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ABSTRACT

EVALUATION OF ADVANCED AIR-FUEL RATIO CONTROL STRATEGIES AND THEIR
EFFECTS ON THREE-WAY CATALYSTS IN A STOICHIOMETRIC, SPARK IGNITED,

NATURAL GAS ENGINE

Engine emissions are a growing concern in the 21st century. As the world works to
combat rising pollution levels, engine emissions are under scrutiny. Natural gas engines are
increasing in popularity over diesel engines, due to the high availability of fuel and fewer
pollutant emissions than comparable diesel engines. Pollutants such as NOx, CO, and THCs
(total hydrocarbons) are harmful to the environment and are currently regulated, and limits for
these pollutants are expected to decrease further in the future. A three-way catalyst (TWC) is a
cost-effective exhaust after treatment system can be used to reduce pollutant emissions through a
series of reactions that are catalyzed by special conditions within the catalyst. Using TWC:s,
emissions can be drastically reduced using simple chemical reactions, without affecting engine
performance. Air-fuel ratio dithering is a strategy that can be used to increase catalyst reduction
efficiency by utilizing the oxygen storing properties of ceria, a material in the catalyst washcoat.
Dithering is a method of periodically varying the air-fuel ratio of the engine around an optimum
point. The focus of this work is understanding how dithering affects oxygen storage in a catalyst,
as well as how dithering amplitude and frequency can be tuned to maximize catalyst efficiency.
Experiments were performed on a CAT CG137-8, a stationary natural gas engine used for gas
compression. Three different catalysts were tested, including the standard catalyst for the test

engine, a custom catalyst with one half of the oxygen storage capability of the standard catalyst,
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and the standard catalyst artificially aged to 16,000 hours. Emissions data were collected across a
dithering parameter sweep where a large number of amplitude and frequency combinations were
tested. Additionally, steady state and dithering air-fuel ratio sweeps were performed to

investigate the emissions window of compliance across a wide range of air-fuel ratios.

It was found that dithering with optimized amplitude and frequency can significantly
reduce pollutant emissions with a fresh catalyst. However, dithering does not have a large effect
on aged catalysts. Additionally, dithering was shown to improve the window of emissions
compliance on a standard catalyst by 100% but showed a smaller improvement on a catalyst with
12 oxygen storage capability. The window of compliance with an aged catalyst was unimproved
by dithering. Optimized dithering has the potential to significantly reduce engine emissions,
allowing for compliance with more stringent emissions requirements or for less expensive

catalysts to be used.
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CHAPTER 1: INTRODUCTION

1.1 BACKGROUND AND MOTIVATION

Reducing internal combustion engine emissions is an important goal as concerns about
climate change and pollution grow in the 21st century. Engine manufacturers must consider both
current and future emissions regulations when designing engines. In addition to meeting cost and
performance targets, engines must also meet limits on emissions of harmful pollutants such as
NOx and CO. In industrial applications, natural gas (NG) is becoming widely used as a
replacement for other fossil fuels such as diesel and gasoline [1]. Spark ignited (SI) natural gas
fueled engines produce fewer pollutants than comparable diesel engines, while emitting less CO2

than all other equivalent engines [2].

Stationary natural gas engines are used for natural gas compression and power generation
across the United States and are subject to federal emissions regulations. Compression stations
are typically in remote locations, used to ensure adequate gas pressure along transmission lines.
Engines in these stations must be incredibly durable, as service intervals are long and they
operate continuously in all conditions. Stochiometric engines are typically used in this
application because of their simplicity and reliability. Stoichiometric engines operate at an air-
fuel ratio where there is exactly enough air to burn with the fuel. Stochiometric engines are often
referred to as rich burn engines because their point of lowest emissions is slightly rich of the
stoichiometric point. This is in contrast to lean burn engines which operate with a significant

amount of excess air.



Small and medium sized stoichiometric engines are subject to the EPA “Quad J”
regulations. Stationary natural gas engines over 100 hp must comply with the NSPS Title 40,
Part 60, Subpart JJJJ rules. State and local governments often have stricter emissions regulations,

the strictest being the Pennsylvania GP5 regulations.

Table 1: Local and state emissions levels are often stricter than federal emissions regulations.
EPA JJJJ is the current federal emissions limit for stationary gas engines above 100 hp, while
the PA GP5 regulation is the strictest local regulation.

g/kW-hr (g/bhp-hr)

NOx CO VOC
EPA 1JJJ 1.3 (1.0) 2.6 (2.0) 0.92 (0.7)
PA GP5 0.325 (0.25) 0.39 (0.3) 0.26 (0.2)

Emissions from stoichiometric natural gas engines can be effectively minimized with the
use of a three-way catalyst (TWC) without negatively effecting engine performance. With the
use of a TWC, NG engines have the potential to meet stringent requirements [3]. TWC
performance has been studied extensively in SI gasoline engines, as is typical in automobiles.
Advances have been made in catalyst materials as well as engine control strategies, but natural

gas engines have not yet been studied with TWCs as extensively.

Precise air-fuel ratio (AFR) control is required on stoichiometric engines for TWCs to
function properly. In stoichiometric exhaust conditions, there is a balance between oxidizing
(NOx and O») and reducing (H2, CO, HC) gases that results in near complete conversion of these
gases into CO2, N2, and H20. There is a narrow window of AFRs around the stoichiometric point

(A=1, where A= AFRucwal /AFRwich and AFR refers to the air to fuel ratio) where adequate levels



of reducing and oxidizing species are present for the TWC to meet emissions requirements [4].

Lambda ()) is typically used to normalize air fuel ratio and is defined as:

AFRactual ( 1)

AFRstoichiometric

TWC pollutant reduction efficiency is defined as:

] o pollutant emissions (postcat) 2)
Conversion Ef ficiency =1 — — * 100
pollutant emissions (precat)

1.2 LITERATURE REVIEW

Three-way catalysts have been used since the late 1970s to reduce NOx emissions from
engines. They rely on complex reactions between exhaust species that are catalyzed by the
platinum-group metals in the catalyst. The most prominent of these reactions are listed in Table

2.

The governing equations of the reaction are highly dependent on catalyst temperature, as
well as oxygen content. When engine is running rich, there will be a shortage of oxygen, causing
increased CO and THC emissions. When the engine is running lean, there is extra O in the
exhaust, which oxidizes CO and THCs more readily than NOX, resulting in increased NOx
emissions. There is a minimum balance point between pre-catalyst CO and NOx emissions
where their concentrations meet. This point occurs slightly on the rich side of stoichiometric.
Figure 1 shows that the equivalence point for the CAT CG137-8 engine used in this test. NOx

formation is exponentially related to peak combustion temperature, which is achieved right at
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stochiometric, or just lean of stochiometric [5]. NOx formation is at a maximum in these
conditions. As the air-fuel mixture becomes rich, NOx formation declines as combustion
temperatures decrease. However, THCs and CO increase in concentration as byproducts of
incomplete combustion. CO emissions increase rapidly as the mixture becomes rich because
there is enough oxygen to convert the fuel to CO. THC emissions remain low as the mixture

becomes rich because most of it is converted to CO in the scope of this lambda sweep.

Table 2: Major reactions occurring in a three-way catalyst for a natural gas engine.

1 1
CO+502(_)COZ H2 +ECOZ(_)H20
y y y
CeH, + (x + Z) 0, ¢ XCO, +7 Hy0 CeH, + xH,0 & (x +E) H, + xCO
1
2NO + 5C0 + 3H,0 - 2NH; + 5C0, 2NO + CO - N,0 + CO,
1
NO + Hy = 5Ny + Hy0 2NO + 5H, = N,0 + H,0

Methane (CHy) is a relatively stable fuel, making it difficult to burn. Typical pipeline
natural gas is usually between 85%-95% methane, meaning that methane is a large contributor to

hydrocarbon emissions.

If stochiometric or near stochiometric conditions are not met in the engine, the
concentrations of NOx, CO, and THC will not be present in the correct quantities in the catalyst
to satisfy the equations in Table 2. At steady-state operating conditions, the TWC will have
significantly reduced effectiveness, potentially allowing post-catalyst emissions to drift out of

compliance. Figure 2 shows the operating window for a stoichiometric engine [6]. Engine
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emissions increase significantly as the air-fuel ratio drifts away from a stoichiometric A=1.00. As
the mixture becomes rich, CO emissions climb dramatically, and as the mixture becomes lean,
NOx emissions climb dramatically. For this reason, air-fuel ratio control is incredibly important

for a stoichiometric engine with a three-way catalyst.
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Lambda (A)

Figure 1: Post-catalyst emissions for the CAT CG137-8 natural gas engine are at a minimum at
A=0.990.

*oe, Operating
*e.,, window

6 without
=4 NO,
.a with catalyst
— g S ithout ctalyst
o) catalyst Y ly
1)
C
(O]
w ~ <
2| -
© ~ < _Hydrocarbons
2 without catslyst
ke
2 Hyd
é with catalyst
w oxygen sensor
/.~ Sensor
- (7 )
| | |
085 0.90 0.95 1.00 1.05 110 1.15 1.20

A- value

Figure 2: Three-way catalysts are only effective at reducing emissions close to a stoichiometric
air-fuel ratio.



1.3 OXYGEN STORAGE AND DITHERING IN SI GASOLINE ENGINES

The narrow air-fuel ratio window for meeting emissions limits causes problems under
transient conditions, when the air-fuel ratio cannot be precisely controlled. In automotive
engines, these transients are introduced by rapidly changing engine loads and speeds. In a
stationary industrial engine, the main transient is varying fuel composition, but other transients
can be present, including the load. The role of the oxidation and reduction of the washcoat in the

catalyst has been studied and modelled in automotive engines running on gasoline.

A catalyst is made of three important parts. The first is the outer shell, which often
includes insulation for heat retention. Inside the outer shell is the substrate, a ceramic or metallic
honeycomb that supports the washcoat. The washcoat covers the substrate and has a high surface
area exposed to the passing exhaust gasses. Catalyst washcoats are made up of alumina, ceria,
and precious metals such as platinum, rhodium and palladium, which function to catalyze the

reactions described in Table 2

Tail pipe emission
H20 (Water)
Intumescent mat CO2 (Carbon Dioxide)
Stainless steel insulation packaging N2 (Nitrogen)
catalytic converter “

body “,

Heat shield

\/ Catalyst substrate

catalytic active
material
Pasition for oxygen
sensar plug

Exhaust gas - Raw emission

HC  (Hydrocarbons)

CO (Carbon Monoxide)

NOx (Nitrogen Oxide)

Figure 3: A three-way catalyst includes a housing, substrate, and washcoat on the substrate. The
washcoat contains the compounds that catalyze the reactions.



Ceria (Ce203, CeO») and alumina (Al2O3, AlO») are used as a structural support in the
washcoat of a three-way catalyst. Precious metals which perform that catalyzing reactions are
absorbed into the ceria and alumina. These catalyzing metals include: rhodium (Rh), platinum

(Pt), and palladium (Pd) [7].

Ceria makes up about 30% of the washcoat by mass and has multiple functions, which
are stabilization of the washcoat layer, improvement of thermal resistance, enhancement of
precious metal catalytic activity, and operation as an oxygen storage component [8]. The oxygen
storage property of ceria in a catalyst is the primary area of interest for transient catalyst

operation.

Under transient conditions, ceria can store oxygen while the engine is running lean, and
then release oxygen while the engine is rich. It has been widely proven that intentional air-fuel
ratio fluctuation or “dithering” can provide better transient response from catalysts. This effect
was first studied on engines that had unintentional fluctuations at GM in 1983, and it was found
that controlling the cyclic fluctuations allowed the engines to remain in emissions compliance in

air-fuel ratio areas where they would usually be out of compliance in steady state operation [9].

In the study performed by GM, the air-fuel ratio was stepped from lean to rich, and rich
to lean. When the ratio was stepped from lean to rich, it was expected that the post-catalyst
emissions would contain large amounts of CO, a result of the rich air-fuel ratio. However, the
post-catalyst CO emissions were lower than expected, directly after the shift. This same test was
also run with a catalyst that did not contain cerium but was otherwise identical. The results for
the non-cerium catalyst did not show the slower ramp of CO emissions, and more closely
matched the expected steady-state result. The left side of Figure 4 shows the expected results for

CO emissions during a lean-rich shift. The catalyst that did not contain cerium did not store
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oxygen for release and CO reduction in an air fuel ratio shift. The right side shows the same air-
fuel ratio shift from lean to rich and CO emissions from a catalyst containing cerium. As can be
seen in the bottom left corner, the actual CO emissions trailed the predicted emissions due to
oxygen release in the catalyst, allowing CO to be converted to CO>. The catalyst that does not
contain cerium does not store oxygen for release in an air fuel ratio shift. The reactions that occur

with the ceria in the catalyst are more clearly defined in Table 3.
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Figure 4: CO Emissions Pre and Post-Catalyst for a catalyst with and without Cerium. The red
circle shows how the catalyst with cerium has lower than expected CO emissions during a lean-
rich shift, due to oxygen release [10].



Table 3: Oxygen storage reactions with ceria

Rich (Oxygen Release) Lean (Oxygen Storage)

CO + 2Ce0, » Ce, 05+ CO, Ce203+102 — 2Ce0,
2

1
H; +2Ce0; > Ce;03 + Hy0 Cey05+NO = 2Ce0; + 5N,

Equations shown in Table 3 are also highly dependent on temperature, with the oxygen storage
happening more effectively at higher temperatures [11]. During steady state operation, the ceria
will become either entirely saturated with oxygen or completely depleted, making the oxygen
content of pre and post-catalyst exhaust flows equivalent. Then, if there is an air-fuel ratio shift,
the oxygen storage capabilities may not be utilized. Additionally, average CO and NO
conversion efficiency is higher when the air fuel ratio is oscillated periodically, due to the
reduction and oxidation of the cerium in the catalyst [12]. These reactions in Table 3 supplement

the steady state catalyst reactions in Table 1 .

1.4 OXYGEN STORAGE AND DITHERING IN SI NATURAL GAS ENGINES

The catalysts used on stationary natural gas engines are nearly identical to those used on
gasoline engines, and accomplish the same task, which is to simultaneously reduce NOx, CO,
and THC emissions. Three-way catalysts are used on stoichiometric engines and are most

effective around a point slightly on the rich side of stoichiometric.

If no dithering strategy is applied (if the air-fuel ratio is held constant), there will be a

small window of emissions compliance where both NOx and CO are converted effectively.



Figure 5 shows this window of compliance for certain conditions on an 80kW Cummins-Onan
Genset. Emissions are limited on the left side by NOx regulations (2 g/bhp-hr for the Cummins-
Onan Genset) and on the right side by CO regulations (4 g/bhp-hr for the Cummins-Onan
Genset). On many engine/catalyst configurations, this window of emissions compliance can be

extremely small, sometimes within equivalence ratio windows of 0.002 equivalence ratio [13].

In other experiments, the optimal air-fuel ratio for engine operation was found using an
air-fuel ratio scan, where the ratio is varied from lean to rich in steps, and pre- and post- catalyst
emissions data is recorded. It was found that on a natural gas engine, the optimal point for
catalyst efficiency where NOx and CO removal efficiencies were near 95% was at an
equivalence ratio of 1.014. This will vary between engines and catalysts, but this strategy can be

used to find the optimal equivalence point.

Dithering strategies can then be applied to the fueling to further increase catalyst
efficiency. With dithering, the air fuel ratio is oscillated periodically around the equivalence
point that was previously determined. Both the frequency and amplitude of this wave form can
be modulated, resulting in optimal oxygen storage and release within the catalyst. The amplitude

and frequency must be determined experimentally for a given engine/catalyst system.

Shi et al performed testing of different dithering frequencies and amplitudes to find the

optimal conditions for oxygen storage in their single cylinder CFR engine [14].
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Figure 6: Dithering Amplitude and Frequency Adjustments and their Effect on Conversion
Efficiency. This experiment found the optimal frequency for dithering was 0.1 Hz, with the
optimal amplitude being 0.014.

Figure 6 shows that the optimal frequency was 0.1 Hz, and the optimal amplitude was
0.01A. This corresponds closely with the findings of Defoort et al, as they settled on a frequency
of 0.2 Hz and amplitude of 0.01 equivalence ratio for their engine. These closely matched results
suggest that frequencies around 0.2 Hz and amplitudes of around 0.01 are a good place to start

when fine tuning post-catalyst emissions to gain maximum possible conversion efficiency.

The time for a catalyst to become completely reduced or oxidized can vary, so the
frequency must be adjusted accordingly. If the frequency is too high, the system will simply act
like a rich burn steady state system would, because the oxidation and reduction reactions do not
have time to complete. Additionally, periodic fluctuations in pre-catalyst exhaust will diffuse
together between the exhaust port and the catalyst, effectively delivering a constant, average
exhaust stream to the catalyst [15]. If the frequency is too slow, the catalyst will become entirely
reduced or oxidized, resulting in the less efficient steady state operation until the mixture shifts

back in the other direction.
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There are many reactions occurring during oxygen storage and release, but they can be
accurately simplified to the reactions shown in Table 3. When the engine is running lean, there is
excess O2. Usually, this would mean that NO is not reduced, but the oxygen from NO is stored in
the catalyst washcoat. Then, when the engine oscillates to running rich, there would normally be
a lack of oxygen to oxidize CO into CO,. However, when the appropriate dithering conditions

are met, oxygen to oxidize CO will be supplied from what is stored in the washcoat.

Figure 7 shows oxygen storage in the catalyst as observed by Gattoni and Olsen on a
7.5L Cummins-Onan rich-burn genset. This data shows optimized dithering, with oxygen storage
and release keeping the oxygen concentration post-catalyst constant. The solid black line
represents the pre-catalyst oxygen concentration, and the dotted line represents the post-catalyst
oxygen concentration. The pre-catalyst oxygen concentration fluctuates with the fuel dithering,
but the post-catalyst concentration remains relatively constant due to the oxygen storage and

release.
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Figure 7: Oxygen Storage in a three-way catalyst, with pre- and post-catalyst oxygen sensors
[16]. The post catalyst oxygen content remains constant while the pre-catalyst signal fluctuates,
signaling optimized oxygen storage and release.

1.5 THESIS OVERVIEW

This study aims to better understand the effects of dithering on TWC reduction efficiency under
multiple conditions. An optimal dithering midpoint will be selected based on the emissions
results of a lambda sweep. Amplitude and frequencies will be swept in search of maximum
catalyst reduction efficiency of NOx, CO, and HCs. The impact of catalyst age and composition
on dithering performance will also be explored. Additionally, the window of emissions
compliance will be explored with and without dithering. Specific research questions to be

answered are as follows:
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¢ How do dithering parameters such as midpoint, frequency, and amplitude affect
emissions reduction efficiency and overall tailpipe-out emissions?

e How does catalyst age and chemical composition affect emissions with dithering?

e How can dithering parameters be adjusted to compensate for catalyst composition and

age?

The thesis is organized in five chapters. In the first chapter, the engine control system and
necessary modification will be described along with the DAQ equipment and emissions
analyzers. In the second chapter, the results from symmetric dithering will be discussed and
compared with steady state (non-dithering) results. In the third chapter, results from non-
symmetric dithering will be discussed. In the fourth chapter, catalyst chemistry and age and its
effects on required dithering parameters will be discussed. The fifth chapter will discuss the
findings and give recommendations for dithering parameter selection, as well as describe

potential next steps for experimentation.
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CHAPTER 2: ENGINE EXPERIMENTAL METHODS

2.1 ENGINE CONFIGURATION AND CONTROL SYSTEM

Dithering testing will be performed on a 2015 Caterpillar CG137-8, an 18L industrial 4-
stroke natural gas engine (S/N: WWF00318). It is an 8 cylinder, turbocharged, spark ignited
natural gas engine with a 60 degree V8 head configuration. The engine exhaust system was
designed to accommodate different aftertreatment systems. This is a stoichiometric engine,
which uses a three-way catalyst to meet emissions regulations. These engines are used for power
generation and natural gas gathering. Its specifications are shown in Table 1.

Table 4: CSU CAT CG137-8 Specifications

Engine CG137-8
Displacement, L (in®) 18.0 (1099)
Engine Power Output, kW (bhp) 298 (400)
BMEDP, kPa (psi) 1100 (160)
Bore, mm (in) 137.16 (5.4)
Stroke, mm (in) 152.40 (6.0)
Compression Ratio 10.25:1
Lube Oil Capacity, L (gal) 147.63 (39)
Exhaust Gas Flow (Full Load) m*/min (cfim) 15.64 (547.6)
Catalyst Space Velocity, h'! 17095

The engine was initially commissioned at the CSU Powerhouse Engines and Energy
Conversion Lab (EECL) with the stock Caterpillar ADEM A4 engine controller and was baseline
tested using this system. The engine was then converted to a Woodward Large Engine Control
Module (LECM) to allow for customization of engine control strategies. Engine control software
was written using Woodward MotoHawk in collaboration with staff at Woodward. A human
machine interface (HMI) created in Woodward Toolkit 3.0 was used to monitor engine control
unit (ECU) parameters during tests. This software was installed on the desktop computer
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ETS00258 located near the test cell at the Powerhouse. Licenses for Woodward MotoHawk and
Toolkit were obtained through contact with Woodward. Figure 8 shows the CG137-8 engine test

cell and points out key components.

[ N

Figure 8: CG137-8 test cell at the CSU Powerouse. The engine was converted to a full-
authority Woodward control system for greater customizability.

The LECM runs a full-authority control system. It controls the throttle (engine air),
carburetor fuel valve (engine fuel) and spark timing. Spark timing was controlled using
Woodward Real Time Combustion and Detonation Control (RTCDC) which uses cylinder

pressure feedback to provide optimal spark timing for combustion.
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Data was recorded using an NI CompactRIO system that recorded pressure and
temperature data for many key parameters. Additionally, an NI CompactDAQ with CAN cards
was used to log data from the LECM. All engine and test cell parameters are viewed via a
Labview HMI on the Powerhouse PEC-EECL-1 laptop. A complete list of LabView parameters
logged during engine tests can be found in Appendix A.

The engine was also retrofitted with a Woodward EFR electronic carburetor and a
Woodward F-series throttle valve. Through the LECM, the EFR electronic carburetor could be
configured using Woodward computer tools to adjust AFR, providing control of dithering

midpoint, amplitude, and frequency. Figure 9 shows the retrofitted engine actuators.

Figure 9: A top-down view of the engine shows the retrofitted Woodward actuators that will give
the Woodward Large Engine Control Module (LECM) customizable control of engine operation.
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Through the Woodward HMI, important parameters for dithering control could be

adjusted. There were options for symmetrical sine, square, and triangle waves, as well as an

option for creating a custom wave with non-symmetric dwell and rise. Amplitude and frequency

could be controlled easily, and the midpoint could be adjusted to a desired AFR. Dithering was

added to the fuel flow as a modulation of the fuel valve, after the steady state air-fuel ratio

control PID. This means that during dithering operation, the air fuel ratio control was based on

the average air fuel ratio. Figure 10 shows the LECM control system and how it is connected to

key actuators and the plant LabView system.

Air Intake

FuelValve Jr=--=r=ms=ce-

Fuel line in

Fuel Flow Meter /\-==---===---- Plocommsonmmnas

Electric Throttle CAT CG137-8

.
Carburetor Natural Gas Engine Sl “ M—'m—»

>

B et

o

e e e e

e el

_______________________

Spark timing
Fuel inlet valve

Post-Catalyst 02

Engine speed control
AFR dithering manual/
automatic toggle

Key switch

Post-Catalyst NOx
Crank position

1
1
1
i
E
1
Pre-Catalyst 02 H
1
i
1
1
i
1
1
1

Cam position | | ,{ .
Throttle position

IMAP&IMAT

Fuel valve AP

Actual engine speed =~ ---------- 1

5-gas
analyzer

i1

Compressor in&out pressure and temperature
Turbine in&out pressure and temperature

JW temperature in&out

ACW temperature in&out

Fuel pressure and temperature

Dyno temperature in&out

Air starter solenoid

Qil Temperature

Figure 10: The LECM control system and LabView DAQ system schematic
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THREE WAY CATALYST INFORMATION

Stoichiometric engines of this size use a three-way catalyst (TWC) to meet emissions

limits. This study investigates the effects of air-fuel ratio dithering on a three-way catalyst, and

also how catalyst age and chemical composition can change the effectiveness of dithering on

emissions reduction. The three catalysts that will be used for this test are as follows: the stock

CAT catalyst, a catalyst designed to have half the oxygen storage content of the standard

catalysts, and the standard catalyst artificially aged to near end of life. Table 5 shows the

different catalyst configurations that were used in testing.

Table 5: Testing was performed on three catalysts. The catalysts were identical other than the

oxygen storage content and artificial aging.

Catalyst Type Cell Space Substrate Washcoat
Density | Velocity | Wall Layer
Thickness | Thickness
Catalyst 1 Standard CG137-8 100 17095 h'! | 50 microns | 100 microns
Catalyst 2 Y5 Ceria of Standard cells/in?
Catalyst 3 Standard aged to 16000 hrs

Catalyst thermal aging was performed using a Scutt Automatic Kiln (Figure 11). For catalyst
de-greening, it was set to 530°C for 24 hours, to simulate the first 24 hours in the exhaust stream.
De-greening on the catalysts was performed to eliminate the effects of initial thermal aging that
occurs in the first 24 hours of use.

The standard catalyst for the CG137-8 is comprised of two cylinder-shaped bricks. Each
catalyst brick contains the metallic substrate with washcoat and catalytic materials. Figure 12
shows a catalyst brick before installation in the exhaust stream. Figure 13 shows the catalyst unit,
which includes two catalyst bricks as well as adapters that bolt to the exhaust pipes and contain

bosses for O2, NOx, and temperature sensors.

20




—

=

=

_ %) ok ’ L :
> T & :
. I\ . . MY ~—— i (o
- - Lol g - 1 23

Ll : i

Figure 11: This Scutt automatic kiln was used forhcatalyst de-greening and aging.

Figure 12: Cross sectional view of a catalyst brick. Two bricks are used in the standard
configuration.
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Figure 13: The two catalyst bricks are clamped together and then bolted into the exhaust using a
series of adapters.

The standard TWC designed for this class of engine is designed to meet 0.5g/bhp-hr
emissions limits and is produced by Caterpillar catalyst supplier BASF. Two catalyst bricks were
de-greened before installation.

The second catalyst is custom and was produced specifically for this project. The catalyst
is made by BASF with the same chemical makeup as the stock catalyst other than the cerium
oxygen storage content. This second catalyst has one half of the oxygen storage content as the
stock catalyst.

For the third catalyst, the original catalyst was artificially aged to end of life condition, or

16,000 hours. The procedure used was based on EPA rules, assuming that the catalyst
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experiences mostly thermal aging over its lifetime, and less chemical aging [17]. To accomplish
this aging, the catalyst will be heated in a kiln at 800°C for 33 hours in the presence of 10%
water. The tests with this catalyst will represent a stock catalyst on an engine that has been in the

field for several years.

2.2 EMISSIONS ANALYZERS

Emissions concentrations were monitored by a Rosemount/Siemens 5-gas analyzer and a
Nicolet 6700 Fourier Transform Infra-Red (FTIR) spectrometer. The 5-gas analyzer measured
THC, NOx, 02, CO2, and CO concentrations. The FTIR was used to measure numerous exhaust
species including formaldehyde, VOC’s, and ammonia. A Varian CP-4900 micro gas
chromatograph measured the fuel gas composition through C6. Detailed information about the
gaseous emission sampling instruments can be found by referencing Davis [18].

AFR was monitored using Bosch LSU4.9 O, sensors both pre- and post- catalyst, and an
Engine Control and Monitoring (ECM) Air Fuel Recorder 4800 was also installed pre-catalyst.
The AFRecorder uses a SEGO wide band lambda sensor that responds to oxygen, hydrogen, and

CO. An ECM NOx 5210 sensor was installed post-catalyst.

2.3 TEST PROCEDURE

During each test day, the engine was brought to operational steady state, given time to
reach operational temperature and meet baseline conditions. At the beginning of each day, a
baseline test was taken. Emissions analyzers were calibrated each morning before testing, and

pipeline NG samples were analyzed continuously throughout the day.
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The first set of tests is a lambda (L) or AFR sweep. The LECM was programmed for a
specific air-fuel ratio, and the engine was allowed to reach steady state, with the actual air-fuel
ratio being monitored. Once AFR was steady, emissions and engine data were taken for 2 minutes
at each point.

Table 6 shows the test plan for the wide AFR sweep. The data from this test was then
analyzed, and a narrower test with 0.001A resolution was run on either side of the emissions low
point (NOx and CO).

Table 6: Test matrix for AFR sweep. This was used for steady state and dithering AFR sweeps.

Test Case Engine Load Lambda (M)
1 298 kW 0.95
2 298 kW 0.96
3 298 kW 0.97
4 298 kW 0.98
5 298 kW 0.985
6 298 kW 0.987
7 298 kW 0.989
8 298 kW 0.990
9 298 kW 0.992
10 298 kW 0.994
11 298 kW 0.996
12 298 kW 0.998
13 298 kW 1.00
14 298 kW 1.01
15 298 kW 1.02
16 298 kW 1.03
17 298 kW 1.04
18 298 kW 1.05

The following phase of testing involves altering the dithering parameters around the CO
and NOx emissions crossover found in the previous phase. Each test case can be found in Table
7. Each test case will be run for two minutes, with average catalyst reduction efficiency

measured. The five-gas analyzer is not fast enough to analyze dithering exhaust in real time, and
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there will be some amount of temporal mixing of exhaust gasses in the heated sample line to the
analyzer.

Table 7: Test matrix for dithering parameter sweep

Frequency
Amplitude 0.1 Hz 0.2 Hz 0.5 Hz 1.0 Hz
0.000 A Test 1 - - -
0.005 1 Test 2 Test 3 Test 4 Test 5
0.010 A Test 6 Test 7 Test 8 Test 9
0.015 X1 Test 10 Test 11 Test 12 Test 13
0.020 A Test 14 Test 15 Test 16 Test 17

Following the dithering parameter sweep, a dithering AFR sweep was performed using
the test plan shown in Table 6. The optimal dithering parameters (amplitude and frequency)
found in the dithering parameter sweep will be used while the midpoint AFR is swept. The final
phase of this study is to investigate the optimal results from the test from Table 7 with a TWC
with less oxygen storage material and on the aged TWC. Test cases for this phase will be the
same as those listed in Table 6 and Table 7. The catalysts will be tested in phases, with all testing
done on one catalyst before the next catalyst is installed. The phases and each corresponding

catalyst are listed in Table 8.

Table 8: Three different catalysts will be tested.

Test Phase | Catalyst Number Catalyst Type Tests Performed

1 Catalyst 1 Standard CG137-8 Steady and

2 Catalyst 2 14 Ceria of Standard dithering AFR

3 Catalyst 3 Standard aged to 16000hrs sweep, dithering
parameter sweep

25



CHAPTER 3: VALIDATION AND BASELINE TESTING

3.1 CSU TEST CELL BASELINE TESTING

When the CG137-8 was commissioned it was baseline tested with the stock CAT ADEM
A4 control system to ensure that plant support systems could allow the engine to match its rated
performance. The engine was originally used at a CAT test facility, so baseline data engine
performance data was able to be obtained from engineers at CAT. The engine was then run at the
same speed and load points to ensure engine performance matched the data from the CAT test
cell. As can be seen in Figure 14, the engine was able to meet its rated power at different speeds
in the new test cell, nearly identically matching the performance recorded in the CAT test cell.
Additionally, important engine parameters such as intake manifold absolute pressure (IMAP),
fuel flow, coolant temperatures, and exhaust temperatures were measured to ensure the health of
internal components as well as plant support systems. Figure 15 shows some of these parameters
compared between the two test cells. After consulting with engineers at CAT, it was concluded

that all parameters were within acceptable normal ranges.
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Figure 14: CAT test center baseline data compared with CSU data. Validation was performed to
ensure engine could meet all desired speed and load points in the new test cell.
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Figure 15: Key engine health parameters such as IMAP, fuel flow, coolant temperatures, and
exhaust temperatures were monitored to ensure the engine and its support systems were
functioning properly in the new test cell.
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3.2 WOODWARD LECM BASELINE TESTING

Following the baseline test with the CAT ADEM A4 controller, the engine was converted
to the Woodward LECM, as detailed in Chapter 2. Following a successful commissioning of the
new control system, the same speed and load points were again run using the Woodward LECM,
to verify the integrity of the new control system. The LECM on the engine runs a full-authority
control system, controlling spark timing, fuel delivery, and speed control. Tuning was required to
ensure that the control system was stable. Tuning consisted of PID manipulation and sensor
range calibration. The air-fuel ratio and engine speed are controlled with PIDs, and it was
important to ensure that these controllers did not interfere with one another. To accomplish this,
the air-fuel ratio control was tuned to react to changes around an order of magnitude slower than
the speed controller. This tuning method ensures that there will never be a feedback loop
between the two controllers. Other parameters were checked to ensure controller stability
including exhaust temperature, speed, and power. All parameters were stable and did not have

any time-based fluctuation.

After tuning was completed, the same speed and load tests that were run on the ADEM
A4 were run on the LECM. Figure 16 shows the LECM data compared to the ADEM A4 data.

The new LECM control system was able to match the performance of the stock control system.
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Figure 16: The LECM was able to meet the rated speed and load points for the CG137-8. This
graph shows the points compared to the stock ADEM A4 controller.

3.3 BASELINE LAMBDA SWEEP TESTING

After it was verified that the LECM engine controller and plant system were able to
adequately control the engine, a baseline lambda sweep was performed. During each point of the
lambda sweep, lambda was controlled to a constant value. This sweep was carried out with the
standard catalyst to analyze the emissions reduction performance of this catalyst for future
comparison to other catalysts as well as dithering test cases. Lambda (A=AFRactual/ AFR0ich) Was
used as the control parameter to normalize the air-fuel ratio between different tests in which fuel
composition may result in different stoichiometric air-fuel ratios. Catalyst reduction efficiency

was calculated based on the pre-catalyst and post-catalyst species concentrations. Figure 17a
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shows the post-catalyst NOx and CO emissions at various points in the lambda sweep. The
catalyst followed the typical trends that can be expected for a stoichiometric engine with a three-
way catalyst. At rich lambda values, CO emissions were high, while at lean lambda values, NOx
emissions were high. There was a window between A=0.987 and A=0.992 where both NOx and
CO emissions were relatively low. Figure 17b shows the same lambda sweep data for a narrower
range of lambda values, highlighting the narrow margin where both NOx and CO emissions are

at a minimum.
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Figure 17: Baseline lambda sweep NOx and CO emissions (post-catalyst). (a) shows the range
from 2=0.95 to 2=1.05, and (b) shows a subset of that range. There is a narrow window where
both NOx and CO emissions are low. (A=AFRacua/AFRsoich)
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Figure 18 shows the reduction efficiency for the standard catalyst during the baseline
lambda sweep. There is a small window of reduction efficiencies between A=0.987 and A=0.992
where the reduction efficiency for both NOx and CO is near 100%. Outside of that range, the

appropriate chemistry is not present in the catalyst for proper reduction of both pollutants.
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Figure 18: Reduction efficiency for the baseline lambda sweep with the standard catalyst. There
is a small window between A=0.987 and 1.=0.992 where reduction efficiency is at a maximum for
both NOx and CO.
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CHAPTER 4: THREE-WAY CATALYST ADVANCED CONTROLS

4.1 DITHERING PARAMETER SWEEP

The first phase of dithering testing involved sweeping a range of frequencies and
amplitudes in all combinations to observe which combination of dithering amplitude and
frequency (if any) provided lower overall emissions than a steady state air-fuel ratio control.
Based on prior experiments from other researchers, an amplitude range of 0.5 to 2.0% lambda
was selected. Figure 19 shows the NOx emissions throughout the dithering sweep, and Figure 20
shows the CO emissions throughout the dithering sweep. The steady state emissions can be seen
on the y-axis of each plot. The dithering NOx emissions are significantly higher than the steady
state emissions at low frequencies (0.1 and 0.2 Hz) but are lower than the steady state emissions
at higher frequencies (1 Hz). All dithering amplitudes (0-2%) follow the same trend, with higher
emissions than steady state at low frequencies, and lower emissions than steady state at high

frequencies.

The CO emission trends are similar, with the lower dithering frequencies giving higher
CO emissions than steady state operation, but high frequency (1 Hz) dithering results in lower
CO emissions than the steady state point. The 0.5% amplitude dithering test case did not lower
CO emissions, and instead had the same emissions as the steady state point. However, the larger
dithering amplitudes provided CO emissions reductions at higher frequencies. The optimal
dithering parameter combination for minimum CO emissions is 2.0% amplitude and 1 Hz

frequency, closely followed by 1.5% amplitude and 1 Hz frequency.

32



At dithering frequencies above 1 Hz, the engine system was not able to respond to the
fueling changes quickly enough, and the pre-catalyst exhaust stream began to resemble that of
steady state engine operation. This is likely due to spatial mixing of dithered fuel after the
carburetor. The turbocharger and intake piping likely allows the rich and lean intake charges to
mix, resulting in the midpoint air-fuel mixture entering the engine. For this reason, 1 Hz was the

highest dithering frequency tested.
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Figure 19: NOx emissions during the dithering parameter sweep. The parameters that provided
the lowest NOx emissions were 1.5% lambda at 1 Hz.
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Figure 20: CO emissions during the dithering parameter sweep. The parameters that provided
the lowest CO emissions were 2.0% lambda at 1 Hz, closely followed by 1.5% lambda at 1 Hz.

The slower dithering frequencies have significantly higher NOx and CO emissions
because the catalyst is reaching oxygen saturation and depletion, meaning the extra emissions
created by running the engine rich and lean are not reduced. At faster frequencies, the catalyst is

not reaching saturation, so the reactions listed in

Table 3 are effective at reducing emissions.

During testing, it was noted that the 2.0% dithering introduced a waveform pattern into
the engine speed. During rich shifts, the engine would speed up slightly, and during lean shifts, it
would slow down. These fluctuations were audibly noticeable. Figure 21 shows the speed
fluctuations recorded with the 2% lambda dithering case. Speed fluctuations were sometimes as

large as +/-10 rpm from the setpoint of 1800 rpm. No significant changes in fuel consumption
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were observed beyond the desired fuel fluctuations introducing dithering. This speed fluctuation

is a result of adding and removing more fuel than the throttle control can compensate for.
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Figure 21: Speed fluctuations were noticeable for the 2% lambda dithering cases. This graph
shows the speed fluctuations that a 2% lambda dither introduced to the engine speed.

Total hydrocarbons (THCs) were also measured during the dithering parameter sweep.
Figure 22 shows the THC emissions across the dithering parameter sweep. At the 1.5% and 1 Hz
dithering point (the best case for NOx and CO emissions), THC emissions were 0.651 g/bkW-hr,
only slightly less than the steady state emissions of 0.715 g/bkW-hr. The 2% and 1 Hz point did
provide slightly lower THC emissions, but this amplitude was determined to have too much

effect on the engine speed to be used.
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Figure 22: Total hydrocarbons (THC) emissions were not significantly impacted by dithering
with the standard catalyst.

Total hydrocarbons are not regulated in most areas, but VOCs are regulated. VOCs are
described as all non-methane and non-ethane hydrocarbon emissions, excluding formaldehyde.
The EPA JJJJ emissions regulation for VOCs is 0.92 g/bkW-hr, as detailed in Chapter 1. Figure
23 shows the VOC emissions across the dithering parameter sweep. At the optimal dithering
parameter combination for NOx and CO emissions (1.5%A, 1Hz), VOC emissions are
significantly reduced from the steady state point. The steady state emissions point is 0.059
g/bkW-hr, while the dithering emissions are 0.027 g/bkW-hr. This is a significant reduction in
VOC emissions, although even the steady state point is significantly below the emissions limit.
At the slower dithering frequencies, the larger dithering amplitudes (1.5% and 2%) result in

higher VOC emissions, due to longer amounts of time spent in rich excursions.

36



—--0% —@8-0.5% —@-1.0% —8-15% 2.0%

0.4 0.6 0.8 1
Dither Frequency (Hz)

Figure 23: Non-methane and non-ethane hydrocarbon emissions. This includes all pollutants
described in the EPA JJJJ regulations as "VOCs" or volatile organic compounds.

Ammonia (NH3) is produced in the catalyst during rich engine operation. The more rich
an engine runs, the more potential there is for ammonia production. Ammonia emissions are not
currently regulated by the EPA for the CG137-8, but they are regulated in some local areas.
Figure 24 shows the ammonia emissions across the dithering parameter sweep. Similar to other
emissions, the slow dithering frequencies (0.1 and 0.2 Hz) increased emissions over the steady
state emissions. This is due to longer rich excursions not being able to utilize oxygen release due
to oxygen depletion in the catalyst. However, all dithering amplitudes saw significant reductions
in ammonia production at high dithering frequencies (1 Hz). The steady state ammonia emissions

were 13.69 ppm, while the dithering emissions for the 1.5% and 1 Hz case were 5.67 ppm.

Methane (CHa4) emissions are also currently unregulated in most areas but may be an area
of concern in the future due to the greenhouse gas potential of methane. Figure 25 shows

methane emissions throughout the dithering parameter sweep. Nearly every dithering parameter
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combination provided lower methane emissions. The steady state methane emissions are 1.56

g/bkW-hr, while 1.5% and 1 Hz dithering can reduce the methane emissions to 0.11 g/bkW-hr.

A final emission of concern in some areas is formaldehyde (CH20). The CG137-8 at
standard operating conditions with the standard catalyst already produces nearly no
formaldehyde emissions, but dithering reduces formaldehyde to immeasurable amounts. Figure
26 shows the steady state formaldehyde emissions at 0.0016 ppm, while the dithering results are
all nearly zero, below the range of measurement for the FTIR.
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Figure 24: NH3 (ammonia) emissions during the dithering parameter sweep. Dithering does
result in lower NH3 emissions. NH3 is not currently federally regulated for this engine class.
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Figure 25: Methane emissions across the dithering parameter sweep. Nearly all dithering cases
provided methane emissions reduction when compared to the steady (non-dithering) methane
emissions. 1.5% and 1 Hz dithering results in the lowest methane emissions.
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Figure 26: Formaldehyde emissions for the CG137-8 are already nearly zero, but dithering
brings them down to an immeasurable amount. Emissions limits for the CG137-8 are 10.3 ppm
(assuming an existing engine at a major source), so the measured emissions in all test cases are

negligible.
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Pre- and post-catalyst temperatures were recorded during the dithering parameter sweep.
Dithering increased the average catalyst inlet temperatures in almost all cases, and increased
catalyst outlet temperatures in every case. However, these temperature increases were still within
the range of safe operation for the catalyst. Figure 27a shows pre-catalyst temperatures and

Figure 27b shows post-catalyst temperatures.
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Figure 27: Catalyst temperatures with dithering. (a) shows pre-catalyst temperatures, and (b)
shows post-catalyst temperatures. Dithering increased catalyst inlet and outlet temperatures.

4.2 LAMBDA SWEEP

A lambda sweep was performed, with and without dithering enabled. For the dithering
test, 1.5% lambda and 1 Hz were used because those parameters showed the greatest emissions

reduction when compared to steady state in previous testing. The steady state emissions followed
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the same pattern seen in the baseline lambda sweep, with a region of low NOx and CO emissions
between A=0.987 and A=0.992. The dithering emissions follow the same shape, but the low point
is somewhat shifted towards the rich side from the steady state run. A large portion of this is due
to the larger zone with low emissions. On the right side, dithering NOx emissions are slightly
higher than the steady state emissions, but on the left side, dithering CO emissions stay low for
much longer than the steady state emissions. This is because oxygen is being stored effectively
during lean excursions and released during the rich phase. The oxygen storage results in

significant reduction in CO emissions in the rich section of the lambda sweep.

Air-fuel ratio dithering has the potential to significantly reduce pollutant emissions in the
typical air-fuel ratio operation window for stoichiometric natural gas engines. Total
hydrocarbons are not regulated, but dithering has the potential to reduce total hydrocarbon
emissions across a wide range of lambda. Figure 29 shows the THC emissions across the lambda
sweep. From 2=0.98 to A=1.01, THC emissions are lower for the dithering case than for the

steady state case.

Non-methane and non-methane hydrocarbons, or VOCs as defined by EPA regulations,
are not significantly affected by dithering. The dithering and steady emissions are within the
uncertainty margin for most of the VOC emissions points, suggesting that dithering does not

have a large effect on VOC emissions across a wide range of lambda values.
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Figure 28: NOx and CO emissions across the lambda sweep, with and without dithering. The
dithering points were all run with 1.5% lambda and 1Hz dithering.
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Figure 29: THC emissions during the lambda sweep. Dithering emissions are significantly lower
than steady state emissions for most operation cases.
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Figure 30: VOC emissions across the lambda sweep. Dithering emissions are slightly lower than
steady state emissions, but not outside the error margin for the emissions measurement.
Dithering does not have a large effect.

As previously mentioned, methane (CH4) emissions are not currently regulated by the
EPA, but are likely to come into greater focus in the future as concerns about greenhouse gasses
increase. Figure 31 shows methane emissions for the dithering and steady state lambda sweeps.
Near the stoichiometric point between A=0.98 and A=1.01, methane emissions for the dithering
sweep are significantly lower than the steady (non-dithering) emissions. At lambdas richer than
2=0.98, methane emissions are higher due to the depth of rich excursions during dithering. At

lambdas leaner than A=1.01, the dithering and non-dithering emissions are nearly identical.
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Figure 31: Methane emissions are significantly reduced by dithering from A=0.98 to A=1.01.

Ammonia emissions can be reduced by dithering if the dithering midpoint is not too rich.
Figure 32 shows ammonia emissions during the lambda sweep. At lambdas richer than A=1,
dithering results in lower ammonia emissions than the steady state case. In the lean region where

A>1, ammonia production is nearly zero for both dithering and non-dithering cases.
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Figure 32: Ammonia emissions are reduced by dithering.

Formaldehyde emissions for the steady and dithering lambda sweeps are shown in Figure

33. In all cases, the formaldehyde emissions for the dithering test cases are lower than the steady
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state test case emissions. There is a spike in steady state formaldehyde emissions around

A=0.987, but this spike is eliminated by dithering.
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Figure 33: Formaldehyde emissions across the lambda sweep. Dithering reduces formaldehyde
emissions across the whole range of lambdas, however all formaldehyde emissions are extremely

low, compared to the EPA limit of 10.3 ppm.

Pre- and post-catalyst temperatures were recorded during the steady and dithering lambda
sweeps to observe if dithering at different lambda values has a significant impact on catalyst
temperatures. Figure 34 shows the pre-catalyst temperatures, and Figure 35 shows the post
catalyst temperatures. Dithering did not have a significant impact on pre-catalyst temperatures.

However, catalyst outlet temperatures were around 35°C higher in the lean region where A>1,

due to rich excursions.
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Figure 34: Pre-catalyst temperatures across the lambda sweep. Dithering did not have a
significant impact on catalyst inlet temperature, with the biggest temperature difference between
steady and dithering being 11°C.
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Figure 35: Post-catalyst temperatures. Dithering did not have a significant effect on catalyst
outlet temperature other than from 1.00<1<1.05. In this region, the catalyst outlet was
approximately 35° hotter.
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4.3 WINDOW OF COMPLIANCE

The window of compliance for stoichiometric natural gas engines has been previously
discussed by Defoort and will be further investigated in this study [19]. Air-fuel ratio dithering
has the potential to significantly reduce emissions across a wide range of air fuel ratios by
utilizing the oxygen storage and release properties of the ceria in the washcoat in the catalyst.
The equations in Table 3 detail how ceria can switch between CeO> and Ce>0O3 during slight lean
and rich excursions, storing and releasing oxygen in active sites. During lean excursions, excess
oxygen from Oz, NO, and NO; is stored. This stored oxygen is then released during rich
excursions when there is a lack of oxygen and oxidizes CO and H. These reactions supplement

the steady state reactions listed in Table 2, providing greater emissions reductions.

Figure 36 shows the air-fuel ratio window of emissions compliance for the CAT CG137-
8 with the standard production catalyst. The steady state window of compliance for the engine is
0.007A, while the dithering window of compliance is 0.015A. This is a significant improvement
and would allow the engine to better remain in emissions compliance through unknown load and
fuel transients. More of the widening of the window of compliance is on the rich side, with the
CO emissions rising more slowly during the dithering lambda sweep than during the steady state
lambda sweep. Lean excursions during rich operation can supply the catalyst with NOXx,

providing oxygen for release during the rich excursion.
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Figure 36: The window of emissions compliance through a dithering and non-dithering lambda
sweep. Emissions are bound on the right side by the CO emissions limit and on the left by the
NOx emissions limit. Dithering significantly expanded this window.

4.4 LONG TIME PERIOD DITHERING

To investigate the oxygen storage and release in the catalyst and how this can be tracked
with the oxygen sensors, a long time period dither was tested. For this test, 1.5% amplitude was
used, with a 15 second rich phase and a 15 second lean phase. This test allowed the catalyst to
reach complete oxygen saturation and depletion. Figure 37 shows the sensor signals versus time.
During rich excursions, the signal from the post catalyst oxygen sensor stays “leaner” than the
pre-catalyst signal, signifying that the exhaust exiting the catalyst has a higher concentration of
oxygen in it than the exhaust entering the catalyst. This is due to oxygen release from the ceria in

the catalyst. During lean excursions, the post-catalyst sensor signal is “richer” than the pre-
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catalyst signal, signifying oxygen storage. Oxygen from the exhaust stream entering the catalyst
is being stored, so the post-catalyst exhaust has less oxygen. Each of these effects is seen for the
first 7-8 seconds of the lean/rich excursion, but after that the pre- and post-catalyst signals follow

each other closely. This is because after 7-8 seconds, the catalyst reaches oxygen saturation or

depletion.
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Figure 37: Pre- and post-catalyst lambda signals from the oxygen sensors. It takes about 8
seconds for the catalyst to saturate and deplete with oxygen.

4.5 NOx SENSOR MINIMIZATION POTENTIAL

The CG137-8 test cell was equipped with an ECM NOx sensor, which could potentially
be used as an alternative to oxygen sensor control. While this is not the main focus of this
experiment, it was noted that the ECM NOx sensor is indeed cross-sensitive to ammonia
(NH-3). If the engine is running lean, the ECM NOx sensor senses the NOx, outputting a value.
If the engine is running rich, the ECM NOx sensor senses ammonia being produced and cannot
distinguish it from NOx, and therefore outputs a value as if NOx were present. Figure 38 shows

the NOx sensor output and compares it with the ammonia concentration in the exhaust. It is
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evident that the NOx sensor is reacting to the ammonia in the exhaust in addition to the NOx in
the exhaust stream. The window where the sensor output is low is between A=0.985 and A=0.991,
the zone where NOx and CO emissions are also at a minimum. This is an ideal reaction from the
NOx sensor, because if the air-fuel ratio is controlled to keep the NOx sensor signal at a
minimum, it will also keep the NOx and CO emissions in their window of emissions compliance
as measured in this study (Figure 36). The NOx sensor could offer a new strategy for engine

control, where the engine control works to ensure the NOx sensor output is at a minimum.
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Figure 38: The ECM NOx sensor is cross-sensitive to ammonia. The NOx sensor output here is
compared to ammonia as measured by lab equipment.
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CHAPTER 5: ADVANCED CONTROL STRATEGIES AND THEIR EFFECTS ON

DIFFERENT CATALYSTS

5.1 2 OXYGEN STORAGE CAPACITY CATALYST

5.1.1 DITHERING PARAMETER SWEEP

The catalyst two was developed by BASF to have one half the oxygen storage capacity

(OSC) of the standard catalyst. The OSC is primarily provided by ceria and the reactions listed in

Table 3. This catalyst was subjected to the same dithering parameter sweep as the
standard catalyst. The first parameter of interest is NOx emissions across the dithering parameter
sweep. The same trends that were seen with the standard catalyst can also be seen with the %2
OSC catalyst. The NOx steady state lambda emissions are 0.0412 g/bkW-hr (6.4 ppm) ,while the
best-case dithering emissions are 0.002 g/bkW-hr (0.3 ppm) at 1.5% and 1 Hz. Emissions at low
frequencies such as 0.1 Hz and 0.2 Hz are significantly higher than the steady state point. This is

due to non-optimized oxygen storage.

The other primary emission of concern for this engine class is CO. Figure 40 shows the
CO emissions during the dithering parameter sweep. Similar to the emissions from the standard
catalyst, higher dithering frequencies at all amplitudes show an emissions reduction compared to
the steady state, while slow frequencies result in higher emissions than steady state. At low

frequencies, too much time is spent in the rich and lean zones, resulting in oxygen depletion and
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oxygen storage in the catalyst. The steady state CO emissions are 0.44 g/bkW-hr, while the

dithering emissions are 0.059 g/bkW-hr.
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Figure 39: NOx emissions with the 1/2 OSC catalyst. NOx emissions are significantly reduced at
high dithering frequencies, while low frequencies have significantly higher emissions than steady
state.
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Figure 40: CO emissions during the dithering parameter sweep with the /> OSC catalyst. CO
emissions are reduced significantly at high frequencies and are significantly higher at low
frequencies. 0.5% amplitude does not have as large of an effect on emissions as the larger
dithering amplitudes.
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NOx and CO emissions are the primary emissions concern for this engine class at this
time, but other emissions such as total hydrocarbons are also of concern. Figure 41 shows the
hydrocarbon emissions for the dithering sweep. With the 2 OSC catalyst, THC emissions are
affected by dithering, unlike for the standard catalyst. THC emissions are the lowest at the lowest
dithering frequency, 0.1 Hz. THC emissions increase with dithering frequencies. The best case
for NOx and CO emissions is 1.5% dithering amplitude and 1 Hz dithering frequency. This is not
the best case for THC emissions. Steady state THC emissions are 0.21 g/bkW-hr, while dithering
THC emissions for the best NOx and CO point (1 Hz and 1.5%) 1s 0.23 g/bkW-hr. This means
that dithering at the optimal frequency and amplitude for NOx and CO emission reduction results
in slightly higher THC emissions with the Y2 OSC catalyst. However, the increase is not
significant and is within the error margin for both datapoints.
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Figure 41: 1/2 OSC catalyst THC emissions across the dithering sweep. THC emissions are
lowest at low dithering frequencies with high amplitudes. Higher frequencies increase emissions.
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THC emissions are not regulated, but the non-methane and non-ethane hydrocarbon
(VOCs) emissions are regulated by the EPA. Figure 42 shows the VOC emissions. 0.2Hz
dithering has the highest VOC emissions at all dithering amplitudes, with emissions being nearly
the same or higher. Steady state emissions are 0.071 g/bkW-hr, and the lowest dithering

emissions are at the 1 Hz and 1.5% dithering case. This is also the case that provides the lowest

NOx and CO emissions.
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Figure 42: VOC emissions during the dithering sweep with the 1/2 OSC catalyst. 0.2Hz dithering
has the highest emissions at all amplitudes, with 1Hz having the lowest emissions for nearly all

dithering cases.

Another portion of the THC emissions are methane (CHa) emissions. Figure 43 shows the
methane emissions across the dithering sweep. For smaller amplitudes, dithering does not have
much effect on the methane emissions. For larger amplitudes, emissions are significantly
increased at 0.5 Hz, but at 1 Hz and 1.5% the CH4 emissions reach a low point which is lower
than the steady state point. Steady state methane emissions are 0.391 g/bkW-hr, while the
dithering emissions at 1.5% and 1 Hz are 0.011 g/bkW-hr, a significant reduction. This is also
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the optimal dithering point for NOx and CO emissions. Steady state CH4 emissions are 0.391
g/bkW-hr, while optimal CH4 emissions with dithering are 0.011 g/bkW-hr, a significant

reduction.
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Figure 43: Methane emissions during the dithering sweep with the 1/2 OSC catalyst. methane
emissions are slightly increased with dithering at lower frequencies but are minimized at 1 Hz
and 1.5% dithering amplitude.

Ammonia (NH3) production in the catalyst is another concern when applying dithering
strategies. Figure 44 shows ammonia emissions across the dithering parameter sweep with the %2
OSC catalyst. At 0.1 Hz, emissions are slightly higher than the steady state point, and at 0.2 Hz
emissions are significantly higher than the steady state point. At 0.5 Hz, emissions are
comparable to the steady state point. At 1 Hz, 1% and 2% amplitude dithering have the lowest
emissions, significantly lower than the steady state emissions. Steady state ammonia emissions
are 143 ppm, while the best-case ammonia emissions (1.5% and 1 Hz) are 80 ppm. The optimal

dithering point for low ammonia emissions is the same point as the optimal for NOx and CO.
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Ammonia emissions are higher than expected for all cases likely because the engine was running

slightly richer than 2=0.99 as a midpoint due to oxygen sensor calibration.

A final emission of concern is formaldehyde, CH>O. Steady state formaldehyde
emissions were already incredibly low, at 0.062 ppm. During the dithering tests, the emissions
analyzer read nearly zero formaldehyde concentration for most tests, signaling that emissions
were so close to zero they were non-readable. Therefore, the effect of dithering on formaldehyde
emissions is minimal. The EPA NESHAP regulations for formaldehyde for this engine class are

10.3 ppm (assuming an existing engine at a major source), far above any measured formaldehyde

emissions.
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Figure 44: Ammonia emissions across the dithering sweep with the 1/2 OSC catalyst. Dithering
at 0.2 Hz increases ammonia emissions for almost all amplitudes. Dithering at 1 Hz decreases
emissions for all frequencies other than 2%.
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Figure 45: Formaldehyde emissions across the dithering sweep with the 1/2 OSC catalyst.
Nearly all emissions read as zero on the emissions analyzer, signaling that formaldehyde
emissions are nearly zero in all cases and unaffected by dithering. These emissions are
significantly lower than the EPA emissions limit of 10.3 ppm (assuming an existing engine at a
major source).

5.1.2 LAMBDA SWEEP WITH %2 OSC CATALYST\

The same lambda sweep that was performed on the standard catalyst was also performed
on the ¥2 oxygen storage content catalyst to investigate the effects of dithering on rich and lean
air fuel ratios, as well as on the window of compliance. On the steady state lambda sweep, a
DAQ error resulted in the emissions data from datapoints A=0.95 through A=0.97 to not be
recorded. This was not the main area of interest for the study, so a narrower look at lambda-

based emissions data is acceptable for this study. Figure 46 shows the NOx and CO emissions
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from the full lambda sweep, while Figure 47 shows a zoomed in version, highlighting the rich

CO emissions reductions accomplished by dithering.
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Figure 46: NOx and CO emissions during a lambda sweep with the 1/2 OSC catalyst. Dithering
is more effective at reducing CO emissions in the rich region than it is at reducing NOx
emissions in the lean region.

Both NOx and CO emissions are reduced in the region from A=0.98 to A=1.00, but a more
consistent reduction is seen in the CO emissions. However, total hydrocarbon emissions are
affected differently by dithering. Figure 48 shows THC emissions during a lambda sweep.
During the lambda sweep, rich THC dithering emissions are much higher than the steady state
case. This is due to rich excursions and non-optimal oxygen storage and release in the catalyst.
For the lambda sweep, 1.5% amplitude and 1 Hz dithering were used. As can be seen in Figure
41, the THC emissions at this amplitude are higher than the steady state case. The effects of non-
optimized dithering with this catalyst are amplified as the midpoint dithering amplitude shifts

rich, and more hydrocarbons can slip through the catalyst.
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Figure 47: NOx and CO emissions over a narrow lambda range from the lambda sweep with the
1/2 OSC catalyst. Dithering is effective at reducing CO in the rich region.
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Figure 48: Steady vs. dithering THC emissions with the %2 OSC catalyst. The dithering THC
emissions rise much more quickly with rich engine operation than the steady state THC
emissions. Lean THC emissions are very similar for the dithering and non-dithering cases.
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Non-methane and non-ethane hydrocarbons have a similar reaction to dithering. Figure
49 shows the VOC emissions during the dithering and steady state lambda sweeps. There is a
spike in emissions for both the dithering and non-dithering case around A=0.993. When
comparing the dithering and steady state cases, it can be seen that in most test cases, the VOC
emissions are higher for the dithering case than for the non-dithering case. The spike in VOC
emissions is unexpected near A=0.992 because during the dithering parameter sweep, the 1 Hz
and 1.5% dithering case resulted in extremely low emissions (Figure 42). This spike was seen in

both the dithering and non-dithering cases, so it is not caused by the dithering control

modification.
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Figure 49: VOC emissions during the dithering sweep with the 1/2 OSC catalyst. There is a spike
in VOC emissions around 2=0.992. Dithering emissions are slightly higher than the steady state
emissions, but not significantly so.
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Methane emissions with the ¥2 OSC catalyst during the lambda sweep are shown in
Figure 50. The spike observed with VOC emissions is present in the steady state methane
emissions at A=0.992, but not in the dithering case. However, for every other lambda point, the
dithering emissions are higher than the steady state emissions. This is again due to non-

optimized dithering on the catalyst with less oxygen storage capability.
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Figure 50:Methane emissions during the lambda sweep with the 1/2 OSC catalyst. Dithering
emissions are higher than non-dithering emissions in almost all cases.

Ammonia emissions are not significantly affected in the lambda sweep. Figure 51 shows
the ammonia emissions. In the rich region, dithering ammonia emissions are higher than the
steady state emissions. In this region, significant rich excursions combined with dithering not
optimized for the /2 OSC catalyst results in ammonia production. While leaner than A=0.987,

ammonia emissions are largely unaffected by dithering.

Figure 52 shows the formaldehyde emissions. The dithering and steady-state
formaldehyde emission are both nearly zero, with the highest formaldehyde emissions recorded
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being 0.47 ppm at the A=0.981 dithering test case. The proximity of all the emissions values to

zero signifies that dithering does not make a large change in formaldehyde emissions.
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Figure 51: Ammonia emissions during the lambda sweep with the 1/2 OSC catalyst. Ammonia
emissions are not significantly affected by dithering until lambda starts becoming rich.
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Figure 52: Formaldehyde emissions are nearly zero for every case, dithering and steady. The
steady formaldehyde emissions are slightly higher, but both values are very close to zero. The
EPA NESHAP emissions limit for formaldehyde is 10.3 ppm (assuming an existing engine at a
major source).
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5.1.3 WINDOW OF COMPLIANCE WITH Y2 OSC CATALYST

It is important to investigate the window of emissions compliance for the new catalyst to
determine if dithering is still able to improve it. Figure 53 shows the emissions window of
compliance for dithering and steady test cases. The window of compliance was increased from
0.014 to 0.019 with dithering control strategy applied. This shows that dithering is still effective
even on a catalyst containing less oxygen storage material than the standard catalyst for the CAT
CG137-8. As was seen in the window of compliance for the steady state case, the window is
widened mainly on the rich side, because dithering is more effective at reducing CO emissions

than NOX emissions.
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Figure 53: The window of emissions compliance for the 1/2 OSC catalyst. The window is
expanded by dithering by 0.0054.
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5.2 AGED CATALYST

5.2.1 DITHERING PARAMETER SWEEP WITH AGED CATALYST

Catalyst three was artificially aged to 16,000 hours using methods described in Chapter 2.
A dithering parameter sweep was run to investigate the effects of dithering on catalysts that are
near end-of-life. NOx emissions are one of the primary regulated emissions of concern. Figure
54 shows the NOx emissions during the Dithering significantly increases NOx emissions at 0.1
and 0.2 Hz dithering frequencies, at all amplitudes. At 0.5 and 1.0 Hz dithering frequencies, NOx
emissions are nearly equivalent to the steady state runs. The steady state NOx emissions with the
aged catalyst are 0.086 g/bkW-hr, while the best-case dithering NOx emissions are 0.083 g/bkW-
hr, at 1 Hz and 1% amplitude. This is not a significant decrease and suggests that dithering is no
longer effective at decreasing NOx emissions in an aged catalyst. As the catalyst ages, active
ceria sites can become permanently saturated with oxygen, reducing the oxygen storage

capability of the catalyst.

A similar trend to the NOx emissions is seen in the CO emissions. Figure 55 shows the CO
emissions during the dithering parameter sweep. Dithering CO emissions are much higher than
the steady state case at low dithering frequencies (0.1 and 0.2 Hz) and are nearly equivalent at
0.5 Hz. At the 1 Hz dithering point, CO emissions are slightly reduced. Steady state CO
emissions for the aged catalyst are 0.087 g/bkW-hr, while the best-case dithering CO emissions
are 0.051 g/bkW-hr at 1% amplitude and 1 Hz. This is a good reduction in CO emissions, but not

as significant of a reduction as was seen on the fresh catalyst in Figure 20.
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Figure 54: NOx emissions across the dithering parameter sweep with the aged catalyst.
Dithering is not effective at reducing emissions in any test case, and at low frequencies dithering

significantly increases NOx emissions.
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Figure 55: CO emissions across the dithering parameter sweep with the aged catalyst. At low
frequencies, dithering significantly increases CO emissions. At high frequencies, CO emissions
are slightly reduced by dithering.
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As was seen with the fresh catalyst, THC emissions are not significantly affected by
dithering frequency. Figure 56 shows the THC emissions across the dithering parameter sweep.
Emissions do not change significantly with dithering frequency, but are somewhat dependent on
dithering amplitude. 1.5% and 2% dithering amplitudes offer the lowest THC emissions.
However, all dithering cases offer lower THC emissions than the steady state case. The steady
state THC emissions with the aged catalyst are 0.654 g/bkW hr, while the best-case dithering

THC emissions are 0.343 g/bkW-hr at 2% amplitude and 1 Hz dithering.

VOC emissions during the dithering parameter sweep with the aged catalyst are shown in
Figure 57. For every case other than 2 % amplitude and 0.1 Hz frequency, dithering VOC
emissions are equivalent or lower than the steady state emissions. Steady state VOC emissions
are 0.085 g/bkW-hr, while the best-case dithering VOC emissions are 0.003 g/bkW-hr at 1%

amplitude and 1 Hz dithering. This is a significant emissions reduction offered by dithering, even

on the aged catalyst.
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Figure 56: THC emissions with across the dithering parameter sweep with the aged catalyst.
THC emission are not significantly affected by dithering. Emissions are reduced at all dithering
frequencies, and emissions level is determined by amplitude. 1.5% and 2% amplitude have the

lowest emissions.
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Figure 57: VOC emissions during the dithering parameter sweep with the aged catalyst.
Emissions are somewhat reduced with higher dithering frequencies.

Methane emissions with the aged catalyst follow the same trend as the VOC emissions
across the dithering parameter sweep. Figure 58 shows the methane emissions during the sweep.
For all dithering amplitudes, 0.1 Hz dithering resulted in higher methane emissions than the
steady state case. The 0.2 Hz and 0.5 Hz resulted in dithering emissions comparable to the steady
state point. The lowest emissions at all dithering amplitudes occurred at 1 Hz dithering. Steady
state methane emissions are 2.19 g/bkW-hr. Best-case dithering methane emissions are 0.08

g/bkW-hr, which occurs at 0.1% amplitude and 1 Hz dithering.
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Figure 58: Methane emissions during the dithering parameter sweep with the aged catalyst. At
low dithering frequencies, methane emissions are increased, but they are significantly reduced at

lower frequencies.

Ammonia emissions during the dithering parameter sweep with the aged catalyst are
shown in Figure 59. Steady state operation provides near the lowest ammonia emissions, while
dithering at high frequencies resulted in the highest ammonia emissions. However, 1% dithering
had the lowest emissions of all the 1 Hz amplitudes. It was observed in previous figures that 1%
amplitude and 1 Hz dithering resulted in the lowest emissions of NOx, CO, and VOCs. Steady
state ammonia emissions are 16.8 ppm, while the best-case dithering ammonia emissions are
8.58 ppm at 2% amplitude and 0.5 Hz dithering. Ammonia emissions at the 1 Hz and 1%

amplitude point are 61.4 ppm, a significant increase from the steady state point.

Formaldehyde emissions for the lambda sweep with the aged catalyst are shown in Figure
60. The highest recorded formaldehyde emissions level was 0.0014 g/bkW-hr. All formaldehyde

emissions levels were so close to zero that it can be concluded that dithering does not

appreciably change emissions.
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Figure 59: Ammonia emissions are generally significantly higher on the aged catalyst. Dithering
at high frequency has an increased impact on ammonia emissions, increasing them to near 100

ppm in some cases.
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Figure 60: Formaldehyde emissions are all near zero. The largest measured formaldehyde
emission level was 0.27 ppm. These emissions are insignificant when compared to the EPA
NESHAP limit of 10.3 ppm (assuming an existing engine at a major source), and it can be

assumed that dithering has little to no effect on formaldehyde emissions.

69



5.2.2 LAMBDA SWEEP WITH AGED CATALYST

A lambda sweep was performed on the aged catalyst to investigate the effects of dithering
over a wide range of lambda values. Figure 61 shows the NOx and CO emissions across the
lambda sweep with the aged catalyst for both dithering and non-dithering cases. Figure 62 shows
the same data but displayed over a narrower data range for easier viewing. For most of the
lambda sweep, dithering NOx and CO emissions are very slightly lower than the steady state
emissions. From A=1.00 to A=1.03, dithering emissions are slightly higher than the steady state
emissions. It is clear that dithering is not nearly as effective at reducing emissions across a wide

range of lambda values when an aged catalyst is present.
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Figure 61: NOx and CO emissions across the lambda sweep with the aged catalyst. Emissions
levels between steady state test points and dithering test points are not significant, signaling that
dithering is not as effective at reducing NOx and CO emissions on an aged catalyst.
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Figure 62: A zoomed in view of the NOx and CO emissions during the lambda sweep with the
aged catalyst. Emissions are not significantly affected by dithering, and in some cases are
slightly higher during dithering tests.

Figure 63 shows the THC emissions across the lambda sweep with the aged catalyst. For
nearly every case, dithering THC emissions are lower than the steady state THC emissions.
There is a region where A>1.00 in which dithering THC emissions are slightly higher than the
steady state emissions. Generally, dithering is still effective at reducing THC emissions on an

aged catalyst in the typical area of engine operation from A=0.98 to A=1.00.
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Figure 63: THC emissions across the lambda sweep with the aged catalyst. dithering emissions
are slightly lower than the steady state emissions for most of the lambda sweep.

VOC emissions are shown in Figure 64 for the aged catalyst during the lambda sweep. It
can be seen that dithering provides a small reduction in emissions during rich lambda values, and
provides no emissions reduction during lean lambdas. There is an emissions spike at A=0.992,
but it is effectively reduced by dithering at the same lambda midpoint. Dithering is still effective
at reducing VOC emissions on an aged catalyst, and does not put the engine out of emissions

compliance.
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Figure 64: VOC emissions across the lambda sweep with the aged catalyst. Emissions are
slightly decreased for many of the points.

Methane emissions during the lambda sweep with the aged catalyst follow the same
trends as the VOC emissions and are shown in Figure 65. Methane emissions are not
significantly affected by dithering across the lambda sweep other than from A=0.985 to A=1.00.
In this region, methane emissions are reduced significantly from the spikes observed in the

steady state lambda sweep.

73



45

40

—@—Steady —@-—Dithering

35

N
U

N
o

=
o

CH4 Emissions (g/bkW-hr)
'—\
u

0.95 0.97 0.99 1.01 1.03 1.05
Lambda

Figure 65: Methane emissions across the lambda sweep with the aged catalyst. for most test
cases, methane emissions are unaffected by dithering. around 1=0.992, dithering reduces
emissions.

Figure 66 shows ammonia emissions across the lambda sweep with the aged catalyst. In
the region where 0.97<A<0.98, dithering ammonia emissions are higher than the steady state
emissions. However, for the rest of the lambda sweep, dithering ammonia emissions are

equivalent or slightly less than the steady state ammonia emissions.

Figure 67 shows formaldehyde emissions during the lambda sweep with the aged
catalyst. The maximum formaldehyde emissions observed are 1.6 ppm, observed at A=0.97. In
almost every case, dithering formaldehyde emissions are lower than the steady state
formaldehyde emissions. All formaldehyde emissions levels are low enough that it can be

concluded that dithering does not have a negative effect on formaldehyde emissions.
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Figure 66: Ammonia emissions across the lambda sweep with the aged catalyst. There is a small
area between 1=0.97 and 1=0.98 where ammonia emissions are higher while dithering, but in
all other cases steady and dithering ammonia emissions are comparable.
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Figure 67: Formaldehyde emissions across the lambda sweep with the aged catalyst. At 1<0.98,
steady state formaldehyde emissions are significantly higher than dithering formaldehyde
emissions However, at A>0.98, dithering and steady state formaldehyde emissions are

comparable.
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5.2.3 WINDOW OF COMPLIANCE WITH AGED CATALYST

The window of emissions compliance for the aged catalyst is show in Figure 68. The
steady state window of emissions compliance is 0.007A, similar to the steady window of
compliance for the non-aged catalyst tested in Chapter 4. The dithering window of compliance is
0.009A, just slightly wider than that of the steady state test. This is because dithering is not as
effective at reducing emissions (both NOx and CO) on the aged catalyst. As the catalyst ages, the

ceria becomes less active and is less effective at storing and releasing oxygen.
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Figure 68: The window of emissions compliance for the aged catalyst. Dithering does not make a
big change in the emissions window of compliance.
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5.3 DITHERING CONTROLS AND CATALYST COMPARISON

Several key comments can be made on the dithering control strategies and how they
affect three-way catalyst performance. The first observation is that NOx and CO emissions were
always reduced at high dithering frequencies. In tests with each catalyst, the slow dithering
frequency (0.1 and 0.2 Hz) test cases resulted in significantly higher NOx and CO emissions than
the steady state test case. In these tests, it was noted that the best-case dithering emissions
combination occurred at 1 Hz dithering frequency. For the fresh catalysts (standard and %2 OSC),
the optimal dithering parameters for NOx and CO emission minimization were 1 Hz frequency
with 1.5% amplitude. For the aged catalyst, the optimal dithering parameters for NOx and CO
emission minimization were 1 Hz and 1% amplitude. This is because the aged catalyst is not as
effective at storing and releasing oxygen, so smaller rich and lean excursions must be used.
Figure 69 shows the best-case dithering NOx and CO emissions. Dithering is very effective at
reducing emissions on the standard and Y2 OSC catalysts, both of which were tested in the early
phase of their usable lifetime. The aged catalyst was aged to 16,000 hours, and did not reduce
emissions significantly with dithering as was seen with the other two catalysts. Table 9 shows the

parameters that resulted in the lowest NOx and CO emissions for each catalyst.

Table 9: The dithering parameters resulting in the lowest NOx and CO emissions are listed in
this table.

Catalyst Optimal Frequency Optimal Amplitude
Standard 1.0 Hz 1.5%
12 0SC 1.0 Hz 1.5%

Aged 1.0 Hz 1.0%
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Figure 69: NOx (a) and CO (b) emissions comparison with and without dithering on all three
catalysts tested. Dithering significantly reduces emissions on the fresh catalysts but is less
effective at reducing emissions on the aged catalyst.

It was observed that THC emissions with the standard catalyst (both fresh and aged) was
not affected by dithering frequency and was only affected by dithering amplitude. For the %2
OSC catalyst, emissions were slightly worse than steady state for the best-case dithering NOx
and CO emissions point. Figure 70 shows the THC emissions during dithering and steady testing
with each catalyst. The emissions used in this figure for the dithering run were taken from the

run with the dithering parameters with the lowest NOx and CO emissions which are shown in

Table 9.
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Figure 70: THC emissions comparison between catalysts, with and without dithering. The
emissions data was taken from the dithering parameter combination with the best NOx and CO

emissions.

Figure 71 shows the VOC and methane emissions for all catalysts tested. Dithering is
extremely effective at reducing VOC emissions as well as methane emissions in all catalysts.
This shows that the VOC and methane emissions reduction is not significantly affected by
catalyst age or by the amount of oxygen storage content in a catalyst. Emissions levels shown in

Figure 71 are the emissions with the optimal NOx and CO dithering parameters listed in Table 9.

Another observation is the ammonia emissions with the different catalysts. The standard
catalyst does not produce nearly as much NOx as the ¥2 OSC catalyst during steady state
operation. The Y2 OSC catalyst produces a significant amount of ammonia, more than was
expected. However, dithering for both the standard catalyst and the Y2 OSC catalyst reduces the
ammonia emissions significantly. The aged catalyst does not follow this trend, instead ammonia
emissions are much higher with dithering than they are during steady state operation. The aged
catalyst is not able to store oxygen as effectively, resulting in more ammonia slip during rich
phases of dithering. One final note is that formaldehyde emissions were nearly zero for every test

case, both dithering and steady state.
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Figure 71: VOC emissions and methane emissions for dithering and steady state tests. Dithering
is effective at reducing both VOC and methane emissions in all catalysts tested.
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Figure 72: Ammonia emissions with and without dithering on each catalyst. Dithering reduces
ammonia emissions on the standard and 1/2 OSC catalyst but increases ammonia emissions on

the aged catalyst.
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CHAPTER 6: CONCLUSION

The goal of this project was to investigate air-fuel ratio dithering and to expand on
previous work done with dithering and its effects on three-way catalysts. Dithering utilizes
oxygen storage capability of ceria in the catalyst washcoat. Oxygen can be stored during lean
dithering excursions and released during rich excursions, resulting in lower overall emissions.
For the experiments, a 2015 Caterpillar CG137-8 18L industrial 4-stroke natural gas engine
(S/N: WWEF00318) was installed in a test cell at the CSU Powerhouse with a Woodward LECM
control system. This engine is an 8 cylinder, turbocharged, spark ignited natural gas engine with
a 60 degree V8 head configuration. Three different catalysts were tested with a steady state and
dithering tests, including a lambda sweep and a dithering parameter sweep. These tests helped
find the optimal dithering parameters for different catalysts, as well as how the emissions

window of compliance is affected by dithering.

These results definitively show that air-fuel ratio dithering can be used to significantly
reduce pollutant emissions over a wide range of air-fuel ratios as well as on different catalysts.
Dithering could be applied to any stoichiometric natural gas engine to increase its window of
emissions compliance, regardless of the catalyst used. In testing, 1.5% amplitude with 1 Hz
frequency dithering was shown to significantly reduce emissions on two different catalysts, so
this amplitude and frequency should be used as a starting point for dithering tuning on similar
engines. As the catalyst ages, the effectiveness of dithering is reduced, and near the end of its
life, the catalyst is not nearly as effective at reducing NOx emissions as when it was fresh. This
is important to consider when designing an engine system. Additionally, the aged catalyst had

minimum NOx and CO dithering emissions at a smaller dithering amplitude than the fresh
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catalysts. It may be beneficial to slowly decrease the dithering amplitude over the life of a
catalyst to ensure that dithering remains optimized as the oxygen storage capability of the

catalyst declines.

Dithering can also be investigated using pre- and post-catalyst oxygen sensors. For
dithering to be optimized, the post-catalyst sensor should always be trailing the pre-catalyst
sensor. During rich regions, oxygen release should always be occurring, meaning the post-
catalyst oxygen sensor should be showing higher oxygen concentration or a leaner lambda than
the pre-catalyst sensor. During lean regions, oxygen storage should be occurring, meaning the
post-catalyst oxygen sensor should be showing lower oxygen concentration or a richer lambda
than the pre-catalyst sensor. The catalyst becomes completely saturated with oxygen and
depleted of oxygen in about 8 seconds. However, it was found that 0.5 second lean and rich
phases (1 Hz) resulted in the lowest NOx and CO emissions. This suggests that it is best to keep
the catalyst in the middle of saturation and depletion, with faster fluctuations between storage
and release. The storage and release time both appear to be around 8 seconds, so it is likely not

effective to investigate the effects of non-symmetric dithering.

The emissions reductions afforded by air-fuel ratio dithering have many benefits. The
widened window of emissions compliance allows the engine to deal with fuel and load transients
and remain in compliance more easily, as it is not pushed out of emissions compliance by small
changes in the midpoint lambda. Additionally, emissions reductions were observed on the %2
OSC catalyst, meaning potentially less expensive catalysts could be used to meet the same

emissions limits.

A future experiment that could help to better understand catalyst aging would be to

artificially age a catalyst in 2000 hour increments and investigate how dithering performance
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degrades over time. This would help fill in knowledge of how the oxygen storage ability of the

catalyst degrades over time.

Another noted phenomenon in this experiment was the cross-sensitivity of the NOx
sensor with ammonia, and how the minimum reading of the NOx sensor corresponded directly to
the NOx and CO emissions minimum. Further studies could investigate using the NOx sensor
signal to measure and adjust the midpoint air-fuel ratio. Currently, the engine was controlled by
adjusting fueling to reach a desired lambda, as measured by the pre-catalyst oxygen sensor. It

could be possible to adjust engine fueling based on minimizing the signal from the NOx sensor.

The main findings from this study were:

e Air-fuel ratio dithering around a set midpoint can drastically reduce NOx and CO
emissions on a stoichiometric SI natural gas engine with a three-way catalyst. Optimal
dithering parameters for optimizing oxygen storage on a standard catalyst were 1.5%
amplitude with 1 Hz fluctuations.

e Air-fuel ratio dithering is effective on fresh catalysts (standard or %2 OSC) but largely
ineffective on aged catalysts that are near end-of-life.

e Catalysts with less OSC can still perform oxygen storage and release, providing emission
reductions. Aged catalysts are not as capable at oxygen storage release, resulting in
emissions that are not significantly lower than steady state. Optimal dithering parameters
for the catalyst with 2 OSC were 1.5% amplitude with 1 Hz fluctuations. On the aged
catalyst, the optimal parameters were 1% amplitude with 1 Hz fluctuations.

e The window of emissions compliance can be expanded by 100% by dithering with a

standard catalyst. The window of compliance can also be expanded on catalysts with less
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oxygen storage capability, but to a lesser degree (40% increase). Dithering is ineffective

at widening the window of compliance on aged catalysts.

In conclusion, applying air-fuel ratio dithering strategy to an air-fuel ratio controller can
significantly reduce emissions of regulated pollutants such as NOx and CO. In addition to
reducing emissions, air-fuel ratio dithering can widen the window of emissions compliance, even
when applied to different three-way catalysts. These advantages will allow engine manufacturers
and packagers to use catalysts with less ceria, and potentially smaller catalysts while meeting the
same emissions regulations. In areas with stringent emissions regulations, dithering is a cost-

effective way to meet lower emissions limits with no hardware changes.
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APPENDIX

TEST PROCEDURE

At the beginning of each test day, valving in the Powerhouse basement was checked to
ensure proper flow path for engine coolant was open. Then, coolant pumps were engaged, and
cooling tower fans were activated. The basement was again checked to ensure that no coolant
leaks were present. The engine was then cranked using the air starter and allowed to reach its idle
speed of 900 rpm. After a minute of stable idle, the engine speed setpoint was increased to
operation speed, 1800 rpm. After several minutes of no-load operation, load was ramped up to
maximum load of 1580 N-m over a period of 350 seconds. The engine was then allowed to heat
up to full operation temperature before data collection began. Lambda setpoint and dithering

parameters could be selected using Woodward Toolkit.
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LABVIEW AND WOODWARD TOOLKIT HMIS

The engine and plant system were primarily controlled and monitored using a LabVIEW
VI with an HMI created by Kirk Evans. The engine was stopped and started through this HMI,
and other temperatures and pressures were monitored and recorded. Other parameters including
speed setpoint, engine load, exhaust back pressure, and inlet pressure and temperature were
controlled as well. Data was also recorded through the LabVIEW VI, including data from the
LECM transferred over a CAN connection. Figure A-1 shows the LabVIEW VI. Engine start and
stop controls and data recording tools are on the right-most column. The second right-most
column has inlet and exhaust settings. The second column from the left has emissions values in
the bottom. The black box is where the engine dyno controls are displayed while the engine is

running. The left column includes all key temperatures and pressures.
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Figure 73: LabVIEW HMI created by Kirk Evans was used for general engine control,
monitoring, and data recording.
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Engine speed controller and fuel controller tuning were performed using an HMI created
in Woodward Toolkit by Andrew Jones and Jeff Carlson. Figure A-2 shows the speed control
PID tuning page, and Figure A-3 shows the AFR control PID tuning page. The left black box
was used to monitor engine parameters useful for tuning, and the right black box plots the P, I,

and D terms to monitor how the PID reacted to engine changes. The tables below them allowed

for gain scheduling at different speeds and loads.

a "N . A o o L™

A Ge s fs l

fea  Open  Com 3 Dmgn  Come D low  Commimten  Swe
g o Aopicatior| Sme T Vbt

Runstop BN system status Thiattte System Enable el Spstem Enabie Spai status
False XCP Addresses @ sstemnabiedstate @ e systemEnable @ sptemenabie @ sou sptemnzble
Aunston ow XCP pratacol StemDisabied g g0 ArsabedReason Syten Diabiad SuDlsabledhensc 1,1 gpeeg SouiDiabledReaion  ZeraSpeed
S00 kb1 Baud n
Pass Towewoh o Save Reset am Airspstentnable Enabied Gusstenimatle | Enabled SpakStemEnable Enabied
v 14489500
Vet 258 MAMV  TholtiConkoMode | Clowed Loop FuelCantroMode | MAF Clascd Lo~ RICOC Contraltrsble | Enobled
Q F - [ ) -
P A H R & A b
Speea Rererence
EPM Setpeint final w
Vatve positon Feediack
Thwattierosition 0%
ermRoson 3%
Spackady Gyt 3060 degbInC
Speed Denslty Modl
MassiirFlow o0 ket
Fueiate_Final o0 kg
wEeh Sersor
Oprass «.0 KFa
Manitolasirress a4 b0 Unts Scale Low Scale Figh Y1 Y2 YOeta Min Max Avg Change/sce Seale Poitian
o o o 2000 Nan an el e st n
ik oy e 90 WAl Nall Nall Nah s Mt i Hide
sespensm pry— il e AU DN NalES et s b o) Hodm value Units Scale Low Seale High Y1 Y2 ¥ Dett
’ & (e cmo 0 mn O 100NaM Nall NaN N NN Mak Hak Hidden - o1Thvattie Cantiol Run Thiottle Speed Gev P 1emm, SpeedGon o 10 10 o st et
assuppTess 51 W0 7 M Gus Dutla Prmisune | 631009250 i © 5 Mt P P M P e o ik 8 7] [ Devic 1 Engine ControlThsttie Cantrok Run Thiottle Speed Gevi,tetm_ShéedGor 0 o 0 ot s Mk
Mrdoiing 0 g | I it i fiivre s BB NACKM NN M et M it e ¥ [oencer.en o1Thcttie Contrak Run Thiote.Speed Ger.D.term SpeecGar o 10 10 et tati
i I A e SO Nart BN AT S o oo ). I Device ngine Contsol st Canirol Run Thioltle Soeed GeSpeedGor A outout 0 o SN N NaH
Furitenp 161 deat | ) [ Gas Summiy Pressure 851140442 tPa 100170 Hah Nall tall Nai Kak Pl ok Hdden  ~ e SRR - - re———
£cmon 1 oo
oy Error Gain Paain 1 Gain DGan
Devcer.Engine | Device Engine o Device Engine 5 Device1 Engine
@ ecor ressy ControlThrotie Co. LI Cantrot Theatie o 2 ControlThrote €o. 2 Cantrol Throtte Con.
UEGO Adtual AFR 155 =
Englne Contral hattie Co Engine Cantrel Thotile Controlun Throttie.speed Engine ControlThicttle
RS il e ncicer RPUEPHOSIaAr REM) Tt Speed Gonspresar. GonSpeedaan, mor lanaan RM) Govsi
[ 20 w0 7se) vooe 500 1750 2000 P e ETIE Sas] o000
EGO Lurbea R o
0] oA T 1 g o8] o8, [«
WEGOY 02 Percent oo I a5 os I
1o g S 1 o o8 o V|1
sk 10 Bhe |l Tl i 11
@ ucoz vy ) Se [ i C |
1 2he | 2 1 1 1
155
1 ) s I 11
09996 0 1 1 1
poss s o 05 08 T| o8 1 1 PO 18 3 13 130 W7 1 1 1 i 1 1
Engine ControlThrcttls Contral Run Thicttis Speed P MU sty Tt mast) D Mut imuty
Gox Errortdut_SpecdBovtiap (m)

UEGO2.02 Percert.

Open Loop E Multiplier
Caanking Trattie Cmd

_gain_SpecdGon Fuslop -
Speed Refesence enloop Ll
Dencel Engine Dericel Engine Control Tottie Control Run Throttie Spred Lol Speed Referente Limits .
Erpiaaiin omAyeio Wesatince AL Ut shite it Beate. Device1 Engine Control Thradte Control fun PR
o m WA Diesicel Engine Control Tottie Control Run ThioHieSpees || TrvatieSpeen GovSheed Reterende APMFaIRate 12] R Aermbrelosasperation 5
o P Coaio Gauspeed Refer Iolerated seiect Diesice1 Engine Cantrol Thraéte Control fun ResmPreloadSoeedGor.G
B eimPslosdspeedGon. -
Beice . F T un Throtle Speed e Tnvcttie spees GonSpeed Reterence APMIRleRate ol ain . wid

Figure 74: Woodward Toolkit speed control tuning page
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Figure 75: Woodward Toolkit air-fuel ratio control tuning page

Air-fuel ratio and dithering parameters were adjusted on the dithering Toolkit page,

shown in Error! Reference source not found.A-4. Air-fuel ratio can be adjusted based on e

ngine speed and load, but was constant for this project. The “custom waveform” section was

used to add dithering. Rich and lean excursions could be adjusted in time and depth.
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Figure 76: Woodward Toolkit air-fuel ratio adjustment and modification page. On this page, air-
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fuel ratio could be adjusted, and dithering could be applied.
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Dithering Parameter Sweep
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Steady AFR Sweep

Catalyst 2
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Dithering AFR Sweep

Catalyst 2
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Steady AFR Sweep

Catalyst 3
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Dithering Parameter Sweep

Catalyst 3
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Parameters Recorded for Each Test

. Engine RPM
. Power [kKW]

. Torque [N-m]
+  THC [ppm]

- NOx[ppm]

. 02 [%]

. CO2 [%]

. CO [ppm]

. Jacket Water In [C]

. Jacket Water Out [C]

. Dyno In [C]

. Dyno Out [C]

. ACW In [C]

. ACW Out [C]

. JW Loop Temp [C]

. Spare TC106 [C]

. Oil Sump Temp [C]
. Compressor Out [C]
. Turbine In Temp [C]
. Inlet Air Temp [C]

. Turbine Out Temp [C]

. ACW Loop Supply [C]
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Cat Oil 1 [C]

Cat Oil 2 [C]

Cylinder 1 Exh [C]
Cylinder 2 Exh [C]
Cylinder 3 Exh [C]
Cylinder 4 Exh [C]
Cylinder 5 Exh [C]
Cylinder 6 Exh [C]
Cylinder 7 Exh [C]
Cylinder 8 Exh [C]
IMAT [C]

Throttle Temp [C]
Aftertreatment Inlet [C]
Aftertreatment Outlet [C]
Fuel Flow [kg/hr]

Fuel Temperature [C]
Spare mA02

Exhaust Back Pres [kPa]
Inlet Air Pressure [kPa]
Fuel Pressure [kPa]
IMAP [kPa]
Compressor Pres [kPa]

Throttle Diff Pres [kPa]
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Spare VOS5

Boiler Supply Temp [C]
Boiler Return Temp [C]
Jacket Water Flow [LPM]
Intercooler Flow [LPM]
Dyno Water Flow [LPM]
Steam Valve [%]
Supercharger Speed [%]
SC IC Ctrl Valve Pos [%]
Exh Valve Pos [%]

Air Flow Temp [C]

Air Flow Diff [kPa]

Air Flow Static [kPa}
Inlet Air RH [%]

Vaisala Temp [C]

AGA Air Flow [kg/s]
AmbientAirPress
Desired AFR_Final
ECM_NOx
EFR_LseriesCmd_Prct
FuelTemp
GasDeltaPress

ManifoldAirPress_kPa
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MassAirFlow_kghr
ManifoldAirTemp_degC
NGFlowCmd_Final
RPM_Setpoint_final
ThrottlePosition
UEGO1_Actual_AFR
UEGO2_Actual AFR
UEGO1_02 Percent
UEGO2_02 Percent

Fuel Control Desired AFR
AFR Modifier Desired AFR

UEGO1 Lambda
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