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PREFACE 

As part of a Coast Guard program to improve efficiency and reduce the 
emissions of diesel engines, field tests of proposed modifications to the 
FM 3808 1/8 engine were performed on the USCGC Mackinaw (WAGB-83). Fuel 
economy and emissions of an unmodified and modified engine were measured 
while the ship performed routine maneuvers. 

This work was performed under contract to the Department of Trans­
portation, Transportation Systems Center for the U.S. Coast Guard, Office 
of Research and Development. The Coast Guard project officers for R&D 
and Engineering were Lcdr. J. Sherrard. Lt. T Marchevko and Lt. R. Gulick. 
The TSC technical monitor was R. Walter. The efforts of Scott Environmental 
Technology Inc., and the crew of the USCGC Mackinaw especially Captain 
Garnett, CO, and Lcdr. Scott Duncan, EO, are greatfully acknowledged. 
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1. SUMMARY AND CONCLUSIONS 

The objective of these tests was to verify, through actual field tests, the 
effectiveness of proposed engine modifications to improve engine efficiency and 
reduce exhaust emissions of the 3808-1/8 Fairbanks-Morse opposed-piston engine. 
These modifications, which had previously been tested in the laboratory, consisted 
of newer style pintle-type nozzles, shimmed injection pumps and advanced injection 
timing. 

These tests were conducted on the #3 Main Diesel Engine of the USCGC Mackinaw 
(WAGB-83). Baseline (unmodified) and modified tests were completed while the ship 
performed routine maneuvers of engine start-up, idle, undocking, docking, and 
steady-steaming. Gaseous and smoke emissions, fuel consumption, and other impor­
tant engine parameters were measured as a function of engine speed and load. 

Based upon the results of these tests, we have reached the following conclusions: 

-1- Gaseous emissions of carbon monoxide (CO) and total hydrocarbons (THC) 
were reduced up to 43% and 88% respectively with the modified engine. 
Oxides of nitrogen (NOx) increased up to 38% after the modifications. 

-2- Smoke emissions, already low, decreased 50% at low loads and 5% at high 
loads with no significant change through the midpower ranges. 

-3- Fuel consumption with the modified engine decreased 1% to 3% depending 
on speed and load conditions. 

-4- For the Mackinaw, these fuel economy improvements would save $1,050 to 
$3,150 per year for all main engines based on a main engine fuel usage 
of 300,000 gallons per year at 35¢ per gallon. 

The Glacier's engines would also be expected to show an improvement in 
fuel consumption after modification. However, since the Glacier's engines 
are configured slightly different from the Mackinaw's, the magnitude of 
the savings cannot be demonstrated from the tests reported herein. 

-5- It has been previously demonstrated (Appendix A) that the pintle nozzle 
will increase cylinder liner life up to 25% because of the decreased 
"washing" of 1 ubricating oil from the 1 iner wall with excess unburned 
fuel. Fuel oil dilution of the lubricating oil should also be signifi­
cantly reduced. 

-1-



-6- The pintle nozzle maintenance costs are lower because of reduced parts 
costs ($11.80 vs $78.50 for the needle and sleeve plus gaskets of the 
old style nozzle) and 25% less rebuilding time. 

-7- The lower smoke (particulate) and THC emissions will decrease the build­
up of stack deposits resulting in fewer stack fires. 

-8- The engine jacket water and lube oil keep warm temperatures are important 
and were considered adequate on the test engine. The higher temperatures 
help reduce white smoke at start-up and.during warm up idle. High keep 
warm temperatures will reduce total engine smoke emission during start-up 
and initial engine loading. Engine warm up idle of more than several 
minutes serves no useful purpose other than convenience when the keep 
warm temperatures are adequate. 

-9- Although no cost savings can be placed on the air quality improvements, 
the pintle nozzles will reduce white smoke at low load operations and 
black smoke during load acceptance. This will reduce the likelihood of 
smoke problems in air pollution-sensitive areas. 

-10- The costs for modification of a ten-cylinder engine are $6,111.32 for 
hardware, tools and spare parts. If the complete modifications were 
performed by FM personnel, it would take them approximately 10 man days 
at a cost of $250.00 per day or $2,500.00 per engine. These figures 
are as of the date of this report. 

-11- All gaseous emission measurement instruments performed nominally. 

-12- Accurate smoke data were difficult to obtain because of smoke interference 
from other stacks and thermal-distortions of the smokemeters. 

-13- The volumetric (3.5 gallons) fuel measuring device was adequate for these 
tests, but required long measuring times at low-speed and load conditions. 

-14- The engine load and speed test conditions were difficult to reproduce 
and hold steady over the time required for data collection, especially 
at the low-speed and load conditions that required long fuel-flow 
sampling times. 

2. RECOMMENDATIONS 

The following recommendations are made: 

The 3808-1/8 engines in the fleet be modified with the pintle nozzle, 
injector pump shims, and changed injection timing. These modifications 
could be accomplished as part of normal engine maintenance. (However, 
this will require ships to maintain duplicate stocks of injectors until 
all engines are modified.) The shims and timing changes apply only to 
engines having the .625" lift camshaft. 

Improved instrumentation should be developed to measure and record engine 
speed, load and instantaneous fuel consumption. 

-2-



A follow-up effort with the Mackinaw should be maintained to assure 
the modified engine is performing adequately and determine any long 
term improvements in smoke, injector maintenance and lubricating oil 
condition. 

3. INTRODUCTION 

The FM 3808-1/8 engine in various configurations. provides main propulsion on 
some icebreakers and coastal buoy-tenders. This engine has been identified as 
emitting, in some instances, unacceptably high levels of white and black smoke. 
Prior to the tests reported here, laboratory tests of a ten cylinder engine 
(2000 hp at 810 rpm) configured similar to an icebreaker engine, were conducted 
at Colt Industries. These tests identified methods of controlling the smoke 
emissions while improving engine efficiency (Ref. 1). From the results of these 
laboratory tests, certain engine modifications were selected for field testing to 
verify their effectiveness under actual operating conditions. The USCGC Mackinaw 
(WAGB-83) was selected as the test cutter. Baseline (unmodified) and modified 
tests were performed on the #3 main diesel engine while the ship was performing 
routine operations of start-up, idle, undocking, docking, and steady-steaming. 

4. EXPERIMENTAL TESTS 

Carbon monoxide (CO), carbon dioxide (C02 ), total hydrocarbons (THC), oxides 
of nitrogen (NOx) and oxygen (02 ) as well as smoke opacity, were measured in the 
exhaust of the USCGC Mackinaw #3 main diesel engine. Fuel consumption was deter­
mined by timing the usage of a known volume of fuel. The ship motor room power 
meter (generator KW) and tachometer (engine rpm) were used for logging engine 
load and speed. Engine speed was verified by hand-tachometer in the engine room. 
Other logged engine room data included; jacket water and scavenging air tempera­
ture and pressure, exhaust temperatures (individual cylinder and combined), and 
injection pumps rack-readings. 

4.1 EXHAUST GAS EMISSIONS MEASUREMENT 

The emissions measurements performed by Scott Environmental Technology 
Inc. were continuous in real-time. The instrumentation for these measure­
ments was located in the ship's log office (Fig. 1). An exhaust gas sample 
was drawn from the #3 engine stack at a point approximately ten feet above 
the main deck (Fig. 2). A detailed description of the exhaust gas analysis 
system and associated instrumentation is given in Appendix B. Instrument 
readouts were on strip-chart recorders also located in the log office. 
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FIGURE 2. EXHAUST GAS SAMPLE INSTRUMENTATION 

-5-



4.2 SMOKE MEASUREMENTS 

Two smoke meters were used for these tests. The first, the USPHS smoke 
meter, attaches to the top of the stack and is the recommended EPA diesel 
smoke measuring device. The second, an Atlantic Research Inc. in-line 
opacity meter measures the smoke density in the stack. Both of these meters 
work on the principle that light can be attenuated due to the absorption 
and scattering of the light by particulate matter in an optical medium such 
as stack gas. These meters have a light source, appropriate optics and a 
photo-detector. The stack gas is made to flow between the light source and 
detector. The major difference between the two smoke meters used here is 
that the USPHS meter has an incandescent bulb for a light source whereas the 
Atlantic meter uses a light-emitting diode (LED) for its source. 

In order to adapt these two meters to the #3 main engine, a stack 
extension was fabricated and bolted to the top of the stack (Appendix C). 
This extension served two purposes: 

-1- provided a housing for the in-line meter; 

-2- raised the level of the top-of-the-stack meter (USPHS) so that 
smoke from other engines would not drift through the USPHS smoke 
meter optical path and give erroneous readings 

The smoke meter and extension are pictured in Figures 3 and 4. The 
controls for these meters were located in the passageway between the up­
stack area and the log office (Fig. 5). Readout was by strip chart recorder 
also located in the log office. A sample strip chart recording is included 
in Appendix C. The smoke readings are in % opacity (% opacity: 100% -
% transmittance). 

4.3 FUEL-FLOW MEASUREMENT 

The fuel-flow measuring device fabricated for these tests held 25 pounds 
of fuel (Fig. 6). Fuel consumption was measured with this device by timing 
the usage of the 25 pounds. In operation, when the engine was stabilized at 
the test speed and load, valves were turned such that fuel usage was from the 
25 pound tank. Sight tubes with reference marks were located at the top and 
bottom of the fuel-flow measuring device (25 pounds between marks). A stop­
watch was started and stopped as the fuel level passed these reference marks. 

4.4 OTHER MEASUREMENTS 

Previously mentioned measurements (Section 4) of engine speed, load, 
and engine operating conditions were hand-recorded on sheets by test person­
nel in the motor room and engine room (Appendix D). These measurements were 
recorded as a function of time-of-day for later correlation to other experi­
mental data. 
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FIGURE 5. SMOKE METER CONTROLS 
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FIGURE 6. FUEL-FLOW MEASURING DEVICE 
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5. TEST RESULTS 

Baseline unmodified engine tests were performed during two cruises on August 
25 and August 26, 1976. The engine was modified from August 27th through August 
30th. Modified engine tests were conducted on September 1 and 2. For all engine 
tests, the instrumentation was warmed-up for approximately one hour before engine 
light-off. (Some instrumentation was left on continuously). Calibration gases 
were used to periodically calibrate the gaseous instrumentation. The US PHS and 
in-line smoke meter were zeroed and full-scaled before each test run. In addition, 
the USPHS smoke meter was calibrated with neutral density filters after its instal­
lation. (The in-line meter was not accessible for a test with the filters). Each 
engine speed and load condition was maintained a sufficient time to allow engine 
operating conditions to stabilize and a representative record of emissions to be 
obtained. The slower fuel-flow readings determined the time spent at each speedj 
load test point. The readings in the motor room of speed and load were at five 
minute intervals or when speed and load changed. (During docking and undocking, 
rapid changes in speed and load precluded reliable engine data and any fuel mea­
surements.) Detailed test procedures can be found in Appendix E. 

5.1 BASELINE ENGINE TEST 

The baseline engine tests were performed on August 25 and August 26. 
The #3 main engine used for the tests was reported by the crew to be in the 
best operating condition of all the main engines. This engine had acquired 
980 hours of operating time since overhaul the previous summer. The operat­
ing condition was verified by the relatively low smoke readings. No changes 
or adjustments were made to the engine for the baseline tests, aside from 
adding the fuel measuring device and stack extension. The unmodified engine 
condition and settings were as follows: 

Engine: Number 3 main diesel engine SjN 833861 per contract 
TCG24101, right hand engine with right hand rotation, rated 2000 
horsepower at 810 rpm, built in 1943 by Fairbanks-Morse. 

Engine had operated 25,020 hours. 

The engine had acquired 980 hours since the last overhaul. This 
overhaul consisted of replacing compression rings, all main bear­
ings, one cylinder liner and connecting rod, two pistons, the 
fuel and oil pump, governor, and six bearing caps and rebuilding 
injection nozzles. 

Injection timing was found to be different on the two sides of the 
engine at 31.3 and 33.7 degrees after inner dead center of the 
lower crankshaft. 

Lube oil consumption since overhaul was 1345 gallons during 980 
hours. The majority of this oil was believed lost by leakage in 
the engine external oil system. 

Engine keep warm temperatures: 
Jacket water - 160°F 
Lubricating oil - 120°F 
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The unmodified engine power components of this engine consisted of: 

Blower-scavenged engine cylinder liners. 

Mexican-hat pistons with 13.6:1 compression ratio at a crank1ead 
of 12 degrees. 

Camshaft with .625 inch lift. 

Injection pumps with 1/2 inch plunger having variable ending helixes. 

FM 3-hole injection nozzles with .0225 inch diameter orifices. 

Blower with 27 inch long rotors. 

Blower drive gear ratio of 2.0125:1. 

Compression rings with crown face (FM part No. 16704845). 

5.2 ENGINE MODIFICATION 

Engine modifications were made during August 27th through August 30th 
with the help of the Mackinaw crew and three service repairmen from Fairbanks­
Morse. 

The FM 3-hole injection nozzles and fuel oil drain headers were removed 
from the engine and pintle 10° gasketless type nozzles (PIN 16705663) along 
with mounting hardware (catalog No. 201.14) and new fuel drain headers were 
installed in the engine. All fuel injection pumps were removed from the 
engine and shimmed to make the barrel .03 inch above the plunger height. 
The injection timing was checked and set to give high-cam 27 degrees after 
inner dead center of the lower crank. Aside from these changes all other 
engine operating conditions and settings were as for the unmodified engine. 

The pintle nozzle has historically and during the laboratory tests 
(Ref. 1) demonstrated better fuel injection characteristics, especially at 
low speed and load conditions. This nozzle minimizes post-injection fuel 
dribble that contributes to high hydrocarbon and smoke levels. This unburned 
fuel can also dilute the lube oil. The laboratory tests also indicated that 
the shimmed injection pumps and adjusted injection timing increased the rate 
of fuel injection (decreased fuel injection time) and gave better performance 
in variable speed, variable torque applications. 

5.3 MODIFIED ENGINE TESTS 

Modified engine tests were performed during two cruises on September 1 
and 2, 1976. All test instrumentation and procedures were the same as the 
unmodified tests. 
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6. TEST RESULTS AND DISCUSSION 

Gaseous emissions concentrations of CO, CO2 , O2 , NOx and THC at the various 
test points along with the printout data from the emissions computations for each 
point of the four test runs are in Appendix F. Of these data, the most accurate 
are the emissions concentrations and the engine rpm. The gaseous emissions read­
ings and smoke readings in Tables F-1 through F-4 started after the clock time 
with the test point number. The engine rpm readings are within ± 2 percent and, 
therefore, an air flow computation was used to determine the accuracy of the 
engine load and/or fuel flow. The air flow was calculated by using the percent 
of carbon dioxide and oxygen in the exhaust gas in combination with the fuel-flow. 
If this computed air flow agreed with the engine-driven scavenging air blower 
capacity at the measured engine rpm, the data was considered relatively accurate. 
When the air flow data did not agree, the load and/or fuel flow were adjusted. 
The adjustment was determined by the measured percent carbon dioxide at that test 
point compared to other test points that did cross-check, within ± 2.5 percent. 

The specific emissions (Tables F-5 to F-8) are reported in grams per kilowatt 
hour as the generator efficiency curves at various shaft speeds are not known. 
Since test results of two engine configurations are being compared to each other 
and the loading equipment was the same for both test configurations, leaving the 
engine load in kilowatts and emissions in gm/kw-hr is convenient and most accu­
rate. However, the computer format used for the data reduction in these tables 
is based on engine brake horsepower. In these tables where brake horsepower 
occurs, kilowatts are to be sUbstituted. The calculated BMEP in the Appendix F 
must be multiplied by the horsepower to kilowatt conversion factor of 1.341 and 
divided by the generator efficiency, if known, at the generator output and speed. 
For instance, at a load of 1060 kw, 735 rpm and an assumed generator efficiency 
of .943, the bmep would be (55.07 x 1.341) ~ .943 ; 78.31 psi. The percent 
torque then would be 78.31 psi divided by the engine rated bmep of 84.8 psi, 
which equals 92.3%. 

The gaseous emissions of CO, THC and NOx are shown in plotted form (Figures 
7,8 and 9), in grams per kilowatt hour versus engine generator load in kilowatts 
for the modified and unmodified engine. The percent change and mass change in 
emissions at no load and each 200 kilowatt increment are tabulated below. 

0 

gm/hr 

TABLE 1 

EXHAUST EMISSIONS CO, THC AND NO x 
% CHANGE AND MASS CHANGE FROM UNMODIFIED ENGINE VERSUS 

MODIFIED ENGINE WITH PINTLE NOZZLES 

200 400 600 800 

% gm/hr % gm/hr % gm/hr % gm/hr 

1000 

% gm/hr 

-43 -1560 -38 -600 -25 -280 -15 -150 0 0 

-88 -4054 -75 -1280 -83 -1200 -72 -960 -66 -960 -58 -960 

+21 +213 +38 +1500 +17 +1480 +8.5 +1080 +8.9 +1360 +8.6 +1500 
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The modified engine shows a significant reduction of CO at the lower engine 
loads and speeds, Figure 7. This reduction is due to the better atomization of the 
fuel oil with the pintle nozzle and the faster rate of injection at the beginning 
of injection, particularly at low engine speeds. The reduction in CO at no load, 
idle speed was from 3610 to 2050 grams per hour. 

The THC emissions show a drastic improvement throughout the engine load and 
speed range with the modified engine, Figure B. The change in THC varied from an 
B fold improvement at idle-no load, to a 3 fold improvement at 1000 kilowatts. 
This is a reduction of over 4000 grams per hour (B.B lbs/hrs.) at no load and 960 
grams per hour (2.1 lbs/hr.) at 1000 kilowatt load. The reduction can be attrib­
uted to the faster rate of injection, better fuel atomization and absence of 
injection nozzle dribble. 

At the higher loads the THC with the pintle nozzles is the same as that 
obtained during simulated laboratory test (Ref. 1). The.6 gm/kw-hour is about 
.4 gm/bhp-hr. The specific THC emissions start increasing with reduced load 
below 40 psi bmep, the same as the lab test. Above 40 psi bmep, the specific 
emissions of THC are flat with the pintle nozzles. 

The NOx specific emissions are higher for all comparable test points as 
shown in Figure 9. The higher NOx readings are generally indicative of a better 
performing engine. The faster rate of injection at pump port-closure shows up 
as a larger increase in NOx at low engine speed and loads. The laboratory tests 
showed a 10% to 30% increase in NOx with a constant speed, variable load test. 
Part of the increase reported here may be due to the unmodified engine injection 
timing being 2.7 degrees late on one side of the engine (33.7° instead of 31°). 

6.1 SMOKE MEASUREMENTS 

The exhaust smoke measurement during the test are shown in Appendix D. 
The smoke numbers on the computer printout sheets are % opacity. Figure 10 
is a comparative plot of the smoke versus kilowatts recorded by USPHS smoke 
meter during the four test runs. The in-line meter results were not reliable 
because of thermal distortions. The idle and light load is about one-half 
with the modified engine, while no significant difference was noted above 
400 kw load. It should be pointed out that under some circumstances the 
measuring arrangements allowed smoke from other engine stacks to pass through 
the opacity rings. The stack was 16 inches in diameter while the opacity 
ring was 30 inches in diameter. Therefore, the smoke reading may be lower 
than recorded. It is doubtful that the smoke readings will exceed 10% opac­
ity, except following load changes and overloaded conditions. The ideal 
condition for collecting smoke data would be all engines stopped except the 
test unit. (However, this ideal condition would not be representative of 
actual ship operation.) Laboratory tests gave full torque, variable speed 
smoke readings of less than 7% opacity. 

-17-



800 

p..:j 

Z 600 
H 
~ 
Z 
p..:j 

Legend: 8. Unmodified Tests 

o Modified Tests 

400~----" 

>­..., 
'M 
U 
C1i 
P­
o 
c\C 

18 

16 

14 

6 

2 L--------L------~~----~~------~8~------~1~0A.00~-o 200 400 600 00 
ENGINE LOAD - KW 

FIGURE 10. DIESEL ENGINE SMOKE EMISSIONS USCG MACKINAW (WAGB-83) 

-18-



It was noted that the stack turned blue as the load increased, indicating 
lube oil vapor. This vapor could be coming from the engine or from the heat­
ing of the long exhaust stack. Every attempt should be made to determine 
exact lube oil consumption rates of the various engines. One gallon of oil 
should be sufficient for 2 to 4 hours of operation. If more than one gallon 
of oil per 2 hours is being used by the engine, we suspect that one of the 
following is at fault. 

Worn oil rings or flat-faced type compression rings. Replace with 
latest style barrel face rings. 

Oil leakage past the upper liner to cylinder block fit. Replace 
liner to block seal ring. 

Tappet oil drain lines plugged or broken allowing oil to drain into 
fuel oil or get in engine air manifold. 

External oil leaks. 

Start and stop operation where lube oil leaks past upper pistons. 
Bar the engine over with air five minutes after each engine shut­
down. 

The subject test engine had lube oil leaking past the upper liner to 
block seals. Early FM engines had no seal ring between the upper cylinder 
liner and block fit. Later engines had an "0" ring which hardened with time. 
Present production engines have an improved "0" ring compound. This "0" ring 
is furnished for all service orders of liner to block "0" ring seals. The 
latest "0" ring is light in color while the earlier ring, which should not 
be used, is black. 

6.2 FUEL CONSUMPTION MEASUREMENTS 

The test results gave an improvement in fuel consumption of 1 to 3 
percent with the modified engine as shown in Figure 11. These results are 
as expected considering the increase in the NOx gaseous emissions. Part of 
the improvement may be due to the late injection timing of the unmodified 
engine mentioned previously. The laboratory simulated engine (constant 
speed, variable load) tests gave fuel consumption improvements of less than 
1% when all adjustments and settings were as required. 

We noticed a reduction in injection pump racks for the same engine load 
on the modified engine. This is mainly due to the decrease in injection 
pressures associated with the pintle type nozzles as compared to the hole­
type injector. 
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8U1JEC'I' 
: 1966 CYLINDER LINER WEAR REPORT 

CANADA STEAMSIIIP LINES (CSL) 

INTRODUCTION 

APPROVED 
BY 

An insp~ction of some of the model 3808-1/8 Main Propulsion Diesel 
Engines in vessels of the Canada Steamship Lines was made at the 
end of the 1966 seaway season. This inspection was to study the 
effect of changes in components and operating conditions on cyl­
inder, piston, and injection nozzle conditions. These changes 
were agreed on at the beginning of the 1966 season by representa­
tives of CSL, FM Beloit, FM Canada, Robert Morse Corporation and 
Imperial Oil Company of Canada. 

The findings indicate that while no improvement has been exper­
ienced in cylinder liner wear rate with standard iron liners, 
including the pocket, the projected wear life requirements of 
CSL (20,OOO hours) can "be obtained with chrome plated liners, 
standard pistons and rings. However, it is significant to note 

Ithat there has not been a single engine failure due to main power 
icomponent,s in aQY of. the vessels with 3808-1/8 engines. In fact, 
'eng\nes n~ve been in operation for some 6000 hours with no more 
than a top ring replacement on the lower pistons. There has been 
no significant contamination of the lube oil inspite of a pocket 

, in the line'r bore now up to a maximum of .057 inches in one cyl­
inder. 

Fuel injection nozzle tips applied with modified adapters show 
none of the tip face errosion evident in the previous seasons. 

The general condition of the engines was somewhat carbonaceous, 
particularly the pistons. Although there was no evidence that 
this effect had caused trouble or caused any of the piston rings 
to be stuck or gummy, it was considered unfortunate that another 
brand of lubricating oil had not been used to provide comparative 
results as had been planned. Analysis of the lube oil showed no 
significant contamination nor treds in wear rate. Table I shows 
lube oil consumption, viscosity, and iron .or chrome content as 
determined from the lube oil sample analysis. 

Fuel.oil analysis showed a better control of sulfur content; 
this being half of the value of samples taken in 1965. 

While it can not be claimed that the problem of abnormal cylin­
der liner wear as shown by engines in the CSL vessels has been 
soived, it is considered that the program, as set out at the 
beginning of the season, has been fully accomplished, and has 
provided valuable, information for the continued development of 
\he ~8D8-1/8 engine, and other engines of our manufac~ure. 

-22-



BF30IOA 
( UII.' Form ,II 
w •••• Mo. IFlDI Dl) 

REFERENCE 
NUMBER 

ENGINEERING REPORT 
FAIRBANKS MORSE INC. 

SHEET 2 OF 

FILE 
NOMBER 

I PAGE 
NO. 

DATE t.lay 1, 1967 

2 

1-------------------------------1 PREPARED I n V.T. Stonehocker 
1966 CYLINDER LINER WEAR REPORT 

CANADA STEAlISIlIP LINES SOIIECT 

ANALYSIS OF INSPECTION 

APPROVED 
BT 

Ships Inspected: The ships inspected at the end of the 1966 sea­
way seaSon included the following: 

1. M/V Manitoulin at Windsor 
2. II/V Fort Chambly at Windsor 
3. ~I/V Fort St. Louis at lIamilton 
4. M/V Saguenay at Contre' Coueur 
S. M/V Simcoe at Montreal 
6. M/V Iroquois at Kingston 

Engine Operation: It appears from the ships logs that throughout 
the season, loading, exhaust temperature, jacket water outlet 
temperature, and lube oil temperature have been within the limits 
specified in the program. Port plugging has been evident in some 
vessels as shown by the high exhaust temperatures and scavenging 
pressures recorded on the logs. Load sharing appears to have 
improved since our visit to the M/V Saguenay in May. 

CYLINDER LINER WEAR RATE 

A comparison of average liner wear rates has been made to show 
the trends under the various combinations of liners, rings, and 
nozzles. This data is shown in Table II and in Figure 1. 

In some engines, readings were taken in liners which had been 
charted last year to note trends in wear rates. These showed a 
gauge datum discrepancy. This was corrected by splitting the 
average difference between readings taken in the unworn part of 
the liner. 

Iron Liners with Ferrox Rings: On the M/V Saguenay, readings 
from the original liners have been compared with those from 
liners fitted at the beginning of the 1966 season. In the pocket, 
there is no reduction in wear. At .006 in. per thousand hours, 
it must be considered as heavy. Readings from No.3 engine, 
opened for the first time this year, did not show any viriation 
in wear pattern from that on the No.1 and 2 engines. It is 
therefore concluded that the nozzle holder modifications have 
not been significant in eliminating the pocket. 
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In the Fort St. Louis, No.2 engine, the readings taken at the 
end of the 1965 and 1966 seasons show an increase in wear rate 
in the area above and below the combustion chamber but not in the 
pocket. The readings from No.4 engine appear to show less wear 
in all areas except the pocket. 

In the Fort Chambly, the wear rate in the athwart ships combustion 
chamber is as high as that in the pocket on the engines with Bosch 
type nozzles. 

Iron Liners with Chrome Rings: With this combination, there • 
appears to be a 50 percent r-Cduction in wear rate in all areas 
except the pocket where the reduction is only about 25 percent. 
This combination has not been considered successful because of 
the condition of the rings at the time of disassembly. 

Chrome Liners with Ferrox IUn~: Wear rates with this combination 
in the engines of the Fort St. Louis and Fort Chamb1y compare 
very closely, but show a somewhat higher rate in the upper end 
of the cylinder when compared with similar readings from engines 
in the M/V Iroquois having oil bath filters while the Fort Chambly 
and Fort St. Louis have mesh panel filters. 

On engines on which filter dog houses Ilad a considerable amount 
of dirt inside them, the lower cylinder wear rate was approxi­
mately 35 percent of the rate of the upper end. The chrome plated 
cylinders showed far less wear than the black iron liners and 
showed less tendency to form the ~ocket. Wear rates for the two 
seasons on the Fort St. Louis engine were not significantly dif­
ferent. 

General Condition of Liners: Scuff marks, in some cases covered 
by dark brownish varnish, appeared in quite a number of both the 
iron and chrome liners. There was no pattern to the patches nor 
any reason to explain their presence. As the rlngs did not have 
any scuff marks, or evidence of blow-by, it was not considered 
that the scuff marks on the liners had produced any adverse 
affect on the cylinder efficiency. 

PISTONS AND PISTON RINGS 

A comparison of the condition of the pistons, piston rings and 
cylinder liner surfaces is given in Table III. 
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Pistons and rings were generally in good condition. Crowns were 
clean but had a pattern of red ash down stream of the injection 
slot on the edge of the crown. No significance has been attached 
to this, although analysis of the ash indicated that it was es­
sentially a sodium salt. Number I, 2, and 3 piston ring grooves 
showecl a considerable build up of hard carbon in the back of the 
rings. The No.4 groove was generally clean. There was no evid­
ence to show that this carbon had interfered witll the freedom of 
the rings and their seating. The piston skirts had large areas 
of a hard lacquered carbon with only a small area of relief on 
the thrust side. The more lightly coated pistons showed port 
marks indicating that this lacquer could be caused by blowdown 
of adjacent cylinders. 

Piston ring groove wear was fairly generally evident, but in no 
case did it indicate that it had been the cause of bad seating, 
blow-by or ring failure. Piston ring scat witness was quite 
varied, in many cases showing an inner and outer annular mark. 
This may be due to deflection of the piston groove ledge and the 
normal way in which this seat wears. It was particularly noti­
cable where the ring had been replaced without piston groove 
reconditioning. It was noted that the ring scat witness on some 
rings was st the inside corner, indicating that the tool used 
to regroove the piston had too much radius at the tip. This 
condition resulted in the wearing of a heavy taper at the top 
corner of the ring (.006 inches deep at an angle of 4-1/2 degrees) 
indicating that the ring had been twisting about this narrOI, seat. 

Several top rings were broken on both upper and lower pistons. 
However, none of these were in the same liner. In most cases 
the break was at least one third the way around from the gap 
and had occured early in its life. This has been attributed to 
over-stressing at assembly or a material defoct. The vendors 
have co~robornted this view point on an inspection of some of 
the rings. In one case, the broken ring had gouged out two of 
the airport bridges on the Fort St. Louis No.2 engine in cyl­
inder No.3. 

The chromium plated piston rings performed poorly. Most of the 
chrome had been worn off, and rings were collapsed to some extent, 
and showed partial blow-by marks. Their manufacturer considered 
these rings had a rather short life. Their effect on the cylin­
der wear rate was to reduce it slightly but not significantly in 
the pocket. None of these conditions were evident in the Ferrox 
(black) rings and it has been concluded that the high temperatures 
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which would induce ring collapSing may have been caused by poor 
ring seating, partial blow-by and by possibly scuffin~, As the 
chrome ring does not provide any real improvement unde:' these 
operating conditions, it is felt that it ~hould not be useJ in 
the future. 

Fuel Oil & Lube Oil Analysis 

The main difficulty experienced in carrying out the program set 
out at the start of the 1966 season was that of getting the 
necessary data forwarded to FM Beloit. This was particularly 
true with respect to the lube oil and fuel oil analysis and the 
ships logs and operating information. Fuel oil sample data was 
very sparce. The predominance of sample analysis received by 
FM Beloit were from the M/V Fort William, which was not inspected 
at the end of the 1966 season. The remaining samples were pri­
marily from the M/V Saguenay. There was one sample analysis 
from each of the Fort'St. Louis, Manitoulin, and Fort Chambly. 

Figure 2 shows typical fuel distillation curves from the 1966 
season compared to the "normal" diesel fuel ditstillation curve. 
It is interesting to note that the fuels used on the Fort Wil­
liam, procured, prom B/A, were very near the "normal" distilla-

I tion curve. Imperial Oil samples 14 and 16, used on the Saguenay, 
are typical of fuels contain~ng catalytically and/or thermally 
cracked fuel stocks. Most of the rest of the samples of Imper­
ial fuel oils indicate a predominence of hoavy ends typical of 
the "economy" fuels. 

One sample from the Saguenay showed .76 percent Sulfur content. 
Other samples rnged between .25 and .40 percent Suflur. The 
fuel oil was not specifically analyzed for sodium and vanadium 
content. Future sample should be so analyzed. 

With the small number of fuel oil samples from the other ships, 
no real conclusions can be drawn with regard to the affect of 
the fuel oils. It is felt that the fuel oil quality can be 
questioned, and one oil compiny has made the statement that if 
the fuesl available in Canada continue to get worse, they are 
not certain they can provide oils properly cempounded to cope 
with the fuel. 

In comparing 1966 and 1965 lube oil analysis, it was anticipatep, 
in the mid 1966 discussions, that at the time of inspection, we 
would see up to 50\ reduction in wear rates. This has not been 
true and it is pointed out that the spectrographic analysis of 
wear metals in the lube oil samples is not a reliable method of 
monitoring wear in the engine. 
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Again, it is considered unfortunate that another brand or type 
of lube oil had not been tried in one of the ships to provide 
a comparison, as had been planned in the program outlined at 
the beginning of the season. The following laboratory analyses 
are an attempt to provide some comparative information. 

LUBE OIL COMPARATIVE TESTS 

One gallvn samples of Imperial Oil 2054 and our Test Oil were 
sent to a Laboratory in Chicago for comparative analysis. The 
test results are tabulated below. Sample "A" is the Imperial 
2054 Oil being used by CSL. Sample"B" is a comparable oil of 
another manufacture and is the normal test oil used in our 
laboratory engines and on our production test floor. 

TABLE IV 

Results Of Lube Oil Analysis 

Primary Properties 
I 

Viscosity - @ 1000p 
_ @ 130°F 

S. U. S. 

- @ 1,.iO"F 
S. U. S. 
S.U.S. 

Viscosity Indes 
Total Base No. mg KOH/g 
Total Acid No. mg KOH/g 
PH Value 
Spectrographic Analysis 

Base 
Major 
Minor 
Traces 

- New 

A 

718 
296 

69 
76.5 

5.2 
.03 

10.4 

Organic 
Calcium 
Copper; Iron 
Silver; Titaniumj 
Silcon; Lead; 
Tin; Magnesium 

B 

592 
241 

61 .2 
61.9 
3.48 
0.47 
10.2 

Organic 
Calcium 
Copper~ Ikon 
Same as A 

Wear Test - on Shell 4 Ball Wear Tester (New Oil) 

(14 kg load, 1800 RPM, 2 hrs., 180·C.) 
Averag. wear spot diameter - mm .308 

Corrosion - Oxidation Tests 

5.0.0. Lead Corrosion Test 
D1g/sq. in. - loss .69 
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Corrosion - Oxidation Stability Tests 

48 hours @ 347*P. 

A B 

, 

Tests on New Oil: 

Viscosity - 100oP. SUS 
Acid No. mg KOH/g 

Tests on Oxidized Oil: 

Viscosity - 100°F SUS 
Acid No. mg KOH/g 
Evaporati'on loss - \ 
Increase in Viscosity -
Increase in Acid No. 

% 

718 
0.03 

988 
4.03 
0.47 
37.7 
4.0 

592 
0.47 

774 
2.67 
0.84 
30.7 
2.20 

Appearance after oxidation in both cases was dark brown. 
with no precipitate. 

Loss of weight of Metals - mg/sq. - em. 

Magnesium 
.Aluminum 
Copper 
Cadmium 
Steel 

*1 - Bright Etching 
*2 - Dark Tarnish - 3B; etched 
*3 - Brown Stain 
*4 - Gold Stain 

0.00 
0.00 
0.81 
0.04 
0.00 

0.01 
0.00 

*1 0.15 *2 
*3 1.16 
*4 0.00 

Vapor Pressure Test - (Isoteniscope Method) 

See the curves of Figure 3 
Region of instability -

"The knee in the curves suggest that there is an unstable 
component present which after reaching its decomposition 
temperature is degraded rapidly leaving the bulk of the 
sample relatively unchanged. After loss of this component 
the remainder of the sample is stable and does not 
exhibit further evi4ence of thermal decomposition until 
600·F. This effect is much more pronounced in 'A' than 
in 'B'." 
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Oil Detergency Test 

BY 

Again quoting from the laboratory reports, "The detergency char­
acteristics of Sample A were not as great as those of Sample B. 
If the characteristics for Sample B were expressed as excellent, 
then those of Sample A would be expressed as Fair to Good." 
The results of these tests are tabulated below: 

Detergency Tests (500°F) 

Sample 

Insoluble in Naphtha (mg) 
Insoluble in Naphtha but soluble 

in Chloroform (mg) 
Insoluble in Naphtha and Chloroform 

but removable by wiping (mg) 

Infrared Absorbtion Test: 

A 

77.3 

9.3 

1.8 

B 

8.5 

3.9 . 
.5 

The infrared absorbtion tests on the new oils showed the oil 
to be quite similar. However, the tests on oxidized oil samples 
(48 hrs. @ 347°) show the sample "A" to have a much greater 
tendency to oxidize. The following data is quoted directly 
from the Chemical laboratory report: "The infrared spectra of 
both oxidized oils were similar in their general characteris­
tics. Each exhibited a band at 1700 cm-l which did not appear 
in the spectra of the new samples. A band at this location is 
due to carbonyl and might represent the presence of ester, 
ketone, or carboxylic acid groups which are produced as a 
result of oxidation. The intensity of the carbonyl band is 
much greater for Sample A than for Sample B, indicating more 
extensive oxidation in the case of Sample A." 

Comments on Analysis: 

In most values, these oils seem quite comparable. However, the 
2054 appears to have a greater tendency to instability. oxida­
tion and corrosion. While the oil company has stated that with 
the organic additives used in compounding this oil the normal 
parameters of TAN, TBN, Pentane and Bensene insolubles, can not 
be relied up-on, it is our feeling that the above data does 
indicate an' inadequacy in this oil. We believe that the oil 
is not capable of proper lubrication at temperatures, in the 
environment that does exist in the ring belt area and compression 
ring travel in this engine. 

The oil company has suggested the use of a heavy weight of oil 
(SAE 40) as a means of reducing upper cylinder wear. The sample 
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submitted was supposedly SAE 30 and was compared to our SAE 30 
weight test oil. In reality, the 2054 oil is near a SAE 38 if 
oils were so graded. In as much as some problems with oil dis­
tribution could be anticipated with even heavier weights, with­
out concurrently raising lube oil system temperatures, this 
approach is not recommended, as an adequate solution. 

CONCLUSIONS 

1. Our investigation indicates that a cylinder liner life of 
twenty thousand hours between major engine overhauls can be 
obtained, on present fuel and lube oils, by using Chrome 
plated cylinder liners with "standard" piston compression 
rings and conformable oil control ring in the middle oil 
ring groove. 

2. We believe that an even longer cylinder life is obtainable 
on better grades of fuel oil and/or by changing to higher 
additive level lube oils. 

·3. Better air filtration on those engines with the screen ·panel 
type air filters would enhance, particularly, the air end 
cylinder wear. 

4. 'oap.rison of pi.ton rina aroove wear showed a trend to indi· 
cate that reducing liner wear rates also reduces the ring 
,roove wear rate. 

5. The I.perial 2054 lubu oil shows a tendency to break down 
at te.peratures that do exist in the ring band and upper 
ring travel areas in this engine design.' 

6. It will be noticed that the I.perial Lube oil has a much 
greater tendency to corrosion of copper. This was evideftt 
in a piston assembly inspected on the Ft. St. Louis in that 
the piston pin has a discoloration indicating a melnlie 
transfer of material had occured between the pin al\d the 
piston insert bushing - which is bronze. This tc,,,icncy has 
been evident in at least one other Canadian Ship u'ing an 
Imperial lube oil. This It'as not evident on the oil pre­
viously used. 
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Some of the fuel oil analysis indicated the possible use of 
cracked fuel stocks. 

Technical data indicates that a comparison of the wear rates 
between a bad liner material and a good liner material might 
vary up to a maximum of 4 to 1, in wear rate. The fact that 
wear rates in the CSL engines of 10 to 12 times that expected 
of good material points to there being factors other than 
material contributing to the wear rates experienced in these 
engines. It is the contention of this report, based on past 
experience, with great similarity to the CSL engine problem 
that the fuel oil and lube oil are not compatible. One or 
the other of these needs to be changed. 

It is again suggested, that for comparative purposes, a 
lube oil of another type and manufacture be tried in one 
of the CSL Vessels. 

Nozzle tip errosion, as experienced in past years, can be 
overcome by adopting the type B modification nozzle holder. 

The Bosch type injection nozzle is superior to the FM nozzle 
from at least two standpOints: 

a. Crankcase dilution 
b. General engine wear pattern 

Engine operation is safe up to and beyond the cylinder wear) 
dimensions found in the CSL engines (.057" pockets and .030" 
athward ships) without adversely affecting the operation of 
the engine, or the lube oil life and without compression 
ring breakage. 

Better surveillance of the engines by the operating crews \) 
this year has resulted in many less calls for assistance 
in engine, governor and associated pr~blems. 

If the customer continues to use the "economy" grades of 
fuel, he must concurrently expect and be willing to pay the 
increased cost of maintenance of his engines. 
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The fol10I,in;: arc the reco:mendations of this report and are 
intended to insure the best possible engine life and operation 
for CS L. 

1. The chrome plateu cyli;)(;er liners, as plated by Union Screen 
PIa tin g Co., L t ';, L en 11 0 X viII e, s 11 0 u 1 d b e ad opt e d as the 
standard for these on~illes. 

2. Air filtration on all e;l~inos s:lould not be less than the 
felt panol type filters. 

3 . [n gin 0 o]l era tin r, po r ilLl e tor 5 as f 0110 Iv s S:I 0 u 1 d be ado pte d ; 

a. 
b. 
c. 
d. 

Eng i n e J. 1\'. T e m jl e r i1 t U r e - 0 utI 70 - 1 S 0 ° I' 
[naine L.O. Tel:1:)erature - out 190°1' lili1ximum 
I'u~l oil analysis s;;ouh fit 17.:':. specifications 
L u u e 0 i 1 to;) e t G t:; c F: I S;l e c i fie ci 0 i Is a s a I;: i n i In ur.l 
and ifF II e 1 0 i 1 s HI LlI" co :I't C 11 t S arc all 0 Iv e tl toe x c e e d 
.5t (as specifieJ) a series III additive level must 
u e a J 0 pte d, an (; i;' ); e a v y 0 i 1 s arc II sed, eve 1~ IV i t h 1 0 Ii 
suI fur, h i g:; e r it ci Il i t i vel eve 1 5 it ,'e r e c 0 r.l r.1 e n ,1 e cJ • 

4. If fuel oils not I.:eetin;·. our s;)ecifications arc to continue 
to Le u5cd, it is r(;co;.;:.I.;I\,;O(: t:lat '" ruel oil :lc:,.itive ()O 

tried. Our s;)ccific l"CCo,;.: .. eildation is to investi~,ate t:le 
usc 0 fPc l' 01 i n f 11 C 1 0 i ~ T l' e:l t:l e II t .\ o. G S 7 - S lJ ( l' e r 0 1 inC 0 1;1 -

pany, Inc.) Lli~pirc St~~t2 ;~lJ:.;., ;-.~C\] York, I~C\\' York) in 
Josage of 1 part of treatment to 3UUU gallons of fuel oil. 
At this dosage, estimated cost would be ~.OU3 per gal. (US) 

5 • I nrc g roo v i n g p i 5 t 0;\ r i 1;~. S for 0 v e l' I': i c.l t h co 1;l}H e s s ion r i ;;:; s , 
the groove scat s.lo\llJ he very carefully machined and inspec-
ted 0 e for e p Ll t tin:~ the 1: e I'; :. i I~ f, 5 in. J( a diu 5 ;:t t tho ins i cl e 
of the grooves 1:11\51: not be too larf,c. 

G . I tis r e co Jl\ men d edt h ~ t t ; 1 e s nIl) c l' e I, 5 con till u e to k e e jl d ail y 
logs on the engincs, lOf~ill~ all important temperatures 
and pressures in order to detect en~ine problems before 
such problems grol' out of proportion. 
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SUBJECT I:') 

aY \' '-::: (',:': '..-':. (0 c. 

APPROVED 
BY 

As [1 :)art of Ollr lon~)-rajl.;l.c (1(:\'clo~:JcLt .)ro~,r.ln, sever ..... l ;)roj eets 
are of interest in connection I,it:l tile CSL ;nogr:!r:;. T;lcse arc 
enumerated and discusscd here below. 

Pis t 0 n R. i n g 5 : T; I c h a r reI 1: ~: eeL, t ;-. !) C 1.' 1 :1I'l d :) i 5 ton r i :, ;" h ~ s bee n 
develoJled inconjunctioll"it:l our ':i;l;: vendors. The ne\: dcsi.:.n 
has been tested in our la:)ora'.:ory :est cn:,ines as I>el1 as 1)1 a 
n u m be r 0 f fie 1 u a]l pI i cat ion 5 • :lo t n l'i;1~; he a r a;\ J 1 i ;1 e]" \/ car 
results with this new ring cnnfi~uration arc very encoura~ing. 
T his r i n p, was l) uti n t 0 iJ 1'0 ti u c ~ ion ~ uri n.s t\ u gus t 0 -: 19 G l> a n (~ h'i 11 
be a va i 1 a b 1 e for eng in ere;lU i 1 d s . 

'[his l1CW rill~ design \~as tcstc~ for sane :imc in cngirlcs 0i1 Uilio 
Barge Lines 't]lush boats t; ;llll~) h';:ilc \d: lltlVC i10t hD.u (1l; opporten­
i t y to c h art t 11 e c y 1 inC e I' I) 0 res, vis u" 1 i], 5 i) e c t i 0 r. S 0 f t i', e :' i 1> ~'. S 

a au 1 inc r 5 in J i cat c t hat t h..; l' i;1? s ;u](l 1 in e l' s a I' e i I; ex c e 11 en t 
conuition. This ring is ;'1150 OJ] t-cst in our 0 cyli.)Jer turi)o-
C h a r g edt cst c n ~ inc, 0 n C;l r () 1:1 C ;) 1 ate ~l c y 1 in II c r 5, and in i t i a 1 
results arc excellent. ;;OtJl of 1:I;cSC tests, ()SL anG tl',c 1;11) 
eng inc, 5 h 0 II' a p hen 0 ;~ ina 1 l' e Cue t i 0 E i 1: 1 u lJ C 0 i 1 con s u ~';' t i 0 OJ l' '" -

qui T em e n t salon g \oJ i t h t ; Ii 5 i ::1; I l' 0 V e :"., C 1\ tin h' car i n t 11 e c y 1 i I: ,~ .c T 

system. 

C Y 1 in J c r Lin e rs : T;l c in v C 5 :: i :>, tin 1\ 0 f n e \. 1 i 11 C r J'\;'I t c ria 1 S, 51) e c -
"ifically a Tit;tniur.1-V;I:1:1C:iml :clloying, is continuinz· ';');e ueta-
lurgy is prescntly bcLI,'" cv:tl;,atel: inthe 301\20 test :'J:ogr:.::1. 
Foundry problc8s in con~ectioE with the 8-1/8 cylinder liner 
of this allow have ~ot yet ~cen rcsolved. 

I n v est i gat ion i J\ t 0 bet t e r jl rod 11 c t ion a 11 d qua 1 it)' co l1 t r 0 1 r;: e t :; 0 c: s 
on our present liner material is also continuing. ~ew or be~tcr 
e~uipment to nonitor harl:1\CSS, uicr05tructure anti surface :iI1i5,; 
arc being obtaineu or investi?<,~.ed. Other metilOds of finis;;ili~~ 
the liner bore surface arc under study. 

1\ chan[;c was 1:laue to r~liev8 t;ie :its at LIe enes of t:~e li;lC~' 
jacket, to reJuce the resiJual stress level in the area aroun~ 
the intake anJ exhaust prots, thcreuy reducing the port distor­
tion due to temperature changes in engine operation. 
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NUMBER 
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FILE 
NUMBER 

DATE 
',' 1 

I---------------------------------~ PRE~~E~, , 'j' 
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SUBTECT 
APPROVtD 

BY 

Pistons; A n~\ .. · piston ~esj.~:l is Ul.lu.(;r test in tile lauo~;}tory 

engine. ;,!any loIOre ;Iours of tcstil;~: ;,rc rcquircci to fully evalu-
ate this now dcsi2n in CV~l"Y j1ossiLl(: situation. Tl.c nc\~' Jcsign 
Joes appear to influence ;1istOIi ri;1~, anu cylinuiJr life in a posi­
tive llirection. 

The basic piston JCSigiL :i'icor:)o;':~'~c,l less !TLull rir:.r." ta~)cr, 
omission of the C(\l:1 grou;;"; clcar;\;',c~ 0;; t:lC "bull rill,,;", Llro!: 
compression rin~~s (rat;lcr tj"~l~' •. ;) ;l.oI:'" F.Ot~ifictl piston S~,il't 
tapers. II piston assembly (:csi:~:. ir,cor;lorating the aiJovc ..icsign 
witi} a rotatillg )listOJl allJ a si:.::)lific~ I~rist ilc3rillg is also 
b Q i n g i 11 V est i E II t cu. It Las 11 1 so lJ L: 0;1 s u g g cst C L. t hat i rl t!l C 

des i g 11 0 f a 11 C "" pis ton, t ;H: fiT S t r i 1; ~~ 1 a n ~ ( r i n g ~~ roo vel c l.i ~: c ) 
b l) inc rea s e u in I,' i u t h ( J C I) t ;; ) t () IJ 0 t ;: s t r.: Il:; t h.: II ita n d to all 0 Iv 

for the weakcnins that occurs irolJ regrooving for ovor-widtn 
compression rings. 
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APPENDIX B 

DESCRIPTION OF THE EXHAUST GAS ANALYSIS SYSTEM AND 

INSTRUMENTATION FOR THC, CO, NOINOx, O2 AND CO2. 

The exhaust emissions analysis system was located in the Mackinaw log office. 
This room is located adjacent to the engine stack area at main deck level. The 
instrumentation was placed on and under a table in the log office. 

A twenty foot 318 inch diameter stainless steel sample line heated to 300°F 
connected the exhaust sample probe to the heated filter and heated stainless steel 
bellows pump. A second twenty feet of similar heated line conducted the exhaust 
sample to the emissions analysis system. The filter, pump and first section of 
sample line were located in the exhaust stack area. The second sample line passed 
out of the exhaust stack area through a small bulkhead door through a corridor and 
then into the log office. 

B.l EXHAUST ANALYSIS SYSTEM 

The analytical system was configured in three parallel Ill egs " as shown 
in Figure 1. As the sample entered the analytical system, it was filtered 
through a heated (300°F) 7 cm clamshell filter and distributed to the three 
legs of the system. 

The first leg was maintained at 300°F up to the total hydrocarbon ana­
lyzer, to prevent high molecular weight hydrocarbons from condensing. The 
sample was then allowed to cool to ambient temperature (excess water was 
removed through a combination of traps) and continuously supplied to the gas 
chromatograph for methane analyses. 

The second leg of the system passed the sample through an ice bath­
refrigeration coil to remove the water of combustion and then supplied the 
gas sample to the CO, the CO 2 and the oxygen analyzers. 

The third sample leg contained the oxides of nitrogen analyzer. The 
hot sample was first passed through the N0 2 converter (when in the NOx mode) 
to convert all the N0 2 to NO. Then the sample was dried using another ice 
bath-refrigeration coil and transported to the NO analyzer. 

Each analyzer was connected to a strip chart recorder in order to pro­
vide a permanent record of all the emission data collected. 
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FIGURE B-1 MACKINAH EXHAUST ANALYSIS SYSTEM 

-44-



B.2 INSTRUMENT DESCRIPTION 

Total Hydrocarbons (THC) 

Total hydrocarbons were continuously monitored using a Scott Model 215 
heated total hydrocarbon analyzer. This instrument utilized a flame ioniza­
tion detector and heated sample train, maintained at 300°F to prevent the 
condensation of high molecular weight hydrocarbons. The detector was fueled 
with a 40 percent blend of hydrogen in helium using blended air as the oxidant. 
The instrument was spanned using a Scott "close tolerance" (± 2.0% analysis) 
blend of 331 ppm propane in air and zeroed with a Scott blend of hydrocarbon 
free air (less than 0.1 ppm-C). 

Carbon Monoxide (CO) 

Carbon monoxide was continuously monitored using a Beckman Model 315A 
non-dispersive infrared analyzer with 0-500 and 0-1000 ppm ranges. This 
instrument was spanned with Scott "close tolerance" blends of CO in nitrogen 
(494 and 924 ppm CO in N2 ) and zeroed with zero-grade nitrogen. 

Oxides of Nitrogen (NO/NOx) 

A Scott Model 125 chemiluminescence analyzer with a thermal converter 
was used for the analysis of nitric oxide (NO) and total oxides of nitrogen 
(NOx). The instrument was operated in the ranges of 0-1000 and 0-5000 ppm. 
The thermal converter was used to convert nitrogen dioxide (N02 ) to nitric 
oxide (NO) so that total oxides of nitrogen (NOx) could be measured. The 
converter was switched in and out of the system using solenoid valves to per­
mit the selective operation of NO and NOx modes. Calibration of the instrument 
was provided by a Scott "close tolerance" blend of 981.2 ppm NO in nitrogen. 

Oxygen (0 2 ) 

Oxygen was continuously monitored using a Scott Model 150 paramagnetic 
oxygen analyzer. This instrument was operated in the 0-25% range and spanned 
with a Scott "close tolerance" blend of 9.89% O2 in nitrogen and zeroed with 
zero-grade nitrogen. 

Carbon Dioxide (C02 ) 

An MSA Model Lira 300 non-dispersive infrared analyzer was used to mea­
sure CO 2 levels in the exhaust stream. The instrument was operated in the 
0-15.0% range and spanned with a Scott "close tolerance" blend of 13.1% CO 2 
in nitrogen. The instrument was zeroed with Scott zero-grade nitrogen. 
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The NO/NOx analyzer and the CO analyzer were mounted in instrument stands 
which sit on the floor under the instrument table. The NOx converter. refrig­
erator dryer and NO/NOx instrument vacuum pump were also located under the 
instrument table. The heated hydrocarbon instrument. the CO2 analyzer and the 
oxygen analyzer were placed on the instrument table. Two strip chart recorders, 
a Texas Instrument 4 channel model and an Esterline Angus single channel model 
were also located on the top of the instrument table. The calibration/sample 
selector valves were grouped on the instrument stands for easy access to the 
instrument operator. 

The operating environment for the instruments was typical of marine opera­
tion with the attendant mechanical vibrations from the engines and propellers 
and fluctuating power voltage levels due to load changes on the ship's genera­
tors. In general, the effects of the operating environment on the instruments 
was minimal. A pronounced ship resonance at 120 shaft RPM did cause a broad­
ened signal trace from the oxygen analyzer due to mechanical vibration of its 
detector assembly. This, however, did not materially affect the instrument's 
performance. 

In order to minimize the effect of the environment on the instrument 
readings, the instruments were zeroed and spanned at frequent intervals during 
each test run providing reference checks on instrument spans and zeros. 
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APPENDIX C 

EXHAUST SMOKE MEASUREMENTS 

1. EXHAUST STACK EXTENSION DRAWING 16 204 296. 

2. SMOKE OPACITY CHART FROM 8-26-76 TEST RUN NUMBER 2. 
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APPENDIX D 

SAMPLE RAW TEST DATA FROM 8-26-76 TEST CRUISE NUMBER 2. 
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APPENDIX E 

TEST SHIP DESCRIPTION AND ENGINE TEST PROCEDURE. 

The USCGC Mackinaw (WAGB-B3) has six 2000 horsepower main diesel engines 
manufactured by Fairbanks Morse in 1943. Each main diesel engine drives a DC 
electric generator. The generator outputs of the main engines are connected to 
DC electric 10,000 hp propulsion motors. Two stern propulsion motors drive the 
two stern propellers, 14 feet diameter and 10.7 tons each; and a third propul­
sion motor drives the bow propeller, 12 feet diameter and 4.2 tons. The ship is 
290 feet long, has a beam of 74.5 feet and a full load draft of 19 feet 2\ inches. 
The displacement is 5,252 tons and has a maximum speed of lB.7 mph. The Mackinaw 
personnel allowance consisted of 10 officers and 97 enlisted men. 

The Mackinaw sailed from its home port of Cheboygan, Michigan during the 
reported engine tests. Two test runs each were made before and after engine 
modifications during the period of August 23, 1976 and September 2, 1976. The 
tests were conducted on the main diesel engine #3 before and after modifications 
to reduce smoke and emissions from that engine. In normal ship operation, the 
outputs of anywhere from one to three main diesel engines are connected to one 
stern propulsion motor. It was in the two engine configuration that the main 
diesel #3 was tested. 

Two test runs were made on the unmodified engine and two test runs were made 
on the modified engine. Each test run consisted of normal engine operation prior 
to leaving the mooring (approximately 30 minute idle warm-up) and underway at 
various steady loads. The power settings tested corresponded to the following 
ship operating modes. 

Ship Operating Mode 
Engine Start - Slow Idle 
Fast Idle 
Slow Ahead 
One-Third 
Half 
Two-Thirds 
Cruise Range 
Cruise Range 
Cruise Range - Full 

Shaft 
RPM 

30 
40 
60 
BO 

100 
110 
120 

-73-

Approximate 
Engine #3 Approx. 

RPM % Load 
440 0 
500 0 
440 3 
440 5 
440 10 
440 20 
520 40 
600 50 
700 70 



In order to coordinate the emissions data, engine data, operating data and 
smoke data which were taken simultaneously but in different parts of the ship, 
a unique reference number was used to indicate each engine operating mode during 
a test. The numbers were serially marked in chronological order of test point 
occurrence along with the time of the clock. Table 1 outlines the test schedule 
and includes the sample time and data point reference number along with the approx­
imate engine RPM and ship's motor shaft RPM. 
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TABLE E-l 
MACKINAW ENGINE #3 TEST SCHEDULE 

Log Office 
Time Reading Shaft Engine 
@l No. RPM RPM Remarks 

Cruise 1 0831 1 0 500 Start 
8/25/76 0918 2 V* 420 Getting Underway 

0934 3 50 440 Slow Ahead 
0955 4 100 620 
1026 10 120 750 Full 
1035 11 Turn 
1045 12 120 700 Full 
1110 13 85 520 Slow Cruise 
1116 14 50 440 Slow 
1207 16 440 Slow 

Cruise 2 0828 1 0 440 Start Engine 
8/26/76 0841 2 0 550 Fast Idle 

0849 3 0 440 Slow Idle 
0859 5 35 440 Slow Ahead 
0929 6 80 450 2/3 
0947 7 100 550 
1011 8 115 600 
1030 10 120 650 
1109 11 70 400 
1117 12 40 400 
1120 13 400 Slow 
1207 16 0 440 Idle 

Cruise 3 0809 1 0 500 Fast Idle 
9/1/76 0821 2 0 440 Slow Idle 

0835 4 45 420 Slow Ahead (Engine 3 
only on STBD Motor) 

0905 5 40 440 Slow 
0933 6 60 440 1/2 
0956 7 80 440 
1012 8 100 520 
1042 9 110 600 
1109 10 120 700 Full 

*V - Variable 
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TABLE E-l (Continued) 
MACKINAW ENGINE #3 TEST SCHEDULE 

Log Office 
Time Reading Shaft Engine 
ilill No. RPM RPM Remarks 

Cruise 4 0805 1 0 500 Fast Idle 
9/2/76 0816 2 0 440 Slow Idle 

0834 3 0 500 Fast Idle 
0845 5 30 410 Slow Ahead 
0855 6 40 420 
0921 7 60 420 1/2 
0947 8 80 430 
1012 9 100 540 
1038 10 110 610 
1100 11 120 660 Full 
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APPENDIX F 

TABLE OF TEST RESULTS OF THE FOUR CRUISES AND 

THE CALCULATED EMISSIONS OF THESE CRUISES 
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APPENDIX G 
REPORT OF INVENTIONS 

The work performed under this contract produced no new invention~ 
however. methods are described. using modifications of existing technology. 
that will reduce emissions and improve the fuel economy of Coast Guard ice­
breaker diesel engines and other similar engines in the Coast Guard fleet. 
The modifications described on page 12 would also be applicable to other 
FM 3808 1/8 engines used as stationary or mobile sources. 
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