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ABSTRACT

EMPLOYING EXPERIMENTAL AND COMPUTATIONAL FLUID DYNAMIC METHODS
TO REDUCE METHANE EMISSIONS IN LARGE BORE TWO-STROKE NATURAL GAS
ENGINES BY USING IN-CYLINDER TECHNIQUES

Methane slip from internal combustion engines is an issue that escalates the increase of the
average global temperature society is seeing today. Governmental policy has pushed for a reduction
of emissions from internal combustion engines to help combat this change in global weather. The
purpose of this research was to investigate multiple in-cylinder techniques that were designed to
reduce the engine out emissions of a large bore two-stroke natural gas integral compressor engine.
Experimental and computational fluid dynamic simulations were used throughout the research.
The first technique investigated was using a hydrogen and natural gas blended fuel compared to
a solely natural gas fuel. The second technique was designing a pre-combustion chamber that
addressed areas of poor or incomplete combustion. Finally, the third technique studied was the
injection of a premixed natural gas and air charge into the pre-combustion chamber to improve
homogeneity of the pre-combustion chamber. Using hydrogen as a fuel saw reductions in methane
emissions of nearly 30%. The optimized prechamber design saw decreases between 22% and 31%,
depending on the engines operating conditions. The premixed fuel and air injection did not produce
any favorable results. The reductions seen in the first two techniques show that large dimunitions

in emissions are not only possible, but likely across multiple platforms.
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Chapter 1

Introduction

1.1 Background and Motivation

According to NASA’s Goddard Institute for Space Studies (GISS) [1] the average global temper-
ature anomaly in 2024 was 1.28°C (2.3°F) higher than the long-term average (1951-1980) with the
last decade being the warmest years recorded. Figure 1.1 shows the temperature anomaly versus
year. Data collection began in 1880.

The Intergovernmental Panel on Climate Change (IPCC) studied the effects of rising tempera-
tures and made predictions about how it would impact the world if the upward trend in temperature
continues [2]. The panel provides evidence showing that if carbon dioxide levels in the atmosphere
continue to increase, a plethora of issues will arise. The number of extreme heat events will in-
crease as frost events and cold spells will drop. Heavy precipitation and pluvial flooding will be
widely seen. Colder regions will see a decrease in lake, river, and sea ice, as well as permafrost,
hail, snow, glaciers, and ice sheets. The most impacted aspect will be the oceanic and coastal
regions; relative sea levels will rise, and coastal flooding, coastal erosion, and marine heatwave
events will all become more common. These changes will be seen across the entire globe.

There are multiple factors that contribute to the temperature increase, but two greenhouse gases
(GHGS), carbon dioxide (CO,) and methane (CH,4), contribute the most. Both molecules are re-
ferred to as heat-trapping gases, and when released into the atmosphere, they act as insulation to
the Earth by absorbing the long-wave radiation from the sun that is reflected from the Earth’s sur-
face and emitting it back to the surface. The presence of GHGs, specifically carbon dioxide, in
the atmosphere is essential for life on Earth to exist. Without GHGs, Earth’s average temperature
would be approximately -18°C (0°F) [3] in comparison to the 15°C (59°F) [4] [5]. The excessive

accumulation of these gases over time results in an increase in the Earth’s surface temperature.
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Figure 1.1: Global surface temperature change compared to the long-term average.

According to [6], the growth rate of carbon dioxide trapped in the atmosphere is less than half
of what would be expected if all the carbon dioxide released by land use and fossil-fuel burning
remained. Carbon dioxide in the atmosphere can remain for centuries [7] until it is either absorbed
by the oceans, plants, and soil because of its relatively nonreactive behavior. The absorption from
oceans, plants, and soil comprises a large part of the cleanup effort but is not enough to bring levels
to net zero.

Methane has a short lifespan compared to carbon dioxide, existing for 7—12 years in the atmo-
sphere where it eventually reacts with oxygen and becomes carbon dioxide. Methane is also a
climate super pollutant that traps approximately 28 times the amount of heat that carbon dioxide
does [8]. Estimations of around 40% of methane emissions are from natural sources such as wet-
lands, oceans, wild animals, permafrost, and vegetation, while the remaining 60% is attributed to
human activity [9]. The major human-related contributing factors are agriculture and agricultural

waste, fossil fuel production and use, and biomass and biofuel burning.
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Figure 1.2: U.S. natural gas consumption by sector.

One of the major contributors to methane expulsion into the atmosphere comes from the burn-
ing of natural gas for various reasons, including heating, manufacturing, power generation, and
transportation. The major constituent of natural gas is methane. In 2023, natural gas production
accounted for 38% (39.25 quads) of total energy production in the United States. This is fueled by
the continually increasing total demand, as can be seen in Figure 1.2 [10].

The production, transport, and distribution systems for natural gas throughout the U.S. are ex-
tensive and complex. Production starts at a natural gas shale, where it is pumped from a source
and sent to a processing plant where the gas undergoes several processes. The majority of these
processes are separating the natural gas from other constituents such as water, oil, and non-
hydrocarbon gases. From the processing plant, the natural gas is sent to underground storage
reservoirs for later use or to the consumer with a provider company in between. Figure 1.3 [11]

below shows a map of the U.S. gas transportation pipeline system.
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Figure 1.3: Nationwide map of gas transmission pipeline system.

To keep the gas flowing from the wellhead to storage or consumer, compressor stations that uti-
lize reciprocating engines and turbines to power compressors pressurize the gas and create a pres-
sure difference between one point and another, causing flow. The pipes range from small-diameter
and low-pressure to large-diameter (1+ meter, 3+ feet) and high-pressure (8+ MPa, 1,200+ psi).
Because of pressure losses along the pipeline, compressor stations are needed every 40 to 100
miles to re-pressurize the gas. There are approximately 1,500 transmission stations with 5,500
transmission compression units in the U.S. [12], each requiring a power supply. The engines used
to generate power are powered by the natural gas it pumps, which siphons a relatively small amount
from the pipeline.

Whether it comes from leakage through the piston rings and crankcase or from incomplete com-

bustion, methane slip from these engines can be a major source. Because of this, the U.S. Envi-



ronmental Protection Agency (EPA) regulates the methane emissions of stationary reciprocating
engines using the National Emission Standards for Hazardous Air Pollutants (NESHAP) codified
in 40 CFR part 63, Subpart ZZZ7. [13].

Another policy titled “Waste Emissions Charge” (WEC) under the Methane Emissions Reduction
Program (MERP) was implemented by the EPA that required operators/owners of these engines to
pay a fee for any emissions emitted above the outlined threshold. As of May 12, 2025, the WEC
will no longer be implemented, as it was disapproved by Congress [14]. Regardless, before the
disapproval, this law was in effect and was a large driver in researching methods and solutions to
reducing methane slip.

Paired with the WEC is the Greenhouse Gas Reduction Program (GHGRP) Subpart W [15]
which requires operators/owners that emit 25,000 metric tons or more of GHGs per year to report

GHG data to the EPA. This is an attempt at using data to enforce recognition and accountability.

1.2 Literature Review

1.2.1 Using Hydrogen as a Fuel

A U.S. Department of Energy (DOE) sponsored initiative titled “H2@Scale” [16] aims at ad-
vancing the affordability of “hydrogen production, transport, storage, and utilization to enable
revenue opportunities across multiple sectors.” A separate initiative titled “HyBlend” [17], also
sponsored by the DOE, supports the H2@Scale vision but specifically aims at addressing barriers
to blending hydrogen into the U.S. natural gas pipeline system.

With the pipeline compressor station engines siphoning their fuel from the pipeline itself,
methane slip from these engines could be reduced since the combustion of hydrogen produces no
carbon-based emissions. Although several challenges would arise if the lines were transporting
a blend of natural gas and hydrogen, such as increased nitric oxides emissions, reduced energy
transmission capacity, increased pressure drop when meeting energy demands, increased required
compression power, and excessive combustion dynamics, flame lift-off, and flashback [18], to

name a few. Table 1.1 shows a comparison of hydrogen and methane parameters.



Table 1.1: Comparison of Hydrogen and Methane Parameters

Parameter Hydrogen (H;) Methane (CH,)
Gravimetric Energy Density (MJ/kg) 120-142 55-56
Volumetric Energy Density (MJ/L) 8.5-10.1 (liquefied) 23 (liquefied)
Lam Flame Speed Sy, (cm/s, ¢ = 1.0) 210 40

Flame Temperature (K, Air as oxidizer) 2483 2236
Flammability Limits (% volume in air) 4-75 5-15
Ignition Energy (mJ) 0.02 0.28
Combustion Products H,O CO,, H,
Greenhouse Gas Potential (100 yrs) 0 28-34
Embrittlement Risk High Low to moderate

Because hydrogen and methane (the majority constituent of natural gas) are such wildly different
fuels, study, and analysis of their behavior in ICEs was required. The following details how the
addition of hydrogen to a fuel supply has affected the performance and combustion characteristics

of an engine.

Spark Advancement

[19] experimentally tested on a 1976 Toyota 2TC 1.6 L engine using methane and hydrogen
blended fuel. He saw that the best efficiency spark advance (BESA) needs to be retarded with
the addition of hydrogen in methane (20% by volume) by approximately 3 degrees at any given
equivalence ratio to keep the MBT constant in comparison to the purely methane operation case.
He saw that from ¢ = 0.6 — 0.75 the spark advance did not change between equivalence ratios—it
held at a constant 40° bTDC. For ¢ > 0.75, a reduction in spark advancement was required. A
sweep of hydrogen-methane blends (by volume) was performed by [20] on a single-cylinder SI
CFR engine using methane and hydrogen blended fuels and showed similar results. This is due to

the faster flame speed associated with hydrogen, which increases the flame propagation rate.

Thermal Efficiency

[19] also showed that the thermal efficiency increased across all equivalence ratios. It is be-

lieved that efficiency improves because the burning gases exhibit a larger temperature increase



during combustion. This implies that there is a larger pressure difference generated, forcing the
piston downward with extra force, creating more work being done per unit mass of fuel. Similar
results were shown in [21] with a single-cylinder cooperative fuel research (CFR) engine using
gasoline and hydrogen fuels—an increase in efficiency across all equivalence ratios with a max-
imum efficiency located at ¢ = 0.7. It was noted that as the equivalence ratio increases near
stoichiometric, the relative beneficial effects of the addition of hydrogen are diminished. The in-
crease in hydrogen percentage in the fuel starts to affect the power output unfavorably because of
the reduction in the lower heating value per unit volume of the fuel blend as hydrogen percentage
increases. [19] also compared the average indicated output efficiency against equivalence ratios
across the hydrogen/methane blends. They showed that there was a decrease in efficiency with the

addition of hydrogen when the spark timing was not retarded.

Lean Limit

Bauer and Forest [22] experimentally tested a single-cylinder CFR engine using methane-
hydrogen fuel blends. The lean limit of the engine was found to extend from ¢ = 0.58 with
pure methane operation to ¢ = 0.34 with a 60%, by volume, methane/hydrogen blend across all
operating conditions. Ma and Wang [23] tested a Dongfeng Motor Co. Ltd. in-line 6-cylinder SI
6 L and found similar results using natural gas and hydrogen blends. They found that the COV
in indicated mean effective pressure (IMEP) started to increase beyond acceptable levels when
excess air ratio (A\)=1.55 using natural gas but A increased to a value of 2.07 when using a 50%
hydrogen, by volume, blend. The extension of the lean limit is supposed to be from a greater
mixing of fuel within the cylinder and the reduced energy required to ignite a hydrogen mixed

fuel.

Unburned Hydrocarbons
Akansu et al. [24] experimentally tested a Ford 4-stroke cycle 4-cylinder SI engine using methane
and hydrogen blended fuels. They found that when the percentage of hydrogen increased, the

brake-specific unburned hydrocarbon values decreased. The lowest value is located at ¢ = 0.9



for both blended and non-blended fuels, with little difference between them. At ¢ values lower
than 0.9, brake specific unburned hydrocarbon (BSUHC) levels increased, but the hydrogen blends
tend to show decreased values compared to the methane cases, with a maximum reduction of
approximately 30% being found with the 30% hydrogen by volume blend. Unburned hydrocarbon
(UHC) levels reduce due to the decreased carbon content level and the increase in combustion

stability overall.

Nitric Oxides

Nitric oxides (NOy) levels are a very strong function of spark advancement and peak combustion
temperatures [19]. It was found that nitric oxides concentrations increased with the addition of
hydrogen in methane due to the faster flame speed than methane alone. This faster flame speed
produced a higher flame temperature, which in turn, resulted in a higher nitric oxides concentration.
Ma et al. [25] experimentally tested a Dongfeng Motor Co. Ltd. inline 6-cylinder SI 6 L engine
using natural gas and a 20/80% hydrogen/natural gas blend. The results showed similar results
to [19] — an increase in nitric oxides values with an increase in hydrogen in the fuel at comparable
equivalence ratios. But because the addition of hydrogen in the fuel lowers the lean limit of the
engine, the engine could operate at an equivalence ratio that produces lower nitric oxides values

than natural gas alone.

carbon monoxide and carbon dioxide

Carbon monoxide is a strong function of equivalence ratio and was shown in [19]. carbon
monoxide concentration levels (as a dry %) were very low until an equivalence ratio of approxi-
mately 0.9 for both the methane and hydrogen-methane mixture. Above the 0.9 equivalence ratio,
there is a dramatic increase in the level of carbon monoxide particles, with a slightly less dramatic
increase in the case of the hydrogen-methane mixture. This can be explained by accounting for
the decrease in carbon content, which had been replaced by hydrogen atoms. Ma and Wang [23]
experimentally tested a combustion chamber using methane and hydrogen blends at 30/70% (by

volume) hydrogen/methane and 70/30% hydrogen/methane. It was shown that with the increase in



hydrogen percentage, there was a substantial decrease in the carbon monoxide and carbon dioxide
output — again, caused by the reduction of carbon content in the fuel. No exact values in ppm or

percentage decrease were given.

Ignition Delay and Heat Release Rate

Karim et al. [20] continued their hydrogen-methane fuel sweep and compared the ignition delay
lag across each fuel blending percentage. They concluded that with an increase in hydrogen percent
within the fuel, the ignition delay decreased across all equivalence ratios and the tested spark
timings. This reflects the increase of flame kernel growth speed and flame speed of hydrogen. Du
et al. [26] experimentally tested a gasoline SI engine using various hydrogen blended percentages
(by volume) and a A sweep. Their results showed an increase in the rate of heat release with an
increase in hydrogen percentage. At a A value of 1.0, the highest rate of heat release (ROHR) was
nearly 110 J/°CA, while the purely gasoline fuel was approximately 50 J/°CA. Figure 12 from the
paper shows nearly linear correlations for each A tested. It could also be seen that as A increased,
the ROHR decreased at similar hydrogen percentages. A equal to 1.0 was nearly 110 J/°CA and
A=1.5 was slightly above 80 J/°CA, both values being for the highest percentage of hydrogen
blended, 11.09% by volume.

Combustion Duration

Mariani et al. [27] experimentally tested a Fiat Panda 1.2 NP L4 SI 1242 cm® engine using
natural gas and hydrogen blends. The combustion duration, defined as the angle between 10%
and 90% of heat release, saw a decrease of 16% with a hydrogen/natural gas blend consisting
of 15% hydrogen by volume, and a 21% decrease in the 30% hydrogen fuel blend. Both fuels
were tested and compared at similar engine operating conditions: 2.5 bar indicated mean effective
pressure (IMEP) and 2,400 rpm. This decrease in combustion duration is due to the increased flame
speed and increased flame temperature. Di lorio et al. [28] experimentally tested a 4-stroke single-
cylinder 250 cm?® engine using methane and hydrogen blended fuels. Their results were similar

to [27]. Reviewing the ROHR, the center of combustion (peak of ROHR) showed advanced crank



angle degree locations with the addition of hydrogen to the base fuel. Purely methane operation
gave a location of 24°CA, while the 20% hydrogen (by volume) blend had a location of 19° after
top dead center (aTDC), and the 40% blend had a 14 °aTDC location (each value was at the tested

3,000 rpm operating condition).

Cylinder Pressure

Pan et al. [29] numerically evaluated combustion process parameters as well as emission values
for a rotary engine using a hydrogen and gasoline fuel mixture. The fuels consisted of 0%, 3%,
6%, and 9% hydrogen mixtures. The spark timing and the equivalence ratio were held constant for
each fuel tested. Results showed that as the percentage of hydrogen in the fuel increased, so did the
average pressure inside the cylinder. The 9% hydrogen fuel showed a 6-bar increase in pressure
over the purely gasoline fueled case. They explain this as being due to the high diffusive velocity
of the hydrogen, which creates a more homogeneous mixture, which is advantageous to the flame
propagation and combustion process as a whole. This more homogeneous mixture ignites faster
and in turn creates a greater pressure inside the cylinder.

Wang et al. [30] experimentally tested natural gas and hydrogen fuel blends on a 0.796 L-cylinder
engine. They state that there tends to be a strong correlation between the addition of hydrogen to
the base fuel and peak cylinder pressure, maximum rate of pressure rise, and the location of peak
pressure. Comparing cycle-by-cycle variations of the indicated mean effective pressures across
the pure methane, 23% hydrogen, and 40% hydrogen (by volume), it was shown that there was a
decrease as the percentage of hydrogen increased in the fuel. The COV in the case of pure methane
shows a wide dispersion compared to the 40% hydrogen case, where the COV is presented as a
much tighter concentration. They explain this as misfires and/or partial combustion cycles reducing
in frequency as the hydrogen content increases due to the ease of ignition of hydrogen mixed

methane versus pure methane.
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Flame Temperature

Park et al. [31] numerically evaluated the flame structure of a methane-air flame. Hydrogen was
blended at 10, 20, and 30% by mass into the methane fuel. The maximum flame temperature
was compared against the global strain rate. The maximum flame temperature showed increases
with the addition of hydrogen. A maximum temperature of approximately 2,100 K was found for
the 30% hydrogen blend, while 2,000 K was found for the purely methane case. This publication
focused on the chemical reactions heavily, and because of this, they explained the increase in flame
temperature as the reduction of carbon monoxide and carbon dioxide products, which are the major
contributors to radiation heat loss.

The aforementioned research was performed using both numerical and experimental methods
on transient engines, cooperative research engines, and combustion chambers. The vast majority
of work using ICEs has been completed on 4-stroke small bore engines that do not utilize a pre-
combustion chamber. This leaves gaps in the research that need to be filled, such as large bore (190
mm-+ bore) 2-stroke slow speed integral compressor engines (stationary power generation). The

following proposal seeks to fill those gaps using a Cooper Bessemer GMV-4TF.

1.2.2 Pre-combustion Chamber Characterization

The pre-combustion chamber (PCC) was formally introduced to the world, via patent in 1916
[32], and was a successful attempt at increasing “the thermal efficiency of engines working on
the constant volume or explosion cycle.” Since then, refinements to the idea and advancements
in technology have added other significant benefits to its use, such as improving ignition stabil-
ity [33], reducing cycle-to-cycle variability, increasing the engine’s operational limits (e.g., lean
combustion), and even being able to control emissions [34]. This literature review covers pub-
lished material regarding PCC design and optimization through theory, experimental methods, and

CFD modeling.
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Anderson, et al. [35] published one of the first pieces of research looking at and identifying
a PCC’s design parameters through theory and experimental means. They formed the idea of a

satisfactorily performing PCC as one that appeases the following conditions:

1. Uniform mixing in the PCC, near the spark plug, at the time of ignition.

2. Low cycle-to-cycle variability (CCV) of the flame kernel growth and initial propagation.

3. The discharging flame from the PCC consistently ignites the main combustion chamber over

a wide range of AFR’s.

It was found that a PCC’s measure of homogeneity is based on the Craya-Curtet number, the ratio
of the length of the PCC volume to its diameter, and the main combustion chamber’s equivalence
ratio. The main combustion chamber’s geometry is not a factor in the PCC mixing.

Ignition of the PCC was determined to be a function of simply the PCC equivalence ratio and
jet velocity at the time of spark, along with the spark energy. The velocities inside the PCC near
the spark plug determine the quenching and/or propagation of the flame kernel. The spark energy
required to promote combustion is at a minimum value for stoichiometric mixtures and increases
as the mixtures become more lean or more rich. Similar results were seen in [36].

Consistent ignition of the main combustion chamber is the most complex part of the criteria.
The authors relate ignition of the main chamber’s unburned charge “to the total heat release of
the unburned charge entrained in the jet mixing zone during the time period available for flame
development.” In other words, if the heat transfer from the hot PCC gases to the unburned MCC
charge is fast enough, before any specific molecule reaches a quenching surface, then a flame will
propagate and the MCC charge will ignite.

The authors performed an experimental study of the aforementioned parameters on a 6.5 in (165
mm) bore by 9.0 in (230 mm) stroke single cylinder gas engine under natural aspiration. The engine
had a 7.5:1 expansion ratio and used a premixed MCC charge for precise PCC equivalence ratio
handling. Two hundred eighty combinations of varying PCC length, PCC diameter, and nozzle

diameter were studied.
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The experiment resulted in a number of suggested relational values (e.g. % ~ 1.5, C} <0.3)
for optimal PCC performance along with general behavioral connections such as spark energy
becoming the controlling factor of ignition when turbulence in the PCC is low, and as the MCC
equivalence ratio decreases, the required PCC equivalence ratio to promote MCC combustion in-
creases.

Let it be noted that the authors state that the size and shape of the PCC volume did not appear
to affect the ignition but did not expand that to include the mixing of the PCC. Furthermore, only
cylindrical style PCCs with fuel injection entering at the furthest side opposite the nozzle were
presented.

Leng et al. [37] studied the impact the number of PCC nozzles and the orifice size had on com-
bustion. Utilizing CFD, they modeled a 7.5 in (190 mm) bore marine SI natural gas engine using
multiple PCC configurations. Each configuration varied the number of nozzles (from 4 to 8), the
nozzle orifice diameter (1.6 mm to 2.9 mm), and a non-dimensional value (3 that is a function of
the engine’s bore, PCC nozzle orifice flow area, and the volume of the PCC.

Results from the simulations showed that, while using a constant 5 value, higher numbers of
nozzles lead to poor radial flame propagation, and lower nozzle counts lead to poor circumferen-
tial flame propagation. Poor circumferential flame propagation tended to prolong the combustion
duration. The optimal number of PCC nozzles was found to be six.

Regarding the orifice diameter, as the diameters increased, lower pressure differences between
the PCC and MCC volumes arose, resulting in a reduction of the gas transfer velocity and ef-
fectively reducing radial flame propagation through the MCC, prolonging combustion duration.
Smaller diameters led to, again, poor circumferential flame propagation, leading to prolonged
combustion duration. The optimal orifice diameter was shown to be 2mm at a /3 value equal to
0.3. A similar study with similar results was conducted by [38] on a 130mm bore 6-cylinder diesel
engine converted to operate using a single cylinder fueled with natural gas.

Simpson et al. [39] experimentally tested five different PCC designs on a GMV-4TFE. The designs

varied widely and covered PCC volume (micro vs. OEM), PCC fueling (passive vs. active), MCC
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fuel injection pressure, nozzle count, and fuel injection style (electronic vs. mechanical). The
study was completed with the goal of reducing nitric oxides emissions.

Results showed that, regarding THC emissions, the multi-nozzle design reduced emissions by
43%, the fueled micro PCC reduced emissions by 23%, and the electronically controlled PCC fuel
injection reduced emissions by 21%. Note that the multi-nozzle design had the nozzle orienta-
tions arbitrarily appointed and was designed to quickly increase the surface area of the flame. An
optimization study was also performed but entailed the variance of the PCC fueling techniques
(mechanical vs. electronic) only.

This present study aims at filling in the gaps found within the currently published material;
using CFD to locate pockets of unburned hydrocarbons within the combustion chamber and then
target them by varying the PCC nozzle orientation, diameter, and number of nozzles, with the goal
of reducing methane slip. Many groups have experimentally or numerically tested designs such
as [40], [41], [42], [43], and [44] but were looking at feasibility and general performance compared
to other designs or applying a potential solution to a problem such as flame impingement on the
piston as seen in [45]. Some studies were even carried out on non-ICE apparatuses, [46] and [47].
Others have only characterized the PCC through theoretical and experimental analysis, such as [35]
and [48]. Because one of the main performance benefits of using a PCC is being able to run under
lean conditions and therefore reducing nitric oxides many studies have focused on improving that
aspect, such as [49], and [50].

This study applies CFD as a tool to achieve an optimized design and then validates the design
through experimental testing. Much of the published material that incorporates experimental and
modeling techniques uses experimental data to validate the model. The model is then used to refine

or optimize a design or parameter with no further validation completed on the engine.

1.3 Research Questions

This investigation will be split into three separate research techniques, each with an experimental

portion. Two of the researched techniques include simulations paired with the experimental. The
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investigation will answer questions relating large bore engine methane slip reduction to the (1) use
of premixed natural gas and hydrogen fuel blends, (2) varying of PCC design parameters using
solely natural gas, and (3) injecting a premixed fuel and air charge into the PCC. To that end, this

investigation seeks to address the following research questions:

Hydrogen/Natural Gas Blending

1. How does the addition of hydrogen to a fuel supply affect the combustion stability of a

lean-burn, large bore natural gas engine?

2. What are the emissions trade-offs when operating a lean-burn, large bore natural gas engine

with varying fuel blend ratios?

Directional PCCs

1. Can combustion efficiency be increased by targeting pockets of unburned methane

within the MCC utilizing PCC design?

2. How does PCC geometry affect methane emissions from a lean-burn, large bore natural gas

engine?

Premixed Fuel and Air Injection

1. How does premixing the fuel charge injected into the PCC with air affect combustion statis-

tics and emissions?

2. Could this be a viable strategy for reducing engine out emissions?

1.4 Research Objectives

The objectives of this research are to:

1. Quantify how a lean burn large bore engine’s combustion characteristics and emissions will
vary with the use of a hydrogen/natural gas blended fuel compared to a natural gas-only

configuration.
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. Develop and optimize a PCC geometry for methane reduction using CFD.

. Quantify the feasibility of using CFD to design a PCC that targets pockets of unburned

methane within the main combustion chamber.

. Evaluate the effectiveness and viability of premixing a PCC fuel charge in a direct injection

engine regarding combustion stability and emissions.
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Chapter 2

Methods and Materials

2.1 Two-Stroke Lean Burn Natural Gas Integral Compressor

Engine

Figure 2.1: GMV-4TF engine housed at CSU’s Energy Campus inside the Powerhouse.

These studies were performed using a Cooper-Bessemer GMV-4TF natural gas integral com-
pressor engine, which can be seen in Figure 2.1. The engine is a slow speed (300 rpm) 2-stroke
cycle engine with a 14 in. (35.6 cm) bore and a 14.375 in. (36.5125 cm) stroke. The engine is
rated to make 440 bhp and 7,700 Ib-ft of torque when under full load. The GMV uses four com-
bustion cylinders to power two side-mounted compression cylinders—the compression cylinders

have been removed in the research engine.
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The engine employs a unique articulated rod geometry, designed by Cooper-Bessemer, to con-
nect the power cylinders and the compression cylinder to the crankshaft. The unique configuration
results in several differences in performance between the left and right banks of the engine, such as
scavenging efficiency, trapped AFR, exhaust and intake port open durations, deviations in PP and
LoPP, emissions, and trapped residuals. Details on the geometry and its effects can be read in [51]

and a cross-section image can be seen in Figure 2.2.

4" Bore x14" Stroke
110 HPIC;I.@ 300 rpm
Bmep = 67.3 psi
Piston Speed = 700 fpm &) |

Figure 2.2: Cross-section image of a GMV with the compression cylinders.

The engine can be configured in numerous ways due to the interchangeability of individual
components such as the cylinder head, connecting rod, fueling style, and ignition style. This
particular unit has a model “A” cylinder head that equips a centrally mounted fuel injector with an
off-center mount for either a traditional spark plug or a PCC for ignition sources.

Two basic fueling configurations are available for the engine with the installed cylinder head:
high pressure (HPFI) and low pressure. Figure 2.3 shows the electro-mechanical HPFI setup in-
stalled on the number four cylinder of the GMV. There are two major components of the HPFI
system: (1) the electric solenoid and (2) the gas admission valve. The solenoid activates in re-

sponse to the Electronic Fuel Injection (EFI) controller and causes a change in the hydraulic line
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pressure. The change in hydraulic line pressure causes the gas admission valve to open and close,
allowing fuel to flow into the main combustion chamber. In the image, the green and silver com-
ponent on the left is the electric solenoid, and the circular green component in the middle is the
gas admission valve. The green and shiny silver roller bearing on the right is not used in the
HPFI setup. The large braided silver line is the natural gas fuel line. The coiled black cable is the
communications cable for the solenoid, and the black tubing is for the hydraulic fluid to transfer
between the pump, the solenoid, and the admission valve. The fuel injection pressure for the HPFI
system can reach upwards of 800 psi. A detailed report on the functionality and performance of

the HPFI system can be seen in [52].

Figure 2.3: The electro-mechanical high pressure fuel injector mounted on cylinder 4 of the GMV

The second fueling configuration is referred to as the mechanical gas admission valve (MGAV)
and employs low pressure injection. The fuel injection pressure of this system is close to the gas

supply pressure that the Powerhouse receives from the City of Fort Collins, around 20 psi. Figure
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2.6 shows the MGAV fueling system installed on the number 4 cylinder of the GMV. In the image,
on the right, is the push rod, driven by a camshaft, that causes the rocker arm to pivot around the
silver roller bearing previously mentioned, and actuate a valve inside the centrally located fuel
header. The red pipe at the top of the image is the fuel supply line with a square adjustment valve

on top that can be adjusted to change the fuel flow rate.

Figure 2.4: The mechanical gas actuated low pressure fuel injector mounted on cylinder 4 of the GMV

As mentioned before, a traditional spark plug can be used to start the combustion process, or a
PCC can be used. If the traditional spark plug is to be used, it is inserted into a dummy PCC and
is mounted in the same location as when a real PCC is used. The mounting location of the spark
plug/PCC can be seen in Figure 2.5. The intake ports are positioned near the bottom of the image
where the flat bolted plate is located.

The engine is outfitted with over 100 sensors. Temperatures, pressures, and flow rates for intake
air, exhaust mixtures, in-cylinder conditions, fuel supply, and others, can be recorded indepen-

dently—many at 0.1 CAD intervals. Each cylinder has its own temperature and pressure sensors
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Figure 2.5: Side image of the number 4 cylin-
der showing the installation location of the spark Figure 2.6: The Cooper Bessemer OEM single
plug/PCC. nozzle pre-combustion chamber.

that give dynamic cycle-by-cycle readings. The temperature and pressure sensors for each intake
and exhaust are not dynamic and give an average reading, but a set of dynamic pressure sensors
were available to use on a single cylinder of choice—no dynamic temperature sensor is available.
The OEM PCCs do not have a mount for pressure or temperature sensors, although a single mod-
ified OEM PCC does have a port for a screw-in dynamic pressure sensor and was available for
use.

The engine’s load is controlled through a coupled water-brake dynamometer and can be seen in
Figure 2.7. Little is known about the dyno’s specifics, as there were only two of this specific type
built by Clark, the engine manufacturer. Both dynos are in use at CSU.

A gas chromatograph (GC) was used to determine the engine’s incoming fuel constituents. A
constant feed line is supplied to the GC so that any variability in the mixture can be seen over time.
The natural gas was supplied via the city of Fort Collins’ gas lines—no special fuel mixture was

used.
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The engine out emissions are determined using a MKS Fourier-transform infrared (FTIR) multi-
gas analyzer. A constant feed line is connected from the engine’s exhaust to the analyzer so that a

continuous averaged measurement can be obtained. The FTIR can be seen in Figure 2.8.

Figure 2.7: The GMV’s load is controlled using Figure 2.8: The MKS FTIR used to determine
a water-brake dynamometer. engine out emissions.

Table 2.1 shows the average value, the standard deviation, and the COV in percent of the most
important 5-minute averaged engine parameters. The baseline engine data point was taken seven
consecutive times to calculate these values. The table shows that the COV for a majority of the pa-
rameters falls below 1%, a few fall between 1% and 2%, and only one parameter falls just slightly
above 2%. The standard deviations for the given parameters are very low in magnitude compared
to the average value. For this work, test results for various hardware configurations and fuel com-
positions are compared to determine fractional changes in performance and emissions using the
same instrumentation and associated calibrations. Thus, inherent instrument and calibration gas
uncertainties are the same between cases. For these reasons, the plots throughout this text do not

show error bars; in numerous instances, the error bars would be too small to be seen clearly.
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Table 2.1: Average values, standard deviations, and coefficients of variance for various 5-minute average
performance parameters of the GMV.

Parameter Avg. Value Std. Dev. COV [%]
Power [bhp] 439.26 0.21 0.05
Load [%] 100.02 0.05 0.05
Fuel Flow [{] 167.43 1.41 0.84
Air Flow [12] 9202.57 6.67 0.07
BSEC [ ] 6667.32 55.07 0.83
Engine Avg Peak Pressure [psi] 515.36 1.51 0.29
Engine Avg Peak Pres Std Dev [psi] 28.18 0.33 1.18
Engine Avg Peak Pres COV [%] 5.47 0.08 1.40
Engine Avg Peak Loc [°aTDC] 18.33 0.05 0.30
Engine Avg IMEP [psi] 73.67 0.11 0.16
Engine Avg IMEP COV [%] 1.75 0.02 1.21
Engine Avg MFB 10% Locations [°aTDC] 6.87 0.03 0.50
Engine Avg MFB 50% Locations [°aTDC] 14.96 0.07 0.48
Engine Avg MFB 90% Locations [°aTDC] 30.02 0.16 0.52
Engine Avg MFB 10% Durations [CAD] 6.07 0.03 0.56
Engine Avg MFB 50% Durations [CAD] 14.16 0.07 0.51
Engine Avg MFB 90% Durations [CAD] 29.22 0.16 0.54
BS THC [bhpg_hr] 5.13 0.05 1.06
BS CH4 [bhp’;_hr] 391 0.05 1.40
BS NOy [bhp+hr] 0.60 0.01 2.12
BS CO [bhp%hr] 1.03 0.02 1.98
BS CO, [bhpL_hr] 463.04 3.79 0.82
BS COze [WL_M] 560.85 4.87 0.87

2.2 Engine Modeling Using Computational Fluid Dynamics
Convergent Science’s CONVERGE CFD v3.0 software was used to simulate the engine. Only
a single cylinder of the four-cylinder engine was simulated to keep the simulation time and cost
reasonable. Figure 2.9 shows the base model geometry used along with its color coded separate
boundaries.
The following will detail the various parameter values and conditions used for the baseline
model; any changes made to the model for specific testing conditions will be listed in later subsec-

tions.
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The Simulation and Analysis of Gas-phase Emulsions (SAGE) detailed chemistry solver was ap-
plied to the model to simulate chemical kinetics. The solver was coupled with a NUIGMechl.1 de-
rived chemical kinetics mechanism named RT-NUIGMechl.1 that employs 164 species and 1,157

reactions.

(b) Side cutaway view of the single-cylinder model to
show ports and piston profile.

(d) Side cutaway view of the PCC showing the spark
(c) Top view of the single-cylinder model. plug location and OEM nozzle orientation.

Figure 2.9: Converge 3D model used for the baseline model.
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Because the model is physically large (14 inch bore), the Reynolds-Averaged Navier-Stokes
(RANS) transport equations were used. The Re-Normalization Group (RNG x — ¢) methods by
Yakhot et al. [53] were used to model small-scale turbulence. Converge’s default values for both
the SAGE and RNG k — ¢ models were applied. In an attempt at saving more computational
compute time, the combustion solver was turned on 1 crank-angle degree (CAD) before the time
of spark. The spark was modeled as a stationary spherical energy source of 0.0456 Joules that
lasted for 0.4 CAD.

The mesh for the model was created in CONVERGE at computation time. The base mesh size
was 8 mm and adaptive mesh refinement (AMR) and fixed-embedding were employed. A temporal
file (by CAD) was used to limit the maximum number of cells at given points in the simulation with
the largest number of cells produced being 8 million. The model was discretized into six major
regions: intake, exhaust, injector, cylinder, prechamber, and PCC gasline. AMR for velocity,
temperature, and species were applied to each region at particular CAD’s. AMR details can be
seen in Appendix A.1 and fixed embedding details can be seen in Appendix A.2.

Table 2.2 shows a detailed list of model parameters and their initial/given values. Table 2.3
shows the initial species mass fraction compositions in the MCC, PCC, and exhaust regions. The

initial conditions were determined from previous simulations and experimental data.
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Table 2.2: CFD base model initial conditions and engine parameter values

Parameter Value
Cylinder Bore 0.3556 m
Stroke 0.372 m
Engine Speed 300 rpm
Compression Ratio 10
MCC fuel injection timing -115° to -95 °aTDC
MCC fuel injection pressure varied
PCC fuel injection timing -223° to -104 °aTDC
PCC fuel injection pressure varied
Intake pressure (approximate) 130,203 Pa
Intake temperature 316 K
Exhaust pressure (approximate) 125,011 Pa
Exhaust temperature 618 K
Intake port open/close -235°/-122 °aTDC
Exhaust port open/close -249°/-108 °aTDC

Table 2.3: CFD model initial species mass fraction composition in each region

Species MCC/PCC Exhaust

CH, 0.00106  0.00053
C2H4 2e-5 le-5
C,Hg 0.00024 0.00012
C3H8 8e-5 4e-5
CO 0.0004 0.002
N, 0.74376 0.7634
CO, 0.07436  0.00951
H,0 0.05574  0.00712
NO 0.00013 Te-5
NO, S5e-5 2e-5
(0)) 0.12415 0.2189

2.2.1 Directional Pre-combustion Chambers Setup

Four novel prechamber nozzle designs and configurations were simulated and compared against
the OEM prechamber design. The purpose of the design variations was an attempt at decreasing
the amount of unburned methane at the end of the combustion cycle.

The baseline CFD case setup was used for each design. Every aspect and parameter of the case

is identical apart from the prechamber nozzle geometry. The nozzle flow area for each design was
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identical to the OEM design, as was the volume of the prechamber itself. The only factors changed
were the number of nozzles, the direction of the nozzles, the nozzle diameters, and in one case, the
shape of a nozzle.

The OEM prechamber design consists of a single nozzle of 0.32” diameter. The nozzle is aimed
such that it is perpendicular to the cylinder’s axis of symmetry. Figure 2.10 shows a 3D CAD model
of the design from a bottom view for a straight-on look at the nozzle and a cylinder top-down view
as if the prechamber was installed on the cylinder head. The thin circle in the top-down view
depicts the cylinder walls and crevice volume where unburned methane is found after combustion.
The red arrow indicates where the nozzle is pointing—in this case, the nozzle is aimed high, across
the cylinder, towards the opposite cylinder wall.

Top View - Looking down
into cylinder

Bottom View of PCC

Crivgids vokims

i Q

Figure 2.10: OEM PCC design. The thin circle in the top-down view depicts the cylinder walls and the area
where unburned methane is found after combustion. The red arrow indicates where the nozzle is pointing.

The first prechamber design is a 5-nozzle design. Each nozzle is circular and has the same
diameter of 0.1”. For this design, each nozzle was positioned in such a way that the flame-jets
are equally spaced around the cylinder with respect to the crevice volume. The motivation for
this design was equal flame propagation around the crevice volume. Figure 2.11 shows the same

bottom view and top-down view of the 5-nozzle design.
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Top View - Looking down
Bottom View of PCC into cylinder

. {

Figure 2.11: 5-nozzle design PCC.

The second prechamber design is a 3-nozzle design. For this model, there are three nozzles, two
of the same diameters, 0.1, and the third with a diameter 50 percent larger at 0.15”. Figure 2.12
depicts this model in the same fashion as above. The two smaller nozzles are arranged so that their
flame-jets are positioned to fire in the direction of the unburned methane pockets left over after
combustion seen in the preliminary CFD runs. The third nozzle is positioned to fire directly at the
center of the piston. The third prechamber design is also a 3-nozzle design — to prevent confusion,
this design will be referred to as 3-nozzle version 1 continuing forward.

Top View - Looking down
Bottom View of PCC into cylinder

. ( :

Figure 2.12: 3-nozzle version 1 design PCC.
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The third prechamber design, as previously stated, is a 3-nozzle design similar in nozzle config-
uration and nozzle diameters as 3-nozzle version 1 and will be referred to as 3-nozzle version 2
moving forward. The difference between version 1 and version 2 is where the nozzles are aimed.
In version 2, the two smaller nozzles have been adjusted back towards the prechamber but still
aimed towards the crevice volume. The third, larger nozzle, has been repositioned to fire towards
the far side of the piston crown. The motivation for this design is to include more of the cylinder
volume in the initial flame-jet propagation. The area directly under the prechamber is the last to
see the flame in the OEM and tested PCC designs because of the nozzle configurations. Figure

2.13 shows the 3D CAD model.

Bottom View of FCC

Figure 2.13: 3-nozzle version 2 design PCC

The final prechamber design is a 4-nozzle design. Three nozzles are circular shaped with a
diameter of 0.1”, while the fourth nozzle is a rectangular shape with dimensions of 0.57x0.02”.
The three circular nozzles are aimed toward the far side of the cylinder, still towards the crevice
volume, and can be seen in Figure 2.14. The rectangular nozzle is aimed straight down, parallel to
the cylinder’s axis of symmetry. The motivation of this design is to propagate three faster flame-
jets to the far side of the main chamber and one slower flame-jet directly under the PCC in the area

that sees the flame front last.
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Top View - Looking down
into cylinder

e

Bottom View of PCC

Crovice volume

5 s

Figure 2.14: 4-nozzle design PCC

The results from this study can be seen in Chapter 4 and were used to guide a PCC optimization
study. The PCC design labeled “PCC 3orifice 2” was deemed the most successful model because
of the 99% reduction in residual MCC methane coupled with the fact that the design produced
2.3% more power than the OEM design. For the current study, “PCC 3orifice 2”” was chosen as the
model to be refined.

Three features of the PCC were varied, simulated, and compared to the original design for the
PCC optimization study. Again, because the main goal of the study was to reduce the engine
out methane emissions, the refined designs were heavily compared based on methane emissions
with nitric oxides output also being considered. Using the results of the refinement designs, another
configuration combining the two best performing factors was simulated and compared to determine
if the results from each individual feature change were cumulative.

The best performing PCC configuration was then manufactured and evaluated on engine at Col-
orado State University’s (CSU’s) Energy Institute, named The Powerhouse, where a GMV-4TF is
housed, and compared against the OEM single nozzle PCC. After the best performing PCC was
assessed on engine, the nozzles of said PCC were slightly expanded, and the data points were
evaluated again, giving experimental data for the “nominal” PCC and the “expanded” PCC.

As stated earlier, three PCC features were chosen to be refined and simulated in an OFAT exper-

iment. The features chosen to alter were the angles that the nozzles are oriented, the volume of the
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PCC, and the total flow area of the nozzles. The “PCC 3orifice 2 PCC, from the previous study,
will be referred to as the “original” PCC moving forward.

The two alternative designs simulated are shown in Figure 2.15. The design labeled “Angle 1”
had the nozzles adjusted so that they would impinge less upon the cylinder wall. “Angle 2” was
made using the same idea, but the nozzles were adjusted “inward” slightly more. Note that the

center nozzle was not adjusted.

Original Angle 1 Angle 2

“\ N
\_J \_{

Figure 2.15: A comparison of the original design and its nozzle angles with the two altered designs and
their nozzle angles.

For the volume refinement, a model with a 50% increase and another model with a 50% decrease
in PCC volume were simulated. Figure 2.16 shows a comparison of the original design with the

increased and decreased volume models.

Vol 1 Vol 2
+50% -50%

Original

Figure 2.16: A comparison of the original volume, the +50% model, and -50% model.
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Table 2.4: The diameter measurements for the center and side nozzles along with the total flow areas with
a comparison of the Area 1 and Area 2 designs to the original design.

Center Nozzle Side Nozzle Total Flow

Diam (in) Diam (in) Area (in?) © Change
Original 0.233 0.155 0.080 _
Area 1 0.260 0.173 0.100 +25
Area 2 0.201 0.134 0.060 25

Finally, the total flow areas of the nozzles were altered so that one model had a 25% increase
in flow area and one model had a 25% decrease in flow area, compared to the original. Table 2.4
shows a comparison of Area 1 and Area 2’s center and side nozzle diameters, along with the total
flow areas, to the original design.

After review of the initial optimization results, two designs outperformed the original design. It
was decided to combine the two parameters together into a single design and study whether or not

the performance benefits could be see stacked.

2.2.2 Premixed Fuel and Air Injection Setup

The simulation of premixing fuel and air being injected into the PCC utilized a similar baseline
to the Directional PCC study. The simulation process consisted of creating a baseline model and
tuning the model to an actual engine dataset. From there an ideal case was to be created. The ideal
case would be used as a "best case scenario" by having a perfectly mixed, homogeneous, PCC
with baseline flow field conditions at time of ignition. After the ideal case, two PCC fuel injection

models were created: a high pressure injection model and a low pressure injection model.

Ideal Case Setup

As stated before, the subsequent phase of the investigation was to simulate an ideal scenario
reflecting a perfectly distributed fuel and air mixture within the PCC just before spark. For the
ideal case, the simulation was started at -6 °aTDC using a mapping file from the baseline case.
The mapping file allowed the simulation to start at -6 “aTDC but with the calculated cell values

and flow fields of the baseline case. At this point, each cell within the PCC volume had its mass
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fraction overwritten so that they were all equal mimicking a perfectly mixed volume. The PCC
constituents’ mass fractions for the baseline case and the ideal case can be seen in Table 2.5. Figure
2.17 shows a visual comparison of the fuel and air mixtures in the PCC between the baseline and
ideal cases. The stratification within the baseline case is very apparent: a rich region is seen in
the center of the volume with a lean region at the PCC nozzle. The lean region is from a mixture
of fuel and air being pushed into the PCC from the MCC by the upward motion of the piston. A
planar view of the flow fields at the PCC nozzle can be seen in Figure 2.19. The ideal case also
sees this behavior, but it is not apparent in Figure 2.17 because the simulation had just begun and

the cell mass fractions were overwritten.

Table 2.5: PCC constituents mass fractions for the baseline CFD case and the ideal CFD case.

Species Baseline Case Ideal Case

CH4 0.00106  0.029263
C,Hy 0.00002 0
C,Hg 0.00024  0.009941
C;Hg 0.00008  0.001499
CO 0.0004 0
CO, 0.07436 0
H,0 0.05574 0
N, 0.74376  0.711089
NO 0.00013 0
NO, 0.00005 0
0O, 0.12416  0.248208

Figure 2.18 shows the standard deviation of the equivalence ratio found in the PCC volume
between the baseline and ideal cases. The baseline case’s standard deviation at -6 °aTDC is ap-
proximately 0.11 while the ideal case is zero. The ideal case’s standard deviation immediately
increases after the start of the simulation due to the upward motion of the piston pushing a portion
of the MCC fuel/air mixture into the PCC. The deviation in the PCC quickly levels out and is

approximately 0.065 around the time of spark. The average equivalence ratio in the PCC, at time
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Baseline Ideal
CA: -6.0° aTDC CA:-6.0° aTDC

Figure 2.17: A comparison between the baseline and ideal fuel and air mixture within the PCC.

of spark, 1s 0.99 for the baseline case and 0.97 for the ideal case. The difference in trapped mass

of fuel in the PCC, at time of spark, was a 0.02% decrease for the ideal case.

0.25
|| --#-- Baseline
| —— Ideal

0.20 | ---- Baseline Spark
| | —— Ideal Spark

0.15

PCC Phi Std Dev
i
=

0.05

0.00

Crank [°aTDC]

Figure 2.18: The standard deviation of the equivalence ratio in the PCC.
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Low Pressure Injection Cases Setup

The low pressure PCC fuel injection cases were set up identical to the baseline case with the
exception of the composition of the PCC fuel and the mass flow rate (fueling rate) into the PCC.
The PCC fuel composition was adjusted for each case so that there was a differing premixed
fuel/air blend being injected. PCC fuel equivalence ratios of 1.5, 4.34, and 7 were simulated using

this model.

Baseline Velocity (m/s)
CA: -10.0° aTDC - T

10 20 30 40 50

Figure 2.19: Planar view of the flow fields at the PCC nozzle. Gas from the MCC is pushed into the PCC
as the piston moves upward, diluting the PCC fuel/air mixture.

With the low pressure PCC fuel injection, PCC injection must take place at a time in the cycle
when the in-cylinder pressure is lower than the cylinder pressure and that the check-valve of the
fuel injector can be opened by the fuel gas pressure. This occurs between 223 °bTDC and 104
°bTDC. During this time, the piston is moving upward decreasing the volume in the MCC and

subsequently increasing the pressure across the system. This pressure increase causes mass to flow
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from the MCC into the PCC diluting the PCC mixture to an equivalence ratio that is below that of
the injected. Figure 2.19 shows a planar view of the flow fields directions, colored by magnitude,
through and around the PCC nozzle.

Table 2.6 details the PCC fuel mass fraction composition used in each simulated case. Each
mixture equates to an equivalence ratio equal to the name of the case. The air-fuel ratios, associated
mass flow rates, and timing for each case can be seen in Table 2.7. The mass flow rates for each
simulation were adjusted so that, when paired with constant timing, the amount of fuel injected

into the PCC stayed constant at approximately 4.84 grams.

Table 2.6: Injected PCC fuel mass fraction compositions for the low pressure simulations.

p=1.5 ¢ =4.34 op="1T
Species Mass Fraction
CH,4 0.05815063 0.14893469 0.21689409
C,Hg 0.00946665 0.02424588 0.03530935
CsHg 0.00085835 0.00219840 0.00320155
N, 0.75130433 0.15953797 0.14405521
0, 0.18022003 0.66508335 0.60053980

Table 2.7: PCC fuel injection mass flow rates and timings for the low pressure simulations.

6=15 ¢=434 ¢=7T
Mass Flow Rate (%)  0.04883  0.01687 0.01044
SOI (°aTDC) 2230 2230 2230
EOI (°aTDC) 1040 <1040 -104.0

High Pressure Injection Cases Setup

A series of premixed injection cases were also simulated using a high pressure electronic PCC

fuel injector. The geometry and case setup of the model did not change from the low-pressure
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model, only the PCC injection strategy (i.e., PCC mass flow boundary to pressure boundary, start
of injection, injection duration).

The high pressure models mimicked an injection pressure of 150 psi (1.034 MPa), a SOI of 100
°bTDC, and an injection duration of 60°CA. The injection timing and duration were arbitrarily
chosen but were moved later in the cycle with the intention that more of the injected fuel would
stay within the PCC volume, but with enough time to promote good mixing before spark. The
EOI was chosen to be at the very latest possible timing (when the PCC fuel injection pressure
is slightly higher than the cylinder pressure) of 40 °bTDC. As a first iteration of the model, the
injection pressure, SOI, and injection duration were identical for all cases. Injected equivalence
ratios of 1.1, 1.5, 2, 2.5, 3, and 7 were simulated. Table 2.8 shows the species mass fractions

injected into the PCC for the high pressure simulations.

Table 2.8: Injected PCC fuel mass fraction compositions for the high pressure simulations.

p=1.1 $=1.5 =2 =25 $=3 b="1
Species Mass Fraction
CH,4 0.04345139 0.05814862 0.07580122 0.09267605 0.10884499 0.37185590
C,Hg 0.00707368 0.00946633 0.01234009 0.01508723 0.01771946 0.06053642
C3;Hg 0.00064138 0.00085832 0.00111889 0.00136798 0.00160665 0.00548892
N, 0.76526475 0.75130624 0.73454091 0.71851426 0.70315802 0.45336684
0, 0.18356880 0.18022049 0.17619888 0.17235447 0.16867088 0.10875192

2.3 Experimental Setup with the GMV

As mentioned previously, two engine fueling configurations were used in testing, (1) HPFI,
shown in Figure 2.3, and (2) MGAYV, shown in Figure 2.4. For the HPFI configuration, each
cylinder is fixed with an active PCC, while the MGAV configuration used a traditional spark plug

as the MCCs ignition source.
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2.3.1 Hydrogen Fuel Blending
High Pressure Fuel Injection

Two hydrogen fuel sweeps were considered for the HPFI configuration, one blending both the
PCC and the MCC fuels in approximately the same percentages (up to 45% by volume), and the
second keeping the MCC fuel pure natural gas while the PCC fuel was blended with hydrogen (up
to 90% by volume).

The engine was nominally tuned so that brake specific nitric oxides emissions were approxi-
mately 0.5 g/bhp-hr. This was done by boosting intake air pressure to 1.34 bar (134 kPa) and the
exhaust back pressure to 1.26 bar (126 kPa) at constant load and speed, leading to a trapped ER of
0.55 and a trapped AFR of 29.8 in the MCC. The MCC fuel injection pressure was set to 35.3 bar
(3.53 MPa). The mass flow rate of the PCC was adjusted at each data point so that the coefficients
of variance (COV’s) for the overall engine were minimized. The mole and mass fractions of the

fuel constituent’s used in testing can be seen in Table 2.9.

Table 2.9: HPFI Natural Gas Fuel Constituents

Fuel Constituent Mole Fraction Mass Fraction

CH,4 0.886 0.792
C,Hs 0.086 0.144
C;Hg 0.006 0.014
C4Hy 0.001 0.002
CsHj, 0.000 0.001
CeHi4 0.000 0.000
C7Hy6 0.000 0.000
CO 0.000 0.000
H, 0.000 0.000
N, 0.004 0.007
0, 0.000 0.000
CO, 0.015 0.036
H,O 0.000 0.000
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MGAYV Fueling

The MGAV engine configuration utilized simulated piston scavenged air flow into the MCC.
Because the engine testing was done in Fort Collins, CO at an elevation of 5,000 ft (1,525 m),
both the intake and exhaust pressures were boosted to 1.1 bar (110 kPa) and 1.01 bar (101 kPa),
respectively, to create sea-level atmospheric conditions. The engine’s fuel injection pressure was
set to 2.32 bar (232 kPa). These conditions lead to brake specific nitric oxides emission levels of
7.7 g/bhp-hr, an equivalence ratio of 0.64, and an AFR of 25.5. The fuel constituent’s mole and

mass fractions can be seen in Table 2.10.

Table 2.10: MGAV Natural Gas Fuel Constituents

Fuel Constituent Mole Fraction Mass Fraction

CH, 0.884 0.787
C,He 0.085 0.143
Cs;Hg 0.007 0.018
C4Hy 0.001 0.003
CsHy» 0.000 0.001
CeHi4 0.000 0.000
C;Hj6 0.000 0.000
CO 0.000 0.000
H, 0.000 0.000
N, 0.005 0.008
0O, 0.000 0.000
CO, 0.015 0.036
H,O 0.000 0.000

2.3.2 Directional Pre-combustion Chambers

HPFI’s were used for MCC fueling and electronic pre-chamber injectors (ePCI’s) were used
to control PCC fueling. The MCC injection pressure was constant at 35.5 bar (500 psi), start of
injection was held constant for all test points, and the injection duration was adjusted to meet power

requirements. The PCC injection pressure varied between 1.6 bar (23 psi) and 1.9 bar (27.5 psi)
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while the start of injection and duration were held constant. Table 2.11 details the approximate

fuel composition used in the tests.

Table 2.11: Directional PCC Natural Gas Fuel Constituents

Fuel Constituent Mole Fraction Mass Fraction

CH, 0.874 0.772
C,Hg 0.094 0.155
C;Hg 0.009 0.021
C4Hyp 0.001 0.000
CsHj, 0.0002 0.000
CeHi4 0.000 0.000
C7Hi6 0.000 0.000
CO 0.000 0.000
N, 0.008 0.011
CO, 0.012 0.035

The test included two sets of data to be taken: a boost sweep and four data points that represent
the engines typical limiting operating conditions (varying high and low speed and load), that will
be referred to as “4-corners”. The boost sweep dataset held the location of peak pressure (LoPP),
the power output, the engine speed, and the intake/exhaust differential pressure constant while
the intake pressure ranged from 32.7 inHg (16.1 psi, 110 kPa) to 41.7 inHg (20.5 psi, 141 kPa)
leading to a boost range of 7.5-16.5 inHg (3.6-8.10 psi, 25.4-55.8 kPa). The 4-corners dataset was
composed of four data points: (1) low speed, low load, (2) high speed, low load, (3) low speed,
high load, and (4) high speed, high load. The engine speeds were set to 270 rpm for low speed and
300 rpm for high speed, and the load was set to 70% for low load and 100% for high load. Two
tests were completed — one for the new PCC design as it was delivered to CSU and another where
the new PCC design nozzles were expanded. The measurements of the nominal and expanded

nozzles can be seen in Table 2.12.
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Table 2.12: Nozzle diameter measurements for the nominal and expanded directional PCC designs.

Side Flow Center Flow Total Total Flow

Nozzle Area, Nozzle Area, Flow Area %

Diam,in in® Diam,in in® Area,in® Change
Nominal 0.132 0.027 0.198 0.031 0.058 -
Expanded 0.169 0.045 0.248 0.048 0.093 +60.3

T
e

Figure 2.20: The PCC injector check valve (left half) with the electronic pre-chamber injector (ePCI, right
half) attached.

2.3.3 Premixed Fuel and Air Injection

To experimentally test injecting a premixed fuel and air charge into the PCC, a configuration
change to the engine was required. The check-valve type injector typically used by itself with
the PCCs was now coupled with an electronic pre-chamber injector (ePCI) so that the injection

duration could be controlled. Figure 2.20 shows the ePCI (right) attached to the check valve (left).

Table 2.13: Intake, exhaust, boost, and cylinder differential values for the premixed injection baseline data

points.

Data Point Intake Pressure Exhaust Pressure Boost Differential

Name (inHg/psi/kPa) (inHg/psi/kPa)  (inHg/psi/kPa) (inHg/psi/kPa)
BS_32.7 32.7/16.0/110 30.2/14.8/102 7.5/3.6/26 25/12/8.5
BS_34.7 347/17.0/117 32.2/15.8/109 95/4.6/33 25/1.2/8.5
BS_36.7 36.7/18.0/ 124 342/16.8/115 11.5/5.6/39 25/12/8.5
BS_38.7 38.7/19.0/ 131 36.2/17.8/122 13.5/6.6/46 25/1.2/8.5
BS_40.7 40.7 /20.0/ 137 38.2/18.8/129 15.5/7.6/53 25/12/8.5
BS 41.7 41.7/20.5/141 39.1/19.2/132 16.5/8.6/55 25/12/8.5
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The test plan for this portion started by taking baseline measurements. Six baseline points were
taken, all with differing boosted intake levels. Table 2.13 lists the intake and exhaust pressures,
boost levels, and cylinder differentials for all the baseline points. Similar to the Fuel Blending and
Directional PCC experimental tests, the engines speed, power, and load were held constant for all
test points at 300 RPM, 400 BHP (330 kW), and 100%, respectively. The ignition timing for the
baseline points were adjusted so that the LoPP was held constant at 18 °aTDC, but the premixed
testing points held a constant spark timing for each test set inevitably allowing the LoPP to wander.

The MCCs injection pressure was also held constant at 500 psi (3.44 MPa) with the injection
duration being adjusted to keep the engine at the 440 BHP (330 kW) requirement. The baseline
data points were all run using a non-premixed charge injected into the PCC (natural gas only). This
required allowing the PCC injection pressure to vary, ranging from 23-27.5 psig (158-189 kPa),
and instead controlling the mass flow rate of fuel. The SOA and EOA for PCC fueling were not
recorded for any data point, nor were the durations for the baseline points. It is known, however,
from previous operator experience, that the baseline injection durations are around 80 CAD at
nominal pressure. The SOA for each point was moved as forward in cycle time as permissible,
without causing fuel slip, and was left constant for the entirety of the test.

Two sets of data points were taken, each with different intake boost levels. One data set took
points at 7.5 inHg (3.6 psi, 25.4 kPa) of boost and the other was taken at 12.5 inHg (6.1 psi, 42.3
kPa). At each boost level tested, the PCC injection pressure was allowed to vary from 120-135 psi
(827-930 kPa), again controlling the mass flow rate of natural gas and air.

The flow controller for the natural gas was held unrestricted for each data point and allowed as
much gas as could flow. The natural gas fuel pressure was around 50 psi (344 kPa) on the outlet
side of the flow controller. The flow controller for the air supply was adjusted for each data point
increasing the mass flow rate of air injected into the system and systematically increasing the AFR
of the injected PCC charge. Each data point had the air flow controller set to some value and then

the PCC injection duration was varied until the lowest possible COV’s of PP were reached.
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The fuel constituents mole and mass fractions for this test can be seen in Table 2.14. Results
of the test will be shown in Chapter 5 The Feasibility of Premixed Fuel and Air Pre-combustion

Chamber Injection.

Table 2.14: Premixed Injection Baseline Data Natural Gas Fuel Constituents

Fuel Constituent Mole Fraction Mass Fraction

CH4 0.884 0.785
C,He 0.090 0.151
CsHg 0.008 0.020
C4Hjy 0.002 0.007
CsHy, 0.000 0.002
CsH4 0.000 0.000
C;Hj6 0.000 0.000
CO 0.000 0.000
H, 0.000 0.000
N, 0.000 0.008
0O, 0.000 0.000
CO, 0.013 0.031
H,O 0.000 0.000
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Chapter 3
Understanding How the Use of Hydrogen as a Fuel

Can Affect a Two-Stroke Natural Gas Engine

Chapter 3 is all about hydrogen and analyzing how it, as a fuel, affects the performance of the
GMV. Because the engine can be run in a multitude of configurations, experimental tests were
conducted using two of those configurations: (1) high-pressure fuel injection (HPFI) with PCC
ignition and (2) low-pressure fuel injection (MGAV) with traditional spark-plug ignition. This
chapter will be apportioned across three sections. The first section, 3.1 Using Hydrogen in a High
Pressure Fuel Injection System, will analyze how the fuel affects performance when used with the
HPFI system. The second section, 3.2 Using Hydrogen in a Low Pressure Fuel Injection System,
will analyze how the fuel affects performance when used with the MGAYV system. The final section,
3.3, will explicitly answer the questions presented in the Introduction for this particular technique.

Section 3.1 looks at performance changes in the engine from blending in hydrogen for two HPFI
sub-configurations. One sub-configuration entails fueling both the MCC and PCC with a blended
fuel while the other sub-configuration only uses a blended fuel for the PCC while the MCC is fueled
with solely natural gas. For both sub-configurations, combustion statistics and their changes will
be presented followed by how emissions were affected, focusing mostly on residual methane and
residual nitric oxides.

Section 3.2 looks at engine performance from blending in hydrogen with the MGAV system.
Similar to section 3.1, combustion statistics will be presented followed by emission performance.

Section 3.3 will utilize the presented results to answer two research questions: (1) How does
the addition of hydrogen to a fuel supply affect the combustion stability of a lean burn large bore
natural gas engine? and (2) What are the emission trade-offs when operating a lean burn large bore

natural gas engine with varying fuel blend ratios?

44



3.1 Using Hydrogen in a High Pressure Fuel Injection System

3.1.1 Blending the Main Combustion and Pre-combustion Chambers

A sweep of natural gas/hydrogen blends was completed at the following percentage intervals:
8.4%, 12.9%, 29.0%, 31.6%, 38.5%, and 41.3%. Each percentage corresponds to the amount of
hydrogen in the fuel by volume. A data point for the 15-18% range was also taken but due to a
“dead spot” in the Coriolis flow controller accuracy, precise measurements of the hydrogen per-
centage were not attainable. Both the MCC and PCC fuels had approximately the same proportions
of hydrogen and natural gas blended together. For this round of testing the boost pressure was left
constant at the nominal value of 1.34 bar (134 kPa). Spark timing was held constant leaving the
LoPP uncontrolled. The power and torque outputs were held constant at 440 bhp and 7,700 1b-ft,
respectively. Because the boost pressure and power and torque outputs were left constant, nitric

oxides emissions varied as well.
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Figure 3.1: MCC/PCC Hydrogen Sweep: MCC pressure traces.
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Combustion Statistics
Pressure Traces, LoPP, and COV’s of Peak Pressures

For each blend (data point) tested, 1,000 individual combustion/scavenging cycles were
recorded, and the average of those cycles were compared to a nominal point (solely natural gas)
labeled “baseline #”. The results of the sweep can be seen in Figure 3.1. Two baseline points were
taken during testing; baseline 1 was taken before the hydrogen sweep and baseline 2 was taken
after. Both baselines show an average MCC peak pressure near 550 psi (37.9 bar, 3.79 MPa) with
the LoPP at 18.2 °aTDC. As the percentage of hydrogen blended into the natural gas increases, the
average peak pressure also increases reaching a local maximum of 636 psi (438. bar, 4.38 MPa), a
15% increase, with the 41% blend. The LoPP also moves earlier in the cycle because of the faster
flame speed. The average LoPP advanced to 15.3 °aTDC (nearly 3° ahead of the baseline) with
the 41% blend. A table of values for the peak pressure, LoPP, and the COVs of peak pressure' can

be seen in Table 3.1.

Table 3.1: MCC/PCC Hydrogen Sweep: Comparison of average peak pressure, location of peak pressure,
and COV of peak pressure for each test point.

Test Point/ Peak Pressure LoPP COV of PP

H, % (psi/MPa) (°aTDC) (%)
Baseline 1 551/3.79 18.2 4.82
Baseline 2 552/3.80 18.2 4.85

8.4 566/3.90 17.7 4.47
12.9 579/3.99 17.2 4.11
29.0 609/4.19 16.2 3.61
31.6 618/4.26 15.8 3.44
38.5 627/4.32 15.5 3.19
41.3 636/4.38 15.3 3.04

The same peak pressure and LoPP trends can be seen for the PCC pressure traces in Figure 3.2.

As the percentage of hydrogen blended into the natural gas increases, the peak pressure rises, and

I'The peak pressure is typically used as a reference for judging the intensity of a combustion cycle. The COV of peak
pressure is used to analyze the cycle-to-cycle variability of the combustion intensity.
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Figure 3.2: MCC/PCC Hydrogen Sweep: PCC pressure traces.

the LoPP moves forward in time. Similar results were seen in [29] and [30]. These trends can
be explained as being due to the high diffusive velocity of the hydrogen which creates a more
homogeneous mixture. This is advantageous to the flame propagation and combustion process as
a whole. This more homogeneous mixture ignites faster and in turn creates greater pressure inside
the combustion chambers. The lower COVs of peak pressure can be explained as misfires and/or
partial combustion cycles reducing in frequency as the hydrogen content increases due to the ease
of ignition of hydrogen mixed natural gas versus solely natural gas.
Ignition Delay, Combustion Duration, and BSEC

Ignition delay, defined as the time in crank angle degrees for 0-10% of the mass of fuel to burn
(also known as mass fraction burned, MFB), was 8.79 and 8.90 degrees for baselines 1 and 2,
respectively. Table 3.2 presents values for each hydrogen blend percentage pertaining to ignition
delay, combustion duration, BSEC, and the percent change in BSEC from baseline 2. A graphical
representation can be seen in Figure 3.3. The data points show a decrease in ignition delay as the

percentage of hydrogen increases, with the shortest ignition delay, 7.12 degrees, coming from the
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fuel blend with the highest hydrogen percentage. Similar trends were seen in the testing completed

by [19].

Table 3.2: MCC/PCC Hydrogen Sweep: Ignition delay, combustion duration, brake specific energy con-
sumption, and the change in brake specific energy consumption from baseline 2 values.

Test Point/ Ignition Delay = Combustion BSEC BSEC (% change
H, % (deg) Duration (deg) (Btu/bhp-hr) from Baseline 2
Baseline 1 8.79 25.0 8167 0.79
Baseline 2 8.90 24.9 8232 -

8.4 8.59 24.1 8229 -0.04
12.9 8.27 23.5 8157 -0.91
29.0 7.72 21.9 8185 -0.57
31.6 7.48 21.6 8070 -1.97
38.5 7.27 21.3 8088 -1.75
41.3 7.12 20.8 8084 -1.79
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Figure 3.3: MCC/PCC Hydrogen Sweep: Ignition delay, combustion duration, brake specific energy con-
sumption, and the change in brake specific energy consumption from baseline 2 values.

For combustion duration, defined as the time for 10-90% fuel MFB, baselines 1 and 2 were at

25.0 and 24.9 degrees, respectively. Again, the shortest duration, 20.8 degrees, came from the
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highest hydrogen percentage fuel blend. Both the ignition delay and the combustion duration
times followed very linear patterns over the tested blending percentages. [26] and [27] saw similar
trends using natural gas/hydrogen and methane/hydrogen fuel blends, respectively. The engines
BSEC saw decreases as the percentage of hydrogen in the fuel increased. The baseline 1 data point
showed a lower BSEC value of 8,167 Btu/bhp-hr compared to baseline 2, which had a value of
8,232 Btu/bhp-hr. Even though there is a clear, but small decline in BSEC as the percentage of
hydrogen in the fuel increases (using baseline 2 as a reference), the 8.4% and 29.0% blends had
a higher value than baseline 1. The 12.9% blend was only slightly under the baseline 1 value.
Comparing the BSEC of each blend to the baseline 2 BSEC, the engine saw a 1.79% decrease at
the 41.3% blend, but the maximum decrease of 1.97% was seen at the 31.6% blend. Because of
the larger difference between baseline 1 and baseline 2’s BSEC values, and the random variability
shown in the blends, the magnitude of the effect the hydrogen blends have on BSEC appears to be

below experimental uncertainty.

Emissions

Total Hydrocarbons and Methane

The brake specific total hydrocarbon (THC) emissions for baseline 1 and baseline 2 were 7.26
and 7.52 g/bhp-hr, respectively. While a decrease in THC emissions was seen for all fuel blends
(Figure 3.4) a maximum reduction of 28.7% (5.17 g/bhp-hr) in emissions came from the 31.6%
fuel blend (Figure 3.5). The decrease in emissions was still present but less pronounced at higher
hydrogen percent blends. This maximum in percent reduction (minimum in g/bhp-hr output) in-
dicates that there is an ideal percentage of hydrogen to blend into the natural gas, around 30%, if
minimizing emissions output is key.

The brake specific methane emissions for each fuel blend, along with the percent change for the
brake specific methane emissions, can also be seen in Figure 3.4 and Figure 3.5. As methane emis-
sions are a component of the THC emissions the expectation is that the methane emissions follow
the same trends and in roughly the same magnitudes. This is exactly what the emissions showed,

same trend, similar magnitudes, with only small variations in the percent change of methane. The
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Figure 3.4: MCC/PCC Hydrogen Sweep: Brake specific THCs and brake specific methane emissions at
each fuel blending percentage
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Figure 3.5: MCC/PCC Hydrogen Sweep: Percent change of brake specific THC and methane emissions
from baseline 1 emissions
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lower hydrogen percent fuel blends (8.4% and 12.9%) had slightly larger methane reductions,
compared to the THC reductions, than the higher hydrogen percent fuel blends.

Even though there was a decrease in methane emissions as the percentage of hydrogen increased,
when accounting for the carbon in the natural gas being replaced by hydrogen, the combustion
process is less impressive when focused on methane reduction. Figure 3.6 depicts where the brake
specific methane emissions should be based solely on carbon in the natural gas being replaced
by hydrogen. The reduction seen in the testing follows the reduction based on carbon content
very closely up to and including the 31.6% hydrogen blend. From this percent blend onward the
experimental reduction, while less compared to baselines 1 and 2, are higher than the emissions
based on carbon content. This illustrates that while the addition of hydrogen is increasing the flame
growth and propagation rates (decreased ignition delay and combustion duration times), it is not

improving the efficiency of combustion of carbon-based molecules.

Baseline 1 minus carbon replaced by H2

5.5

BS CH4 (g/bhp-hr)

3 | | | | | | | |
0 5 10 15 20 25 30 35 40

H2 Blend Percent (% vol)
Figure 3.6: MCC/PCC Hydrogen Sweep: Brake specific methane emissions versus hydrogen blend percent.

The solid line projects where the methane emissions should be based solely on carbon in the natural gas
being replaced with hydrogen.
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Figure 3.7: MCC/PCC Hydrogen Sweep: Brake specific nitric oxides emissions versus hydrogen blend
percent.

Baselines 1 and 2 produced 0.35 and 0.36 g/bhp-hr of nitric oxides, respectively. As anticipated,
by [19], [25], and [31], nitric oxides output levels increased as hydrogen percent rose. The 41.3%
hydrogen blend produced the largest nitric oxides values at 0.59 g/bhp-hr. While the magnitude of
the increase is relatively small (0.35 to 0.59 g/bhp-hr), the percentage the value increased is quite
large at 71% over baseline 1. These higher nitric oxides values can be attributed to the hydrogen
induced increased flame temperature. Figure 3.7 compares the brake specific nitric oxides values
for each fuel blend. A relatively linear trend can be seen from the data set showing that as hydrogen
percent increases the corresponding nitric oxides value will increase as well.

The trade-off between methane and nitric oxides emissions is just as important as each are in-
dividually so a comparison between the two should be made. A graphical representation of that
comparison can be seen in Figure 3.8. The baseline cases have a nominal brake specific methane

value of 5.5-5.7 g/bhp-hr and nominal brake specific nitric oxides value of 0.35-0.36 g/bhp-hr. As
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Figure 3.8: HPFI MCC/PCC Hydrogen Sweep: Brake specific nitric oxides emissions versus brake specific
methane

the percentage of hydrogen in the fuel increases the methane emissions are shown to fall accom-
panied by an increase in the nitric oxides emissions until a minimum point for methane is found at
around the 30% hydrogen blend. After this point, any additional hydrogen added to the fuel causes

not only the nitric oxides emissions to rise but the methane emissions as well.

3.1.2 Blending Only the Pre-combustion Chamber

For this portion of the testing, the MCC fuel was set to solely natural gas while the PCC fuel
was blended with hydrogen. A sweep of natural gas/hydrogen blends was completed again over a
range of 0% to 90% hydrogen percent at 10% increments. The same nominal engine configuration
and conditions as the MCC/PCC testing was adopted.

In short, the PCC fuel blending test combustion statistic (pressure traces, LoPP’s, COV’s of peak
pressure, ignition delay, combustion duration, BSFC) and emission results, for each hydrogen
percent blend, were largely unchanged from the baselines. Because of this, the following will only

include the emission outputs and will be brief.
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Emissions

Total Hydrocarbons and Methane

Figure 3.9 shows the brake specific THC and methane emissions as a function of hydrogen blend
percent. A slight reduction in both emissions can be seen as hydrogen percent increases. Baselines
1 and 2 produced 7.21 and 7.33 g/bhp-hr of THC, respectively, and 5.48 and 5.62 g/bhp-hr of
methane, respectively, while the 90% hydrogen blend produced the lowest output of 6.64 g/bhp-hr
of THC and 5.04 g/bhp-hr of methane, a 9% reduction of both values over baseline 1. Figure 3.10
shows the percent reduction of both THC and methane emissions for each fuel blend. An increase

in percent reduction as hydrogen content increases can be noticed with the 30% blend being an

outlier.
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Figure 3.9: PCC Hydrogen Sweep: Break specific THCs and brake specific methane emissions at each fuel
blending percentage

Oxides of Nitrogen
Figure 3.11 shows break specific nitric oxides emissions as a function of hydrogen percentage.

Baselines 1 and 2 put out 0.34 and 0.32 g/bhp-hr, respectively, running at nominal conditions.
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Figure 3.11: PCC Hydrogen Sweep: Brake specific nitric oxides emissions versus hydrogen blend percent

Once hydrogen was introduced into the PCC fuel, there was an increase in nitric oxides emissions

that was fairly stable at about 0.4 g/bhp-hr. While the magnitude of the increase is very small
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(0.06-0.08 g/bhp-hr), the relative percentage increase was quite large, running between 9.6% and
18.2%. This increase was present until the 90% blend, where a reduction down to 0.27 g/bhp-hr (a

25.1% decrease) was produced.
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Figure 3.12: PCC Hydrogen Sweep: Brake specific nitric oxides emissions versus brake specific methane

Again, the trade-off between nitric oxides and methane should be made. Results are shown in
Figure 3.12. The baseline cases produced a nominal brake specific methane emission of around
5.5 g/bhp-hr and a nominal brake specific nitric oxides emission of 0.32-0.34 g/bhp-hr. As the
amount of hydrogen in the fuel increases the resulting emissions show a trend pushing them to
the right and slightly down of the baseline - more nitric oxides, less methane. The data points
where the blended hydrogen amount were 80% and 90% resulted in a significant percent reduction
in methane emissions compared to the lower percent blends. The 90% data point, however, also
came with a reduction in nitric oxides over the baseline. It is unclear why this point differed from
the rest.

It should be noted that the test plan included a data point that used 100% hydrogen as the fuel

as well. When the engine was operated using only hydrogen as the PCC fuel, all of the engines
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cylinders started to knock - the engine never reached a steady operating state. The fuel supply to the
MCC and PCC were cutoff along with stopping the ignition system in an attempt to immediately
halt the operation of the engine and the subsequent knocking, but the engine was, at that point, in
thermal runaway. The fuel in the PCC fuel lines between the shutoff valve and the injectors was
still under pressure and therefore continued being injected each cycle. It is believed that a hot spot
within the PCC (possibly an unchamfered edge) was still able to ignite the hydrogen-air mixture
and continue operation until the remaining fuel in the PCC fuel lines was at a pressure lower than
the cracking pressure of the check-valve injectors. No other attempts at running 100% hydrogen

were made.

3.2 Using Hydrogen in a Low Pressure Fuel Injection System
Test Plan

The test plan for the MGAV engine arrangement included a natural gas/hydrogen fuel blend
sweep for fixed spark (uncontrolled LoPP) configuration and a load sweep configuration for 0%
hydrogen and 20% hydrogen. The fuel blending set-points began with solely natural gas as the

baseline and went up to 24% hydrogen by volume.

Pressure Traces, LoPP, and COV’s of Peak Pressures

Figure 3.13 shows the pressure trace for each hydrogen fuel blend tested and Table 3.3 displays
values for the peak pressure, LoPP, and COV’s of peak pressures. The baseline data point had an
average peak pressure of 533 psi (3.67 MPa). There is a general trend of increase in peak pressure
as the percentage of hydrogen in the fuel increases leading to a maximum peak pressure of 560 psi
(3.90 MPa) at the 24.0 hydrogen blend. Accompanied with the increased cylinder pressure is an
advancement in LoPP. The trend for LoPP is the same as the peak pressure, a gradual increase as

hydrogen percentage increases leading to a LoPP of nearly 2° before the baseline case.
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Figure 3.13: MGAV Hydrogen Sweep: MCC pressure traces for hydrogen sweep

Table 3.3: MGAV/Hydrogen Sweep: Comparison of average peak pressure, location of peak pressure, and
COV of peak pressure for each data point.

Test Point/ Peak Pressure LoPP COV of Peak

H, % (psi/MPa) (°aTDC) Pressure (%)
Baseline 533/3.67 17.9 9.13
1.0 529/3.64 18.0 9.06

4.8 532/3.66 17.8 8.34

9.3 543/3.74 17.3 7.95

13.4 550/3.79 16.9 7.42
17.4 555/3.82 16.6 7.00
20.7 560/3.86 16.4 6.92
24.0 560/3.90 16.1 6.88

Ignition Delay, Combustion Duration, and BSEC

As expected, ignition delay and combustion duration both decreased as hydrogen percentage
increased. The baseline case’s ignition delay was 13.7 degrees, and the combustion duration was
20.8 degrees. At a 24% mixture of hydrogen, the ignition delay decreased to 12.3 degrees and the
combustion duration decreased to 19.6 degrees, a change of 1.4 degrees and 1.2 degrees. Keeping

the engine running at the same load and power output level permitted a decrease in BSEC. The
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Table 3.4: MGAV Hydrogen Sweep: Ignition delay, combustion duration, brake specific fuel consumption,

and the change in brake specific fuel consumption from baseline values.

Test Point/ Ignition Delay

Combustion

BSEC

BSEC (% change

H, % (deg) Duration (deg) (Btu/bhp-hr) from Baseline 2
Baseline 13.7 20.8 8417 —
1.0 13.8 21.0 8368 -0.59
4.8 13.6 20.6 8329 -1.05
9.3 13.2 20.3 8328 -1.06
13.4 12.9 20.1 8286 -1.56
17.4 12.8 19.9 8264 -1.82
20.7 12.6 19.8 8240 -2.11
24.0 12.3 19.6 8227 -2.26

nominal BSEC value was 8,417 Btu/bhp-hr, and at the highest hydrogen blend percentage tested,
a BSEC of 8,227 Btu/bhp-hr was calculated, a 2.26% reduction from the baseline. Table 3.4 and

Figure 3.14 show tabulated values and graphical representations of ignition delay, combustion

duration, BSEC, and BSEC percent change from baseline.
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Figure 3.14: MGAV Hydrogen Sweep: Ignition delay, combustion duration, brake specific fuel consump-
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tion, and the change in brake specific fuel consumption from baseline
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Total Hydrocarbons and Methane

6.5<) T T T T
N o THC
S »* CH
LT~ 4
61 o ~.
= o~
T LSS5 E ~<_ o .
O = Tt~ a _--0
g 9 Se—e o ____ o____-- Q--
§ & o
&) a 5% B
e RS ~ o
=g e
B E4st Y T~ :
58] -l
T~
4+ S B *_ - £ _--"" fd |
*
35 | | I |
0 5 10 15 20 25

H2 Blend Percent (% vol)

Figure 3.15: MGAV Hydrogen Sweep: Break specific THCs and brake specific methane emissions at each
fuel blending percentage

Figure 3.15 shows the brake specific THC and methane emissions as a function of hydrogen per-
cent. Both parameters show a slight decrease in emissions at lower levels of hydrogen blending. At
around 12%, the emissions seem to slightly increase or hold steady. Overall, however, a decrease
is seen compared to the baseline. Figure 3.16 shows the brake specific THC and methane changes
compared to the baseline. Similarly, to Figure 3.15, a maximum reduction is seen at the 13.4%
hydrogen blend. A rapid increase in percent reduction is shown for the blends before the 13.4%
blend, at which point the reduction gradually starts to decrease until the final percentage tested is
reached.

Oxides of Nitrogen
nitric oxides emissions were relatively unchanged for each test point. The baseline data point

produced 7.73 g/bhp-hr, whereas the blended fuels produced between 7.0 g/bhp-hr (1% hydrogen)
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Figure 3.16: MGAV Hydrogen Sweep: Percent change of brake specific THC and methane emissions from
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Figure 3.17: MGAV Hydrogen Sweep: Break specific nitric oxides emissions at each fuel blending per-
centage
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and 7.55 g/bhp-hr (24% hydrogen). Individual emissions for each blend percent can be seen in

Figure 3.17.
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Figure 3.18: MGAV Hydrogen Sweep: Brake specific nitric oxides emissions versus brake specific methane

Figure 3.18 shows the resulting brake specific nitric oxides emissions versus the brake specific
methane emissions. Both emissions fell compared to the baseline case as the percentage of hy-
drogen increased but with no recognizable pattern. The 1% and 4.8% blends saw a large relative
reduction in nitric oxides values over the higher blends, but the higher blends saw a large rela-
tive reduction in the methane values over the 1% and 4.8% blends. All tested blends, however,

produced less nitric oxides and less methane than the baseline.

3.3 Answers to Research Questions

The first question this portion of the research is set to answer is How does the addition of hydro-
gen to a fuel supply affect the combustion stability of a lean burn large bore natural gas engine?
This question, however, needs to be applied to every engine operating condition or configuration

as the answer may change.
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When asked against the HPFI configuration another division needs to be made between the
MCC/PCC blending configuration and the PCC only blending configuration. When hydrogen is
blended into the MCC and PCC fuel supplies the COV of peak pressure (the typical parameter used
to measure the stability of combustion intensity) was shown to drop from 4.8% with the baseline
cases linearly as the percentage of hydrogen blended into the fuel increased to a low of 3.0% with
the 41% hydrogen blend - an improvement in stability. This implies that combustion phasing is
more repeatable, ignition delay variability is reduced, and the heat release rate timing is stabilized,
thus emission outputs are more stable and reliably known.

When only the PCC fuel supply is blended with hydrogen a decline in COV of peak pressure
is seen with a nearly flat minimum (4.02-4.05%) between the 50% and 70% blends, beyond those
percentages the COV’s increase but to a magnitude that is still lower than the baselines (4.55%).
Similar to the MCC and PCC blending results, this improvement in stability implies that com-
bustion phasing is more repeatable, ignition delay variability is reduced, and the heat release rate
timing is stabilized, thus emission outputs are more stable and reliably known.

For the MGAV injection experiment the combustion stability was also improved shown by the
decrease in the COV’s of peak pressure from baselines 9.13% to 6.88% with the 24% blend. Again,
implying the improvement in stability and reliability of emissions because of the improvement in
combustion phasing repeatability, reduction in ignition delay variability, and stabilization of the
heat release rate timing.

To fully answer the question How does the addition of hydrogen to a fuel supply affect the com-
bustion stability of a lean burn large bore natural gas engine?, the experimental results show that,
given any of the tested configurations, an operator should expect to see improvements in combus-
tion stability (measured by COV of peak pressure) anywhere between negligible amounts in the
case of the HPFI PCC blending and about a 2.5% decrease in the case of the MGAV configuration,
dependent upon the blended hydrogen percent.

The second question this portion of the research is set to answer is What are the emissions trade-

offs when operating a lean burn large bore natural gas engine with varying fuel blend ratios?
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Again, this question needs to be applied to every engine operating condition or configuration as
the answer may change. Note that only the methane, THC, and nitric oxides emissions will be
presented - other emissions such as CO, carbon dioxide, and carbon dioxide equivalent can be
found in Appendix B.2 Extra Plots.

With the HPFI MCC and PCC blending results, an operator should expect hydrocarbon emis-
sions to decrease linearly with the increase of hydrogen blended into the natural gas fuel (28.7%
maximum in this case). However, when the fuel mixture moves beyond approximately 31% hydro-
gen an increase in hydrocarbon emissions is seen. It is not clear what causes this behavior but the
working hypothesis is that at higher hydrogen blend levels there is not enough mass being injected
into the PCC to create a homogeneous mixture and keep efficiencies high. The flame speed is
still faster and the stability is still an improvement over the baseline because of how energy dense
hydrogen is over natural gas. The combustion event may be transitioning from a deflagration event
to a more detonation type of event leaving pockets of unburned hydrocarbons. More testing would
be required for an explanation.

Again, the methane and nitric oxides trade-off is important and the HPFI MCC and PCC blend-
ing results show that as the percent of hydrogen increases, nitric oxides emissions increase and
methane emissions drop (up to around 31% hydrogen, which after they increase slightly). When
analyzing the change in brake specific methane emissions normalized by the hydrogen blend per-
cent used, the reduction in g/bhp-hr for the 8.4% blend was 0.093, 12.9% blend was 0.092, 29.0%
blend was 0.053, 31.6% blend was 0.056, 38.5% blend was 0.031, and the 41.3% blend was 0.019.
This shows that the largest impact on methane emissions comes from the lowest levels of hydrogen
blend percents with diminishing results at blend percentages increase. An operator should expect
reductions following this trend.

Analyzing the increase in brake specific nitric oxides in g/bhp-hr, when normalized by the hy-
drogen blend percent, units of (g/bhp-hr)/hydrogen blend percent, shows different results from the
methane emissions. At the 8.4% blend an increase of 0.009 is seen, 12.9% shows 0.005, 29.0%
shows 0.007, 31.6% shows 0.006, 38.5% shows 0.005, and the 38.5% blend shows 0.006. The
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highest increase in brake specific nitric oxides emissions comes from the lowest hydrogen blend
percentages and then slightly lowers and levels out to a value of roughly 0.006 for the higher blend
percentages.

When the question is applied to the HPFI PCC blending experiment, the results are less compli-
cated. Hydrocarbon emissions decreased as the percentage of hydrogen increased, very linearly.
Similar to the MCC and PCC blending experiments, the highest return in methane emissions reduc-
tion came from the lowest hydrogen blend tested, 1%, with a reduction of approximately 0.0065
g/bhp-hr/hydrogen blend percent. As the amount of hydrogen increased the magnitude of the re-
duction decreased.

The MGAV results show that an operator should expect to see, as the amount of hydrogen in the
fuel increases, the methane and THC emissions reduce with diminishing returns as the amount of
hydrogen increases. The reduction in methane, in (g/bhp-hr)/hydrogen blend percent, was highest
at the 1% blend with a value of 0.088 and the lowest value of 0.012 when using the 24.0% blend.
The nitric oxides emissions should be expected to drop as well following an inverse log or inverse
natural log curve. Again, the highest reduction of nitric oxides, in (g/bhp-hr)/hydrogen blend

percent, was 0.2 at the 1% blend with reductions leveling off at around 0.03.
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Chapter 4
Optimizing Pre-combustion Chambers for Methane

Emissions and Combustion Efficiency

The following chapter is split into four sections. The first section is titled Evaluating the Influ-
ence of Nozzle Design, the second titled Targeting Unburned Methane Through Pre-combustion
Chamber Jet Interaction, the third titled Experimental Evaluation of Pre-combustion Chamber Per-
formance, and the fourth section titled Synthesis and Answers to Research Questions. The first
three sections serve to present and evaluate the research technique into separate categories. The
first and second sections look at simulation results, specifically, section 4.1 analyzes the flame jet
and overall combustion statistics, and section 4.2 will analyze the engine emissions. Section 4.3
will detail the experimental results that use the manufactured best performing PCC design. Finally,
section 4.4 will explicitly answer the questions presented in the Introduction for this particular
technique.

More specifically, section 4.1 will present and evaluate the jet structure, penetration, mixing,
and general engine combustion statistics. It will go over in detail the directional PCC simulation
results. The results from the "initial" study will be presented first. Those results were used to
further the research and refine the best performing design. That best performing design was then
simulated again with varying parameters, not including nozzle angle, and had its results compared
to further study the affect of the PCC parameters on the engines functionality. Those results will be
presented in line also. The final portion of the section will go over a design where two parameter
adjustments were merged together in an attempt at stacking performance results.

Section 4.2 focuses on engine emissions from the simulation. Because the basic goal of the
research is to reduce methane emissions, the results are heavily focused on residual methane output

along with the closely coupled residual nitric oxides emissions.
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Section 4.3 will analyze in detail the engine performance, combustion statistics, and emissions
output for the experimental portion of the research. The analysis will include the OEM PCC
design, the best performing PCC design from the simulations, and finally, the best performing
PCC design with increased nozzle diameters. Note that the experimental and simulation results
have been separated since the experimental data represents an engine averaged value whereas the
simulation data represents a single combustion cycle from a single cylinder.

Section 4.4 will synthesis the simulation and experimental results and answer two questions:
(1) Can combustion efficiency be increased by targeting pockets of unburned methane within the
combustion chamber utilizing PCC design? and (2) How does PCC geometry affect methane

emissions from a lean burn large bore natural gas engine?

4.1 Evaluating the Influence of Nozzle Design

Versions 1 and 2 of the 3-nozzle designs performed as intended. Both designs had their flame-jets
impinge on the targeted areas, consuming the fuel where the would-be residual methane pockets
were located, and quickly ignite the rest of the main chamber, although with a slower overall
combustion rate than the OEM PCC. Version 2 performed better in this case because the two side
nozzles projected flames contact the cylinders wall earlier and utilize the turbulence generated to
speed up the flame progression so that the flame fronts for each jet meet on the far side of the
cylinder. Thus, the two side nozzles promote rapid burning, early in the cycle, in the regions where
residual methane was observed in the baseline case. The Version 1 side nozzles projected flames
do not make the same contact with the wall (Figure 4.1 and Figure 4.2), resulting in reduced levels
of turbulence, and ultimately have a slower moving flame front which leads to the three nozzles
flames failing to meet.

The flame fronts in the figures shown were created by visualizing specific discrete values or
"contours" of the computational cell temperatures. The minimum contour shown is 1,600 K and
the maximum value is 2,400 K with approximately 6 contours in-between. Although displaying

the temperature is technically not the flame front, it is a popular and well accepted method in flame
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visualization. The method used to view the unburned methane is known as “value blanking”. The
colored areas shown only display computation cells that have a methane mole fraction greater than
0.001 and does not indicate the actual concentration of methane within the volume, only that the

cell contains methane over the prescribed value.

Figure 4.1: Top-down view of both 3-nozzle designs flame front at 11 °aTDC. Version 1 (left) does not
propagate as fast and as far as version 2 (right)

Figure 4.2: Top-down view of both 3-nozzle designs flame front at 27 °aTDC.

The 5-nozzle design behaves similarly to version 1 of the 3-nozzle design. It expends most of its
energy at the beginning of the combustion process producing a flame front that cannot fully extend
to the far side of the cylinder. When the flame front extends to its limit, the flame is relatively cool

compared to the high temperatures found at the beginning of the process, slightly above 1600 K
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Figure 4.3: Residual methane in the MCC of 3-nozzle version 1 PCC at 60 °aTDC.

Figure 4.4: Residual methane in the MCC of the OEM PCC at 60 °aTDC.

(Figure 4.5). Because the PCC of the GM V4 is off-center, three of the nozzles resulted in wasting
a large portion of energy due to how they are angled relative to each other and the surrounding
engine geometry — the flame-jets impinge on each other creating a large combustion event directly
under the PCC with respect to the cylinders line of symmetry.

The slot design PCC’s three large round nozzles are angled in such a way that the flame-jets, as

they exit into the main chamber, interact with each other but without disrupting each jet’s prop-
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Figure 4.5: Top-down view of the 5-nozzle PCC flame front at 46 °aTDC. The flame is unable to reach the
distant side of the cylinder (in comparison to the PCC location) and the portion of the flame front that makes
it closest is at a relatively cool temperature when it does.

agation. The jets combine and quickly disseminate through the main chamber as a single flame
front. The atypical rectangular nozzle functioned as intended — it created a very thin flame-jet that
spreads directly under the PCC, an area typically last to combust (Figure 4.6). The small flame-jet
also creates a substantial amount of turbulence that allows the two flame lobes to continue along
the cylinder walls for an extended period.

The main combustion cylinder pressure traces for each PCC design can be seen in Figure 4.7.
The OEM case does not start to show an increase in main cylinder pressure until approximately 1.5
°bTDC. Version 2 of the 3-nozzle design is the only design that mimics that behavior and shows
a pressure increase at approximately the same crank-angle. Version 1 of the 3-nozzle design, the
5-nozzle, and the slot designs all show pressure inflection locations closer to TDC to 0.7 °aTDC.
Af-ter the inflection points, the pressure traces vary for each design. The Version 1 pressure trace
starts off slow and gradually increases until its peak. Version 1 shows a decrease in PCP of 0.24
MPa, compared to the baseline, with the LoPP nearly 5° further into the cycle. Version 2 shows
much similarity to version 1 up to about 12 “aTDC where the pressure rise becomes less significant

lead-ing to an even lower PCP, about 0.36 MPa less than OEM. The location of version 2 PCP is
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PCC_slot
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Figure 4.6: A top-down view of the slot PCC design with the flame front visualized. The three circular
nozzles extend from the PCC and merge together creating a large flame front without impinging on the jet’s
propagation.
shown to be 7° further into the cycle as well. For the slot design, the pressure traces inflection point
is later than both 3-nozzle versions, but the pressure rise is much faster in comparison to the two
(still slower than the OEM) and then reaches a maximum value nearly 0.41 MPa lower than the
OEM design. The LoPP of the slot design was revealed to be 3.2° further into the cycle compared
to the OEM design as well. The 5-nozzle design falls far short of the OEM design, as well as the
other PPC designs. The initial pressure rise follows the 3-nozzle version 1 design closely, nearly
until the maximum pressure location of the 5-nozzle design. The PCP for the 5-nozzle design is
1.09 MPa lower and a LoPP of nearly 3° forward of the OEM case. The pressure trace takes a

shape closer to a plateau than a typical single peak.

While first glance at the main cylinder pressure traces do not look promising for each design, but
an examination of the pressure-volume (P-V) diagrams tells a different story. Figure 4.8 shows the
P-V diagram for the 3-nozzle version 1 design PCC and Figure 4.9 shows the P-V diagram the slot
design PCC, both compared to the OEM. For the slot design, the PCP and LoPP have already been
discussed, but viewing the P-V diagram shows that the examined design was able to hold higher

pressures for a longer duration. This is indicated by the portion of the pressure trace representing
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Figure 4.7: Pressure trace comparison of all PCC designs.

the downward stroke (TDC to nearly BDC) where the PCC design is higher than the OEM. When
the work is calculated for the cycle, the slot design shows an in-crease in power of nearly 1.5%
demonstrating that the extra area under the curve, added by the in-creased down-stroke pressure, is
enough to make up for the missing area due to the reduced PCP. The same behavior is seen for the
3-nozzle version 1 design, but in this case, the added area is not enough to cover the loss resulting
in a power decrease of approximately 2%.

Figures 4.10 and 4.11 illustrates the same P-V diagrams but for the 2nd version of the 3-nozzle
design and the 5-nozzle design, respectively. Again, the same behavior is seen for both PCC de-
signs — the pressure on the downward stroke is higher than the OEM case for nearly the entire
duration of the downward stroke. The 3-nozzle version 2 follows suit with the slot design, produc-
ing an increase in power of over 2%, while the 5-nozzle design falls short of the OEM power by
over 8%.

A comparison of each model’s power output, normalized to the baseline model, can be seen in
Figure 4.12. Version 1 of the 3-nozzle design produced 2.6% less power than the baseline case.

Version 2 of the 3-nozzle design showed a 2.3% increase in power output. The 5-nozzle design
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had an 8.7% reduction in power. The slot design PCC saw a 1.5% power increase over the baseline

model.
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Figure 4.8: P-V diagrams for the 3-nozzle version 1 and OEM PCCs.
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Figure 4.9: P-V diagrams for the slot and OEM PCCs.
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4.2 Targeting Unburned Methane Through Pre-combustion

Chamber Jet Interaction
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Figure 4.13: Residual methane in the MCC at EPO for each PCC design.

Figure 4.13 shows the residual methane present at the time of exhaust ports opening in parts
per million (ppm) for each PCC design. The baseline case utilizes the OEM PCC design and
produces 1010 ppm. The 3-nozzle version 1 design produced 374 ppm (63% reduction compared
to baseline), version 2 of the 3-nozzle design produced 1 ppm (99.9% reduction), the 5-nozzle
design produced 865 ppm (14% reduction), and the slot design produced 89 ppm (91% reduction).

As stated earlier, this research led to an optimization study of the best performing design to
investigate further reductions in residual methane. The PCC design labeled “PCC 3orifice 2”
was deemed the most successful model because of the 99% reduction in residual MCC methane
coupled with the fact that the design produced 2.3% more power than the OEM design. For the
current study, “PCC 3orifice 2” was chosen as the model to be refined.

The residual emission results of adjusting the angle of the nozzles can be seen in Figure 4.14.

Angling the nozzles inward resulted in an increase in residual methane for both cases and a de-
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crease in nitric oxides produced for both cases, with Angle 2 significantly reducing the nitric oxides
produced compared to the original design.

The increase in residual methane can be attributed to how the flame jets exit from the PCC’s
side nozzles. Figure 4.15 shows the flame jets disseminating from the PCC to the MCC. Because
the angles, in both designs, were moved towards the center of the piston, the side nozzles no
longer allow the entirety of the jet to propagate around the periphery of the cylinder walls where
the residual methane pockets were simulated to be. Now, the crown of the piston splits the jets,
causing a portion of the flame to fall inside and onto the piston face. This results in a less efficient

combustion cycle, increasing residual methane but also forming less nitric oxides.
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Figure 4.14: Residual methane and nitric oxides emissions just before EPO for the angle adjusted refinement
CFD cases.

Adjustments to the PCC volume resulted in dramatic changes to the combustion cycles. Figure
4.16 and Figure 4.17 show the MCC pressure traces and the apparent heat release rates (AHRRS),
respectively. It is seen that reducing the PCC volume by 50% resulted in an advancement in the
timing of the AHRR initial rise, leading to an advancement in the MCC pressure profile and an

increase in peak pressure. This advancement is caused by an increase in flame jet speed. Because
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Crank Angle: 4° aTDC

Crank Angle: 4° aTDC

Figure 4.15: An isometric transparent view of the CFD GMV cylinder models. The top image is of the

“Angle 1” design, and the bottom image is of the “Angle 2” design. The red area denotes high temperature

computational cells that represent the flame front as it expands from the PCC to the MCC. The green circle

focuses on an area where the flame is seen splitting, allowing a portion to fall inside the piston bowl instead
of circulating around the cylinder periphery.

the volume has been reduced, the pressure in the PCC rises quickly, causing the jets to exit through
the PCC nozzles faster and propagate through the MCC more quickly, resulting in the advanced and
stronger MCC pressure trace. The opposite is true for the increased PCC volume case. The larger
volume results in a slower PCC pressure increase and slower flame jet exit speed and propagation
through the MCC—resulting in a delayed and weak pressure trace and AHRR trace. The reduced
volume case produced an extraordinary 478 ppm of residual methane as compared to the increased
volume’s 56 ppm and the original case’s 41 ppm, as can be seen in Figure 4.18.

Modifications of the nozzle flow areas resulted in very promising outcomes. Increasing the flow

area of the nozzles by 25% impeded the flame jet speed, resulting in a reduced pressure trace,
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Figure 4.16: MCC pressure traces for the PCC volume adjusted cases.
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Figure 4.17: AHRRs for the PCC volume adjusted cases.

compared to the original, and an AHRR trace that had similar timing, but a much lower peak
(Figure 4.19). Reducing the nozzle flow area by 25%, however, produced an MCC pressure trace

and AHRR nearly identical to the original, all while reducing the amount of residual methane and
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Figure 4.18: Methane and nitric oxides emissions at EPO for the volume adjusted cases.

the amount of nitric oxides produced. Figure 4.20 shows the resulting methane and nitric oxides

emissions EPO.
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Figure 4.19: AHRR of the flow area adjusted cases.

80



250
218
200 196
Q
O
|_
& 150 133
o
A 115
® 100
=
o
o
50 41
0.5 .
0 —
CH4 NOx
BArea 1 DOArea2 MBOriginal
+25% -25%

Figure 4.20: Methane and nitric oxides emissions comparisons, at EPO, of the flow area adjusted cases.

A trade-off plot between methane emissions and nitric oxides production (Figure 4.21) shows
the results of all the designs. Note that Volume 1 produced such a high amount of methane that
it is off the scale of the graph. The reduced flow area design, Area 2, was the best performing
refinement regarding residual methane, but the increased volume design, Volume 2, also showed
promise, as it just slightly increased the residual methane, compared to the original, but had the
lowest nitric oxides production of all the designs.

Another design, named “Area2 Vol2,” that used both a 25% reduced nozzle flow area and a 50%
increased PCC volume was then simulated. The goal was to explore whether the improvements
from each refinement are additive and if a design utilizing both refinements could produce results
that lie between the two individual cases on the trade-off plot.

Two cases of the “Area2 Vol2” design were simulated, one with spark timing the same as the
original design and another with retarded spark timing. The nominal case produced a pressure
trace and AHRR that were far advanced and produced much higher peaks compared to the original.
The second case, with retarded spark timing, was simulated so that the MCC peak pressure was

much closer to the original designs.
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Figure 4.21: Methane and nitric oxides trade-off plot for initial refinement cases.

As seen in Figure 4.23, both cases resulted in far lower methane emissions but wavered on nitric
oxides production. With nominal spark timing, the design produced slightly higher nitric oxides
than the original design. By retarding the spark timing by 1.5°, the nitric oxides production was
significantly lowered while only slightly increasing the methane output. Although “Area2 Vol2”
resulted in better emissions than the original design, the Area 2 design produced lower methane
and nitric oxides.

While the reduction in methane is a great improvement, the PCC design should not simply move
the pockets of unburned hydrocarbons from one section of the MCC to another, and instead should
actively improve/increase the surface area of the flame front, improving overall fuel consumption.
Figure 4.13 shows the locations of the residual methane emissions in each of the simulated PCC
cases. The images were taken at or near 65 °aTDC when the bulk of the combustion process was
complete. Value blanking was utilized and removes all calculation cells that have a methane mole

fraction less than 0.001. The volume of the residuals does not indicate more or less methane as the
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Figure 4.22: Locations of residual methane pockets in each simulated directional PCC design. Images were

taken at or near 65 °aTDC when the bulk of the combustion process was complete. Value blanking was

utilized and removes all calculation cells that have a methane mole fraction less than 1e-6. The color of

the residuals indicates the mole fraction of the cell; the more methane in a cell, the darker that cell will
be—black being high concentrations of residual methane.
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Figure 4.22: Locations of residual methane pockets in each simulated directional PCC design. Images were

taken at or near 65 °aTDC when the bulk of the combustion process was complete. Value blanking was

utilized and removes all calculation cells that have a methane mole fraction less than le-6. The color of

the residuals indicates the mole fraction of the cell; the more methane in a cell, the darker that cell will
be—black being high concentrations of residual methane.
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color of the residuals is only for viewing and does not describe the concentration apart from that
the colored volume has a higher methane mole fraction than 0.001.

Figure 4.22¢ and Figure 4.221 show very small, high concentration residual pockets compared
to all other designs. This signifies either that any residual methane in the MCC and PCC has
minimal concentrations (spread thinly over the entire volume, and all cells have a mole fraction less
than 0.001 and are being blanked) or that more fuel was consumed during combustion, in which
case, the mass of methane would be less than the baseline, and that is what was shown earlier
when analyzing the residual emissions. These two designs were more successful at improving
combustion efficiency, or fuel consumption, across the entire volume and not just specific areas.
There were no large methane rich pockets nearing the end of the cycle.

Again, because the goal of the project was to reduce residual methane emissions, the Area 2

model was chosen as the design to move forward with and manufacture for testing on the engine.

4.3 Experimental Evaluation of Pre-combustion Chamber Per-

formance

Cooper Machinery Services, out of Houston, TX, manufactured the PCCs and sent the units
directly to CSU for testing. Figure 4.24 shows a frontal view of the PCCs as they were sent to
CSU (left) and after expansion of the nozzles (right). Let it be noted that the angles of the nozzles
were not adjusted when expansion occurred. The nozzles were expanded in the Rapid Prototyping
Lab (RPL) using a 5-axis CNC. The 3D CAD model was used to help orient the PCCs so that the
angles were kept exactly as designed.

The resulting brake-specific methane emissions from the boost sweep can be seen in Figure 4.25.
Both the nominal and expanded PCCs produced less break specific methane than the OEM model
consistently across all tested boost points. The nominal design cut methane emissions the most
out of the two tested PCCs and ranged from a 22.8% to a 31.1% reduction over the OEM. The

expanded PCC saw a 19.7% to a 29.2% reduction over the OEM. As boost pressure increased, the
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Figure 4.23: A methane and nitric oxides trade-off plot comparing the best performing refinement cases
with a case that uses both refinements together (Area2 Vol2).

Figure 4.24: Front view of the PCC nozzles. The image on the left is the PCC as delivered, and the image
on the right is the PCC after the nozzles were expanded.

percent reduction also increased with both designs—the higher the boost pressure, the greater the
reduction in methane emissions.
It is important to highlight that the reduction in methane in the previously mentioned exploratory

CFD based project was 99% against the OEM when using the original design. The discrepancy be-

tween that, the refinement cases, and experimental values stems from liberties taken with the com-
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Figure 4.25: Break specific methane emissions for both the nominal and expanded PCCs over the boost
sweep.

putational model, such as not including the piston-liner crevice volume, not knowing the trapped
mass of fuel in the PCC, and tuning the model with engine averaged experimental data. Some of
these liberties were taken to increase the computational speed of the model, such as not including
the cylinder-liner crevice volume. Others were taken because they are unknown, like the trapped
mass of fuel in the PCC. Another inconsistency is due to the inherent asymmetric cylinder perfor-
mance caused by Cooper Bessemer’s articulating connecting rod geometry. Only a single cylinder
of the engine was modeled in CFD, but the experimental results are engine averaged.

Nitric oxides production and emission rose with both tested PCCs compared to the OEM, signif-

icantly at low boost pressure. A trade-off plot of the break specific nitric oxides and boost can be
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Figure 4.26: Break specific nitric oxides and methane trade-off plot for the nominal and expanded direc-
tional PCC designs along with the OEM. The orange dashed line represents the approximate curve of the
OEM emissions.

seen in the appendix. Figure 4.26 details the break specific methane and nitric oxides emissions in
a trade-off plot. The orange dashed line represents the approximate curve that the OEM emissions
would follow at untested emission values. Overall, the nominal and expanded PCCs performed
better than the OEM, regarding emissions. Any data point that falls below and to the left of the
orange dashed line denotes better emissions performance—all of the nominal and expanded PCCs
data points fell in this superior region. The data shows that if the engine is able to boost intake
by an additional 2-3 inHg, the same nitric oxides emission level can be achieved while producing
substantially less methane.

The emission levels for CO, carbon dioxide, and carbon dioxide equivalent can be seen in Figure
4.27. A reduction in carbon monoxide is shown in the top plot for all boost levels tested for both
the nominal and the expanded directional PCCs over the OEM PCC. Because carbon monoxide
is a product of incomplete combustion, a reduction would imply that there was an increase in

combustion efficiency. In this case, the carbon monoxide would be converted into carbon dioxide
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Figure 4.27: Break specific CO, carbon dioxide, and carbon dioxide equivalent emissions as a function of

boost for the OEM PCC, the nominal PCC, and the expanded PCC.
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and a similar increase would be expected. However, the data shows that there was a reduction in
carbon dioxide for boost levels above 11 inHg and similar levels to the baseline for data below 11
inHg of boost. The methane emissions also show a decrease in output over the baseline, especially

at the higher boost levels. A reduction in all four emissions, CO, carbon dioxide, carbon dioxide



Table 4.1: Directional PCC experimental percentage change in BSFC and BSEC over the OEM design.

Boost, inHg 7.5 95 115 135 155 165

Design BSFC % Change from OEM

Nominal PCC 0.00 0.00 -0.88 -1.74 -1.74 -2.59
Expanded PCC -0.87 -0.88 -0.88 -1.74 -0.87 -1.72

Design BSEC % Change from OEM

Nominal PCC  -0.01 0.00 -0.68 -1.19 -2.23 -2.58
Expanded PCC -0.55 -0.61 -0.67 -1.43 -1.12 -1.76

equivalent, and methane, can only be explained by examining the fuel flow rates (Table 4.1). In
the nominal direction PCC data, the engine’s fuel flow rate is very similar to the OEM PCC'’s for
the two lowest boost levels. After those two levels, a reduction in both BSFC and BSEC is seen.
Regarding the expanded directional PCC, reductions are seen in BSFC and BSEC across all boost
levels. In these cases, the reduction in CO, carbon dioxide, carbon dioxide equivalent, and methane
emissions is due to both an improvement in combustion stability and a lower amount of carbon in
the fuel being used to produce the same power.

Figure 4.28 shows the boost sweeps MFB durations in CAD for each of the PCC designs. Both
the nominal and the expanded PCCs showed an increase in combustion speed over the OEM PCC,
with the expanded directional PCC being slightly slower than the nominal.

Engine coefficients of variance (COV’s) also improved with the use of both the nominal and
expanded PCCs. At the highest boost level assessed, the indicated mean effective pressure (IMEP)
COVs dropped from about 2.6% to 2% using the nominal PCC and 2.25% with the expanded
PCC. As boost pressure decreased, the COVs converged toward the same value. The peak pressure
COVs, at the same boost level, dropped from 6.9% to 5.5% for both the nominal and expanded
models. Even at lower boost pressures, over a 1% reduction is seen for the nominal PCC and just
under 1% for the expanded PCC. Plots for IMEP COV and peak pressure COV versus boost can

be found in Appendix C.2.
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Figure 4.28: The MFB durations in CAD for each PCC tested during the boost sweep.

Varying the speed and load of the engine to its limiting operational conditions resulted in the
brake-specific methane emissions plotted in Figure 4.29. Results show that, across all four test
points, methane emissions were reduced with the nominal and expanded PCC designs over the

OEM PCC. When operating at low load (LL), regardless of high speed (HS) or low speed (LS),
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the engines methane emissions were reduced substantially—between 42% and 46% over the OEM
PCC when using the nominal design and between 37.8% and 39% when using the expanded design.
Even when operating at low speed and high load, methane emissions were reduced by 19.5% with

the nominal PCC and 18.3% with the expanded PCC.
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Figure 4.29: Break specific methane emissions for the 4-corner operating conditions.

Figure 4.30 shows the break specific methane and nitric oxides emissions for the 4-corner data
points. Similarly to the boost sweep, both methane and nitric oxides emissions fell on the lower
and left side of the approximate OEM PCC trace for both PCC designs, showing that. When the
engine operates at high load conditions, a reduction in methane is seen but the increase in nitric

oxides output outweighs that benefit. It is not until the engine operates at ultra-low nitric oxides
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conditions that a performance benefit is seen. Low speed, low load operation saw brake-specific

methane emissions drop from approximately 16 g/bhp-hr to 8.6 g/bhp-hr with the nominal PCC

and 10.2 g/bhp-hr with the expanded PCC, but only a minor increase in brake-specific nitric oxides

output. Similarly, high speed and low load operations saw brake-specific methane emissions drop

from approximately 13.1 g/bhp-hr to 7.6 g/bhp-hr with the nominal PCC and 8.5 g/bhp-hr with the

expanded PCC, but only a minor increase in brake-specific nitric oxides output.
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Figure 4.30: Break-specific methane and nitric oxides trade-off plot of the 4-corner data points.

COVs of IMEP? improved across all four data points over the OEM PCC with the use of both

nominal and expanded PCC designs and can be seen in Figure 4.31. Peak pressure COVs can be

seen in Appendix C.2 Experimental Data. Under high load operation, the expanded directional

PCC saw the lowest COVs of the three tested designs, while the nominal design saw the greatest

performance when at low load conditions.

2The IMEP is typically used as a reference for judging the stability of the engine. The COV of IMEP is used to analyze

the cycle-to-cycle variability of the engines stability.
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Figure 4.31: IMEP COVs for the nominal and expanded PCC designs for all 4 operating conditions.

4.4 Synthesis and Answers to Research Questions

The first question this portion of the research intends to answer is Can combustion efficiency
be increased by targeting pockets of unburned methane within the MCC utilizing PCC design?
Starting with the simulations of the novel PCC designs, improving combustion efficiency begins
with either consuming more of the fuel, and therefore leaving less residual fuel, or by consuming
the same amount of fuel, and therefore leaving similar levels of residual fuel, as the baseline case,
but producing more power.

The simulation results indicated that the combustion intensity (measured by the average peak
pressure in the MCC) for all of the novel designs was lower than the OEM. They also showed

that combustion phasing was retarded compared to the OEM. Typically, this would imply a slower
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developing flame kernel, but since the engine is using a PCC as the major ignition source, the
MCC combustion phasing is really dependent upon the flame jet intensity coming from the PCC.
So a retarded phasing of the pressure trace could be from either of these, but is mostly attributed to
the flame jet intensity. These outcomes together indicate that if the amount of fuel consumed was
the same as the OEM, then less power would have been produced—and that was the case for the
“Borifice_1" and the “Sorifice” designs. Both produced less power per cycle than the OEM, but
they also consumed more fuel, meaning that the combustion efficiency of those two designs was
lower than the OEM. The “3orifice_2" and “slot” designs, however, showed increases in power
generated along with reduced methane emissions.

The answer to the previously posed question, then, is yes, hypothetically, the combustion effi-
ciency can be improved by targeting pockets of unburned methane within the MCC utilizing PCC
design. But this is hypothetical and must be tested under real conditions to test the validity of the
design. The designs were based from the OEM PCC that produced its own unique flow fields and
were simulated against only one cycle. Whether the novel designs would continue their improved
performance when those residual methane pockets are no longer present is another issue.

Examining the experimental test results from the nominal and expanded directional PCCs to
evaluate the combustion efficiency, the engine out emissions are evaluated. carbon monoxide is a
byproduct of the combustion process when there is insufficient air for the reaction to take place,
or, to put it another way, it is the byproduct of incomplete/partial combustion. If the charge inside
the cylinder does not have sufficient air for the carbon monoxide to react with, and become carbon
dioxide, then there is insufficient air for the fuel to react with as well, resulting in higher hydro-
carbon emissions. Figure 4.27 showed that the carbon monoxide emissions dropped for both PCC
designs and across all boost levels, implying an increase in combustion efficiency. Table 4.1 dis-
plays the change in BSFC and BSEC for each design at the tested boost levels, showing a decrease
in most cases. Because the tests were run at a constant power output of 440 BHP, this reduction
in fuel means that the engine, when using the directional PCCs, is making the same power as the

OEM but consuming less fuel because of an increase in combustion efficiency.
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The second question this research intends to answer is How does PCC geometry affect methane
emissions from a lean-burn, large bore natural gas engine? The second portion of the directional
PCC simulation research technique helps address this issue. The main purpose of the research was
to optimize the methane reduction of the best performing design by varying certain parameters one
at a time. The parameters to be altered were the angle and diameter of the nozzles and the volume
of the PCC itself.

The cases investigating the angle of the nozzles showed that because of the shape of the piston
head, when the angles between the nozzles were too narrow, the flame jets would simply be split
by the piston crown. A portion of the flame would be confined to the inside of the bowl while
the other is pushed toward the crevice volume. The portion of the flame that moves toward the
crevice volume no longer has sufficient flow, and thus energy, to properly propagate around the
cylinder walls as intended. The emission results showed an increase, slight albeit, in methane
emissions but any increase would signify a less optimal design in this case. nitric oxides emissions
for both altered angle simulations were lower, significantly in one case. This is expected trade-off
behavior—as fuel consumption decreases (producing higher methane emissions) a paired decrease
in nitric oxides emissions is expected because of the lower cylinder temperatures. The “area 2”
design, however, produced nearly 60% less than the original “3orifice_v2” design.

Figure C.1 in Appendix C.1 shows the locations of nitrogen dioxide inside the MCC and PCC
near the highest point of concentration in the cycle, 20 °aTDC. The images, again, show the value
blanked cells with a nitrogen dioxide mole fraction greater than le-5. The volume is colored by
mole fraction, with higher fractions being colored darker—black having the highest fraction. As
can be seen, the bulk majority of nitrogen dioxide in the cylinder occurs around the cylinder’s
periphery and at the top of the cylinder head, with the most nitrogen dioxide dense areas nearest
the walls. With the bulk formation of nitrogen dioxide near the cylinder walls, it leads to the belief
that as the angle between the nozzles decreases and the flame jets move to the inside of the piston
crown that nitric oxides levels would drop. The flame inside the bowl would be following behind

the middle nozzle’s flame jet, in its wake of combustion products, weakening as it continues and
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ultimately merging with the middle flame jet or extinguishing altogether. This weakening and/or
extinguishing conclusively results in lower temperatures, and thus, lower nitric oxides emissions.

Adjusting the volume of the PCC showed dramatic effects. The average pressure trace in the
MCC increased when the volume was reduced, and the pressure trace dropped significantly when
the volume was increased. With the small volume PCC, when combustion initiates, the pressure
rises quickly, faster than the original design, and forces the flame jet into the MCC earlier in the
cycle, effectively phasing combustion forward by nearly 5 CAD. This very intense combustion
event led to nearly 12 times the residual methane that the original design produced. This is not true
for the case where the volume was increased. The average MCC pressure trace and the AHRR were
very similar in timing, but the adjusted case lacked intensity. This lack of combustion intensity is
from the PCC volume being too large. When the volume is too large, the pressure in the PCC rises
much slower and doesn’t force the hot gases with the same velocity into the MCC, resulting in
slow and weak combustion overall. However, the methane emissions it produced were just slightly
more than the original design. Increasing the PCC volume showed promise and could be an area
to be further studied and, more importantly, optimized.

Figure 4.28 showed a decrease in MFB durations (faster combustion) because of the smaller
nozzles, and this is in direct agreement with the residual methane emissions shown in Figure 4.25.
The expanded directional PCC showed methane emissions and MFB durations slightly higher than
the nominal version—Ilarger nozzles lead to slower flame jets and slower combustion, resulting in
less efficient combustion and higher methane emissions.

The nitric oxides emissions followed the expected trend when increasing combustion efficiency
— increases across all data points. In some cases, mainly those at low boost pressures, the increase
in nitric oxides from the OEM PCC to the directional PCC was nearly 2.5 times. The faster
oxidation of fuel results in more energy being released in a shorter amount of time. This energy
takes the form of heat and increases the temperature in the MCC compared to the OEM. The
majority of nitric oxides formed is thermal nitric oxides that occurs at high temperatures, and

production becomes more frequent as the temperature increases.
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Chapter 5
The Feasibility of Premixed Fuel and Air

Pre-combustion Chamber Injection

The following chapter details the results of the fuel and air premixing simulations and experimen-
tal results. First, characterization of the baseline combustion cycle will be made while comparing
the homogeneously mixed PCC ideal simulation case. Second, the simulation results using low
pressure PCC injection will be analyzed. Third will present the results of the high pressure simu-
lation and experimental data points. Finally, the results from all simulated cases and experimental

data points will be used to answer the research questions posed in Introduction.

5.1 Characterizing Combustion with a Homogeneous Mixture

Characterization of the GMV’s combustion cycle is essential because it sets goal values for the
experimental tests or simulations to meet or beat. A comparison of the simulation baseline case’s
trapped mass of fuel and air, along with the TER, will be made against the experimental data.
Some basic combustion statistics, such as MCC pressure trace, AHRR, and the MFB locations,
will be made to determine the validity of the baseline case. Finally, the most important and relative
emissions (methane, nitric oxides, CO) will be presented. After the comparison of the baseline
simulation and the <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>