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ABSTRACT
KILE ROSS STINSON. Investigation of the effects of high sulfur content on the
operational characteristics of a Tier 4 Interim ULS diesel engine.
(Under the direction of DR. MESBAH UDDIN)

This thesis focuses on how high sulfur content diesel fuel impacts the operation of
a Tier 4 Interim diesel engine designed to run on Ultra Low Sulfur Diesel (ULSD). This
was explored because U.S. nuclear power plants have these engines as their secondary
backups and each of the 99 U.S. nuclear power plants has up to 50,000 gallons of high
sulfur diesel in emergency tanks that these engines would be run on. The 4.5L 99 HP test
engine was run at 30%, 90% and 60% load, with sulfur concentrations of ULSD, 50
PPM, and 100 PPM. The 30% load tests showed as sulfur content was increased, the
exhaust system temperatures also increased, with a maximum difference of 50°C. The
90% load test showed the same but with only a maximum difference of 20°C. The 60%
load tests showed the 100 PPM sulfur fuel with the lowest exhaust system temperatures,
the ULSD with the median, and 50 PPM with the highest. The DPF differential pressure
soot loading rate of 0.03 g/L-hr was lower than the time-based rate of 0.06 g/L-hr,
meaning the time parameter would trigger a regeneration first. The engine’s power output
was constant, except for the 100 PPM fuel at 60% load, where a few runs showed the
power output 10 HP lower than normal. This research concludes that the impact of up to
100 PPM fuel sulfur concentration was minimal on the test engine’s operational
characteristics. Specifically, the engine would be put into regeneration by the time based
soot loading, before any parameter that was influenced by sulfur concentration triggered

it.
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CHAPTER 1: INTRODUCTION

Nuclear power plants are a major source of electricity for the United States of
America. While in a normal state of operation, nuclear power plants produce little
environmental pollutants. However, with the process and materials required for nuclear
power plants to generate electricity, if something goes wrong it can pose a major threat to
the environment and surrounding population. This is why the plants have many fail safes
and backups to try and reduce the risk of an incident happening. The Nuclear Regulatory
Commission (NRC) is an agency of the United States government that oversees the
nuclear power plants in the United States and regulates them to try and ensure safe
operation.

In 2011, a power plant in Fukushima, Japan experienced an earthquake, followed
by a tsunami. These events caused loss of power to the plant, and flooding of its back-up
generators. With no power available to the plant, they were unable to pump cooling water
to the nuclear fuel rods. This caused the fuel rod assemblies to melt down, and hydrogen
gas explosions that released radioactive material into the atmosphere. In response to this
accident, the NRC charged the nuclear plants located in the United States with
developing a way to produce power and pump cooling water to the fuel rods in the event
they lose power, and their back-up generators become not available.

The solution was to buy diesel engine powered generators and cooling pumps to

store onsite, but away from the nuclear reactors. These engines would operate on an



on-site, pre-existing, protected underground diesel fuel supply. The diesel engines that
most nuclear power plants selected and bought were Interim Tier 4 engines.

The “Interim Tier 4” is a classification set by the Environmental Protection
Agency (EPA) that is intended to reduce the emissions output by non-road diesel engines.
This reduction in emissions is mainly achieved through the use of aftertreatment control
technologies of the exhaust system, such as the use of exhaust gas recirculation (EGR),
the use of a diesel oxidation catalyst (DOC), and a diesel particulate filter (DPF) [1].
These components of the exhaust system help the diesel engines meet the EPA standards,
with the use of ultra-low sulfur diesel (ULSD), which contains 15 parts-per-million
(PPM) of sulfur or less. However, the existing fuel supply at the nuclear power plant
stations was purchased for equipment the plant had onsite long before the EPA Tier
system was put in place. Each of the 99 U.S nuclear power plants have up to 50,000
gallons of diesel fuel in emergency storage tanks that contain up to 300 PPM sulfur
content.

With the Interim Tier 4 engines, the engine control unit (ECU) monitors all the
parameters of the engine. Once certain engine parameters meet a specific value, the ECU
puts the engine into regeneration. In regeneration, the ECU increases the exhaust gas
temperatures by different methods, to try and clean the DOC and DPF. The intervals
between an engine needing regeneration vary depending on engine operating parameters,
and it has been suspected that the sulfur content of the diesel fuel these engines would run
on would negatively impact how these engines run and the time between service
intervals. With the Interim Tier 4 engines being fairly new to the nuclear power plants,

the process of regeneration is understood in theory, but not in practice, especially with the



higher sulfur diesel fuel being used. The concern is that with the higher sulfur diesel that
the nuclear plants have and would run these Interim Tier 4 engines on, the engine would
go into regeneration at a time when the nuclear plant does not want/need them to. During
certain regenerations, the engines have limited or no capability to carry load (which
translates into not being able to generate electricity or pumping cooling water for the
power plants).

This thesis investigates the effects of sulfur content on the operational
characteristic of an Interim Tier 4 Ultra-low-sulfur diesel engine.

1.1 Literature Review

In 2006, the EPA ruled that the maximum allowable sulfur in diesel fuel could be
15 PPM (ULSD). Subsequent rulings on nitrogen oxide (NOX) levels, particulate matter
(PM), and other emissions for diesel engines exhaust spawned a large amount of research
into the effects of using ULSD in diesel engines. This included the performance of diesel
engines on ULSD, and what kind of exhaust treatment was needed to deal with the ULSD
and still meet the EPA regulations. The testing for this thesis was unique because the goal
was to see how using high sulfur fuel would impact the performance of an engine
designed to operate on ULSD, and how the exhaust aftertreatment would perform.
Knowing that, there is not much research that investigates things from this perspective.
However, there are a few reports that have useful information that can be referenced.

The first report that was studied was the “Diesel Emissions Control — Sulfur
Effects Project (DECSE)” that was done by the U.S Department of Energy (DOE) in
2000 [3]. In this report, the DOE added sulfur to ULSD to raise the sulfur concentration

of the fuel, or doped up the fuel. They doped the fuel up to 350 PPM for its test. The



doping procedure used by the DOE was the foundation of the doping procedure
developed for this project. Their testing included four common diesel engines that were
readily commercially available. They tested each engine with; four different sulfur
contents, each with four different test methods, and at 250 hours each. This shows the
depth of the project, and the need for a government agency like the DOE to use their
resources to conduct such test. Their endurance testing of up to 250 hours also partially
shaped the test plan of this project. Results from their testing discovered that increasing
sulfur content did increase the output PM. This is concerning for this current project
because producing more PM will cause the DPF to clog faster. It also found that the
regeneration temperature had to increase with higher sulfur fuel. This also could be a
point of concern because the engine’s ECU tries to keep a balance of the exhaust
temperatures. The DOE tests also showed that increased sulfur content caused more
sulfur ash to collect on the DOC, which reduces the NOx produced, but also can create an
unwanted pressure or temperature difference across the DOC. This could cause the
engine’s ECU to shut the engine down.

Another study that gave some insight to this project was the “Analysis of the
Influence of Fuel Sulfur Content on Diesel Engine Particulate Emissions,” conducted at
Pozan University of Technology in Poland [21]. In this test, they were interested in
seeing how sulfur contents of 50 PPM to 2000 PPM impacted the PM output of the
engines. They doped up their fuel as well, but used thiophene as the doping agent. Their
engine test were only done in six minute intervals. Although this varies greatly from the
test conducted in this thesis, if the engine was up to temperature and ran at a steady state,

the results should still be useful for trends. Like the DOE test, their test results showed



that as sulfur content increased, the amount of PM increased. This again brings up the
point that increased PM could cause the exhaust system to prematurely clog and cause
premature regeneration or not be able to clean itself with a regeneration.

One other study to note is the “Influence of fuel sulfur on the characterization of
PMaio from a diesel engine,” from Beijing [22]. In this test, they studied how sulfur
content impacted the PM and other emissions when sulfur content, and engine load were
varied. They used 30 PPM and 500 PPM fuels that were delivered from the fuel
manufacture with those sulfur contents. This was possible because those different grades
of diesel were still available at that time. This was discussed for the project of this thesis,
however after the EPA regulated almost all nonroad diesel engines run ULSD after 2014
this was not feasible because the lack of availability [23]. For their test, they used three
load conditions, 30%, 60% and 80%, but ran the engine at two different RPM, 1400 RPM
and 2300 RPM. This was because they were interested in trying to get results that might
mimic that of an engine that would be run in the real world. Their results showed that PM
increased with the 500 PPM fuel compared to the 30 PPM, which is consistent with other
reports. It also shows that the heaviest concentration of PM occurred with the 500 PPM
and lowest engine load. One interesting correlation this research made was that high
engine load produced the highest rate of PM mass emission rate but with the smallest PM
size. This means the exhaust aftertreament system would have to deal with a high rate of

soot at high RPM but the soot would be small in size.



CHAPTER 2: TEST SET-UP

2.1 Hardware Selection

When this project was in the beginning stages, there were multiple ideas brought
to light on how to test an engine, how to monitor and record data, which engine to test
and for how long. Testing an engine in its onsite, real operational environment was out of
the question because they would only be used in a major emergency. Operating the
engines in the same way they would be used (running a generator or water pump) offsite
was not an option either because the engine would need to be run for multiple extended
periods of time and this would require load banks that the generator could supply power
to or a large water supply and drain for the water pump. With the desire to have the
engine operate in a controlled environment, and be able to easily record data, it was
decided to test an engine on the water brake dynamometer on the UNC Charlotte
grounds. With the testing location selected, an engine would need to be designated. After
discussion with personal in the nuclear industry that had experience on what equipment
was in the inventory of the nuclear power plants, a list of diesel engines was gathered that
showed what and how many of the different kinds of engines were out there in the field.
This list was then comparted to the physical size of the dynamometer test cell and load
capacity of the water brake to be used, to determine which engine could be adequately
tested. This is how it was settled that a John Deere Power Tech PWX 4.5L engine

(model: 4045HFC92) would be tested.



Once the engine was settled on, the next step was to design a way to dock it up to
the engine dynamometer. The engine dynamometer has existing carts for smaller
automotive engines that were used to vertically raise the engine up so the crankshaft
centerline was level with the engine dynamometer crankshaft centerline. The next step
was to design how the crankshaft would output its power to the engine dynamometer. For
the automotive engines that are normally run on this kind of engine dynamometer, a
flywheel for most standard automotive engines is available. These are used by bolting the
flywheel to the engine’s crankshaft. Formed into that flywheel, is a bolt pattern to receive
a constant velocity (CV) bearing with female splines. These spines match the male
splines that are attached to a driveshaft that runs into the water brake. With this
application not being standard, Figure 2.1 shows the flywheel that was designed and
machined to fit the diesel engine and the dynamometer CV bearing. With the flywheel
on the engine, it could be mated up to the engine dynamometer and physically be able to
run.

The engine dynamometer used for this testing was a DTS Powermark water brake
dynamometer with a Superflow data acquisition upgrade. Data collected by the engine
dynamometer included engine RPM, power and torque. Other dynamometer parameters
that were recorded include water brake temperature, water supply inlet valve position,
water supply inlet pressure and atmospheric conditions. Figure 2.2 shows the test engine

mounted on the engine dynamometer docking cart, docked up to the dynamometer.



Figure 2.1: Image of flywheel designed for John Deere 4.5L test engine

Figure 2.2: Image of test engine docked up to engine dynamometer



To record operating parameters from the engine, the John Deere Service Advisor

5 software was used. This software is designed by John Deere for their service

technicians to use when they are servicing a John Deere engine or vehicle. The software

connects to the ECU and can monitor and record any available channel that the ECU has.

It does not have the ability to make operational changes, only view and record how the

engine is running, diagnosis problems, and reset any alarms or service intervals. Many

engine parameters were record, but the main data points that were of interest for this test

were; DOC inlet temperature, DOC outlet temperature, EGR temperature, DPF

differential pressure, DPF soot load — differential pressure based, DPF soot load — fuel

based, DPF soot load — time based, and fuel rail pressure. Figure 2.3 is a screen shot from

the Service Advisor software with all the parameters recorded being shown.
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Figure 2.3: John Deere Service Advisor 5 software screen shot with engine parameters
that were recorded
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2.2 Test Plan Layout

The test plan was determined by speaking with personal in the nuclear industry
that had experience with these engines, and how they would be operated in real life. It
was determined that in the scenario these engines would be used, they would be ran at a
constant load for about two hours, then shut down for a given period of time before being
ran again for two hours. The design basis is that this would continue only up to 72 hours,
in which time other pieces of equipment could be deployed in the field to take its place.
When in use, these engines would see a constant load, however the power plants run
these engines a couple times a year at different loads to make sure everything is working.
How often, how long, and how loaded these engines are run in these checks varies
between power plants, so a test plan was developed to take all this into account. The
engine would be run at three different loads, 30%, 90% and 60%. At each of these loads
the engine would be run for 12 hour, 12 hours, and 48 hours. The engine would be
baselined with ULSD at these loads and run times, then the engine would be run on the
same test plan with 50 PPM and 100 PPM fuel sulfur concentrations.

Estimates have been given that diesel fuel contains more than 10,000 isomers [2].
So to reduce the number of variables in this test, USLD was used for all testing. For the
higher content sulfur runs, the USLD was doped with a sulfur containing compound,
dibenzothiophene (C12HsS). This was chosen because it is considered one of the few most
common sources of sulfur in diesel fuel [3]. It was also chosen because the singular
molecule of sulfur requires more dopant to be added, which in turn allows for a greater
resolution when weighing out the dopant to be added to the USLD. This reduces the

margin of uncertainty, especially when small amounts of dopant are called for. To
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determine how much dibenzothiophene to add to the USLD, stoichiometrics was used.
When a batch of fuel was received, a sample of it was sent off to a lab for a full spectrum
analysis, which included sulfur content. With the sulfur content of the base fuel
determined, it could then be properly doped with the correct amount of dibenzothiophene

to reach the desired sulfur content. To determine the amount of sulfur needed to dope a

barrel of fuel equation (2.2) was used, where the density of the diesel fuel ( Pyiese ) and

base stock sulfur content (g ) was given by the fuel analysis, and the desired

uel _as _delivered

sulfur content was given by (Sdesired ).

Sadd = |:pdiesel (Sdesired - Sfuel_as_delivered )] 2.2

The amount of dibenzothiophene needed to reach the desired sulfur content was
then found using equation (2.3). The molecular mass of dibenzothiophene

(

) and diesel fuel ( ,_ ) were taken from the periodic table, and the volume

pdibenzothiophene

of diesel fuel (\,, ) was measured as fuel was being dispensed into the fuel drum and

checked with volume calculations of the fuel drum’s physical dimensions.

pdibenzothiophene
Daga = Saa Ve 2.3
Y sulfur

Once a batch of fuel was doped, two samples were taken and sent out to two

different labs to verify the new doped sulfur content. Each lab used a different test
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method (ASTM D3120 and ASTM D5453) as approved by the EPA to test sulfur in
diesel fuels [3]. ASTM D3120 is a standardized test for determining the amount of sulfur
in fuels. The sulfur content must be between 3 PPM and 1000 PPM for this test method to
be valid. This test uses oxidative microcoulometry to determine the sulfur content. ASTM
D3120 has a precision of 5 PPM for diesel [19]. The other test used was ASTM D5453,
which is used to test fuels for sulfur using ultraviolet fluorescence. This test can detect
sulfur content from 1 PPM up to 8000 PPM of sulfur, which is far beyond the upper
limits of sulfur used in this test. The precision of this testing method at 100 PPM sulfur
content would be 9 PPM [20]. At times, there were differences between the results of the
two different test methods which were larger than the stated precision values. At least
two instances occurred where there was more than a 20 PPM difference between them.
Later investigation found that calibration on the ASTM D3120 test machine had fallen
out of specification without the knowledge of the lab. This is why two different labs and
two different test methods where done.

Table 2.1 shows the average and standard deviation of the sulfur content for all
the doped fuel used during these tests. It also shows the average sulfur content result of
the ULSD, to easily see the difference in sulfur contents of fuel being run between each
sulfur concentration run. The standard deviation of the 50 PPM fuel was higher because
this was the first sulfur concentration test done, and the doping procedure was still being
refined at this early stage in the project. Care was taken to ensure homogeneity of the
doped sulfur by frequent circulation of the fuel, and testing of the sulfur content at

different depths of the fuel barrels.
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Table 2.1: Average and standard deviation of sulfur content of doped fuels, and sulfur

content of ULSD
Standard
Average | Deviation
(PPM) (PPM)
50 PPM 51 7
100 PPM 99 5
ULSD




CHAPTER 3: RESULTS AND DISCUSSION

The results of these test will be broken up into four different sections. The first,
second and third sections will discuss the results of the 30%, 90% and 60% load test.
Specifically, they will focus on the exhaust gas temperatures and accumulated mass
concentrations on the exhaust aftertreatment system. The fourth section will discuss other
results gathered over all the tests, including engine power production, fuel system
performance, and lubricating oil characteristics.

3.1 30% Load Results

The first test that was run on each of the different fuel sulfur concentrations
(ULSD, 50 PPM, 100 PPM) was the 30% load condition. The exhaust aftertreament
system requires higher temperatures to active the catalyst [5]. So the 30% load condition
test was done first because it was thought to be the worst operating condition for the
aftertreament system. This round of testing included six runs of two hours each. The
temperatures for the DOC inlet (Figure 3.1), DOC outlet (Figure 3.2), and DPF outlet
(Figure 3.3) are shown below. Each graph shows six two hour runs at each of the sulfur
concentrations, except for the ULSD run, which only shows four runs. Desired operating
conditions require that each of these temperature be within 16°C of each other [6]. Each
figure shows that is the case, however as sulfur content was increased, each respective

temperature increased as well. This is desirable for the catalyst but poses other problems.
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30% Load DOC Inlet Temperatures
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Figure 3.1: DOC Inlet Temperatures for each of the sulfur concentrations at 30% load
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Figure 3.2: DOC Outlet Temperatures for each of the sulfur concentrations at 30% load



16

30% Load DPF Outlet Temperatures
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Figure 3.3: DPF Outlet Temperatures for each of the sulfur concentrations at 30% load
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Figure 3.4: EGR Temperatures for each of the sulfur concentrations at 30% load
Figure 3.4 above, shows the EGR temperatures for each sulfur concentration. Like

previous figures, this graph shows six two hour runs at each of the sulfur concentrations,

with the ULSD run only showing four runs. After seeing a rise in DOC and DPF
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temperatures, a rise in EGR was expected but the 20°C higher EGR temperature
difference in the 100 PPM runs versus the 50 PPM runs is interesting to note. EGR is
used to decrease the nitrogen oxides (NOXx) of an engine, at the cost of higher exhaust
soot. A compromise is to cool the EGR charge, to reduce to the soot produced. With the
rise of exhaust temperature, and the EGR not being able to be cooled as much, this would
cause more soot to be produced [7]. This shows that the low load, lower sulfur
concentration would produce less soot that the higher concentration. Although higher
exhaust temperatures are desirable for increasing the catalyst efficiency [8], these
temperatures are not high enough to offset the extra soot being produced.

The John Deere Service Advisor also recorded three different DPF soot loads;
differential pressure based, fuel based, and time based. Figure 3.5 shows the differential
pressure based soot load across the DPF for the three different sulfur concentrations at the
30% engine load. This value calculates a soot load, based on the pressure drop across the
DPF as measured by the differential pressure sensor attached to the exhaust system [9].
Figure 3.5 shows what looks to be a large disparity between the different sulfur
concentrations, however there are other factors that should be taken into account. The
ULSD runs only have four runs shown (like previous figures) however the engine had
been run for over 7 hours before data was taken. This also was part of the break in period
of the engine, and could contribute to this. Another thing that needs to be considered is
that a regeneration was done after the ULSD test. A regeneration was done after the 50
PPM test as well, however there were 30 hours of engine run time after the regeneration,
but before the 100 PPM test was started. The test was conducted this way because this is

how these engines would be ran in the field, and due to a change in the testing method by
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the project sponsor part way through the test. With this considered, Figure 3.5 still
indicates a higher pressure drop over the DPF for the 100 PPM fuel, over the other sulfur
concentrations, but it does not significantly increase, and is well below the threshold of

the allowable limit of 3 g/L [10].

30% Load DPF Soot Load - Differential Pressure
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Figure 3.5: DPF Soot Load based on measured differential pressure, for each of the sulfur
concentrations at 30% load

Figure 3.6 shows the DPF Soot Load based on fuel usage, for each sulfur
concentration at 30% load. Although the values recorded are referred to as based on fuel
usage, this is not the only thing that goes into these values. This is a calculated value that
takes into account many unspecified factors and is more appropriately stated as a mass
balance based model in the manual [10]. With that understanding, the figure makes more
sense that they are not liner since the load was constant. The cause for the shift in start
points for each sulfur content can again be attributed to the duration between

regenerations, which reset these values after the regeneration had taken place. The trend



19

for each sulfur content shows that the soot level based on fuel usage level off around 2.5

g/L, which like the soot load based on differential pressure, is under the threshold.
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Figure 3.6: DPF Soot Load based on fuel used, for each of the sulfur concentrations at
30% load

Figure 3.7 shows the DPF soot load based on engine run time for each sulfur
content at 30% load. This value is only based on how long the engine has run since the
last regeneration cycle, and therefore the sulfur content of the fuel, or engine load have
no bearing on these values. Like other figures, the disparity between the initial starting
values is from the duration of time since the last regeneration took place. The other load

tests showed similar results, and therefore will be omitted from further discussion.
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Figure 3.7: DPF Soot Load based on engine run time, for each of the sulfur
concentrations at 30% load

These results show that at 30% load, there wasn’t much of an operational
difference between the ULSD and 50 PPM fuel. However, the 100 PPM fuel did show a
faster rise in DPF pressure differential soot load and higher levels. Although the 100
PPM fuel did show a difference, it was below the allowable threshold. At the 30% load,
all three different sulfur content fuels allowed the engine to passively clean the DPF and
DOC. This means that if the engine was run at these conditions for an extended period of
time, regeneration would occur on the DPF soot load timer before the other parameters
got high enough to trigger a regeneration. This would be classified as normal operating
condition, and therefore the sulfur content does not change how the engine would
operate.

3.2  90% Load Results
The second test that was run on each of the different fuel sulfur concentrations

was the 90% load condition. Like the 30% load, this round of testing included six runs of
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two hours each. This test was done next because very few power stations run their
engines at very high loads. Therefore, it was decided to set this load condition at the same
run time as the 30% load. The temperatures for the DOC inlet (Figure 3.8), DOC outlet
(Figure 3.9), and DPF outlet (Figure 3.10) are shown below. As stated earlier, the desired
operating conditions should be within 16°C of each other, and they were. As with the
30% load tests, the temperatures increased as the sulfur content was increased. The
higher sulfur fuel can cause sulfur to be deposited on the surface of DOC and not be
removed until a high load or high temperature condition exists, like a high load like this
or regeneration. When the sulfur does get burned off of the DOC it is converted into
sulfur dioxide (SO2) [11]. This is not desirable for emissions, but does not cause the
immediate operation of the engine to change. With the higher load though, the amount of
fuel being used is increased, which deposits more sulfur on the catalysts. With that and
the higher exhaust temperature that the higher sulfur causes, it could cause premature
aging of the DOC [12]. This would not be ideal for an engine that is run constantly, but
with the little time these engines are in service in the field, it should not change their
operation or maintenance schedule. The overall temperatures of the DOC and DPF are

increased because of the increased load.
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Figure 3.8: DOC Inlet Temperatures for each of the sulfur concentrations at 90% load
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Figure 3.10: DPF Outlet Temperatures for each of the sulfur concentrations at 90% load

Figure 3.11 shows the EGR temperatures for each of the different sulfur
concentrations for the 90% load tests. Like the 30% load tests, as the sulfur concentration
was increased, the EGR temperature increased as well. This can be attributed to the
increase exhaust gas temperatures, like the 30% load test showed as well. The average
temperature difference between the ULSD and 100 PPM sulfur fuel was roughly the
same between the 30% and 90% load. However, the 50 PPM fuel showed an increase in

average temperature of a few degrees between the 30% and 90% load.
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Figure 3.11: EGR Temperatures for each of the sulfur concentrations at 90% load

Figure 3.12 shows the DPF soot load based on measured differential pressure, for
each sulfur concentration at 90% load. Like other figures, the disparity between the initial
starting values is from the difference in times between regeneration. This figure shows
the rate of the differential pressure based soot load increased about the same for each of
the sulfur concentrations, which was 0.03 g/L-hr. This is important to know because the
differential pressure based soot load rate of change is less than that of the time-based soot
load parameter, which was 0.06 g/L-hr. This means that at 90% load, sulfur content does
not seem to influence the operational parameters that force a regeneration, and the time-
based soot loading parameter will be the factor that triggers that event. Although sulfur
content in fuel does impact the operational performance of the DPF [13], it doesn’t
influence it enough to make a difference in the operating time and range of these test that
mimic the field running conditions for these engines. Another point of interest in Figure

3.12 is the instability and fluctuations in the 100 PPM fuel run. The ULSD and 50 PPM
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runs do have a small amount of fluctuations in them, but their trend is mostly linear
increasing. The 100 PPM fuel has a larger total difference between the beginning and end
of the test, and some runs display data values that have a sinusoidal function. This could
be related to the fluctuations seen in the temperature figures above for the 90% load
conditions. It is believed that these temperature fluctuations are a result of the engine
coolant fan tuning on and off throughout the test to regulate engine temperature, as
observed. Figure 3.13 shows the engine coolant temperature for each of the different
sulfur content fuels for the 90% load tests. This operation of the fan appears odd however
because for the ULSD fuel there is only a 7°C engine coolant temperature difference
between the 100 PPM fuel, and the 50 PPM fuel only had a 2°C difference. With this
little temperature difference, it does not seem that would cause the coolant fan to
constantly be turning on and off, but the temperature oscillations did occur only when the
engine coolant temperature reached 105°C. As stated earlier, the emission controls of
these engines reduce NOXx through the use of EGR, but in doing so cause more soot and
have higher in-cylinder temperatures, which causes the engine to operate at a higher

temperature [14].
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Figure 3.14 shows the DPF soot loading based on fuel used for each of the sulfur

content fuels at 90% load. This varies greatly from the same figure for the 30% load tests
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(Figure 3.6) because that figure shows an increase in soot loading until around 2.5 g/L,
where all three sulfur concentrations look to level off. This figure for 90% load, decreases
the soot loading down to 1.5 g/L, then seems to level off. As discussed earlier, this soot
loading has many unknow factors that go into it, not just fuel used. This figure shows that
engine load must factor into this parameter, as it was the only change between the two
different load tests. This agrees with the general consensus that increased engine loading
increases soot production, however the elevated temperatures and flow rates help reduce

soot loading on the DPF [15].
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Figure 3.14: DPF Soot Load based on fuel used, for each of the sulfur concentrations at
90% load

3.3 60% Load Results
The third set of tests that were run on each of the different fuel sulfur
concentrations was the 60% load condition. This round of testing included 24 runs of two

hours each. This round of testing was lengthened because it was determined the 60% load
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is where most of the power stations operate their engines. The temperatures of the DOC
inlet, DOC outlet and DPF outlet are shown in Figure 3.15, Figure 3.16 and Figure 3.17.
Like the other load conditions, each of these temperatures were within the operating
parameter of 16°C of each other, within each of the sulfur concentrations. Unlike the
other load conditions where increasing sulfur content increased the temperatures, this
60% load condition showed that the 100 PPM fuel had the lowest temperatures, then the
ULSD, and the 50 PPM had the highest exhaust temperatures. A point of interest is the
spike in all the temperatures for the 100 PPM fuel test around the 36-hour mark. This is
an indication of a regeneration. This regeneration was initiated by the time-based soot
loading limit. When the engine put itself into regeneration, it maintained RPM (1800) and
load (60%) initially. As load was increased up to 90%, the engine derated to 1200 RPM
but held the desired load. This is of interest depending on what the engine would be
driving in service in the field. If it were driving a generator this would be an issue
because the engine RPM change would change the frequency of electricity being
produced. For engines driving water pumps, this would change the flow rate of water
being pumped. This was not believed to be dependent on sulfur content of fuel, but
instead on the limitations of the engine and how the ECU controls the engine while in
normal regeneration. The regeneration does show that that temperature of the DOC inlet
is lower than that of the DOC outlet and DPF outlet. This is consistent with conventional
regeneration behavior, as the particulate matter on the DPF inlet face combust with
oxygen in the exhaust above 600°C [16]. With the combustion of the particulate matter

going on between the DOC and DPF, this explains why the temperature is higher after the
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DOC. After the regeneration was over, all temperatures returned to their normal operating

levels.
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Figure 3.15: DOC Inlet Temperatures for each of the sulfur concentrations at 60% load
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Figure 3.16: DOC Outlet Temperatures for each of the sulfur concentrations at 60% load
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Figure 3.17: DPF Outlet Temperatures for each of the sulfur concentrations at 60% load
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Figure 3.18: EGR Temperatures for each of the sulfur concentrations at 60% load

Figure 3.18, shows the EGR temperatures for each of the sulfur test at 60% load.
Like the other load conditions, the higher sulfur content fuels had higher EGR

temperatures, however the difference wasn’t as significant. For 30% and 90% loads, the
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temperature difference between the ULSD and 50 PPM runs were 5-10°C, and the
difference between the ULSD and 100 PPM runs were 20-25°C. However, the 60% load
showed a 10°C temperature difference between all three sulfur contents. One interesting
observation is that for each sulfur fuel concentration, the EGR temperature gradually
rises over the 35 hours of 60% load run time, before regeneration occurred. Then after
regeneration, the EGR temperature of the 100 PPM runs, dropped to below that of the
ULSD runs, at the same given time point, but started rising at the same rate as before
regeneration. This could be attributed to a few different things. One theory from literature
suggest that deposits of soot and hydrocarbons can build up in the EGR cooler, and cause
a reduction in the heat transfer properties, as well as increase the pressure drop across the
EGR cooler and reduce the engine efficiency [17]. Another theory could be that because
of the increased sulfur content of the fuel, EGR cooler fouling and corrosion could occur
from the sulfates that are a by-product of combustion with sulfur containing fuels [18].
These seem to be only partial answers, as the EGR temperature dropped significantly
(20°C) after regeneration. Since the recorded EGR temperature did not increase enough
to burn off deposits, more investigation and testing should be done to understand this
phenomenon.

Figure 3.19 shows the DPF soot load based on differential pressure for all the
sulfur concentrations at the 60% load condition. Like the previous DPF soot loading
figures based on differential pressure, the 100 PPM fuel had the highest mass
concentration, but this was due to the difference in time between regenerations. In
general, all three sulfur concentration fuels showed the same rate of soot loading on the

DPF. Figure 3.19 shows very similar characteristics to that of the same figure for 90%



32

load, Figure 3.12. This is, that there is a very steady and almost linear increase in the soot
loading over the run time, except for that of the 100 PPM runs. The 100 PPM runs do
increase; however, it is much more sporadic with spikes in the data up and down, much
like the 30% load displayed. Figure 3.19 also shows the regeneration at the 35-hour mark,
and the change in the differential pressure soot loading is very noticeable. After
regeneration, the soot loading was shown to drop to normal post-regeneration levels, and
start to increase at close to the same rate as the other fuel concentrations. The rate of
differential pressure based soot load increased about the same for the ULSD and 50 PPM
fuels at 0.02 g/L-hr, but the 100 PPM fuel had a slight increase of soot loading rate at
0.03 g/L-hr. This is important to know because the differential pressure based soot load
rate of change of the ULSD, 50 PPM and 100 PPM fuels is less than that of the time-
based soot load parameter, which was 0.06 g/L-hr. This means that at 60% load, the
sulfur content does not seem to influence the operational parameters enough to force a
regeneration, and the time-based soot loading parameter will be the factor that triggers
that event.

Figure 3.20 shows the DPF soot loading for fuel used of each sulfur concentration
at 60% load. This figure reaffirms the result of the same figure for the 90% load (Figure
3.12), that shows this soot loading value takes into account many factors. One can
determine the regeneration point aligns with that of the other data. After the regeneration,
the 100 PPM fuel comes back up to the pre-generation soot lever loads, meaning these

values are probably more weighted on engine RPM and load.
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Figure 3.19: DPF Soot Load based on differential pressure, for each of the sulfur
concentrations at 60% load
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3.4 Miscellaneous Results

One of the major measures of an engine’s performance is the power and torque it
outputs. For all of the testing on this engine, only the 100 PPM fuel at 60% showed a
power difference. Figure 3.21 shows the power output of the test engine for each sulfur
concentration at 60% load. In some places, a 10 HP difference can be observed. This does
raise concern, and peaks interest in the results. One explanation could be that with the
higher sulfur fuel, and increased amount of EGR, the engine makes less power because
the EGR takes the place of some oxygen in the combustion chamber, which reduces the
power output of the engine. If that was the case, one would expect to see the power
output of the test engine to be constantly reduced, which it is not. Another explanation
could be the slow creep of the engine dynamometer loading condition of the engine
and/or the slight change in the engine’s control unit and how it responds to the engine
dynamometer load. More tests are needed to make sure this result is repeatable, and to
give more data points to give insight into this.

Fuel pressure was also monitored as a concern was the higher sulfur content fuels
would clog the fuel filter. Both the low pressure and high-pressure side of the fuel system
was monitored but showed no change in fuel pressure for either. Therefore, for this
amount of run time, sulfur concentrations, and engine loads, sulfur content did not change

how the engine operated.
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Figure 3.21: Power output of test engine for each of the sulfur concentrations, at 60%
load

Properties of the engine lubrication oil were also investigated. The USLD runs
were in the break-in period of the engine. After the ULSD runs were complete, the break-
in period for the engine was complete. The oil was changed and an oil sample taken and
sent off for analysis. The oil analysis after the ULSD runs showed trace amounts of wear
metals in the oil, which were expected as this was considered the break-in period for the
engine. Fuel contamination and soot levels in the oil showed less than the measurable
value of the test. The viscosity is a measure of a fluid’s ability to resist flow and shear
and is considered the most important physical property of oil [26]. At 100°C, the first oil
test showed that oil still was still within operating range for the 10W-30 oil that was
recommended for the break-in period, and would be considered ok to keep using based
on oil properties [25]. The total base number (TBN) is the value that shows the ability of

the oil to neutralize the by-products of combustion and keep the oil from becoming too
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acidic, which could cause corrosion to the internal engine components [27]. The TBN of

the oil after the break-in period was still within operating conditions as well [28] [29].

Table 3.1: Oil analysis results after each fuel concentration run

Fuel Soot Viscosit
HF::":S Dilution (% (% at 1oo°g (mgIKB (';'H /g)
Volume) Volume) (cSt)
ULSD 80 <1 <0.1 10.8 5.83
50 PPM 105 <1 0.1 15.3 4.59
100 PPM 201 <1 0.1 15.1 4.20

After the ULSD runs and break-in period, the oil was changed with John Deere
15W-40 oil. This was the oil recommended by John Deere for use after the break-in
period. After the 50 PPM runs, the engine oil had 108 hours of run time on it. This was
below the recommended run time of 200 hours on an oil change, therefore only an oil
sample was taken and sent off for analysis. This oil analysis came back with an abnormal
concentration of water. This was probably due to improper sampling technique and
contamination from the oil sampling suction pump being used for something else before
this sample was drawn. Other abnormal levels of boron, magnesium, calcium and
phosphorus were also present. All of those can be traced back to water contamination,
wear metals, or improper oil being used [30] [31] [32]. They were all on the low side of
abnormal, and the analysis suggested continuing use of the current oil with the suggestion
to plot trends with future analysis to make sure it was only water contamination and not
some other problem arising. The viscosity was 15.3 centistokes (cSt) at 100°C, which
was above the minimum grade value for a 10W-40 oil, 12.5 c¢St. The TBN was 4.59 cSt,

which was just past the normal operating parameter of 50% of the starting TBN of 10.5
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cSt for a 10W-40 oil. These parameters indicated that the oil was starting to wear out, but
still fit for use.

After the 100 PPM runs, the engine oil had a total of 201 hours on it, which was a
good point to take an oil sample since 200 hours is when John Deere recommends to
change oil. With a different sampling technique than the 50 PPM analysis, the oil analysis
showed no water contamination for this oil sample. However, the same abnormal metals
that showed up with the 50 PPM sample were present in the 100 PPM oil sample, with
the addition of copper. The analysis suggested that the copper was most likely from the
oil cooler or EGR cooler. Like the 50 PPM sample, the level of these metals were on the
low end of the abnormal stage, and again the suggestion was given to monitor these
trends to see if any alternative action should take place. The viscosity went down to 15.1
cSt at 100°C, which was still above the 12.5 ¢St minimum grade value for a 10W-40 oil.
The TBN was 4.20 cSt, which was still within the normal operating parameters. The
abnormal levels of the different metals is an interesting point, and a good topic for future
study, but not a large enough abnormality to dictate the sulfur content of the fuel
prematurely wearing out the oil. The viscosity and TBN numbers showed the oil’s
properties were still within usable parameters, and the sulfur content did not prematurely

wear the oil out.



4. CONCLUSION

The tests that were conducted throughout this study tested the impact of fuel
sulfur content on the operational characteristics of a Tier 4 Interim ULS diesel engine.
This thesis concluded that for the operational parameters that this engine would see in a
nuclear power plant as part of its emergency equipment, the maximum sulfur content
tested of 100 PPM would have no detrimental consequences in the 72 hours that this
engine would need to be run.

Throughout these tests, the engine was run on three different sulfur contents;
ULSD, 50 PPM, and 100 PPM. At each of these sulfur contents, the engine was run at
different engine loads; 30% for 12 hours, 90% for 12 hours, and 60% for 48 hours. For
the 30% load condition, it was found that as sulfur content was increased, the exhaust
temperatures increased as well, by 10-20°C. This caused the EGR temperatures to
increase as well by 20°C, which increases the soot production, but not enough to change
how the engine operated. The DPF soot load based on differential pressure at this engine
load was inconclusive, because of the different times between regeneration. The fuel
based soot loading started to show that it was not purely based on fuel usage and that all
three fuel concentrations looked like they leveled off at the same mass concentration. The
time-based soot loading showed that it was only based on the amount of run time of the
engine, and in this loading condition was the factor that would cause the engine to go into

regeneration, which is the desired result.
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The 90% load condition showed the same increase in exhaust gas temperatures as
the 30% condition did with respect to sulfur content. This could be due to the higher fuel
usage allowing more sulfur to pass through the engine and deposit itself on the DOC and
DPF. The EGR temperatures also showed the same trend as the 30% load, with the
exception of the 50 PPM, which had a few degrees higher average temperature. The
differential pressure soot loading for each of the sulfur concentrations at 90% load,
showed the same rate of soot loading, 0.03g/hr-L. This was less than than the rate of soot
loading for the time-based parameter was 0.06 g/hr-L. This means a regeneration will
trigger on the time-based parameter before the differential pressure. An interesting find
was the 50 PPM and 100 PPM fuel concentrations did cause an increase in engine coolant
temperature, with the 100 PPM runs showing an oscillation in temperature. This could be
due to the coolant fan coming on and off, but this point needs more investigation. And
also like the 30% load, the fuel based soot loading parameter seemed to decrease from its
initial starting value of 2.5 g/L-hr, then level off around 1.5 g/L-hr. This shows that this
parameter must not only be based off of total fuel usage, but engine load as well.

The 60% load condition did not show the same trend with exhaust temperatures as
the ULSD and 50 PPM fuels. In this concentration, the 100 PPM fuel had the lowest
exhaust temperatures, followed by the USLD, then the 50 PPM fuel. The 60% load test
also saw a regeneration occur, trigged off the time-based soot loading parameter, which
was desired. The engine took load and ran normal as hoped and expected. The EGR
temperatures were higher for each of the sulfur fuel concentrations, however temperature

differences (5-10°C) weren’t as significant as the other load conditions produced (20-

25°C). Like the other load conditions, the rate of increase of the differential based soot
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loading parameter was lower than the time-based soot loading rate, meaning the time-
based soot loading would still trigger a regeneration first.

A few other points of interest for this test included the fact that the 100 PPM runs
produced as much as a 10 HP difference between it and other two fuel concentration runs.
This could have been contributed to the engine being down on power from the extra EGR
being used, or the reaction between the engine dynamometer loading state and the
engine’s ECU output. Fuel pressure was also monitored but proved not to be an issue as
there was no fuel pressure change in each of the loading conditions. The engine oil was
also analyzed for wear metals, fuel dilution, soot acumination, viscosity change and TBN.
From the analysis, it showed that fuel sulfur content did not show any noticeable changes
to the characteristics of the engine oil, and following the manufacture oil change intervals
should lead to optimal performance of the engine oil.

From all this it was determined that the sulfur content has little negative
operational impact on the engine. It might have caused a loss of power in the 60%, 100
PPM test, however this could be mitigated in the field with increasing load or engine
RPM. These tests also showed that the regeneration would be triggered on the time-based
soot loading before any other parameter.

4.1 Future Research

The first test in future research could be to understand more about the power loss
at the 60%, 100 PPM range. This would be considered the only point of worry from the
results of this thesis. Another area that could be looked at would be to repeat these same
tests with higher and/or different fuel sulfur concentrations. As there are some power

plants that have up to 300 PPM sulfur in their fuel, it is recommended to use the same test
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procedures to test at least up to 300 PPM sulfur content. Another test that could be of use
would be to see the long-term impact of the increased sulfur content on this and other
engines. Increasing the amount of run time at the specified loads and sulfur
concentrations would give a more realistic mode of operation for the real world (non-
power plant) circumstances that these engines would be expected to operate without
failure. This test’s run time of 72 hours per sulfur concentration is how the power plants
require these engines to operate, but they would run much more in the real world. One
other area that could be studied is the increased EGR temperatures and possibly the
fouling of the EGR cooler. This would be on concern regarding the emissions output of
the engine, but if the cooler was fouled or plugged up enough, it could possibly impact

the power output and other parameters of the engine.
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