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1. INTRODUCTION

This report is the concluding effort of a study for the Coast Guard
to determine the feasibility of burning off waste lubricating oils in Coast
Guard powerplants. Previous reports (1, 2)in this effort accomplished the
following:

& (1) Solicited recommendations of diesel engine manufacturers,
‘ . (2) Studied existing lube oil burn-off programs,

(3) Investigated fuel requirements for Coast Guard diesel engines,
boilers and turbines.

(4) Tested waste oil clean-up methods,

(5) Measured the emissions and performance of a diesel engine
when burning various mixtures of waste lube oil in fuel oil.

Manufacturers of four-stroke cycle engines generally approve this
method of oil disposal and some even recommend the oil treatment method
prior to mixing with the fuel oil for their engines. However, some manu-
facturers of two-stroke cycle engines warn against the use of the lube oil/
fuel mixture in their engines, since the two-stroke engine is particularly

; susceptible to the formation of combustion chamber deposits that can cause
b | piston rings and exhaust valves to stick and air ports in the cylinder liners
to clog. It is thought that burning even small quantities of used lube oil
can promote the formation of such deposits with subsequent poor engine
performance, increased fuel consumption, and higher rates of ring wear.

Since two-stroke cycle engines constitute a majority of the Coast E
Guard engine population, it was deemed important to investigate the wear
effects resulting from this method of oil disposal on a two-stroke engine.
This report covers the results of a study utilizing a radicactive tracer
technique to determine wear effects on the upper compression rings of a
two-stroke cycle diesel engine burning mixtures of waste lube oil in fuel
oil. The radioactive tracer technique permits wear determinations to be
made with minimum engine operating time and extreme sensitivity; measured
wear rates of less than 10-3 grams per hour are typical.

TR ———
iy = .

1Hobbs, J. R., and R. A. Walter, Lubricating Oil Burn-Off In Coast Guard
Powerplants, Report No. CG-D-80-75, Department of Transportation -
U. S. Coast Guard, February 1975.

2Hobbs, J. R., and R. A. Walter, Waste Oil Burn-Off In Coast Guard
Powerplants, Report No. CG-D-78-76, Department of Transportation -
U. S. Coast Guard, June 1976.
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2. RADIOACTIVE TRACER METHOD OF WEAR RATE MEASUREMENT

The radioactive tracer (RAT) method of measuring wear rates is

 a proven laboratory test and research tool that is applicable to any fluid-

wetted mechanical system (e.g., engine, pump, gear train) that contains
metal components. The component of interest is irradiated by neutron
bombardment in a nuclear reactor in order to produce one or more arti-
ficial radioisotopes. The physical dimensions and metallurgical proper-
ties of the component are not changed by this process, and thus the
component's performance in the parent mechanism is not affected.

In an actual wear test, the mechanical system is operated at the
desired condition, which is usually defined by values of rotational speed
(rpm), load (mechanical stress), and temperature (thermal stress).

Small radioactive wear particles accumulate in the fluid operating medium
or lubricant at a rate that is directly proportional to the wear rate of the
component. To insure that all of these wear particles remain in the fluid
medium (a necessary condition to accurately reflect the actual wear rate of
the component), no filtration of the fluid is performed. For wear tests
involving engine components, this means that oil filters are not used;
however, air and fuel filters are employed to minimize the engine's intake
of air- and fuel-borne abrasive particles.

The activity of the lubricant due to accumulation of the radioactive
wear debris is measured by a gamma ray spectrometer, and calculations
are performed to obtain the wear rate (see Section 5). Test results are
generally used to select (or screen) candidate lubricants, fuels, or
component designs for more extensive laboratory or field evaluations.

The RAT method of wear measurement has several advantages over con-
ventional wear tests that render it highly suitable as a screening technique.
These advantages can be summarized as follows:

(1) The measurement is very sensitive. Wear rates of 10-3 to
10°° gram per hour, depending on the specific activity (radio-
active disintegrations per unit mass per unit time) of the
component, can be easily measured.

(2) Tests are of short duration. The wear rate associated with a
given test condition can usually be determined in eight hours

or less.

(3) The wear rate can be read out continuously on a strip chart
recorder. Incipient failure of the radioactive part due to
catastrophic wear will quickly register on the instrumentation
and can be avoided by stopping the test.
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(4) It is possible in some cases to measure wear rates of two
components simultaneously. For instance, wear from a
chromeplated piston ring and a standard iron or steel ring
can be determined simultaneously due to the presence of two
distinct radioisotopes and the ability of the instrumentation :
to distinguish between them.

These points in favor of the RAT technique, together with the
fact that it is commonly and regularly used at Southwest Research in
engine wear studies, led to its selection in this program.
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3. TEST PLAN AND RATIONALE

The test plan for this program was based on the three character-
istics of the RAT method of wear determination that make it a highly
effective screening technique: (1) the sensitivity of the measurement,

(2) the short length of operating time required to obtain a stabilized wear
rate datum, and (3) the wear rate can be monitored continuously, thus
eliminating the possibility that catastrophic wear of the component will

go unnoticed until actual failure occurs. Therefore, it was initially decided
that a series of tests--each of which could be completed in a normal eight-
hour work day--would be conducted with a baseline fuel and with two or
three test fuels consisting of various mixtures (ratios) of used lube oil

and fuel.

It was realized that this brief length of operating time with each
test fuel would probably not be long enough to produce a significant amount
of combustion deposits in terms of conventional wear measurement tech-

niques. However, it was thought that with the sensitivity of the RAT method,

even the short-duration tests would reveal any significant increase in wear
rate (relative to baseline values) caused by use of a given lube oil/fuel

mixture. If an increase in wear rate was observed, it could then be assumed

that use of such a mixture would be equally detrimental to the piston rings
on a long-term basis. This assumption follows from the reasonable con-

clusion that any deposits formed by combustion of the mixture would only

worsen with increased engine operating time.

However, it was decided that if the short-duration tests revealed
no significant differences in wear rates for the baseline and test fuels, a
longer test (greater than, say, 100 hours' duration) would be conducted to
determine if there were any long-term effects associated with use of the
mixed fuel. Use of the RAT technique would still be advantageous for such
a test since no other method permits continuous observation of the wear
rate. As it turned out, such a test was judged necessary to confirm the
results of the short-duration tests and was performed.

The test phases of the program were as follows:

I. Twenty-five (25) short-duration tests were conducted with
baseline fuel and three test fuels (mixtures). Two engine
operating conditions--defined by speed and power output--
were utilized (see Section 5). Repeated tests (in most cases,
two tests performed consecutively) were conducted with each
oil-to-fuel ratio, with one or two baseline tests separating
the tests with each test fuel. This order of tests demon-
strated repeatability of results and revealed any change in
the baseline wear rate.
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II. Six (6) consecutive baseline tests were conducted to determine
» day-to-day repeatability of wear rates with the same fuel.
III. A long-duration test was performed to determine if there ;
4 ; were any effects from use of the mixed fuel that had not been
revealed in the shorter tests. This long test was preceded
o i and followed by a short-duration baseline test in order to
! ‘ obtain a better comparison of the effects of the mixed fuel.
"4
'l
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4, EXPERIMENTAL SETUP

4.1 TEST ENGINE

A Detroit Diesel 6-71 engine was used in this study. This engine
model is used in large numbers by the Coast Guard and can be considered
as a "worst case'' situation in regard to ring wear. This last statement
derives from the fact that the 6-71 is a two-stroke cycle engine and, also,
that for a given operating condition, a smaller diesel engine generally
experiences a higher rate of ring wear than does a larger engine.

A 6-71 engine was furnished by the sponsor from the Coast Guard
stock of rebuilt engines. The engine underwent a brief period of break-in
operation at the Coast Guard rebuild facility and was furnished in ready-to-
run condition. The engine was mounted on a test stand (Figure 4.1) and
instrumented to obtain all pertinent operating data, including fuel consump-
tion mass rate. The engine was operated briefly on the stand to check
basic performance figures and the correctness of the installation; it was
then disassembled and prepared for the radiotracer ring wear tests.

The top compression ring was selected for irradiation and subsequent
wear test, based on the fact that this ring undergoes more severe service
than do the other rings and is most susceptible to any pro-wear conditions
that exist in the cylinder. Seven such rings were sent to a nuclear reactor
and irradiated for about 13.5 days at a neutron flux of approximately
1.5 x 1013 per cm2 per second. The rings were steel with chromium-
plating on the wear face only; hence, radioisotopes of iron (Fe39) and
chromium (Cr51) were produced by this irradiation.

Four pistons (Nos. 1, 3, 4, and 6) were fitted with radioactive rings
since this was the maximum number of rings that could be used without
special shielding around the engine. Only the top ring on these pistons was
replaced; the lower compression rings and the oil control rings were those
that came in the engine.

4.2 RADIOTRACER OIL SAMPLING SYSTEM AND GAMMA RAY
SPECTROMETER

Measurement of radioactive wear debris was accomplished by a
special oil sampling system and associated radiation detection instrumen-
tation. The oil sampling loop (Figure 4. 2) consisted of a pump to circulate
oil at a steady rate (approximately 1.3 gpm) from the engine oil sump,
through a lead-shielded sensing well and back to the sump. Engine oil
filters were not used during the wear tests so that the radioactive wear
debris remained suspended in the oil.
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The sensing well contained a Nal(T1) (sodium iodide, thallium
activated) scintillation detector with a 3 x 3 inch crystal. After amplifi-
cation, output from the detector was routed through a gamma ray energy
g spectrometer (Figure 4.3). Two single channel analyzers were used;

3 one analyzer was set to register the activit; of the isotope iron 59 (Fe59)
3 and the other was set for chromium 51 (Cr l). Output from each unit

2 went into a ratemeter, and the time-averaged signals were displayed on
# a dual-pen strip chart recorder as counts per minute, or cpm. One-

3 minute duration counts for each channel were also displayed digitally.

3 In actual practice, the one-minute counts from the digital meter were

b, used to calculate reported wear rates, and the strip chart traces were
used to warn of sudden increases in the wear rate and as documentation
of the tests.
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FIGURE 4.3 TWO-ISOTOPE GAMMA RAY ENERGY SPECTROMETER
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5. PROCEDURES, TEST CONDITIONS, FUELS AND LUBRICANTS

PROCEDURES

5.1

5.1.1 Engine Break-In

Break-in of the new radioactive rings was accomplished by
: . operating the engine in modes characterized by gradually increasing speed
A and brake mean effective pressure (BMEP), which is a measure of ring
loading. The break-in sequence was as follows:

| Engine Speed, Power, BMEP,
RPM BHp psi

1000 15 14

1200 26 20

E | 1500 40 25
4 1600 52 30
| 1800 77 40

1600 100 58

Each mode was maintained for one to two hours except for the last, which
lasted for four hours. Wear rate of the radioactive rings was closely

2 monitored to detect any abnormal wear during this critical initial period

- of operation. Since wear rate stabilized quickly to a nominal level at

each condition, it was concluded that the rings had undergone a satis-

factory break-in.

5.1.2 Conduct of Wear Tests

1 In a sequence of short-duration wear tests it is important
1 to conduct each test according to a specific, unvarying procedure. This

approach eliminates the introduction of extraneous variables into these
very sensitive tests and minimizes the carry-over effect from previous
tests. In this program, the following procedure was employed:

1; (1) Check operation of gamma ray spectrometer with radiation
source.

. (2) Fill engine sump with five gallons of lube oil and run
- engine at idle for five minutes.

Begin operation at Test Condition I or II (see Section 5.2)
with baseline or test fuel.




e e Bt . BB sl . i

12

(4) Maintain test condition for balance of day (seven hours)
to obtain maximum wear effect due to fuel; record all
engine operating data and ambient condition data every

15 minutes.

(5) Stop test and allow engine to idle for several minutes.

(6) Stop engine and allow oil sump and sampling loop to
drain overnight.

In a sequence of wear tests which employs lube oil as the
independent variable (e.g., a program to evaluate effectiveness of several
crankcase lubricants in inhibiting engine wear), it is common practice to
flush the engine and sampling loop with either the day's test lubricant or
a neutral flush oil (no wear inhibitors or dispersants) before the start of
each wear test. This step accomplishes two things: it removes any trace
of the previous day's test oil from the engine and sampling loop, and it
also removes any wear debris (particularly the radioactive type) that might
"hang up" in the system and not be removed by the overnight drain. How-
ever, since the crankcase oil was the same type for all tests in this pro-
gram, no oil flush was necessary, and the overnight drain effectively
removed almost all radioactive wear debris from the engine and sampling
loop. The latter fact was established by filling the engine sump with oil,
starting the circulation of oil through the sampling loop, and observing
the count rate for this "new' oil both before and immediately after engine
start-up. The always-low count rate signified that no appreciable amount
of radioactive debris was left from the previous wear test.

The long-duration test consisted of 127 hours of continuous
operation. The only special requirement was to replenish the consumed
crankcase oil; this was accomplished by adding small quantities of oil
three times per 24 hours. The amount of oil required per day was cal-
culated from the known (from previous short-duration tests) brake
specific oil consumption of the engine. Adding oil every 8 hours of
operation kept the sump level relatively constant throughout the test.

5.1.3 Engine Maintenance

The engine functioned perfectly throughout the program except
for two incidents. In the first incident, which occurred at the end of Test
No. 26, an injector tip fractured (the fracture marks were clearly visible)
at a point inside the injector body. This allowed almost the entire tip, a
cylinder-shaped piece of metal about 1/2 inch in diameter and 1-1/4 inch
long, to fall into the engine cylinder when the engine was operating. The
piston and both exhaust valves had to be replaced. Fortunately, the piston

rings (including the radioactive top ring) and cylinder liner were not damaged.

e o
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The engine was rebuilt and operated for several hours with oil filters
connected in order to remove any loose debris that resulted from the
injector failure or the repair work.

The second engine problem occurred during an attempt to
run a final seven-hour baseline test after the 127-hour endurance test.
This problem involved the failure (due to a broken tube) of a small
watercooled heat exchanger that cools the lubricant in the reversing
reduction gear drive unit. This problem did not affect the engine in any
way that could influence the ring wear and merely caused a delay of one
day in the start of that test.

It should be noted, especially in the case of the injector
failure, that neither problem was attributable to use of the lube oil/fuel
mixture in the engine. In fact, neither problem occurred when the engine
was operating on mixed fuel.

5.1.4 Mass Calibration of Gamma Ray Spectrometer and Calculation
of Wear Rates

Each detection circuit of the instrumentation system produced
readings in counts per minute which were proportional to the mass of the
particular wear metal (containing its isotope) present in the sensing well.
It was therefore necessary to calibrate each circuit in terms of the mass
of chromium or iron present in the well. This was accomplished by use
of a set of calibration solutions. These solutions were prepared by dis-
solving pieces of chromium and iron,which had been irradiated along with
the piston rings, in acid. The acid solutions were then diluted with
distilled water until various densities (in g/ml) of each material were
obtained. Each of the Cr and Fe solutions was placed in the sensing well
and a reading in cpm obtained. These readings were plotted as a function
of mass, and a straight line, obtained by a least-squares fit, was cal-
culated for these points. This was the calibration line for the chromium
and iron detection circuits.

The calibration also served to determine the ""overlap' of
Fe59 radiation into the cr°l detection channel. (This overlap is composed
of secondary radiation effects, produced by the higher energy Fe”’ gamma
rays, that register in the channel set to detect the lower energy gamma
rays of Cr51.) As each Fe®? solution was placed in the shielded sensing
well, a reading in cpm was obtained for both channels. A plot of cpm in the
Fesé channel versus cpm in the Cr°l channel was made, and a straight
line was fitted to these points. This calibration line was used to correct
the observed Cr>! count rate for the overlap produced by the Fe>? present.
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The so-called relative wear rates (in cpm/hr) for Cr and Fe
were determined by calculating straight lines (least-squares fit) for the
cpm data. This relative wear rate was then corrected in two ways. First,
the contribution of Fe®? to the observed cr°! count was determined from
the calibration mentioned previously. This contribution was subtracted
from the gross Cr 1 count, and the resulting net cr3! count was corrected
for radioactive decay. This was done by assuming that the first test
occurred on "Day Zero'" (i.e., full isotope activity was present), and then
multiplying each subsequent test result by the decay factor for that test
day. The datum that resulted from these two corrections was the corrected
relative wear rate of the chromium-plated ring faces. The relative wear
rate for the iron ring sides was corrected only for radioactive decay, since
the presence of cr?! had no effect on the Fe®? count.

The so-called absolute wear rate, expressed as mass per
unit time, was derived from a corrected relative wear rate (A) by a simple
calculation involving the slope (B) of the instrument calibration curve for
cr®! or Fe®? and the quantity of oil (C) in the system:

=77 -3
hr B ml-cpm B hr
Therefore,
Absolute Wear Rate = %g %% (5-2)

for chromium or iron.

It should be noted that normal procedure involves calculating
wear rate for the last two hours of a test, when the wear rate has usually
been stable for several hours preceding this period and the test variable
(in this case, the lube oil in the fuel) has had the maximum available time
to produce its effect. This practice was followed here. However, wear
rates were also calculated for the last six hours of each test; i.e., only
the first hour's cpm data were omitted from the calculation. The purpose
of this second calculation was to determine if repeatability of some of the
wear rates could be improved by this procedure.

5.2 TEST CONDITIONS

Two engine operating conditions were used in the short-duration
wear tests. Typical operating parameter values with baseline fuel were

as follows:

dtas, iy
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Condition I Condition II
Engine speed, RPM 1600 2000
Engine power, BHp 100 165
Engine BMEP, psi 58 74
Oil sump temp., F 205 230
Water out temp., F 172 178
Fuel consumption, lbmy/hr 50 82
BSFC, 1lb,, /bhp-hr 0.500 0.497

Both speed-power points lie on a typical propeller load curve for this

engine. Condition I was used for the first 13 tests; it was then decided

to go to maximum power at a higher speed in order to obtain wear rate

and performance data at a condition characterized by higher fuel con-
sumption rate and increased mechanical and thermal stresses. Accordingly,
the last 20 tests were conducted at Condition II.

Intake air temperature, barometric pressure, and absolute humidity
were at ambient values during all tests. The range of values of these air
properties during the program were as follows:

Intake air temp., F 80 = 15
Barometer, in. Hg 29.30 +0.30
Humidity, grains H20/1bm Air 75 + 25

5.3 FUELS AND LUBRICANTS

Short duration tests were conducted with baseline fuel and with lube
oil/fuel mixtures of 3, 6, and 10% by volume. The 6% figure is specified
as an upper limit by some manufacturers of four-stroke engines, and the
3 and 10% values effectively bracket it. The previously-mentioned feasi-
bility study of a lube oil burn-off program for the Coast Guard advocated
a maximum mixture of 1%; hence, the three ratios used in this study can
be considered as worst-case conditions. The long-duration (127-hour)
test was run with the 6% mixture.

A standard commercial-grade DF -2 fuel was used as the baseline
fuel and as the fuel for mixing with the used lube oil. Table 5.1 contains
the results of an analysis of this fuel. The test fuel meets the requirements
of Federal Specification VV-F-800B. The lube oil used in the engine sump
was a high-grade series CC oil that meets MIL-L-2104B specifications.
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| TABLE 5.1 TEST FUEL SPECIFICATIONS

| Gravity, °API at 60 F 35.7
! Specific gravity at 60 F 0. 846
& Cetane No. 52,12
3 Distillation
‘| 50% 500 F
' 90% 589 F
End Point 649 F
; Heat of Combustion, BTU/1b_, 19,467
- Particulate Contamination, mg/liter 2.3
Sulfur, %wt. 0.006
Ash, %wt. 0.005

The batch of used lube oil for the short-duration wear tests was
supplied by the Coast Guard. This oil was obtained from a two-stroke
cycle turbocharged Fairbanks Morse main propulsion engine of the
USCGC Sherman and, after being diluted about two-to-one with diesel
fuel, was put through a bilge water separator which removed solid con-
taminants down to about ten-micron size. Approximately 140 gallons
of this treated used oil and fuel mixture was shipped to SwRI in three
55-gallon drums.

At SwRI, a sample was taken from each drum (afte<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>