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I. Background

Due to health concerns from public exposure to lead in
automotive exhaust, the Environmental Protection Agency (EPA)
undertook a lead phasedown program in the early 1970's to
remove lead from gasoline. At that time, refiners used
approximately 2.5 grams per leaded gallon (gplg). In 1982
the amount of lead permitted in leaded gasoline was reduced
to 1.10 gplg. On March 7, 1985, EPA further reduced the
allowable level to 0.50 gplg, effective July 1, 1985 and
0.10 gplg on January 1, 1986. A complete ban on leaded
gasoline has been considered for as early as 1988. The
Agency has not proceeded with a total ban because of a concern
that older engines designed for leaded gasoline may suffer
premature valve seat wear if required to use unleaded gasoline
exclusively, and a major health effect study of lead exposure
required further review.

The Agency determined that 0.10 gplg would be satifactory
to protect those older engines, based on testing that had
been done in the early 1970's. Results of those tests are

summarized in Costs and Benefits of Reducing Lead in Gasoline--

Final Regulatory Impact Analysis (EPA-230-05-85-006,

February, 1985). Generally, these tests showed that certain
engines when operated on unleaded fuel for continuous high

speeds, experienced valve seat recession. However, at lower
speeds, valve seat recession was greatly reduced. One study

showed that between 0.04 and 0.07 gplg would be satisfactory



to protect valve seats. Based on this and other studies,
EPA concluded that 0.10 gplg would be sufficient to protect
exhaust valve seats from recession in engines designed for
leaded gasoline.

The farming community expressed a concern that older
farm engines designed to operate on leaded gasoline may
experience engine damage if operated on low-lead or unleaded
gasoline. 1In response to that concern, Congress required a
study to be conducted under Section 1765 of the Food Security
Act of 1985 (P.L. 99-198) (Act).

The Act required the Administrator of EPA and the
Secretary of Agriculture (USDA) to "jointly conduct a study
of the use of fuels containing lead additives and alternative

lubricating additives,”" on gasoline-powered agricultural
machinery. The study was to analyze the potential for
mechanical problems (including but not limited to valve seat
recession) that may occur with the use of other fuels in farm
machinery. The Secretary of Agriculture was to specify the
types and items of agricultural machinery to be included in
the study and all testing of engines was to reflect actual

agricultural conditions, including revolutions per minute

and loads placed on the engines.



I1. Scope of study

The study's overall goals are to determine the risk to
engines if gasoline is limited to either low-lead or unleaded
and to evaluate alternative additives to lead. The study
has a complex design because the relationship between gasoline
type and engine durability is a function of both engine
design and usage patterns. The primary engine component at
risk with a fuel change is the exhaust valve seat. This
wears by receding into the cylinder head. 1If wear is severe
enough, the exhaust valve eventually will not seat properly
and engine failure will follow. Factors influencing the
risk of wear include engine speed (rpm), load, temperature
and cylinder head design. Information is needed on all of
these factors to assess the risk of engine failure.

Little information was available about rpm and load
levels for agricultural equipment under actual use conditions.
Further, concern arose that since most of the equipment is
not new, the valve seats could have been modified during
overhauls so that original equipment specifications would no
longer accurately reflect the type of valve seats in use.

The study was divided into three areas: Agricultural
machinery testing on engine dynamometers; farm use survey of
gasoline-powered equipment; and field measurement of the type
of valve seat material in exhaust valve seats in gasoline-

powered tractors.



A. Dynamometer Testing

The design of the testing portion of this study was
initiated with a letter from EPA on December 6, 1985 to 25
potential commenters from EPA, USDA, the American Farm Bureau
Federation (AFBF), tractor manufacturers, university professors,
and independent consultants. The letter forwarded a statement
of work suggested for the study. Comments were received from
most of the recipients of the letter and suggested a wide
variety of changes. A meeting was held on January 27, 1986
with all commenters who wished to attend to discuss the
program and reach a consensus on engines to test, duty cycles
and other details of the test program. Twenty-one commenters
attended the meeting. Based on discussions at this session,
FPA revised the statement of work and sent it back to the
commenters for a final review. Through this procedure and
further contacts with engine manufacturers and others, EPA
and USDA representatives agreed on a test procedure for
tractors, combines, and farm trucks, including the selection
of engines and duty cycles.

In addition, EPA decided to include a recreational
vehicle (RV) engine in the study because of a concern expressed
by RV owners related to potential engine damage while operating
these engines on low-lead or unleaded gasoline. EPA developed
a duty cycle to be used on the RV engine, after discussions

with consultants and original-equipment manufacturers.



Engine testing was performed by the National Institute
for Petroleum and Energy Research (NIPER), an independent
research laboratory located at Bartlesville, Oklahoma. (See
Appendix 6 for information on how to obtain a copy of their
report.) Technical advice and oversight were provided by two
consultants, Dr. Louis I. Leviticus of the Nebraska Tractor
Testing Laboratory, Lincoln, Nebraska and Dr. Ralph Fleming
of Energy, Fuels and Engine Consulting Services, Accokeek,
Maryland. The consultants commented on the original program
design, visited the test facility on several occasions and
consulted on major program decisions throughout the study.

Their evaluation of the test program is in Appendix 2.

B., PFarm Engine-Use Survey

The second area of this study was a survey of the number
and use of selected gasoline-powered farm equipment (tractors,
combines and trucks). Questions were added to a Farm Labor
Survey conducted in July 1986 by the National Agricultural
Statistics Service, USDA. (See Appendix 5 for a copy of the
survey form and see Appendix 6 for information on how to obtain
a copy of the manual that accompanied the questionnaire.)
Survey results were related to the results of the dynamometer
tests in order to characterize the degree of risk encountered
by farm equipment. Highlights of that analysis are included
in this report. More esxtensive analysis of the data may

reveal additional information about the use of these engines.



C. Cylinder Head Survey

Valve seat recession is affected by the type and hard-
ness of the material used in valve seats. A field survey of
cylinder heads was performed to determine what material
(cast iron, soft steel, hard steel or stellite) is in the
exhaust valve seats of tractors. Due to overhauls, engines
may no longer have valve seats meeting original equipment
specifications.

The survey, conducted by the Radian Corporation,
Sacramento, California, involved sending an engineer to test
cylinder heads removed by eight tractor dismantling and
salvage firms located throughout the United States. (See
Appendix 6 for additional information on how to obtain a copy

of the protocol and quality assurance plan for this survey.)



ITI. Agricultural Machinery Testing on Engine Dyhamometers
A. Test Design

Lead combustion products s=2rve as solid lubricants for
some parts of the engine--primarily the exhaust valve seats.
Engines designed for leaded gasoline typically have a valve
seat geometry designed to prevent excessive accumulation of
lead compounds. They may also use valve rotators for this
purpose. Valve seat wear appears to be related primarily
to engine speed and load.

A tractor duty cycle was designed to reflect a full range
of tractor use conditions. The duty cycle had two parts.
The first part consisted of 144 hours (16 hours/day) at
governed engine speed and loads varying from no load to full
power. This cycle was zadopted from the cycle used by the
Nebraska Tractor Testing Laboratory (SAE J708).1/ The
second part consisted of a 56-hour continuous test at governed
engine speed and 75% of maximum available power. This segment
represents the maximum continuous load that is likely to be
placed on these engines, such as pumping irrigation water,
The combine engine was tested using the same duty cycle.
(See Appendix 3 for a description of the duty cycles,)

The farm truck engine was operatel throughout the 200

hours at varying engine speeds (2000-3600 rpm) and loads

(25% to 85% of maximum power) representing normal conditions

1/This cycle has a long history of use in testing the perfor-
mance of new tractors,



for farm trucks larger than one-ton capacity. The RV engine
was operated for 144 hours at varying engine speeds (2000-3600
rpm) and loads (45% to 85% of maximum power) followed by a
56-hour hour steady state cycle (100 HP, which is 52% of
maximum power, at 3000 rpm). The farm truck and RV engines
were operated for 16 hours on and 8 hours off throughout the
tests. (See Appendix 3 for a description of the duty cycles.)
Before each test, the cylinder heads were changed and
broken in on the next fuel being tested. Testing was conducted
on leaded (1.2 gplg), unleaded, and low-lead (0.1 gplg) gasoline,
and gasoline containing non-lead additives.z/ The principal
focus of the testing was to record wear of exhaust valve seats.
Valve clearance was set to manufacturers' specifications each
time a measurement was taken. In addition, the contractor
measured intake valve seat recession, valve stem length, valve
guide and stem wear, valve tulip diameter and valve seat angle,
valve spring force and height, and other measures of engine
wear. FEngine performance was monitored and emissions tests were
performed on the exhaust gases. After each fuel test, engines
were carefully examined for deposits and other conditions that
may have resulted from the test. Elemental analyses of the
lubricating oils were conducted. Cylinder beads and valve seat
inserts were carefully selected to control the hardness of

exhaust valve seats.

2/Leaded gasoline in this study contains tetraethyl lead.



Tractor and combine engines usually have solid valve
lifters., A valve adjustment is needed in the engines after
about every 15 thousandths of an inch of wear and new valve
seats are needed after about 125 to 200 thousandths of an inch
of wear. While repeated valve adjustments theoretically make
it possible to continue operating an engine as valve seat
recession occurs, as a practical matter, an engine operator
is likely to burn a valve and, thus, require an overhaul of
the valve assembly before all of the potential adjustments
can be made. This is because valve seat wear gives an operator
few clues to the problem until significant damage occurs.

There is no increase in engine noise and misfiring and loss
of power often are not noticed until after valves or valve
seats have burned. Automotive-type engines usually have
hydraulic valve lifters so regular valve adjustments are not
needed. New valve seats are needed in these engines after
about 75 thousandths of an inch of valve seat wear. New
valve seats may be obtained by replacing the cylinder head
or by machining out the valve seats and installing valve
seat inserts.

Proper clearance also must be maintained between valve
stems and valve guides. Worn valve stems and guides result
in increased 0il usage and may cause excessive valve and valve
seat wear because the valve does not seat properly. When valve
guide clearance increases by more than 2 thousandths of an inch,
many manufacturers recommend that the valve guides be replaced

or that the valves be replaced by ones with oversize stems.
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See Appendix 6 for information on how to obtain a copy of
the statement of work used in the study and a detailed descrip-
tion of the engine tests, including fuel and oil specifications,
engine rebuilding procedures, recession measurement guidelines,

and other test parameters which NIPER was required to follow.

B. Engines Tested

The five farm equipment engines initially selected by
USDA were: John Deere "B'", Farmall "H"” and International
Harvester 240 tractors, John Deere 303 cubic inch displacement
(CID) combine engine, and a pre-1974 General Motors 292 CID
(GM 292) truck engine. The engines, described in Appendix 4,
represent a broad range of engine sizes and characteristics.
EPA selected the pre-1984 General Motors 454 CID V-8 engine
(GM 454) to represent engines used in RVs.

Plans called for purchase of a duplicate of the engine
that experienced the most valve seat recession on unleaded
gasoline, in order to focus more attention on tests of this
engine. The GM 292 truck engine proved most vulnerable and
a duplicate was purchased. At the request of the USDA and
the American Farm Bureau Federation, a Ford 8N tractor engine
also was procured for the study after it was learned that
one of the other tractor engines selected did not need to be
tested on low-lead gasoline and non-lead additives. Manufac-
turers' specifications for the John Deere "B", International
240, John Deere 303, and GM 292 engines called for ordinary

cast iron cylinder heads without valve seat inserts. Hardness
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of these valve seats typically ranges from 9 to 25 on the
Rockwell C scale.z/ The Farmall "H" was originally eguipped
with "gray iron" valve seat inserts (Rockwell C scale values
of 26~36); the Ford 8N was originally equipped with harder
exhaust valve seat inserts (Rockwell C scale 39-43); and the
General Motors 454 CID engine was originally eguipped with
induction-hardened cast iron valve scats (no inserts) with a
Rockwell C scale hardnass of about 55 specified by the manu-
facturer.i/ The General Motors 454 and 292 engines are
currently being manufactured with induction-hardened cast
iron valve seats. All engines were tested with valve seats
meeting original equipment specifications except the Farmall
"H" and Ford 8N. Since the latter engines may have bhean
rebuilt with different valve seat material, they were tested
with ordinary cast iron valve seat inserts (Rockwell C scale

value of 17).

C. Dynamometer Testing Limitations
The dynamometer testing portion of this study has a
number of limitations. First, budget limitations did not
permit testing enough engines to assure statistical reliabil-
ity., Only one or at most two engines of any given type

could be tested. Second, dynamometer tests typically show

3/Lower numbers indicate softer materials.

4/Hardness of induction-hardened cast iron valve seats typically
ranges from 40 to 60 on the Rockwell C scale.



-12-

more wear than is found during actual in-use operation of
engines. Every attempt was made to make the tests represen-
tative of actual in-use conditions, but this was difficult
because data on how the engines are used did not exist.

Third, because of time and cost restrictions, valve design
factors which could affect valve seat wear, such as the
presence of valve rotators, were not examined fully. Finally,
unforseen engine characteristics such as air/fuel ratios and
mechanical problems, which appear to have an effect on valve

seat wear rates, were not controlled in the study design.
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IV. Results of Dynamometer Testing
A. Tests of Leaded Gasoline (1.2 gplg)

Baseline tests were run on the six original engines
using gasoline containing 1.2 grams per leaded gallon (gplg).
The duplicate truck engine (GM 292-B) and the additional
'tractor engine (Ford 8N) were not tested on gasoline containing
1.2 gplg because none of the original engines showed appreciable
wear with this fuel.

Table 1 summarizes the maximum rates of valve seat
recession (in thousandths of an inch per 100 hours) found
while operating the engines on leaded, low-lead, and unleaded
gasoline. Except for the GM 454 engine, essentially no valve
seat recession was found and no unusual wear occurred on
other engine components when leaded gasoline was used. It
should be noted that the GM 292-A exhaust valve guide diameter
increased by 1.8 thousandths of an inch and that the International
Harvester 240 intake valve guide diameter increased by 14.3
thousandths of an inch (probably due to an oil line blockage
that was corrected early in the test) which are substantially
more than were observed in the other engines. Exhaust valve
seat recession is not a problem with gasoline containing 1.2

grams per leaded gallon.
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Table 1--Maximum exhaust valve seat recession rates*--continued

4/ Recession may have been influenced by improper alignment
of rocker arm assembly. 5/ Operated 244 hours. 6/ Operated
300 hours. 7/ Results are for two tests. During the first
test (the larger recession rate), the cylinder head gasket
failed and may have generated additional heat which contributed
to the recession. 8/ Engine could complete only 71 of the
scheduled 200 hours due to recession. 9/ Engine was run
without the 3600 rpm part of the duty cycle. 10/ Engine was
stopped after 88 hours of operation due to recession.
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B. Tests of Unleaded Gasoline

All engines procured for this test program were evaluated
on unleaded gasoline. Recession data are summarized in
Table 1 and Appendix 1, Figures 1-13. Principal findings
are as follows.

1. The John Deere "B" tractor engine was tested twice
on unleaéed gasoline (Appendix 1, Figures 1 and 2). The
first test found that one cylinder had 11 thousandths of an
inch of recession after 200 hours of operation, all of
which occurred during the steady state portion of the test.
Examination of the engine after the test showed that the
rocker arm was not striking the valve stem tip properly and
it was believed that recession was due to this mechanical
problem instead of the fuel. This may have caused valve
guide diameter wear to increase from 1.0 thousandths of inch
for the leaded fuel test to 3.2 thousandths of an inch during
the first unleaded test. After properly aligning the rocker
assembly, the unleaded test was repeated with a new cylinder
head. Both exhaust valve seats experienced some recession
after 80 hours, but no additional recession through 200
hours. The test was continued on the intermittent portion
of the duty cycle for 100 more hours and no additional reces-
sion occurred. Valve guide diameter wear was consistent
with the rate observed for leaded gasoline. Valve stem
wear increased from 0.2 thousandths of an inch for leaded gas-

oline to 0.8 thousands of an inch for unleaded gasoline. No



!
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other unusual wear was observed. The John Deere "B" tractor
engine may experience a small amount of valve seat recession
but should not have problems operating on unleaded gasoline.

2. The Farmall "H" tractor engine did not experience
valve seat recession or any other unusual wear while operating
on unleaded gasoline and was not tested any further (Appendix 1,
Figure 3).

3. The John Deere 303 CID combine engine experienced
substantial valve seat recession while operating on unleaded
gasoline (Appendix 1, Figure 4). At 144 hours, all cylinders
showed recession ranging from 10 to 24 thousandths of an
inch. After the steady state portion of the test, total
recession ranged from 41 to 63 thousandths of an inch.

Valve guide wear increased from a maximum of 0.2 thousandths
of an inch on leaded fuel to 1.5 thousandths of an inch on
unleaded fuel.

4. The International Harvester 240 tractor engine was
tested three times on unleaded gasoline. The first test
showed no valve seat recession (Appendix 1, Figure 5). We
subsequently found that the cylinder head used was among the
hardest of the heads purchased for the tests. It was decided
to test the engine a second time using a cylinder head at
the softer end of the hardness range of heads available.
Substantial valve seat r:cession (43-49 thousandths of an
inch) occurred on two of the valve seats (Appendix 1, Figure 6).
About one-half of the recession occurred during the 56-hour

steady state portion of the test cycle.



- 18 -

Further investigation‘of the cylinder heads after the
tests were completed revealed that the hardness of the metal
in the seat area was essentially the same for both heads.
Differences in wear in the International 240, therefore, were
not due to differences in hardness of the valve seats.
Evaluation of the data revealed that the air/fuel ratio was
much higher during the test that exhibited valve seat recession
even though the engine was set to the manufacturer's specifica-
tions (Table 2). The higher air/fuel ratio may have contribhuted
to the valve seat recession since a leaner mixture would
cause higher exhaust temperatures. After the test was completed,
the carburetor was cleaned and the air/fuel ratio returned
to its original level.

A third unleaded test was performed on the engine using
exhaust valve seat inserts. The inserts were of about the
same hardness as the valve seats in the first two unleaded
tests on this engine. Appendix 1, Figure 7 shows that no reces-
sion occurred during the first 80 hours but then occurred very
rapidly. After 144 hours of variable loads, recession ranged
from 16 to 47 thousandths of an inch and then rose to 63 to 94
thousandths of an inch during the final 56 hours of steady
state operation. The air-fuel ratio did not rise during this
test. This test suggests that engines with valve seat inserts
are more susceptible to recession than engines without inserts

when the valve seats are of equal hardness.
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Table 2--Average emissions and air-fuel ratios by engine
and test fuel

: : : : Air-
Engine and fuel : 1/ :+ HC2/ : NOx 3/ : fuel
: : : ratio
Percent Ppm ppm
John Deere B :
1.2¢gplg « v v v v : 5.3 3,303 679 13.0
Unleaded :
Run 1 .+ . . ¢ .. : 9.3 3,202 202 10.9
Run 2 ¢« v v v v &« & : 6.0 3,605 847 12.2
Farmall H
1.2gplg e o ¢« .. . . 5.1 3,544 1,008 13.0
Unleaded . . . . . e oo 4.2 2,187 1,116 13.4
International 240
1.2 gplg v « « . . . . 5.1 3,133 817 12.7
Unleaded
Rnt1 ... .. ..t 5.7 2,358 925 12.5
Run 2 . . « ¢« v o« o« 2.1 1,338 1,380 14.3
Inserts . . . . « . : 4.6 2,022 NA 12.9
0.1 gplg :
No inserts . . . . . : 6.3 2,606 868 12.3
Inserts . . « « « & : 5.6 2,104 NA 12.5
John Deere 303 CID :
1.2gplg v « & v o . : 4.9 3,610 1,212 12.7
Unleaded : 4.6 1,951 1,305 13.0
0.1 gplg & ¢« & v ¢ v & 6.3 2,612 738 12.2
DuPont additive 4/ . . : 5.2 2,033 NA 12.7
Standard "PowerShield" :
additive 5/ . . . . . : 7.3 2,482 NA 11.8
Ford 8N :
Unleaded . . . . . . . : 5.5 2,933 NA 12.5
GM 454 CID :
1.2gplg « v ¢« v « . . : 2.0 1,726 1,950 14.0
Unleaded :
No inserts . . . . . : 2.5 930 1,802 13.8
Steel inserts . . . : 3.4 813 NA 13.4
0.1 gplg v ¢ v v v o : 2.5 1,090 1,868 13.9
Standard '"PowerShield" :
additive 5/ . . . . 3.0 891 NA 13.6

Continued--~
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Table 2--Average emmissions and air-fuel ratios by engine

and test fuel--continued

: : : Air-
Engine and fuel : @ 1/ : HC 2/ NOx 3/ fuel
: : ratio
Percent ppm ppm
GM 292 CID, engine A
1.2gplg v ¢ ¢ ¢ v v v 3.8 2,356 1,339 13.4
Unleaded . . . . . . . . 4.3 1,006 1,119 13.1
0.1 gplg
Runt1t .. .. .... 3.0 1,597 1,696 13.7
Rim2 ... ¢ o 3.9 1,182 NA 13.2
DuPont additive 4/ 3.8 1,054 NA 13.3
Standard "PowerShield"
additive 5/ . . . . . 2.7 1,205 1,924 13.6
GM 292 CID, engine B
Unleaded
THCL 6/ « « & & « « 3.9 1,436 1,398 13.1
Lighter load 7/ 3.9 1,222 NA 13.2
0.1 gplg « ¢ ¢ ¢ o v o 5.2 1,416 NA 12.7
Concentrated "PowerShleld"
additive 8/ . . . . . : 4.9 2,865 NA 12.7
1/ Carbon monoxide.
2/ Hydrocarbons.
3/ Nitrogen oxides.
4/ 200 pounds of additive per 1,000 barrels of gasoline.
5/ 250 pounds of additive per 1,000 barrels of gasoline.
E/ Induction-hardened cast iron exhaust valve seats.
7/ Engine was run without the 3,600 rpm part of the duty cycle.
8/ 1,000 pounds of additive per 1,000 barrels of gasoline.
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Valve train inspection data show that exhaust valve
guide wear was up to 2.2 thousandths of an inch without
inserts and up to 8.7 thousandths of an inch with inserts
compared to a maximum of 0.9 thousandths of an inch with
leaded fuel and no inserts.

5. Tested with ordinary cast iron valve seat inserts,
the Ford 8N bad up to 17 thousandths of an inch of valve seat
recession after 144 hours, and 17 to 29 thousandths of an inch
of recession after 200 hours, a significant amount of wear
(Appendix 1, Figure 8).

Two cylinders may have had above-normal valve guide wear
based on comparisons with the leaded fuel tests on the other
engines (the Ford 8N does not have a leaded-fuel baseline test
since none of the original engines tested showed appreciable
wear with this fuel).

6. The GM 292-A CID truck engine, when tested on unleaded
fuel with ordinary cast iron valve seats, experienced the
highest rate of recession (Table 1 and Appendix 1, Figure 9).
In fact, the test had to be terminated after 71 hours due to
fear that the engine would be severely damaged by excessive
valve seat recession. Exhaust valve guide wear increased
but not substantially more than found in the leaded test.

A duplicate engine, GM 292-B, was tested with the harshest
portion of the duty cycle (3600 rpm) deleted. The wear rate
was reduced by 40 percent, but the test still had to be

terminated after 88 hours due to excessive valve seat recession
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(Appendix 1, Figure 10). Subsequently, the GM 292-B engine
was tested with induction-hardened cast iron exhaust valve
seats, and experienced 11 thousandths of an inch of recession
after 200 hours (Appendix 1, Figure 11). However, there was
a greater change in exhaust valve guide diameter (a maximum
of 4 thousandths of an inch versus 1.8 thousandths of an
inch for leaded fuel) during this test. Valve length was
reduced by up to 8 thousandths of an inch compared to increases
of up to 4 thousandths of an inch for leaded fuel.

7. The GM 454 recreational vehicle engine was tested
with induction-hardened cast iron valve seats. All cylinders
showed significant recession, ranging from 14 to 30 thousandths
of an inch after 144 hours. Total recession increased slightly
to a maximum of 34 thousandths of an inch after the steady
state portion of the test (Appendix 1, Figure 12). The
induction hardening process for the GM 454 affects the valve
seats to a depth of about 50 thousandths of an inch. Rapid
wear would be expected after the induction-hardened portion
of the valve seat is worn away. Exhaust valve guide wear
increased from a maximum of 1 thousandths of an inch using
leaded fuel to 4.6 thousandths of an inch while operating
on unleaded fuel.

A second test on unleaded fuel was conducted using soft
steel "XB" valve seat inserts (Rockwell C scale value of 42)
designed for moderate-duty use. This test also showed valve

seat recession but it was much less; 17 thousandths of an inch
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after 144 hours with little recession during the final steady
state portion of the test (Appendix 1, Figure 13). Maximum
exhaust valve guide wear of 1.7 thousandths of an inch occurred
compared to 1 thousandths of an inch on leaded fuel.

8. Summary of Results on Unleaded Gasoline,.

Engines operated at low speeds (e.g., John Deere B,
rated at 1250 rpm; and Farmall H, rated at 1650 rpm) should
have little or no problem operating on unleaded gasoline,
regardless of the type of valve seat material. Engines
which operate at medium rpm (e.g., International 240 and
Ford 8N rated at 2000 rpm) are likely to experience significant
valve seat recession unless they are used only for light-duty
tasks or have hard steel valve seat inserts. Engines operated
under heavy-duty steady state conditions may experience 2-4
times more recession than engines operated under a wider range
of load conditions.

Farm equipment engines operating at higher speeds (e.g.,
John Deere 303 CID, rated at 2500 rpm) which have ordinary
cast iron valve seats probably will experience considerable
valve seat recession. Based on the tests of the GM 292 and
GM 454 CID engines, we concluded that automotive-type engines
of the type tested, when operated under conditions represented
by the duty cycles used in these tests, are extremely suscept-
ible to valve seat recession when they have ordinary cast
iron valve seats. Furthermore, the tests on the GM 454

showed that engines could experience considerable recession
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even if they are equipped with induction-hardened cast iron
valve seats which are still being installed in new vehicles.
Based on tests of the GM 454, soft steel inserts also are
vulnerable with unleaded fuel although wear rates appear to

be lower than for induction-hardened cast iron seats. Unleaded
gasoline also increases valve guide wear and may increase
valve stem wear.

Factors other than the lead content of fuel also affect
valve seat recession, probably because of heat differences.
Higher air/fuel ratios appear to increase valve seat recession.
Engines with valve seat inserts appear to be more susceptible
to valve seat recession than engines with equally hard integral
cylinder head seats. The use of valve rotators also may

increase recession.

C. Tests of Low-lead Gasoline (0.1 gplg)

Four of the original six engines showed significant
recession on unleaded gasoline and, therefore, were tested
on gasoline containing 0.1 gplg. The John Deere 303, the
International 240 (with and without valve seat inserts) and
the GM 454 engines all operated satisfactorily on 0.1 gplg
(Table 1 and Appendix 1, Figures 14, 15, 16, and 17).

Other parameters measured showed no changes for the
International 240. Compared to leaded fuel, maximum valve
guide wear increased from 1.0 thousandths of an inch to 2.0
thousandths of an inch in the GM 454 and from 0.2 thousandths

on an inch to 1.2 thousandths of an inch in the John Deere 303.
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The GM 292-A experienced significant recession after
91 hours (Appendix 1, Figure 18). Since the head gasket failed
at about that time, and may have contributed to the valve
seat recession, it was decided to retest the GM 292-A engine
and the duplicate GM 292-B, engine on this fuel.J/ One of
the engines showed no increase in wear compared to the leaded
test. The other engine showed slightly more recession in
one cylinder. Overall, little recession occurred in these
subsequent tests (Appendix 1, Figures 19 and 20). Under
good operating conditions, most farm engines probably will
experience little or no valve seat wear using 0.1 gplg gasoline.
However, 0.1 gplg appears to be at or near the minimum
level needed by most of these engines when they are properly
maintained and operated under conditions similar to the duty
cycles tested, unless other forms of valve seat protection
are used (such as non-lead additives or more wear-resistant
seat materials).
The technical specialists who worked on this study
believe that excessive heat may contribute significantly to
valve seat recession. The head gasket failure and differences

in air/fuel ratios observed in this study are two of many

5/The exact time that the gasket failure started to
occur is not known because it did not cause an abrupt change
in the engine's behavior or in the performance measures being
monitored, such as power, engine temperature and emissions.
One of the consultants on the project (Dr. Ralph Fleming)
examined the test data and engine characteristics to determine
if the gasket failure caused the recession, and reported that

a conclusive determination could not be made.
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factors that could cause excessive heat that may not be
detected by operators in everyday engine operations. An
improperly maintained engine might experience excessive

valve seat recession even when high concentrations of lead

are in the gasoline, but good engine maintenance is especially
important when using gasoline containing only 0.1 gplg or less

of lead.

D. Tests of Non-lead Additives6/

Two proprietary additives were evaluated in the test
program.z/ An additive manufactured by Lubrizol Corporation
(Lubrizol) was tested on the John Deere 303, GM 454 and GM
292 A and B engines. The second additive, produced by E.I.
duPont de Nemours and Company (DuPont), was evaluated on the
GM 292-A and the John Deere 303 engines.

Table 3 and Appendix 1, Figures 21-25, summarize the
rates of exhaust valve seat recession found while operating
the engines on the Lubrizol and DuPont additives.

1. Test Results Using the Lubrizol Additive

Three formulations of the Lubrizol additive were tested.

E/Products containing tetraethyl lead to be added by the
consumers were not evaluated because we would expect the same
results as with the leaded-fuel tests that were conducted.

7/Additives were selected for testing in this program if
the manufacturers indicated to EPA a desire to have their pro-
ducts tested and they provided data to EPA which showed that
their products had the potential for reducing valve seat
recession when used with unleaded gasoline.
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The first, a modified version of a product Lubrizol sells
under the trade name "PowerShield" had little effect on valve
seat recession. Lubrizol, subsequently, notified NIPER that
the product had not been properly formulated and asked that
"PowerShield" be tested. "PowerShield" was tested at the manu-
facturer's recommended concentration of 250 pounds per 1,000
barrels of gasoline. For the GM 454, recession was about
comparable to that found using 1.2 gplg and 0.1 gplg. However,
compared to unleaded gasoline, "PowerShield" slightly reduced
but did not stop wear in the other two engines tested
(John Deere 303 and GM 292-A) (Table 3 and Appendix 1, Figures
21, 22, and 23). Valve guide wear was above normal with
"PowerShield" (based on the test using 1.2 gplg gasoline) in
the John Deere 303 (3.3 thousandths of an inch compared to
0.2 thousandths of an inch with leaded).

"PowerShield" was tested in one engine (GM 292-B) at a
concentration of 1,000 pounds of additive per 1,000 barrels
of gasoline (four times the level normally recommended for
the product). Valve seat recession was stopped (Appendix 1,
Figure 24). Valve stem wear was slightly greater than was
observed for both leaded and unleaded gasolines.

The "PowerShield" additive caused deposits to form in
the combustion chamber of the engines. Engine deposits
increased when the "PowerShield" concentration was quadrupled.
Combustion chamber deposits can increase an engine's octane

requirement, but it is not clear from this testing whether
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the deposits seen would significantly alter octane requirements
or have any other effects on the engines.

"PowerShield" at the 250 pounds of additive per 1,000
barrels of gasoline also c;used 0oily black deposits to form
on intake runners, but the implications, if any, are not
known. This occurred in both the GM 292-A and John Deerc 303
engines and to a lesser extant in the GM 454.

Examination of lubricating oils revealed substantially
higher levels of sodium in the o0il after running the engines
on "PowerShield." Two of the engines also had elevated
levels of phosphorus and the engine that ran on "PowerShield"

at 1,000 pounds of additive per 1,000 barrels of gasoline had

much larger quantities of sulfur in the oil.

2. Test Results Using the DuPont Additive

Two angines (John Deere 303 and GM 292-A) were tested on
the DuPont additive at about twice the concentration normally
recommended by the manufacturer. The test on the John Deere
303 was terminated after only 48 hours due to a problem with
the engine's cooling system. At that point, essentially no
valve seat recession was occurring. However, 48 hours was
not long enough to yield meaningful results.

The DuPont additive reduced valve seat recession in the
GM 292-A engine, although, at 22 thousandths of an inch per
100 hours, wear was st 11 excessive (Table 3, and Appendix 1,
Pigure 25). The additive caused deposits to form in the

eongine. A large amount of hard, sticky deposits was found on
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the intake valves. One intake valve was unable to close
completely and was beginning to burn. Inside the combustion
chamber, a glaze deposit had formed on valve surfaces. The
full implications of these deposits, including the potential
for eliminating them, are not known.

Examination of the lubricating oils revealed substantially
higher levels of phosphorus after running engines on the

DuPont additive.

3. Summary of Additive Testing
The DuPont additive, at about twice the concentraton

normally recommended by the manufacturer, provided some degree
of protection against valve seat recession. At the manufac-
turers recommended concentration, Lubrizol's "PowerShield"
reduced recession. At four times the concentration normally
recommended by the manufacturer, Lubrizol's "PowerShield"
stopped recession in the one engine tested. Both additives
produced engine deposits which raised unanswered questions.
The DuPont additive increased the amount of phosphorus in the
lubricating oil. '"PowerShield" also increased the amount
of sodium, sulfur, and phosphorus found in the lubricating
oils. Nevertheless, although further product development
work is essential, the additives may have potential as sub-

stitutes for lead.
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V. Results of the Farm Engine-Use Survey and Cylinder Head Survey

The National Agricultural Statistics Service, USDA
conducted a survey of farmers to learn how many gasoline-
powered tractors, combines, and large trucks are in use on
farms and how much they are used. The survey was conducted
in July 1986. The questionnaire is in Appendix 5. (See
Appendix 6 for information on how to obtain a copy of the
manual that accompanied the questionnaire.)

At that time, farmers operated a total of 4.4 million
tractors, of which 1.8 million were gasoline powered and 2.6
million were diesel powered. The gasoline-powered tractors,
which average 26 years of age, were used an average of 250
hours in 1985. The amount of use varies with the size of
the tractor (Table 4). Further, tractors with low annual
hours of operation tend to see more light duty use (Table 5)
than tractors that are used more.

About 42 percent of gasoline-powered farm tractors are
used exclusively in light duty tasks and, therefore, have
little risk of valve seat recession if operated on unleaded
gasoline. The other 58 percent of tractors see some medium
and heavy uses which potentially make them vulnerable to
excessive valve seat wear if fueled with unleaded gasoline,
unless they are low-rpm engines, have hardened exhaust valve

seats, or are protected by a fuel additive.
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Table 4--Distribution of gasoline-powered

tractors by size and hours of use, 1985

Annual

hours of use

Number of tractors

Average horsepower

20-49

50-99
100-149
150-249
250-499
500-749
750-1499
1,500 or more

All tractors

213,784
324,146
321,520
350,372
303,857
141,992
84,884
33,160
1,773,715

31
34
38
43
46
49
49
54
40
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Table 5--Annual use of gasoline-powered tractors, 1985
Percentage distribution of use
Annual
hours Irrigation Hard Medium Light
of use pumping use use use
20-49 0.35 8.61 25.48 65.55
50-99 0.05 9.15 30.08 60.71
100-149 0.44 9.99 33.92 55.64
150-249 0.42 12.26 34.29 53.03
250-499 0.17 14.37 36.77 48.68
500-749 0.41 16.80 40.45 42.34
750-1,499 0.27 18.72 43.22 37.79
1,500 or more 0.16 23.00 43.54 33.31
All tractors 0.29 12.08 33.91 53.72
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Farmers operate 271,000 gasoline-powered combines that
average 19 years of age. On average, each combine harvested
220 acres of grain in 1985. Combines, like tractors, see a
skewed use distribution (Table 6). All combine engines
receive hard use and are likely to experience excessive
valve seat recession if they have cast iron valve seats and
are operated on unleaded gasoline.

About 750,000 gasoline-powered trucks larger than l-ton
capacity are used on tarms., They average 19 years of age
and were driven an average of 3,800 miles in 1985. Over
half of the trucks were driven less than 2,000 miles (Table 7).
Trucks receive a range of light to hard uses. Data are not
available that would more precisely characterize this use
although, on average, it is thought to be represented by
the duty cycle specified for the tests conducted by NIPER.

The Radian Corporation conducted a survey of tractor
dismantling operations to determine the type of material in
tractors' valve seats. (See Appendix 6 for information on how
to obtain a copy of the protocol and quality assurance plan
for this survey.) An eddy-current test was used to identify
stellite valve seats and steel/cast iron seats. A chemical
test (for the presence of chromium) was then used to distin-
guish between valve seats made of steel and cast iron. Data
were obtained from eight establishments located throughout
the United States. This survey is subject to large sampling

and measurement errors and the data have not been fully
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Table 6--Distribution of number of gasoline-powered

combines by number of acres harvested, 1985

Number of acres harvested Number of combines

1-99 101,641

100-199 69,159
200-299 32,418
300-399 24,446
400-499 13,793
500-999 22,594

1,000 or more 6,294

All combines 270,345
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Table 7--Annual miles of farm trucks

larger than 1 ton rated capacity, 1985

Total annual
miles driven Number of trucks
0-1,000 254,805
1,001-2,000 145,783
2,001-3,000 81,896
3,001-4,000 42,568
4,001-5,000 74,053
5,001-10,000 96,361
10,001-20,000 32,341
20,001 or more 5,955
All trucks 733,762
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examined at this time. A preliminary analysis suggests that
33 percent of all gasoline-powered tractors may have hard
valve seat inserts. These would not be vulnerable to valve
seat recession with unleaded gasoline. The remaining 67
percent of the tractors have cast iron inserts or have seats
that were machined into the cast iron heads. These tractors
are potentially vulnerable to valve seat recession with
unleaded fuel if the engines are operated under medium-duty
and/or heavy-duty conditions.

While hundreds of thousands gasoline-powered engines on
tractors, combines, trucks and other large farm equipment
face no risk of damage if fueled with unleaded gasoline,
hundreds of thousands of others need lead or an effective
substitute if they are to continue in their present uses

without needing an engine overhaul.
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Appendix 1

Exhaust Valve Seat Recession by Cylinder



-39-

B[2RD RINP O UCTJAIATISAP JO0F }X3) 93§

(5ANOY) aWI]

002 O8T 09T OFT OZT 00OT O8 09 oP Lo 14 0
LANS: I s R S LM S E— T T T OTO " O—

e ——— T £ S S S S 2 m S St 0000
L.~ 7 Joto0
.Homo.o
4 OE0 0
{ovo-o
10800

39RO 1090°0
aje3§ Rpeags a12RD U3l ) ITWIIJUL loeo o

Zi# JIPUTITRD 71080°0

1 060°0

T# J2PpUIIRD 00T O
(Sayoul) UOISSadaY

53¥as anien UOGJIT 3P SeD
T una “1anjy papeaiun ‘g axaaq uyop
UoISsaosay jeas anfeqn Jsneyxyg

T 3xnBTI g



-40-

i

a1oRo R3NP JO UOIJdIXISapP J0F 3X3) a3asg

(SANOY) BWIL

082 ore 002 09T 0ZT 08 oF O
-—T—1T77r——T T 7T 7T T T 17T 7] 0TO " 0-

000 "0
.QﬁO.G
. 0200
§ QEQG O
4 0P0"0
] 0500
. 0900

3ToRD
a1ahRD 23e3} S |
JUB}J IMIAIJU] Rpeaj s 319R) U3} IMIIJUT -1 OLO "D

108070

106070

T# Xapurifd 00T O
(SaYOUI) UDISSaDIY

Z# JIPUITRD

S3eas5 aanlen UOXT }SED
Z unx ‘[ang papeajun ‘g aJxaag uyor
uoIssaaay 3}e3§ anfen IIsSNEYXT

Z aunb14g



-41-

4

EH

cH

T

002

aIPUT [RD
JXIPUT IR

JapuIIhy

SEVITE S 4]

(SANOY)I aWI]

08T 09T oOFT 02T 00T 08 09 OF

210RD R3NP JO UOIZ3AIADISAIP A0F 3}X3)} aas

1 v 1 v T ’ T T 1i T L]

e wm e e o wm w w = = = e = - -

= SN AN ORI o

— OTO "0~

a1oafR>

aje3s Rpeass

ayjofi7 3uU33 3 IWMaIaj U]

= 000" 0
m 010" 0
{0200
1 o0g0-0
1 ov0-0
{0g0"0
10900
{ocoo
{080°0
{0600

5335 aajen UOJXI 35eD
I[8nF papeafun ‘H [rewaxeyq

uoIssasay 3eas Iaren IsSneyxy

£ SuanbBIg

00T "0
(SaYOUI) UODISS3IDaY



-42-

o4

CH

"

EH

cH

TH

ai(oRo RINEP JO UDIZFATADSIP X0F 3Ha) 3%

(SANOY)Y SWI]

0o0Z O8T 09T OPT QT 00T oO8 Q9 or

xapulhd

XAPUIIARD [

aapur R

qIPUT IRD

xapurhfd

aje3s Rpears

T

afahd
BIDRD U3 IWAIIU]Y

T OTO"0-

0 0T0"0
.MQNO.O
“ONG.G
oro O
0G0 "0
O30 "0
QLO"O
<1 080 0O
4 06070

PR BTN N S R

53E35 an[en UOXT 3 S5ED
I3njy papeajun “qId £0F Sdaa] uwjop
UOISSaDay 3¥ag Iafen ISNeEYxHg

P auniBi1g

00T 0O
(S3aYDUIL)Y UDISsaday



43—~

r#

N

cH

TH

00Z O8T O9T OFT 02T 00T

JIPUI TR
J3PUIIRD

- = -

JAIPUTIRD

xapurihd

a8[ofRD R3NP JFO UDIFAIIISIP AOF X33 23g

(SANOY) IawWI]

o8

¥ Ll T L] T T

31oRD
aje)s§ Apeass

BI0RD U3 ITWAIJU]L

T—— OTO"0-
000" O
OT0 "0
Q200
QEOQ"O
i o0 "0
0500
0900
0LO O
0800
0600

PSS S I R T

S3eas Inlen UDII

T unx

‘IanyF poapeaiun

UOISS3oday j3eas anien

C IanB1 g

3}sen
"OPZ HI
3 sneyxyg

00T "0
(SaYDUI) UDISSaIDaY



-44-

rH

EH

<

™

o0Z

ZBPUTIRD|

aaput R

XBPUTIRD

SEVITES £i5)

B319R0 AINP FO UOI3dIJAOSap JA0F JXNIj aa5

(SANOYI IWIL

08T 09T OFT OZT OOT O8 Q9 or

1 ] T T T T 1 T { T 1 ¥ 1

T OTO "0

— e == 000 "0

. OT0 "0
. Qe0 "0
] QEQ O
“OW0.0
. 0SO"0

310R)
aje3s Rpeazs

BT2RD 3U3L) TWAIJU]

090" O

QLO O
0800
0600
ooT "0

I B |

53Ea5 IN[ENn UOXTI 3} SED
Z una ‘[any papeajun ‘OFZ HI
UDISSaDIY 3ea5 Infen Jsneyxy

g auanb1jg

(SaYJUurL) UDISS3IDaY



-45-

o4

EH#

cH

™

3I9RD R3NP JFO UOIFAIADSIP AODF 3xaj} a3

(SANOY)Y SIWI]

002 08T O9T OFT 02T 00T 08

JX3puIIh)d
S ET-ITE & §its )

J3pUurifo

xaputfd

T T T T

afohR)
a8je3s Rpeays

E— OTO"0O-

2I2RD) JUI}J IMIAIJU]T

0000
{0100
0200
0E0 "0
o0v0 ' 0
{o0g0'0
1 o090-0
102070
{0800
] oeo-o
l oot 0

v doa 1 o 8

S3IX3SUT 3}eaAS AIn[en UOXTI 3SED

£ unx

UDISSaonay 3eag Iaren 3Jsneyxy

T

[anF papeaiun

L Sunb1yg

‘OFPEZ HI

(SaYDUI) UOISSanay



-46~

i

EH

oH

T#H

00% O8T 09T OFT OZT 00T

JAIPUTLTED
XIPUTTRD

JIPUT TR

ABPUTL[HD

2I2RD RaNp FO UDIZAIXDSaAp J0F X33 Iag

(SAMOY) SWIL
og 09 oF

— OTO " 0—

aje3s Apeays

T T T T T ~r T T T T T T 4 T

e 00000

e

a1o9R)
BIORD FUIFJ IWIIJIU]L

. OT0 O
102070
i QEOQ O
m oFQ "0
10800
Q0900
0LOO
08070
4 060°0
.OGH.O

FURE SU S BT B

S3JXa5Ul 3ea3s5 2n[eEn UOAT }SED
12anF papeaiun ‘HYg paod
UDISSaoay a5 aIn[en IsSneyxdyg

g 2:daniBijg

(SayYour) UGISSanay



SIORD R3NP JO UDIJIAIAISAP AOF 3¥H3j) 23ag

*S3aYOUIT FET'Q ST 9 §# JAIPUITRT UD UDISS3oad [E30]
"UDISSasaX IATISSIOINS 03 aNP SANOY T2 3E PIJEUIMIAI) 3S53]

-47-

94

cH

4

£

cH

H

(SaAnNoy) awury

002 08T 09T OFT OZT OOT 08 09 OF OF
o L] ¥ T T ¥ ¥ ¥ L T ) ¥ T T T L] olﬂolol
0000
ZapuTED 107100
------- °N°I°
JIpurihfy QEQ O
— — ; / oF0 "0
XIPUT TR / ma 0S0G"O
........ , y 0900
XIPUTIRD / ]
S 4 / 0L0"0
X3PUT TRD .\ e 0800
.\ 1 -y
/ 060°0
ABPUT [FD £ oot 0

53€35 JATEN UDJAT 3 Sed
I2anF papeaiun “Y-zZ6Z HD
UOISSaoay j3eas an[en jJsneyxy

6 SANBIJ

(SaYDUT) UDISSaIDayYy



-48-

o4

CH

H#

EH

H

TH

aI2RD RINP JO UCIJATADSIP JKOF IKI3 93§

"HEafoUI 6600 ‘UDISSIDAJ

MNWIXKERW "UCISSaDad INISSaIXI 03 anp Sanoy 8§
3¥ PajzeuIMasal 353] I[OFT ayj JFo uolijxod
WdX QOOF 943 9)BUIWIIE 03 paBueyd I[aRT Azng

(SANOLY) IWI]
00 O8T 09T OFT 02T OOT o8 09 O L Frod O

™ T T T T T T T T T Y T Y T T T T T T

JIIPUTL [RD s .

XIPUTRD S A

xaput[RD Ve

SEIATRS () i

-
PR N T T RO S

xaput 6D

¢(Sayoutry UOIsSsSaDay

2IDAD RINP JX2IYBTY
S3eISE Ia[en UDII PSED

Iany papeajun ‘-6 WD
UOIS5anay 1eas Inlen I SNEYMT

OT aJdIns1 g

OTo " O—

A OO0 "0

OTO "0

O<0 "0

QEG O
OF0 "0
oS00
D900
OLOO
0800
0600
O0T "0



-49-

o

cH

4

£

i

H

SI5RD AANP FO UOIJAIADISAP JA0DF X3} Ias

(SANOY) IWI]

002 08T 09T OFT O0OZT 0OOT OB 09 ov

SET-ITR & %)
J3PUTIRD
XIPUTRD

JIPUT [ RD

xIPUT IRD

r 1

— — — — ——  ——— i — i —

07O "0
0000
loto o
{0200
Jogo 0
Jovo-o
{oco-0
10900
lowo-o
{080 0
1 o600

53€38S IN[EA UOJAT 3 SED PIUIPIEY-_UOCTIHINPUI
Iang papeaiun ‘g-Z6Z WD
UoIsSsanay j3ea§ aanlen ISNEYXH

TT 2anB1 g

00T "0
(SaYOUIL) UDISSaoay



-50-

a8

L

oH

CH

P

£H

cH

TH

Lo
1

XBPUT IR

S{2RT ARIMP JO UOIFAIXIDISIP A0F 3IHaI] I3[

(SANDOY) IWI]L

00z O8T 0ST OFT OZT 00T ©O8

iﬁWl
JAPUTRD

JIPUTTRD

3

XBPUI[RD

JIPUI[RD

HAAPUT TR

AIPUTIRD

AIPULIRD

L e T =
._ﬂ?..ﬂ s
2[oRD

ajeys Rpeays

I Bl i ' T

BI9RD U3} ) IMIBJU]

(o100 Sl ¢)
(SaYoUL) UDISSaDaY

53E35 IATEN UCAT 3}SeD PaUuIPAEY-UOI)INPUT

I2M3F papealun

2T =2JnbB1 g

‘TS WD
UDISSaday jeag anfen 3sneyxy



-51 -

g

L#

9%

CH

o4

£H

cH

TH

Japur 1R

xapurthd

Xapux R
JXIPUI IR
x3apurhd

J3IPUI IR

Xapurfd

ayafo RINP FO UDIFAIIIDISIP AOF 3}XaIj Iag

(SANOoY) SWIL

002 o©08T 09T OoFT 0OZT 00T

o8 09 or 0z O

219RD
aje3s Rpeajs

319RD) JU333TIWIAIJU]T

Q0T "0
(SaYIUI) UDISSadray

53JX35UT }eas Infen [II3S

IanF papeagun

‘TG WD

uoIssa0ay 3}eas anfen jsneyxy

£ET aunb1g



~-52-

9%

oH

H#

EH

ZH

™

AT2RD RANP JO UDIFJAIAISIP JA0F

(SANO) aWI]

Q0T O8T 09T OFT 02T 00T 08 09 or

3xa33 B3

T

b S k.

I M 1 T I

o~

T T T M T

e == RS A O u

3

JAIPUI TR
ASIPUL[AD
A3IPUI TR

JAIPUITRD

JAIPUITRD

aj3e3s RPeajs

- RS O sl e . S, T N Z E
e e E . N S T e e e [ T T U S e

ST2RD
B1I0AD JUIJJ IMIIJU]Y

53¥a5 IATEN UODAT 3} SED
148 OT'0 “dID> E£0E =9d3a uyor
UOISSaonay 3eag aaren JsSMEYXT

PT 2anb1 g

(SaYoIUT) UCISSaDaY

OTQ"0—

o000

OTO"0
0200
CEQ O
o0 "0
oGO0
0900
0LOO
0800
06O "0
QOT0O



-53-

i

EH

<l

TH

SI9RD R3NP FO UDIJAdIADSaP JA0F 3Xa) Iag

3 FeYUSHURXD UINOJIY O3 NP SANOY ET I° PIJLUIMISI) 353]

002 08T 09T OFT 02T OOT OB o9 or

Japurt fd
XIPUT TRD

XapPuIIRD

XIPUI I RD

(SANOY) IWI]T

— OTO"0-

IToRD
aje3s Apeazs 219RD 3U333 TMAA U]

=T =] 000 "0

uOﬁ0.0
102070
§ QCEC O
mQﬁ0.0
7108500
hOm0.0
m OLO O
7108070
. 0600

£3eas an[en UOJAT 3} SED
6148 OT"0 “OFZ HI
UOISSaaay 3eas aalen IJsSNeYXT

cT aan61g

OO0T'0O
(SaYOUIL) UoISSasay



-54-

a[ofRo AINP JOo uoIjdIADSIp A0F 3Xaj 225

{SANOYI IWI]T

002 O8T 09T OFT OZT 0O0OT OB 09 oP o2 L
T T T T T T T T T T T T T T T T T T T Oﬂo.ﬁwl

eloli o
10700
y 0g0 "0
QEQ O
Oov0 "0
0SSO0
0900
QLO O

b# JIpPUIfiD
arohRn
aje3s ApPea3}s S19RD 3U333) IWIAj U]

£EH JIPUITRD

S T VUV FOUU WA B

Z# w2puIihd Qg0 O

-~ QOO

TH w2puIlhR) QOT "0
(Sayoul) UDISSIaDIIY

S3AasSUI 3¥IS IAEAn UOAT 3S5ED
BIdB6 OT"0 “OFZ HI
UOISSaDay JEI§ anlen JsSNeEYXy

9T a3anbi1 g



-55-

a1ofo R3NP FO UDIZAIADSapP J0F }Xaj) aag

] (SANOY)I IWI]L
8# WApPUIIR)
o 00Z 08T 09T OFT OZT OOT OB ©09 OF OF 0
S# JIPUIIRD {000
— 40800
T# Japurifd . loco o
........ ajye}s Apeazs B19RD JUIL) TWAIJU] 40900
£# JIPUITRD -
4 0L0"0
Z# JIPUITRD 40800
40600
TH J3purIihfd 00T 0O

(S9YOUI) UDISSaday

5)Ea35 IATEN UOCIATI JSED PIUIPABY-UOCIJINPUT -
£1d5 OT"0 "BCSF WO
UOISSaaay j3eas aanren JsSneyxd

LT 2unBGrg



-56~-

CH

i

EH

ZH

TH

a12RD RANMP FO UCI3AdIJADISIP A0DF 3XI) 225

SANOY OZT 3€ paseldaax j3asens peay J3purihRd

(SANOY) aWI]

002 OBT 09T OFT OZT 00T OB o9

AIPUT IR

JBPUT RO

X3purIRd

JBPUT [RD

aIPUT [HD

Oof 0z O

—_y

T T T T T T T T T T Y T T

——————— OT0 "0
1 0000
l o100
lozo-o
{o0g0°0
1 ovo-o
1 ogo-0
10900
0200
Jloso-o
loeo-o

53835 Sa[en UDAT }5eD

T una “B1dB6 OT"0 “U-Z6Z MWD
UDISSaNay j3eas Iale }SNMeyYxyg

8T 2vnb1jg

OOTF "0
(SaYouUL) UDISSaIDaY



-57 -

9%

CH

v

EH

Fd

™

3I2AD R3NP JOo UDIFAIADSIP ACF 3Xaj aaIg

(SANOoY) SWI]T

002 08T 09T OFT OET OOT OB 09

JAIPUT TFRD
JX3PUT IR
xapur 1o

Japur IRn

AIPUT RS

™

! T T T T T T T -r ™ +—

P S YRS BT

S1¥a85 aalesn UOITI j}5ed
2 una ‘B1d6 OT "0 “U—-262 MWD
UDISSaDay jeasg Infeqn IJsSsnNeyxy

6T SunbB g

OTO"0-
o000
OTO "0
0Z20°0
QEO0"O
oGO
0500
090°0
QLO"O
0800
0600
QOT O

(SaYyour) UDISS3ITIY



-58~

9

CH

H

£H

cH

TH

002 08T

XIPUT TR
JAIPUI IR
XIPUTTHRD

JapurIhRo

XBPUT TR

3I0RD Ranp JOo uoijdIadsap JA0F }Xaj3 aas

(SANOY) SWI]
09T OFT O©Z2T 00T O©8 09

od O

———1 OTO "0-
l o000
Alog.o
{1 0z0 0
ibomo.o
1 0%0"0
{0500
1 o900
mo._b.o
41 0800
0600

PR BN

51eas JA[EA UOXI 3 S5ED
B1dB OT"0 ‘H-262 HD
uoIssanay PeaA5 Iaren IsSNEYXH

0g Sunb1rg

Q0T QO
(SIYOUTL) UCISS3IDIY



-59-

a1oR2 R3NP JO UCIFATIADSIP ADF }XI} II§
auijoses jo
Syaaaeq Q00 ‘T 43d spunod OGZ 3¢ Pasn IAI}IPPE ,PIaIysaamod,

C(SANOY> IWT]L
002 08T 09T OFT ©OZT OO0T ©O8 09 oF o2 0

L IR ¥ T L ] L T LA T 1 i 1 T T v o.—.°-°|
Q00 "0
9§ JIPUIIRD JOdQ.O
....... 1# 0200
Ci JIPUI IR 41 0800
1
—_— 1 ov0°0
PH#H J2PUITRD 4 0500
........ 3196D 4 0900
E# JIPUITRD | aj3e3 s ARpeajs SI2RD U3} TIWIIJU]L 1
10L0°0
Z# JIPUIIRD uQmo.O
4106070
TH JIPUITRD 00T O

(S3YIUTI) UDISSaday

51¥2as JIAlen UOIT j}SeD -
wPI3TYSaamod, [0ZriXqnT "dID> E£0E 2x3ag uyor
UOISSasay jeas aanren Isneyxy

TZ aunS1g



-60-

afaRo R3NP JO uDIj3dIOSIP X0F 3}X3} IIg

aulfoses 3O

spaxaeq QOO ‘Y wad Spunod OGZ 3 Pasn anijlppe ,PIalysaamod,

8H#

L

9%

SH

¥

EH

ZH

TH

T 7T

e

AIPUTL [HD

Awmumumhm

AIPUTTRD
aIpurIho
JIPUI IRD

JX3pUur IRy

FEYVITE § 351

(SINOY) SIWIL

ooz 08T ©09T7T OFT ©OZT 00T OB 09 or 02 0

a1o9RD
ajyejs Apeass

—

T T T T v v T T T Y L o.—..o.ﬁ'.l

a[af3 jU33FIMAIJU]

00T 0O

(SayYoutr) UOISS3ITIY

5185 aa[eAn UOAT JSED PIUIPIAEY—_USTIJOINPUT
wPI2IYySuaamod, [0ZXA940]T ‘S WD

voIssanay jeas aanlen 3sneyxy

22 aaANBTq



-61-

STadaeq Q00T Jad spunod QGZ 3¢ PaIsn aanlj}ippe

o8

SH

4

EHR

cH

TH

SI2RD RANP JO UOTI3AdIADSIP JAO0F 3XI) 3%

‘Sayour ZTT'Q ‘UCISS3Dad WNWINe)
‘UCISSADaX ANISSAIDIKS 03 aNP SANOY FF )€ PajeUINMII} 3S5af

auIlOoses 3o

(SANOY) IWI]

002 08T 09T OFT 02T 0OOT OB 09 OF

JIPUT TRD
JIPUT R
JI3IPUT TR

a3purIhD

JIPUT IR

wPI2IYFXaMOg,,

1 M L 1 M L M I M 1 ¥ T

L E— OTO " 0—

Q0 "

40700
4 0EO"O

. {o0g00
/ H{ov0"0

Joco o
10900
{0200
{0800
10600

532as an[en UOATI j}S5eD
wPIITIYSIIMOG, [OZTAGNT ‘Y-~-ZEZ WD
UDISSaoay 3e€as anleqn I)snNeYxy

g2 auanb g

00T 0O
(S3YIUT) UDISSaDay



-62-

S[2R2 R3NP FO UOIZAIAOSaIp JA0F 3Xaj) B35

auijosel jJo sS]aaxeq
000 ‘T aad spunod O00‘T 3€ Pasn aaljIppe ,PIdIYysdaamod,,

(SANOY) aWI]

002 08T 09T OFT ©OZT 00T ©8 09 ov oz o]
T T T OTO "0

0000
OT0 "0
402070

CH JIPUIIR)D 41 OEO O

_—— 1 0%0°0
P# JXIPULIRD 40800

........ 10900
E# JIPUITLHRD 1
1 0L0°0

Z# XIPUTIRD 1080°0

4 0600

T# a3puyhd 00T 0
Amv._w..‘_”u:..n b} :Dﬂmmwowﬂm

S3eas aalen UOATI 3 5ed
WP I IYSAamod, PaIajedajuasduo]d [OZIaqnT “‘g-Z6Z MWD
UOISSaDay 3eag aaren 3sneyYxyg

p2 aans1g



-63-

EH

cH

TH

JI3PUT IR

J3PUIIRY

J3puiiho

S[R3 ARINpP JOo UOIFAdIJISIP JAO0F }xa3 23§

(Sanoy) SWI]L

00Z 08T O9T OFT 02T OOT o©8 09

auljoses jo
SIadXeq OQ0°'T Jad spunod QOF 3 PaIsn Inljippe jpuogng

——— OTO "0
000 "0
loto-0
lozo 0
logo-o
l owo-0
loco-o
{0900
{0200
{0800
] o600

53€35 aanfea UOAT 3}5€D

AT IPPY JuodWI ‘U-ZZ HD
UOISSaoay jeas anlefn jsneyxy

GZ SJantIjg

00T 0O
(SaYyour) uorssaosay



64~

Appendix 2
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Engine Testing Performed by NIPER
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17508 Clinton DOrive
Accokeek, Maryland 20607

' summawsssig  Energy. Fuels and Engine Consulting Services

March 2, 1887

Mr. Richard G. Kozlowski

Director, Field Operations and Support Division
EN—-387F

U. S. Environmental Protection Agency
Washington, DC 20460

Dear Mr. Kozlowski:

The purpose of this letter is to provide comments on the testing program
involving agricultural engines that was conducted by the National Institute for
Petroleum and Energy Research (NIPER) at Bartlesville, Oklahoma. The final report
resulting from that study is entitled "Effect of Low Levels of Lead and Alternative
Additives to Lead on Engines Designed to Operate on Leaded Gasoline™. In order to put
my comments into perspective, some background information on the overall study will
be given.

Background

During the latter part of Calendar Year 1985, a proposed test plan was developed
by the Environmental Protection Agency (EPA) in cooperation with the U. S.
Department of Agriculture (USDA). That test plan was reviewed and commented on in
December 1985 by representatives from various engine manufacturers, universities,
government agencies, organizations representing the farmers and other interested
parties. An EPA/USDA meeting was held in January 1986 with members of the various
reviewing groups to discuss the development of the testing program. The contractor
was under contract to do the work by early summer of 1986 and actual engine testing
was begun in June 1886. The draft final report was delivered to EPA for review in
January 1987.

Because of a variety of different equipment configurations ranging from twe to
eight cylinder engines, laboratory modifications were necessary to accommodate the
various engines. Some engines required pressurized cooling systems, while others
operated at atmospheric pressure. Some older engines used in the study had carburetor
systems that were inherenty poor in their ability to control air—fuel ratios.
Procedures for determining valve seat hardness and recession during the accumulations
had to be developed by the contractor.
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Severa! factors unrelated to the fuels being tested, resulted in setbacks of the
experimental schedule.  They included: failures of dynamometer equipment;
mechanical failures of engines; and an unusual amount of raintai! in the vicinity of the
contractor site which flooded the taboratory.

Performance of Contractor

The cortractor has done an exceilent job in conducting the testing program and
executing the varicus tasks on a reasonshle time schedule, considering the shart lead
time for setting up the experimernts and the many setbacks that were beyond the
contractor's control.  The quality of the datz is as good as couid be expected,
considering the liritations on the budget and the number of engnes available for
testing.  The methods developed for determining valve seal hardness and recession
guring the accurmulation of hours were sdequate for the purposes ot the study. The
valve seal recession measurements taken during the accomulation of hours were
vanked—up by bench inspections of the cylinder heads. The bench measurements were
mads hefore the siart of the accumulation of hours on the engines and after the
completion of each test by an independent certified automaiive mechanic, This was an
excelient methad 1or confirming the accuracy of valve seal regession measurements
because the two separate measurements were made {otaliy independent from each
other.

The testing program was well conceived with a representative cross section of
engine types being incorporated into the testing. The chosen engine duty cycles were
good in that they served to show valve seat recession as a function of fuel type for some
engines, while other engines showed no valve seat recession with any of the fuels. In
general, the contractor performed well in executing the experimental testing in a
timely fashion and produced a technical report that provides useful data on the effect of
gasoline lead levels and alternative additives to lead on valve seat recession in enyines
that were originally designed for leaded gasoline. However, at no fault of the
contractor, EPA or USDA (because of budget constraints), it would have been helpful to

have had maore engines in the testing program. This aspect will be discussed further in
the following section.

Adequacy of the Test Data

The data from the program are adequate for the purposes of the study with the
exception of two areas. One area relates to the question of whether or not lead at 0.10
gram per gallon in gasoline is adequate to prevent valve seat recession in all of the
engines tested. The Ford 8N engine was not tested on D.10 gram per gallon leaded
gasoline, therefore, no data are available to determine if D.10 gram per gallon leaded
gasoline would prevent valve seat recession in this engine. The GM 2392 engine showed
significant valve seat recession in one cylinder with 0.10 gram per gallon leaded
gasoline. Because a head gasket failure occurred mid—way through the accumulation of
hours on this first test, the engine was rebuilt and retested and 10 thousands of an inch
recession was noted for one valve seat. A duplicate GM 292 engine was tested later in
the program with no observed valve seat recession. Although a head gasket failure
occurred In the first test, the engine was repaired at 120 hours and the test was
continued to 200 hours. Valve seat recession continued after the head gasket
replacement at 120 hours. Although the rate of vaive seat recession was lower after
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the head gasket replacement than that just prior to the head gasket failure, there
appears to be no basis for throwing out this test result. The overall results from the
GM 282 engine tests for 0.10 gram per gallon leaded gasoline are mixed. Further
engine testing is required to determine whether or not 0.10 gram per gallon leaded
gasoline will provide adequate protection against valve seat recession in the GM 292
engine.

The second area which needs further study is alternative additives. One additive
(additive "D") tested in the current program showed good results when blended at a
concentration of 1,000 pounds of additive to 1,000 barrels of gasoline. However, the
lubricating oil wear metals analyses for the additive "D" test showed increased
concentrations of iron, chrome, sodium and molybdenum when compared to other fuel
tests with the same GM 282 engine. These results indicate the need for longer term
engine durability testing with the additive to determine any adverse effects on the
engine such as deposit formation in the engine or increased wear. Since the additive
contains sodium and possibly other metallic elements, an assessment should be made to
determine if the use of the additive might result in potential degradation of air quality.

Recommendations for Future Work

Should additional engine testing be considered in the future, | suggest that
additional studies be done on alternative additives as a method for preventing valve seat
recession. In addition to identifying additives that successfully prevent valve seat
recession, once an additive has been shown to be effective, further work would be
needed to determine any detrimental effects the additives might have on the engine.

If further testing is done, | recommend that a larger number of engines be tested
to account for engine—to—engine, test—to—test, and day—to—day variability. In
addition, changes in uncontrolled engine variables such as air—fuel ratio may influence
valve seat recession. The experimental tests just completed indicate that a larger
number of engines is required to give conclusive results.

An example illustrating the need for a larger number of engines is the
International Harvester 240 engine used in the current study. The first test with
unieaded gasoline showed no valve seat recession. A repeat test with a slightly softer
cylinder head showed exhaust valfve seat recession in two cylinders. At this point, one
might conclude that the softer cylinder head was responsible for the valve seat
recession in the repeat test. However, subsequent inspections to determine the
hardness of the cylinder head material near the individual valve seats indicated that the
observed valve seat recession in the repeat test probably was not due to differences in
hardness between the two cylinder heads. It was also noted that the engine’s air —fuel
ratio (uncontrolled variable) was significantly leaner for the repeat test which could
have contributed to increased valve recession. A third test was run on this engine using
unleaded gasoline with cast iron valive seat inserts which resulted in exhaust valve seat
recession in all of the cylinders. In the third test, the average daily air—fuel ratio was
similar to the first test. The variation in test results for a given system suggests the
need for replicate testing for each engine/fuel combination in the testing program.

It is recognized that it is impractical to run every engine type in the overall
population. However, once a given set of engines is selected for testing, replicate
testing of each engine setup and fuel is highly desirable. In many cases, it is impractical
to run enough engines and tests to provide statistically significant results. However, a
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compromise situation may be appropriate for providing a basis for good engineering
judgments. For a test program such as the one just completed, three tests is the
minimum number of replicates which would give reasonable confidence in the data.
This could be done in two different ways. One way would be to repeat the same test
three times on the same engine. The second way would be to run three identical engines
simultaneously. Should further testing be considered in the future, | strongly
recommend that replicate testing be done to increase confidence in the resulting data.

One way to reduce test—to—test and day—to—day variability, and possibly reduce
the number of engine tests required to provide conclusive results, is to control air—fuel
ratio. First, one would have to determine the normal operating air —fue! ratio for each
operating mode and the variation of air—fuel ratio within each mode for each given
engine. Then the air—fuel ratio would be controlled (by means of a special laboratory
apparatus) at its “average” value throughout the accumulation of hours on each test.
The air—fuel ratio would be controlied at a different value for each operating mode
corresponding to the normal air—fuel ratio characteristics of the engine.

Since most of the engines tested showed a problem with valve seat recession on
unleaded fuel, an assessment should be made to compare the relative cost and
practicality of retrofitting cylinder heads with hardened valve seats to using
alternative additives or using D.10 gram per galién gasoline. This assessment should
take into account the total number of engines in the field, the number of engines that
have potential for a valve seat recession problem, etc.

Summary

In summary, the contractor has done an excellent job in conducting the
experimental work and completing the project in a reasonable time frame. The data
from this program are of significant value and should be published in @ form such that
anyone in the public domain can obtain a copy of the report. In addition, the contractor
should be encouraged to publish the results of the study in an engineering society
technical paper. Should any future testing be contemplated, | recommmend that
additional work be done on alternative additives to lead. An assessment should be done
to determine the cost and practicality of retrofitting cylinder heads with hardened
valve seats. Also, replicate engine tests should be considered to better account for
test—to—test variability.

Should there be any questions about these comments, please do not hesitate to give me
acall.

Sincerely,
A ?%*?\
Ralgh D. Fleming | '
Consultant
ce: S
Jerry Alisup, NIPER
John Garbak, EPA

Gerald Grinnell, USDA
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REFORT
Assessment of the testing program conducted by NIPER on selected
gascline engines.

lowis 1. Leviticus
Nebraska Tractor Testing Laboratory.

March 25, 1987.

i. 1 want to compliment NIFPER, and in particular Mr. Allsup and
hig staftt, for a job well done under severe time constraints. The
work  was  carried out with competence and integrity. The only
criticiem I have is the fact that the 0il analysis was not
carried out exactly as 1n the original plan of work.

2. One of the great limitations of this project has been the fact
that not encough engines of each type could be evaluated. It is
quite clear from the hardness measurements that considerable
variation exists between heads. This variation may be the result
of manufacturing processes or may be due to different sources for
the heads or inserts used. Hence, tests of the statistical
significance cannot be applied i1n this study.

I Although the resultes obtained may be debatable from a
statistical significance viewpoint, they nevertheless provide a
gaod insight into the problems encountered when operating an
engine, designed for leaded fuel use, on unleaded fuel and with
additives.

4., In general, the results tend to show that the combustion
chamber temperature may be a major contributor to the phenomenon
of recession of valve seats below a certain critical hardness
value. Higher coambustion chamber ltemperatures can occw due to a
variety of reascons:

a. High loads.

b . Inadequate cooling (dirty radiator, slipping belts, blocked

passageways 1n the engine etoc.).

C o Lean fuel mixtures (High A/F ratio).

d. Ignition problems (Timing, Fouled spark plugs).

€ Carbon or other deposits in the combustion chamber.

g It cannot be determined with certainty from the data what the
critical seat hardness is. This would seem to  depend uwpon the
engine characteristics and, possibly, on the way the engine is
used and maintained. ’

& . Engine speed may not be & factor by itselfi-bues coupled with
a high leoad and/or & lean mixture an increase in engine speed may
lead to earlier recesuvion. This is a judgement call., The study
was  designed to simulate the operation of engines under normal
conditions. It accomplishes that purpose. However, several
questions remain unanswered concerning what esxactly causes
Peresst on.
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7.  The results tend to show that at Ol gplag none of the engines
sutfered from excess recession. A definite conclusion cannot be
reached however since one of the engines did show excessive
recession aftter  head gasket failure.  Since the test did not
examineg the harshest possible operating conditions, one cannot
concliude that 0.1 gplg will protect all englLnes under all
operating conditions.

8. The data from the additive tests, limited as they were, do not
warrant their recommendation,at this stage, as a replacement for
lead. This conclusion is based on the following reasons:-

& It appears that there is, as vet, uncertainty about the
correct cocentration of some of the additives. I may point
out that 1t ie possible that different engines might
reqguire different concentrations of an additive.

b. The recommended concentrations, for the additives tes-—
ted, showed that the engines were not completely protected
against recession.

C. AN examination of the effect of the additives on emissions
was inconclusive.

d. The il analysis showed that when additives were used, the
Sodium content usually increased drastically. The sodium is
apparently introduced to the oil throuwgh the additive.
Since the formulation of the additives is proprietary the
compeosition of the compound in which sodium occwrs e net
Enown.

e. The o0il and exhaust gas analyeis did not include checking
for  sulphur compounds. Sulphur in the exhaust gases can
cavse damage to the engine and exbaust parts since they are
mived with Hydrocarbons and water wvapor and may form acids;
the =sulphur compounds  in the ox]l can cause damage  in
certain engines since they attact certain metal compounds.
It is very difficult to determine which engines would be
attected, since this depends upon:

-0 Engine combustion characteristics, which can vary with
engine design and operating conditions,

«u Different oils contain different additives which may
react differently with sulphuwr compounds.

o Metal alloys used in the engine. There are examples of
manufacturers warning the users against certain oils,
containing & molybdenum  compound, which releases a
sulphur compeound in the orl. This compound then combines
with water o create an acid, which attacks cerltain
allovs used,

f. The natwre of +the deposits found and their long-term
influence on the engine were not determined.

3 n The only fuel additive combination, whaich did not conse re-
cession was tested on one engine only.

9. Recommendations for futuwre testing.
The additives should be tested anmd evaluated turther in order to:
A Determine the correct concentration(s) to be used.
b Investigate whether the concentrations should differ for
different engine makes,
o Determine the compositicon of the exhaust geases and  their
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influence, 14 any, on the various engine components.
Determine the influence on the composition of engine oils
and the influence of the compounds on the o1l quality and
on alloys used in various engines.

L
tor/Testing L.ab

l.ours I. e
Nebhrashka Tr
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Appendix 3

Duty Cycles Used in Engine Tests

Duty cycles were developed to represent conditions

normally encountered by farm tractors, combines and large

trucks, and by recreational vehicles. Each engine was operated .
on its specified duty cycle until 200 hours were accumulated

on each test fuel.

Tractors and Combines

The duty cycle for tractor and combine engines consisted of
two parts--an intermittent portion covering 144 hours of
operation and a steady-state portion covering 56 hours. The
intermittent part is consistent with the duty cycle (SAE J708)
used for many years by the Nebraska Tractor Testing Laboratory
to test the performance of new tractors. The steady-state
part was selected to represent the maximum continuous load
that is likely to be placed on these engines, such as pumping
irrigation water.

Intermittent Part--Each engine was run through six power

settings with the engine speed controlled by the governor per
manufacturers' specifications as follows until 144 hours
were accumulated (16 hours on 8 hours off per day):

a. 85% of dynamometer torque obtained at maximum .
power--40 minutes

b. Zero dynamometer torque at rated rpm--40 minutes

c. 42.5% of dynamometer torque obtained at maximum
power--40 minutes

d. Dynamometer torque at maximum power--40 minutes
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e. 21.25% of dynamometer torque obtained at maximum
power--40 minutes

f. 63.75% of dynamometer torque obtained at maximum
power--40 minutes

Steady-State Part--Each engine was run at governed speed and

75 percent of maximum torque around the clock until 56 hours

were accumulated. After 24 hours, the engines were shut off

for 2 hours for valve seat recession measurements and service
checks.

Farm Trucks

The engines were to be operated 16 hours on and 8 hours off
per day on the following duty cycle until 200 hours were
accumulated for each fuel.

a. 85% of maximum power (available at 3,000 rpm) at
3,000 rpm--40 minutes

b. 45% of maximum power (available at 3,000 rpm) at
3,000 rpm--40 minutes

c. 45% of maximum power (available at 2,500 rpm) at
2,500 rpm--40 minutes

d. 25% of maximum power (available at 2,000 rpm) at
2,000 rpm--40 minutes

e. 85% of maximum power (available at 3,600 rpm) at
3,600 rpm--40 minutes

Recreational Vehicles

The recreational vehicle test called for the engine to be on
16 hours and off 8 hours per day until 200 hours were
accumulated for each fuel. The engine was operated in both

intermittent and steady-state modes.
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Intermittent Part--The engine was operated in six speed and

power settings as follows until 144 hours were accumulated:

a. 85% of maximum power (available at 3,000 rpm) at
3,000 rpm--40 minutes

b. 45% of maximum power (available at 2,000 rpm) at
2,000 rpm--40 minutes

c. 85% of maximum power (available at 3,600 rpm) at
3,600 rpm--40 minutes

d. 45% of maximum power (available at 2,500 rpm) at
2,500 rpm--40 minutes

e. 45% of maximum power (available at 3,000 rpm) at
3,000 rpm--40 minutes

f. 85% of maximum power (available at 2,500 rpm) at
2,500 rpm--40 minutes

Steady-State Part--During the steady-state part of the cycle,

the engine was run at a setting that produced 100 horsepower
(52 percent of maximum power) at 3,000 rpm until 56 hours

were accumulated.
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Appendix 4

Engines Tested
John Deere "B" tractor; 2-cylinder I-head engine; rated
at 24 horsepower at 1,250 revolutions per minute (rpm);
4 11/16" x 5 1/2" bore and stroke, 190.4 cubic inch
displacement (CID). The engine was originally equipped
with ordinary cast iron cylinder heads with a hardness of
9-25 on the Rockwell C scale. The tractor was manufactured
between the 1930s and 1952. Similar tractors were manufac-
tured until about 19560.
Farmall "H" tractor; 4 cylinder I-head engine; rated at
24 horsepower at 1,650 rpm; 3 3/8 x 4 1/4" bore and stroke.
The engine was originally equipped with "special gray iron"
valve seat inserts having a hardness of 26-36 on the Rockwell
C scale. The tractor was manufactured between the 1930s
and 1953. Similar tractors were built until about 1958.
For "8N" tractor; 4-cylinder L-head engine; rated at 23
horesepower at 2,000 rpm; 3 3/16" x 3 3/4" bore and stroke,
119.7 CID. The engine was originally equipped with valve
seat inserts having a hardness of 39-43 on the Rockwell C
scale. The tractor was manufactured between 1947 and 1952.
International Harvester 240 tractor; 4 cylinders; rated at
27 horsepower at 2,000 rpm; 3 1/8" x 4" bore and strokes,
122.7 CID. The engine was originally equipped with an
ordinary cast iron cylinder head with a hardness of 12-23

on the Rockwell C scale. The tractor was manufactured
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between 1958 and 1962. Similar tractors were built until
1978.

John Deere 95 303 CID 6-cylinder combine engine; rated

at 80 horsepower at 2,500 rpm. The engine was originally
equipped with ordinary cast iron cylinder heads with a
hardness of 9-25 on the Rockwell C scale. The engine

was manufactured between about 1960 and 1974. A 4-cylinder
version of this engine also was used in combines and
tractors, and a 3-cylinder version was used in tractors.
Pre-1974 Chevrolet 292 CID 6-cylinder truck engine; rated
at 115 horsepower at 4,000 rpm. Prior to 1974, the engine
was equipped with ordinary cast iron cylinder heads. The
engine is still in production but now has induction-hardened
cast iron exhaust valve seats. The engine also has been
used in combines and other agricultural equipment.

Pre-1984 General Motors 454 CID 8-cylinder recreational
vehicle engine; rated at 210 horsepower at 4,000 rpm.

The engine has always been manufactured with induction-

hardened exhaust valve seats.
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Appendix 5

Farm Engine-Use Survey Form
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Appendix 6

How to Order Additional Documents Referred to in this Report

The following documents, referred to in this report, are
available in EPA docket Number EN-87-03. Copies may be
obtained by writing to Control Docket Section (LE-131A),
Environmental Protection Agency Gallery 1, West Tower, 401 M
Street, S.W., Washington, D.C. 20460. Telephone (202)
382-7548. The docket may be inspected between 8 a.m. and

4 p.m. on weekdays. As provided in 40 CFR Part 2, a reason-
able fee may be charged for photocopying.

1. Effects of Low Levels of Lead and Alternative Additives

to Lead on Engines Designed to Operate on Leaded Gasoline,

Final Report. Report by the National Institute for

Petroleum and Energy Research (NIPER) on results of engine
tests performed for this study (193+ pages).
2. Statements of work covering work performed by NIPER.

A. Effects of Low Levels of Lead and Alternative Additives

to Lead on Engines Designed to Operate on Leaded Gasoline.

Covers tests of leaded and unleaded gasoline performed
during fiscal year 1986 (10 pages).

B. Study of the Effects on Leaded Engines of Alternative

Additives to Lead. Covers tests of non-lead additives

performed during fiscal year 1987 (12 pages).

3. Quality Assurance Project Plan for Engine Testing Work

Performed by NIPER (23 pages).
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Interviewers Manual for Gasoline-Powered Farm Equipment

Survey. Survey conducted by the National Agricultural
Statistics Service, USDA during July 1986 (7 pages).

Survey Protocol and Quality Assurance Plan for Field

Measurement of Exhaust Valve Seats in Gasoline-Powered

Tractors. Survey conducted by the Radian Corporation

during September 1986 (84 pages).

U.S. Environmental Protection Agency
Region 5, Library (5PL-16)

230 S. Dearborn Street, Room 1670
Chicago, IL 60604



