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ENERAL MOTOR M) DIESEL TREND ANALYSIS RESULT
1991-1 :
1.0 __INTR TION

In late 1990, two of K-Reactor's emergency diesels sustained multiple failures of a
critical engine part which required an extensive rebuild and re-certification effort
prior to restart, reference 1. During subsequent testing following repairs, both
analog and digital engine operating data were acquired and recorded in
references 2, 3.

In the spring of 1993, an annual preventative maintenance action (PM), and full-
load test were completed on both of the Building 108K GM diesels. The following
report documents and discusses trends in critical parameters. Also included are
an estimate of the condition and health of the machines taking into account known
predictive and preventive maintenance information.

Since the GM diesels are not required to remain operable during the current cold
standby status of K-reactor, this report is being issued for historical purposes.

2.0 SUMMARY

GM-1 has operated approximately 340 hours since the last 1991 rebuild, and GM-
2 has operated approximately 430 hours. During that period, the engines were
operated for a period of time at no-load (monthly surveillance), at 40-50% load
(hotel service during transformer room outages), and at full 1200 kw load (during
1-2/93 testing).

On engines that accumulate many operating hours, jacket water (JW) and
lubricating oil (LO) pressuresftemperatures are normally plotted, in a format
similar to Appendix A, so that fluctuations in developing or established trends is
readily noticeable.

However, for emergency and standby power sources like the GM diesels,
meaningful data is obtained only a few times a year, and with so few engine hours
(data points), recognizing trends is difficult. Therefore, JW and LO data were not
graphed as part of this review. Instead, average temperatures and pressures at
comparable load are evaluated and compared. The critical parameters reviewed
and trended include Exhaust Temperature, Firing and Compression Pressures,
Lubricating Oil Analysis.

A review of all data clearly indicates that the GM diesels are operating
satistactorily. There are no indications of problems at this time.
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3.1 Engine Lubricating Oil

3.12 Qil Pr nd Tem

Comparing data from May 25, 1991 against February 20, 1993 for the same load
of 1200 kW (nominal}, oil pressure to the engine (header) was 47 psig with 23-24
psig at the blower end for both dates. Engine oil temperature was regulated at
139°F/173°F (in/out) for 1991 and 132/168°F for 1993. Qil temperature rise (delta)
across the engine is 34 and 36 degrees respectively, giving indication that heat
transfer capabilities have not deteriorated in the past 2 years. Appendix B
discusses the General Motors design value of 25-40°F temperature rise. Ambient
temperatures, see Table 1, for May 25 and February 20 may account for any slight
difference.

Table 1
AMBIENT CONDITIONS*

Dateftime 1-15-93/1700 { 2-20-93/1400 |5-25-91/0800 | 6-26-91/1000
hrs hrs hrs hrs
utside Air 51°F 45°F 70°F 80°F
ooling Water| 55°F 50°F 67°F 77°F
*source: Bush Field meteorological data. Cooling water temps taken from

logsheets.

3.12 Qil Pressure and Temperature - GM-2K

Comparing data from June 26, 1991 against January 15, 1993 for the same load
of 1200 kW (nominal), oil pressure to the engine was 46 psig in June, 48 psig in
January with 24-25 psig at the blower end for both. Engine oil temperature was
regulated at 141°F/169° for 1991 and 128/159°F for 1993. Qil temperature rise
across the engine is acceptable at 28 and 31 degrees respectively.

3.2 Jacket Water
3.21 Water Pressure and Temperature - GM-1K

Diesel Jacket Water (DJW) pressure was 29 psig in June and 26 psig in January.
The 3 psi reduction may be due to pump wear (increased impeller to wear ring or
housing clearance) causing a reduced throughput; it could also be due to a mid-
year gage calibration. Historically, from 1988-19390, pump pressure measured at
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the gauge board has been 27 psig. Measuring jacket water flow through the
pump with an ultrasonic flowmeter and comparing to the ~300 gpm figure of 1991
would help evaluate pump condition.

The Amot type regulating valve kept engine jacket water temperature at
1656/171°F (infout) for 1893 and 154/174°F for 1991 at full load for the dates and
times given in Table 1. All values are within established parameters. No
significant variation is noted.

3.22 Water Pressure and Temperature - GM-2K

Diesel Jacket Water (DJW) pressure was 28 psig this year and was the same
27/28 psig in June 1991. Jacket water was regulated on this engine at 150 / 170
°F this year and 156/168 °F in 1991. There seems to be a bit more temperature
rise across the engine this year, i.e., 20° vs. 10-12°. A lower rise across the
engine is desirable to inhibit thermal stresses on power packs and reduce
challenges to sealing components, see Appendix B. [f further testing confirms the
"delta T" trending further upward, inspection of cooling water piping and passages
in the engine may be warranted. For now, all values are within established
parameters.

3.3 Firing and Compression Pressures

3.31 FEiring Pressure GM-1K

The maximum pressure developed in each of the engine's 16 cylinders during
combustion is measured by connecting a 0-2000 psi capacity Keine pressure
gauge to each cylinder head test valve. Firing pressures are balanced by
metering fuel injector delivery via micro-adjusting rods.

Figures 5 and 6 show firing pressures and difference-from-average pressures at
full load. This engine was balanced more evenly during 1991 testing when the
firing pressure average was 958 psig - vice 996 for 1993. From our experience
with this engine, we might conclude that the engine was operating above 1200kw
(~1720 bhp) load at the time these firing pressures were taken. Latest average
firing pressure is in line with that shown on GM's original testing curves, figure 12,
for 1750 bhp.

Difference from average firing pressure on all cylinders was 50 psid, and in 1993
itis 80 psig. Cylinders 1, 2, 3, 5, 7 were slightly high in firing pressure but did not
exceed the 1050 psig limit. Note that cylinder #5 had high firing pressure and low
exhaust temperature in 1993, whereas in 1991 the same cylinder had low
pressure and high exhaust temperature. For both years, cylinder #5's firing
pressure was higher than average so it appears to be taking its share of load.
Cooler exhaust temperature this year may be due to pyrometer inconsistency,
slightly different injector spray pattern, or better efficiency caused by tighter ring-
to-liner seal and resulting higher compression pressure.
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3.31 FEiring Pressure GM-2K

Figure 1 shows GM-2K firing pressures at various loads, and figure 2 shows the
balanced condition at 1200 kW for 1991 vs. 1993. This engine is capable of being
balanced within 50 psig on all cylinders at 1000 kW, within 50 psig sometimes at
1200 kW, but at all times within 80 psig. See Appendix C for a discussion of
cylinder pressure and load balancing. Basically, the closer all cylinders are
balanced, the more even is the stress distribution in power pack components, on
crankshaft journals and bearings, as well as the engine frame itself. Figure 3
shows differences from average firing pressures which should be held below 80
psig as earlier mentioned. Cylinders #5 and #14 on this engine for some reason
tend to have the highest and lowest pressures (respectively).

This is a well balanced engine and shows a steady trend from 1991-1993. Firing
pressures are well within the 1050-1100 psig allowed by General Motors
Cleveland Maintenance Manuals.

3.32 Compression Pressures

Compression pressures normally indicate tightness of .the piston rings, liner,
exhaust valves, and head gasket seal. The reading is obtained through the same
test valve as firing pressure without the injector pumping fuel into the cylinder.
Trends in this parameter tell much about the conditions of the mechanical
components in the cylinder. When an engine is first rebuilt, compression pressure
will be slightly low, but they will still be high enough to allow compression ignition
of the fuel when injected. Once the ring-to-cylinder liner wear-in process is
complete, compression pressures trend upward to the desirable or expected
value. Figure 8 shows the most recent values on a steady upward trend. The
trend for both these engines will continue to increase with operating hours to the
upper normal range (600-650 psig) unless the engine runs no-load or lightly
loaded. Light loading will cause the piston rings to glaze or scuff, possibly stick
with deposits allowing compression gases to escape into the crankcase (blowby).
The most common results of light loading or no load operation are low
compression, blowby and poor overall engine efficiency and performance.
However, a crankcase explosion may result if combustion flames ignite flammable
vapors in the crankcase.

Excessive clearance between the piston (wrist) pin and wrist pin bushing will also
cause a sharp decrease in compression. This wear phenomena was observed in
1991, and is further discussed below in the conclusions section.

3.4 Exhaust Temperatures

3.41 At1200 kW - GM-1K



WSRC-TR-93-42-056, REVISION 0
SEPTEMBER 1993
PAGE 5 OF 54

Average exhaust temperatures for the two runs are markedly different. Even
though firing pressures were higher in 1993 (996 psig), the average exhaust
temperature was ~90°F cooler. Raw (cooling) water and air temperatures in
February were lower and may have caused the lower exhaust temps. However,
GM-2K water and air were 22 and 29°F lower respectively and exhaust
temperatures were not significantly different (732-756°F). Thermocouples may
need calibration. In Appendix C, an ex-Cleveland design engineer acting as
consultant, discusses pyrometer accuracy and what can cause exhaust
temperatures to vary.

3.42 At1200 kW - GM-2K

Figure 4 illustrates the average exhaust temperatures for GM-2K diesel at full load
with lowest and highest exhaust temperature. According to the GM Cleveland
design engineer, cylinder #5 (or 6) vice cylinder #14 juxtaposition of high/low
firing pressure and low/high exhaust temperature may be due to pressure waves
in the exhaust manifold that affect scavenging, see Appendix D.

Exhaust temperature trends throughout testing were satisfactory. At steady loads,
temperatures will tend to rise and fall with the day's ambient temperature. A
maximum 200°F difference between any two cylinders and a 900°F maximum
individual cylinder temperature is allowed for this engine. Average full load
temperatures will range from 750-850 °F.

This is close to the values given in GM Cleveland's plot for a 6 cylinder engine,
figure 13. In order to compare the GM data to our 16-278A, we use the parameter
brake mean effective pressures (BMEP). BMEP is defined as the theoretical
constant pressure which can be imagined exerted during each power stroke of the
engine to produce power equal to the brake power, reference 4, p-45. Using
appropriate equations, it can be shown that a 6-278A engine running at 750 rpm
developing 650-670 brake horsepower {bhp) is equivalent to the 16-278A running
at 720 rpm developing ~1720 bhp. From the graph, an average exhaust
temperature for this load can be estimated at 700-750°F with 1-3 inches Hg
backpressure.

3.5 Oil Consumption and Analysis
3.51 GM-1K

Normal oil consumption for this engine, from Appendix B, is one gallon in 1000-
3500 bhp-hr.

Using data from February 20 logsheets, the GM-1K diesel used & gallons of lube
oil in 8 hours at full load for an hourly rate ot 0.75 gph, or 4.41EE -4 gal/bhp-hr.
Expressed as the inverse, one gallon of oil used for every 2270 bhp-hr {bhp =
1200kw/0.746 x generator efficiency ~.94 = 1700 hp).
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Figure 9 shows the wear metal concentration in lube oil for GM-2K. The trend for
GM-1K is comparable except that iron levels are lower at 12 ppm by weight.
Figure 10 shows an acceptable trend in copper particulate in the lube oil for both
engines. Figure 11 summarizes the critical chemical and physical parameters
trended and allowable limits for the GM diesel lubricating oil.

3.52 GM-2K

From January 15 logsheet data, it appears this engine used about 9-12 gallons in
17 hours for an average 0.7 gph oil consumption. This is equivalent to using one
gallon of lube oil in 2400 bhp-hr again comparing favorable with the original GM
data of one gallon/1000-3500 bhp-hr. As the compression rings, oil control rings,
and cylinder liners wear, oil consumption will trend toward the lower 1000 bhp-
hr/gal limit.

4. N N

All engine trends are satisfactory. One concern is the GM-1K jacket water pump,
another is the jacket temperature rise across GM-2K. Although acceptable, they
bear watching in the future. Firing pressures on both engines should be tuned to
the lowest pressure variation possible so that exhaust temperatures and engine
stresses are kept in line. Fuel delivery equipment and governing on this engine is
near its limit when running 1250 kW, so the fuel racks should be adjusted carefully
and any item with discernible wear replaced immediately.

In 1990-91, repeated wrist pin bushing failures were attributed to poor
workmanship and non-GM specified materials. In order to monitor continued
health of the highly loaded OEM bushing replacements, three critical parameters
were monitored during testing: copper concentration in the lube oil, lubricating oil
pressure and temperature (main header), firing and compression pressures.
Review of the critical parameters concludes that the bushings are performing as
designed. No abnormal wear is indicated.
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GM-2K Diesel Firing Pressure vs Cylinder
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GM-2K Diesel Difference from Average Firing Pressure
at 1200KW - January 15, 1993 to June 26, 1991
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GM-1K Diesel Firing Pressure vs Cylinder

at 1200KW February 20, 1993 vs May 25 1991

FIGURE 3
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GM-1K Diesel Exhaust Temperature vs Cylinder

February 20, 1993 compared to May 25, 1991 at 1200kw
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WEAR METAL CONCENTRATIONS IN LUBRICATING OIL

vs

Engine Hours - GM-2K Diesei
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WSRC-TR-93-42-056

GENERAL MOTORS (GM) DIESEL TREND ANALYSIS RESULTS
1991-1993

APPENDIX A
DETA GRAPH FORMS
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GENERAL MOTORS (GM) DIESEL TREND ANALYSIS RESULTS
1991-1993

APPENDIX B
MODEL 16-278A ENGINE THERMAL PROBLEMS
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MODEL 16-278A HEAT REJECTION, TEMPERATURE RISE,AND GQIL CONSUMPTICN

ENGINE COOLING WATER

The heat rejection to a two cycle engine cooling system 1s
as shown by a typical engine heat rejection curve, Fiqure 1. The
curve shows that for a large 2 cycle non turbocharged engine the
heat rejection, at full load, 1s about 30 BTU per BHP per minute.

Then knowing the engine cooling water flow, the water temperature
rise through the engine can be calculated and measured.

Usually, this water temperture rise is about 15 F. The reason
for this low temperature rise is to minimize the thermal stresses
and stress distortion in the engine.

The thermal expansion between engine parts for this temperature
rise is about .0001 inches per inch and the stress is about 700
-1000 PSI per inch of length, but for large engine parts this thermal
stress is much smaller because the temperature difference between
parts is much less than 15 F.

The oil and water top operating temperature range is generally
between 160-180 F. By keeping both temperatures about the same
it helps minimize the engine thermal stresses.

Because of the flow characteristics of the typical centrifugal
engine cooling water pump, see Figure-2, the engine cooling water
temperature rise increases slightly as the cooling system fouls.

The engine, raw water cooling system, is generally designed
with a 10°F temperature rise because it has a greater tendency
to foul the cooler and a greater temperature rise can be tolerated
before cleaning is required.
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ENGINE OIL SYSTEM

The temperature rise of the engine oil is generally higher
than for the engine cooling water even though the heat rejection
is less,see Figure-3. Generally the engine oil temperature rise
on this model engine is about 25-40 F.

In both cases the top oil and water temperatures are kept
nearly the same, so as to minimize thermal distertion.

In designing the engine oil system the temperature rise of
the oil in the engine crankshaft bearings is a determining factor.
Calculating the temperature rise of the oil in the bearings the
oil flow is adjusted te give a rise of about 30 F. In this way
the bearing thermal distortion is minimized. Then knowing the
engine oil requirements, the oil pump is sized. With this information
the oil temperature rise through the engine is determined.

Generally the top oil and water temperatures are between
160-180 F, and it is desirable to keep both the water and the oil
temperatures about the same. The lower the oil temperature the
greater is the oil film thickness.
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SNGINE LUSRICATING OIL CONSUMBTISGN

The =ngine judricating o1l consumption for the typilcal 2-cvycla
englne varies with the engine speed, the tygpe of cylinder liners
used, their roughness, the piston ring combination, the oil used,
the overall condition of the engine and the way it was run-in and
operated.

The typical 16-278A and 16-567 engines oil consumption with
porous chrome plated cylinder liners is about 1000-3500 BHPF HRS.
per Gallon of oil.

If the engine uses channel chrome plated liners the oil
consumption is about 700-1500 BHP HRS per Gallon. Engines with
these liners tend to push the oil up through the channels into
the combustion chamber where it is burned.

If the engine uses cast iron cylinder liners with a pearlitic
microstructure, the oil consumption is about 2000-5500 BHP HRS.
per Gallon.

The emergency diesel engines do so little running that often
the piston rings do not become properly seated and the result is
high oil consumption, oil contamination and sludge. Therefore any
extra running during run-in is helpful and improves seating of
the rings. Also the oil must be filtered properly or changed
frequently to prevent contamination and to keep the rings free.

The Model 27BA and 567 Engines are two cycle units with the
air intake ports at the bottom of the cylinder liner. As the piston
rings move past the ports some oil is swept into the port intake
area. Some of this oil contaminates the air box and some is blown
into the combustion space along with the air.

If the air intake port area is not properly relieved (maewested)
the oil pumping problem can be aggravated.

This possible combustion air contamination can account for

a higher oil consumption in some cases. For this reason the piston
rings must be kept in good operating condition.

Paul J. Louzecky e

June 22, 1993

— .
— %L/D/H/f”’- DJL//{.{{ i 7/‘?_/75, 71

%d’l‘m-cj SLTB  Comuen Cam b »u-«f/ =784,

0ﬂyf_


w6988
Rectangle


WSRC-TR-93-42-056, REVISION 0
SEPTEMBER 1993
PAGE 26 OF 54

ENGINE HEAT BALANCE

In making the diesel engine heat rejection study it is of*ten
desirable to make a heat balance study. The estimated heat balance
for this type of engine is as follows:

Heat to useful work 34%
Heat rejection to engine cooling water 27%
Heat rejection to engine oil 6%
Heat rejection to engine exhaust 28%
Radiation 5%

Total 100%
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MODEL 16-278A CYLINDER BALANCING AND EXHAUST GAS
TEMPERATURES
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PRESSURE WAVES IN THE EXHAUST MANIFOLD OF THE MODEL
- 16-278A
AND OTHER ENGINEERING INFORMATION
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