark-plug failure.

In order to illustrate thc variations that may be observed
among deposit weishts obtained under constant test conditions, the
distribution diagram of figure € was prepared from the results of
224 deposit-accumulation runs mede to date for which deviations from
a mean deposit weight could be computed. The diagram of figure 6
includes deviations from the arithmetical mean for 2ll cases in which
two or more accumulation runs wore made under the same conditions
and deviations from the mean-value curves of independent variables.
The root-mean-souare deviation for the observations of figzure 6 is
13 percent. The tests for which the deviations were computed
covered a wide range of fuels and enginc conditionsg. Most of the
tests were of relatively short duration (zbout 2 hr). Exverience
has indicated that percentage deviations from & mean dsposit weight
for long tests arc apt to be as zreat as those for short tests.

SUMMARY OF RESULTS

Several tests, with coustant engine conditions during each test,
werce mede with CFR end V=1710 single-cylinder eongines and have shown
that the process of accumulation of lead deposits on spark rlugs has
the following characteristics:

1. Devosits accumulate at rotes that decrease as the totsl
weight of deposit increages.

2. The change in the rnte of deposit accumulation with time
nay differ with different enginre operating conditions.

3. Denosits may change their positions on the spark vlug dur-
ing engine operation under the influence of grovitation and molecular

forces and, possibly, forces arising from gos flow within the combus—
tion chamber.

Aircraft Engine Research Laboratory,
Hational Advisory Committec for Acronautics,
Cleveland, Ohio.
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Figure 2. - Effect of power level on deposit accumulation on type C

spark plugs with running time. CFR engine; compression ratio, 6.65;
fuel-air ratio, 0.10; inlet-air temperature, 90° t 7% F; coolant
temperature, 212% F; spark advance, 45% B.T.C.; fuel, AN=F-28,
Amendment 2 (4.6 ml TEL/gal).
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Figure 3. - A type C spark plug with ball in left gap that

caused spark-plug failure shortly after |4 hours? opera-
tion in CFR engine. Compgression ratio, 6.65; engine speed,
1800 rpm; indicated mean effective pressure, 82 pounds per
square inch; fuel-air ratio, 0,10; inltet—air temperature,
90° F; coolant temperature, 212° F; fuel, AN-F-28,
Amendment-2 (4,6 ml TEL/gal).
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Figure 4. - Accumulation of deposit on a type B spark plug in exhaust

position with running time. V-1710 single-cylinder engine; engine
speed, 2000 rpm; manifold pressure, 30 inches mercury absolute; fuel-
air ratio, 0.10; inlet-air temperature, 85° F; coolant temperature,
250° F; fuel, AN-F-28 with tetraethyl-lead content increased to 18
milliliters per gallon (|=T mix).
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— Accumul ation of deposit on a type B spark plug

in exhaust position of v-1710 cylinder. Engine speed,

2000 rpm; manifold pressure, 30 inches mercury absolute;
fuel-air ratio, 0.10; inlet-air temperature, 85° F; coolant
temperature, 250° F; fuel, AN-F-28 with tetraethy! |ead

content

increased to I8 milliliters per gallon ([-T mix).
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