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ABSTRACT 

The ultimate goal of this work is to aid in the improvement of emissions control 

methods for compressor engines used in the natural gas transmission pipeline industry. 

The work presented here contributes to that larger goal by adding onto the capabilities of 

a previously-developed model of a Cooper-Bessemer GMWH-10C intended to simulate 

the effects of varying natural gas composition on engine behavior. This work targets the 

implementation and tuning of NOx emissions predictions in the engine model, with the 

expectation that it can be used in the future to inform the development of controller 

improvements needed for fuel composition variability. 

Though the nature of combustion within a lean-burn engine is complex, with 

many spatial dependencies, the approach taken in this work utilizes a simple 0D/1D, 

two-zone engine model which lacks rigorous physical accuracy, but produces acceptable 

engine performance results in a short amount of time. The unique operating conditions 

of these engines also results in NOx formation characteristics which are different and 

more complicated than those in the more common four-stroke, spark-ignited engine 

commonly used in automotive applications. Thus, special considerations must be taken 

into account when simulating NOx formation in a lean-burn engine. 

NOx prediction capabilities were added to the engine model through 

implementation and assessment of various methods including different pathways of NOx 

formation. The best method was tuned to obtain acceptable agreement with experimental 

data and was tested for its ability to predict emissions for other operating conditions. 

Finally, a preliminary fuel sweep was performed with the full engine model. 
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NOMENCLATURE 

°aTDC Degrees after top dead center 

°bTDC Degrees before top dead center 

BDC Bottom dead center 

BHP Brake horsepower 

CAD Crank angle degree 

C1 Methane, CH4 

C2 Ethane, C2H6 

C3 Propane, C3H8 

C4 Butane, C4H10  

C5 Pentane, C5H12 

C5+ Pentane and all higher hydrocarbons 

HHC Heavy hydrocarbon 

ID Ignition delay 

IT Ignition timing 

LFS Laminar flame speed 

LoPP Location of peak pressure 

MAE Mean absolute error 

MCC Main combustion chamber / Main chamber 

MN Methane number 

NO Nitric Oxide 

NO2 Nitrogen dioxide 

NOx Oxides of Nitrogen, NO and NO2 

OCC Open combustion chamber / Open chamber 

PCC Pre-combustion chamber / Prechamber 

PP Peak Pressure 

PT Peak temperature 

ppm Parts per million 
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ppmd Parts per million, dry basis 

ROP Rate of production 

SI Spark ignition / Spark-ignited 

TDC Top dead center 

TER Trapped equivalence ratio 

0D/1D Zero-dimensional / One-dimensional 
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1. INTRODUCTION  

1.1. Motivation 

While the increase in shale gas production has allowed the United States to meet 

and even exceed domestic natural gas demand, it has also led to observable fluctuations 

in the composition of natural gas flowing through the nation’s pipelines. Changes in the 

composition alter the chemical properties of the bulk gas mixture such as its energy 

density and combustion properties. For pipeline compressor engines, which use the gas 

as a fuel source, burning abnormal fuel compositions can significantly affect combustion 

phasing. This can ultimately lead to ramifications such as reduced power output, reduced 

efficiency, equipment fatigue, and unacceptable emissions levels. 

 This work is concerned with pipeline engine emissions of oxides of nitrogen 

(NOx). Since many pipeline engines in operation today were developed and implemented 

long before emissions were a primary concern, they have been fitted with many 

aftermarket technologies to meet increasingly stringent regulations. That said, the 

implication of fuel variability on NOx emissions is not fully accounted for by current 

pipeline engine control systems. Thus, a better understanding of NOx formation in such 

engines and reliable methods for predicting engine-out NOx are both needed to guide the 

development of technologies which can correct for the fuel-imposed effects.   

 The study presented here seeks to more completely understand the NOx 

formation processes within a pipeline engine. Further, it seeks to develop a reliable but 

simple NOx prediction method for use in a full-scale engine model which can reliably 

capture the effects of fuel composition.  
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1.2. Background 

1.2.1. Natural Gas  

Natural gas produced in the United States can be classified in one of three main 

categories: conventional natural gas, unconventional natural gas, and conventional 

associated natural gas. Conventional gas is found in large voids between layers of rock 

and can be extracted via a vertical well drilled into the top of the reservoir. 

Unconventional gas, often referred to as shale gas or tight gas, occurs in the small spaces 

within formations of sedimentary rock, such as shale and sandstone, and must typically 

be extracted using special technologies such as hydraulic fracturing and horizontal 

drilling. Lastly, conventional associated gas is gas trapped with deposits of crude oil and 

is, therefore, a byproduct of the oil extraction.  [1] 

For many decades, conventional natural gas was the primary source for U.S. 

production, but ultimately declined as it became increasingly difficult for producers to 

find new conventional resources. Additionally, horizontal drilling and hydraulic 

fracturing had been around for many decades, but producers had not yet utilized these 

technologies to extract gas directly from shale resources. These effects lead to a steady 

reduction in natural gas production in the U.S. after the peak production period in the 

1970’s. It wasn’t until the late 1990’s that new improvements to these technologies 

allowed for economically feasible natural gas production from unconventional resources. 

This advancement became most noticeable in the U.S. energy markets in the mid-2000’s 

and ultimately lead to the domination of shale-produced gas that is observed today. [2] 
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The U.S. Energy Information Administration estimates that about 16.86 trillion 

cubic feet of natural gas was produced from shale resources in 2017. This accounted for 

about 62% of the total U.S. dry natural gas production in that year alone. [3] 

Additionally, current projections show this contribution continuing to rise each year in 

the future. Figure 1 shows how the various natural gas sources stack up to equal the total 

dry natural gas production history and projections before and after 2018, respectively. 

The figure shows the best assessment of projections (left) as well as projections 

considering the sensitivity to high or low resources and technology (center and right). 

From this, it is noted that the projected tight/shale gas contribution accounts for nearly 

40 trillion cubic feet (around 90%) of dry natural gas production by 2050. [4] 

 

 

Figure 1: (Left) Total U.S. natural gas production history and projections separated by 

source. (Center) Assuming high resources and technology. (Right) Assuming low resources 

and technology. Reprinted from [4]. 
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1.2.2. Natural Gas Composition and Variability 

Natural gas is made up of light alkane species (methane (C1), ethane (C2), 

propane (C3), butane (C4), pentane (C5), etc.) with the mixture primarily consisting of 

methane. Some natural gas, particularly unprocessed gas, also contains non-trivial 

concentrations of non-hydrocarbon species such as CO2, N2, H2, and H2S. Species like 

CO2 and N2 are non-combustible and decrease the heating value of the natural gas 

mixture; thus, gas processing removes these species among other undesirable 

components. [5] [6]  While conventional natural gas usually holds well to the high 

methane fraction, gas produced from shale has shown to vary widely in composition. [7]  

 A study by Choquette [5] highlights the extreme compositional variability that 

can exist within pipelines. The study analyzed 6,330 gas compositions from interstate 

pipelines to obtain general statistics about gas speciation and properties. Shown in Table 

1, the statistics reveal the large volume fractions that can be achieved by species which 

usually remain at small or negligible amounts. Perhaps most surprising is the maximum 

value of ethane, at one point accounting for 100% of the mixture. 

 

Table 1: Gas composition statistics including speciation and bulk gas properties. Adapted 

from [5]. 

 HHV 

(BTU/SCF) 

LHV 

(BTU/SCF) 

C2(%) C4+(%) CO2(%) N2(%) H2(%) 

Max 2567 2362 100.00 17.97 50.00 16.81 30.00 

Min 749 675 0.00 0.00 0.00 0.00 0.00 

Average 1041 939 5.07 0.14 0.56 1.73 0.01 
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A collection of natural gas composition data taken at a pipeline location in 2016, 

discussed by Fieseler [8], provides additional insight to how the composition of natural 

gas changes over time. Figure 2 shows the mole percentages of methane and ethane on 

an hourly basis, over a nine month period. Noting the different axes but the same linear 

scales, it is observed from this figure that the concentrations of methane and ethane have 

a strong inverse trend. Figure 3, on the other hand, shows that propane is relatively 

insensitive to changes in the volume fractions of other constituents. [8] 

 

 

Figure 2: Time-resolved percentages of C1 and C2. Reprinted from [8]. 

 

 

Figure 3: C2 and C3 mole percentage versus C1. Reprinted from [8]. 
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1.2.3. Pipeline Infrastructure and Equipment 

The United States natural gas transmission system consists of over 305,000 miles 

of interstate and intrastate pipelines made up by more than 210 pipeline systems. [9] 

These wide-diameter, high-pressure main lines connect the areas where gas is produced 

and processed to storage facilities or distribution centers. From these locations, the gas 

makes its way to consumers through smaller, low-pressure distribution lines. In 2017, 

the U.S. Energy Information Administration reported that this network delivered 25 

trillion cubic feet of natural gas to 75 million customers. [10] 

Compressor stations are located along the pipelines and house compressor units 

which provide the necessary gas pressure needed to overcome fluid friction losses and 

keep the gas moving. Stations are typically placed every 50 to 100 miles apart, 

depending on elevation changes. A variety of prime movers are used to provide the 

power for compression, though spark-ignited (SI), reciprocating engines are most 

common. Currently, the natural gas pipeline industry operates roughly 5,600 spark-

ignited, gas-fueled engines collectively generating over 9 million brake horsepower 

(BHP). These engines operate with either a four-stroke cycle or two-stroke cycle. [11] A 

map of U.S. compressor station locations is shown in Figure 4.  

Among the types of reciprocating engines used at compressor stations, the lean-

burn, two-stroke integral compressor engine is the most ubiquitous, accounting for 

approximately 70% of the entire fleet, as of 2005. [11] These engines utilize a small 

amount of natural gas from the pipeline as a fuel source and provide compression via 

compressor cylinders integrated directly into the crankcase. As seen in Figure 5, a 
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typical integral compressor engine has horizontal, double-acting compressor 

piston/cylinders connected to the crank via a master connecting rod. Power pistons are 

oriented in a “vee” configuration vertically and attach to the compressor master rod via 

articulated connecting rods. The simple design and relatively low speed of these engines 

allows them to attain very long lifespans. In fact, many of the lean-burn, two-stroke 

integral compressor engines in operation today are “legacy” units between 30 and 60 

years old; some of these are expected to run for at least another 40 years. [12] 

 

 

Figure 4: U.S. natural gas pipelines and compressor stations as of 2008. Reprinted from 

[13]. 
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Figure 5: Cross-section and isometric views of an integral compressor engine. Reprinted 

from [12]. 

 

1.2.4. The Two-Stroke Cycle Engine 

1.2.4.1. Cycle Processes 

For reciprocating internal combustion engines, a piston/cylinder connected to a 

crank shaft is used as the means by which to convert the energy released from 

combustion of the fuel into useful shaft work. Though this is common across all 

reciprocating internal combustion engine platforms, the cycle used to produce power 

may be different. It is on this basis that the two-stroke engine is different from that of the 

four-stroke engine typically utilized in automotive applications. In a two-stroke engine, 

two strokes of the piston (one revolution of the crankshaft) are required to achieve one 

power-output event or power stroke. This is compared to a four-stroke engine which 

requires four strokes of the piston (two revolutions of the crankshaft) per power stroke.  
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Figure 6: Illustration of two-stroke cycle processes. 

 

The processes of the spark-ignited two-stroke cycle are illustrated in Figure 6 and 

will be explained here. The cycle begins at exhaust port closing (EPC) when the cylinder 

is sealed off and contains a fixed amount of trapped mass. The piston continues to rise, 

compressing the gases until top dead center (TDC) at which point the cylinder is at its 

minimum volume. Just before TDC, the spark plug discharges, providing energy to 

ignite the fuel/air mixture. The subsequent heat released during combustion causes the 

cylinder gases to expand, pushing the piston back down, producing power. Towards the 

end of the expansion stroke, the piston reaches the point of exhaust port opening (EPO) 

EPC SPARK EXPANSION 

EPO/BLOWDOWN IPO SCAVENGING 
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which allows the high pressure exhaust gases to exit the cylinder during blowdown. 

Shortly after this point, intake port opening (IPO) allows fresh air (and fuel, if premixed) 

to enter the cylinder while gases are still being exhausted. This simultaneous intake and 

exhaust process is referred to as scavenging. The piston continues to descend toward the 

point of maximum volume at bottom dead center (BDC), and continues back up toward 

intake port closing (IPC) when no new gases can enter the cylinder.  

 

1.2.4.2. Open Chamber versus Pre-Chamber Engines 

Two-stroke engines may differ in the way the cylinder is designed to ignite the 

fuel/air mixture and carry out the combustion process. Many two-stroke engines are 

designed with an open combustion chamber (OCC), or open chamber, utilizing a spark 

plug located directly in the cylinder. This type of construction was displayed in Figure 6 

and is also the primary design used for four-stroke automotive engines.  

For large bore, lean-burn natural gas engines, using a precombustion chamber 

(PCC), or prechamber, is a common method used to effectively reduce NOx emissions. 

A prechamber is a small chamber, usually 1-2% of the cylinder clearance volume, 

attached to the main chamber (MCC) where the piston is located. In the PCC, a 

stoichiometric fuel/air mixture is created with a fuel injector and is then ignited by a 

conventional spark plug, initiating combustion. Pressure rise within the PCC pushes the 

igniting mixture into the MCC, igniting the fuel and air located there. [14] The burning 

jet that is propelled to the main chamber can have an ignition energy approximately one 

million times greater than that of a standard a standard spark plug. Hence, the PCC helps 
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to extend the lean limit of the engine by allowing for a much leaner fuel/air mixture in 

the MCC which can be ignited by the burning jet. Since fuel/air equivalence ratio greatly 

affects the presence of NOx in engine exhaust, discussed in detail in section 2.2, the 

overall leaner operation of the engine helps to reduce NOx emissions. [15] Figure 7 

depicts the typical construction of a prechambered cylinder.  

 

 

Figure 7: Typical cylinder in a prechambered engine. 

 

1.2.5. Oxides of Nitrogen 

Oxides of nitrogen are taken to primarily include nitric oxide (NO) and nitrogen 

dioxide (NO2) and are collectively referred to as NOx. They are one of five main classes 

of pollutant species emitted from combustion sources; other classes include carbon 

monoxide, organic compounds, sulfur oxides, and particulates. [16] The combustion 

process catalyzes the formation of NOx species by providing sufficient energy and 

chemical feedstock needed for the production of NO.  

For hydrocarbon combustion, it has been found that NO forms through four 

primary reaction mechanisms; namely, the extended Zeldovich (thermal) mechanism, the 
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nitrous oxide (N2O) mechanism, the prompt mechanism, and the NNH mechanism. [17]  

Each mechanism contributes differently to the total NO formed depending on the 

specific combustion conditions. Further reactions of the produced NO may then form 

NO2 under favorable conditions. The formation of NOx species is discussed extensively 

in sections 2.2 through 2.4.  

 

1.2.5.1. Health and Environmental Impacts 

NO2 is regulated by the Environmental Protection Agency since it is the most 

predominant form of NOx formed by human activity. Not only is NO2 a pollutant itself, 

posing a direct respiratory hazard to humans, but it also plays a role in the formation of 

tropospheric ozone and acid rain. [18] [19] 

The role which NO2 plays in forming ozone (O3) can be described by reactions 

(1) and (2). In reaction (1), NO2 is irradiated with ultraviolet light, resulting in atomic 

oxygen which participates in reaction (2) with molecular oxygen to form ozone. [20] 

The NO produced from reaction (1) can then react again with radical species to form 

NO2, repeating the process. In this way, NO molecules can be recycled repeatedly in the 

production of ozone. [21] NO2 in the atmosphere may also react with water via reaction 

(3) to form nitric acid (HNO3). When combined with rainwater, the resulting acidic 

solution makes its way back to earth where it can harm crops, humans, animals, or erode 

infrastructure, among other adverse results. [22] 
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 𝑁𝑂2 + ℎ𝑣 ⇄ 𝑁𝑂 + 𝑂 (1) 

 𝑂 + 𝑂2 + 𝑀 ⇄ 𝑂3 + 𝑀 (2) 

 3𝑁𝑂2 + 𝐻2𝑂 ⇄ 2𝐻𝑁𝑂3 + 𝑁𝑂 (3) 

  

NO does not have as much of a direct impact as NO2, but also contributes to the 

hazards discussed above by reacting to form NO2. Reactions (4) through (6) are some 

primary atmospheric reactions by which NO results in NO2. The lifespan of NO in the 

atmosphere before conversion to NO2 is short, lasting just minutes, if not seconds. In 

reaction (5), 𝑅 represents an organic group, such as methyl. [23] 

 

 2𝑁𝑂 + 𝑂2 ⇄ 2𝑁𝑂2 (4) 

 𝑁𝑂 + 𝑅𝑂2 ⇄ 𝑁𝑂2 + 𝑅𝑂 (5) 

 𝑁𝑂 + 𝑂3 ⇄ 𝑁𝑂2 + 𝑂2 (6) 

 

1.2.5.2. NOx Regulations for Pipeline Engines 

NOx regulations for new lean-burn, two-stroke compressor engines are defined 

by the New Source Performance Standards which sets standards for all criteria pollutants 

emitted from new stationary engines. Lean-burn engines manufactured after July, 2010 

must meet a level of 1.0 g/BHP-hr. [24] For grandfathered engines, such as the one 

considered in this work, NOx regulations fall to the state or regional level; however, the 

1.0-2.0 g/BHP-hr range is also common among these regulations. In terms of volumetric 

exhaust concentration, as is used for simulation validation in this work, 2 g/BHP-hr for a 
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typical lean-burn pipeline engine corresponds roughly with an exhaust concentration 

value of 100-200 ppmd (parts per million on a dry basis). Retrofitted technologies allow 

for normal operation much below regulation levels, as low as 0.15-0.2 g/BHP-hr in some 

cases. These values correspond to NOx concentrations as low as 10-20 ppmd. [25] 

 

1.3. Objective 

The objective of this work is to incorporate reliable NOx emissions prediction 

capabilities into the existing engine simulation of a Cooper-Bessemer GMWH-10C 

integral compressor pipeline engine. This work aims to arrive at a prediction method 

which can obtain reasonable NOx predictions which align well with experimental data, 

and can ultimately capture the effect of fuel composition variability.   
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2. LITERATURE REVIEW 

 

2.1. Engine Combustion Modeling  

 Engines are often simulated with either quasi-dimensional thermodynamic 

models or multi-dimensional models. Multi-dimensional engine simulations are more 

complex and are based on governing partial differential equations. These models are 

intended to capture the physical and chemical processes in the cylinder, allowing them to 

retain more physical accuracy which gives the user insight to the complex processes in 

the real engine. The spatial considerations also provide more accurate emissions 

predictions, but the use of multi-dimensional models is often time consuming. Quasi-

dimensional simulations invoke a sense of dimensionality in their construction, but do 

not have any mathematical link to the spatial context of the cylinder. These models are 

less physically accurate and often require plenty of empirical data to tune into agreement 

with real engine behavior; however, once tuned, they provide quick and sufficiently 

accurate predictions for engine performance and emissions. [26] A quasi-dimensional 

model is considered and used in this work. 

 One type of quasi-dimensional thermodynamic SI engine simulation uses a two-

zone methodology. This method splits the cylinder volume into an unburned gas zone 

and a burned gas zone, providing a sense of the dimensionality of flame propagation 

combustion in an SI engine. During the simulated combustion period, a small amount of 

fuel and air mass is transferred from the unburned zone to the burned zone at each time 

step and combustion is carried out. The thermodynamic properties of the zones and are 
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calculated and the simulation continues. The rate at which mass is transferred between 

zones can either be prescribed with a Wiebe function or can be determined predictively 

throughout combustion by considering more fundamental combustion properties such as 

laminar flame speed. [26] [27] Figure 8 provides a simple diagram of a two-zone model. 

  

Figure 8: Schematic of spark-ignited, two-zone simulation methodology. 

 

 It is common to simulate the concentrations of combustion product species and 

temperature in the burned zone by assuming chemical equilibrium. This approach is 

usually sufficient since the reactions which form the primary products of combustion are 

extremely quick, eliminating the need for complex, rate-controlled chemistry. [26] 

 

2.1.1. GT-Power Engine Modeling 

 One commercial software which utilizes a quasi-dimensional approach for SI 

engine simulation is GT-Power, a 0D/1D solver developed by Gamma Technologies. 

This software offers users the capability to simulate many engine configurations using 
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basic sub-models (cylinders, piping, injectors, etc.) which are connected together to 

represent the entire engine system. GT-Power utilizes simple models for heat transfer, 

friction, gas exchange, and emissions, but users have the option to modify/tune these 

models or create their own, offering more flexibility. [28] [29] 

 In GT-Power’s two-zone, SI, turbulent flame combustion model, chemical 

equilibrium of the burned zone is calculated by assuming 13 products of combustion: N2, 

O2, CO2, CO, H2O, H2, H, O, OH, NO, N, SO2 (if fuel sulfur is present), and Ar (inert). 

Once the equilibrium composition is calculated, the internal energy of the burned zone is 

determined. Using the energy equations in (7) and (8), the unburned and burned zone 

temperatures as well as the cylinder pressure are calculated at each time step. 

 

 𝑑(𝑚𝑢𝑒𝑢)

𝑑𝑡
= −𝑝

𝑑𝑉𝑢

𝑑𝑡
− 𝑄𝑢 + (

𝑑𝑚𝑓

𝑑𝑡
ℎ𝑓 +

𝑑𝑚𝑎

𝑑𝑡
ℎ𝑎) +

𝑑𝑚𝑓,𝑖

𝑑𝑡
ℎ𝑓,𝑖 (7) 

 𝑑(𝑚𝑏𝑒𝑏)

𝑑𝑡
= −𝑝

𝑑𝑉𝑏

𝑑𝑡
− 𝑄𝑏 − (

𝑑𝑚𝑓

𝑑𝑡
ℎ𝑓 +

𝑑𝑚𝑎

𝑑𝑡
ℎ𝑎) (8) 

 

Subscripts 𝑢 and 𝑏 refer to the unburned and burned zones, respectively. Subscript 𝑎 

refers to air, 𝑓 refers to fuel, and 𝑓, 𝑖 refers to the fuel injected. Also, 𝑚 is mass, 𝑒 is 

specific energy of the zone, 𝑝 is cylinder pressure, 𝑉 is the volume of the zone, 𝑄 is the 

rate of heat transfer from the zone, and ℎ is enthalpy. [29] 

 The GT-Power two-zone, SI combustion model is utilized in this work for the 

prediction of NOx emissions. Further information on the specific model is discussed later 

in section 3.2. 
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2.2. NO Formation Pathways 

The presence of NO within engine exhaust is dependent on many factors, but is 

strongly driven by the fuel/air equivalence ratio within the cylinder. The plot from 

Heywood [27] in Figure 9 shows how several exhaust pollutant species, including NO, 

change qualitatively with operating equivalence ratio. The trends show that NO 

concentration peaks just on the lean side of stoichiometric at an equivalence ratio of 

about 0.95 and drastically falls off as the mixture is either richened or leaned from that 

point. 

 

Figure 9: Variation of several exhaust pollutant species as engine fuel/air equivalence ratio 

changes. Reprinted from [27]. 

 

 The formation mechanisms which drive this behavior will be discussed in the 

following subsections. A discussion of other parameters such as temperature and 

pressure and their effects on NO production is also provided.  
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2.2.1. Extended Zeldovich (Thermal) Pathway 

Perhaps the most well-known NO formation pathway is the thermal pathway 

described by the extended Zeldovich mechanism. This three-reaction mechanism, given 

by reactions (9) through (11), is generally considered the primary source of NO 

formation for the combustion of near-stoichiometric fuel/air mixtures. [27] Hence, the 

peak seen in Figure 9 is primarily attributed to the extended Zeldovich reactions. 

Reactions (9) and (10) were originally proposed by Zeldovich [30] and Lavoie et al. [31] 

added reaction (11) to the mechanism due to its nontrivial contribution to NO formation 

for certain conditions.  

  

 𝑂 + 𝑁2 ⇄ 𝑁𝑂 + 𝑁 (9) 

 𝑁 + 𝑂2 ⇄ 𝑁𝑂 + 𝑂 (10) 

 𝑁 + 𝑂𝐻 ⇄ 𝑁𝑂 + 𝐻 (11) 

 

The NO formed through this mechanism is commonly referred to as thermal NO 

due to the strong temperature dependence of reaction (9). Since this reaction requires a 

large amount of energy to break the triple-bond of the molecular nitrogen, it requires 

sufficiently high temperatures and acts as a rate-limiting step for the mechanism. [26] 

This reaction’s dependence on high temperatures is so strong that, as a general rule, the 

extended Zeldovich mechanism is rather inactive at temperatures below 1800 K. [32] 

The near-stoichiometric peak seen in Figure 9 is mainly driven by, and roughly aligns 

with, the behavior of flame temperature as fuel/air equivalence ratio is varied, as seen in 
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Figure 10. The peak of NO concentration exists in the slightly lean region due to the 

larger presence of molecular and atomic, dissociated oxygen which the mechanism also 

favors through reactions (10) and (11). Formation of thermal NO is rather slow 

compared to the timescales of combustion. It is for this reason that thermal NO is 

considered to form primarily in the post-flame gases, decoupling its formation from the 

combustion process. [6] [26]  

 

 

Figure 10: Behavior of flame temperature versus fuel/air equivalence ratio. Reprinted from 

[20]. 

 

In reciprocating engines, the initially burnt gases are further compressed and 

heated by the energy release of subsequently burning fuel. This additional temperature 

rise helps to drive the production of the thermal NO.  
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2.2.2. Nitrous Oxide (N2O) Pathway 

The nitrous oxide, or N2O, mechanism discussed by Malte and Pratt [33] is 

another important NOx formation pathway for particular combustion conditions. This 

mechanism is initiated by a three-body, recombination reaction with molecular nitrogen 

and atomic oxygen to form the intermediate N2O species, as shown in reaction (12). The 

N2O molecule then proceeds to react with other species, resulting in the conversion back 

to N2 via reactions (13) and (14), or in the formation of NO via reaction (15). [33] Other 

sources also indicate that N2O results in NO through reaction (16). [17] [34] [35] 

 

 𝑁2 + 𝑂 + 𝑀 ⇄ 𝑁2𝑂 + 𝑀 (12) 

 𝑁2𝑂 + 𝐻 ⇄ 𝑁2 + 𝑂𝐻 (13) 

 𝑁2𝑂 + 𝑂 ⇄ 𝑁2 + 𝑂2 (14) 

 𝑁2𝑂 + 𝑂 ⇄ 𝑁𝑂 + 𝑁𝑂 (15) 

 𝑁2𝑂 + 𝐻 ⇄ 𝑁𝑂 + 𝑁𝐻 (16) 

 

The N2O mechanism is found to be most important for lean, low temperature, 

high pressure conditions. At such conditions, the thermal NO contribution will be 

suppressed and the high pressures will promote the forward reaction rate of reaction (12) 

due to its three-body dependence. [26] The effect of increasing pressure on the nitrous 

oxide mechanism is discussed in work by Drake and Blint [36] in which an increase in 

reaction pressure from 0.1 atm to 20 atm resulted in an increase in production from the 

mechanism from 3% to 20% of total NOx.  Other sources also suggest that the 
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contribution from the mechanism can be significant in conditions were intense mixing is 

present. [16]  

 

2.2.3. Prompt Pathway 

In experiments by Fenimore [37], it was found that some NO was formed in the 

primary reaction zone of hydrocarbon flames; a location where extended Zeldovich 

reactions would not be active enough to form NO due to the short time scale. Fenimore 

proposed that this quickly-formed, or “prompt”, NO stems from flame zone radicals 

which react with molecular nitrogen to form intermediate species such as amines or 

cyano compounds. These intermediates then react with other species and eventually 

result in the formation of NO. The flame zone reactions thought to be most responsible 

for the initiation of the prompt NO pathway, or Fenimore mechanism, are given by 

reactions (17) and (18), where reaction (17) acts as the rate-limiting step. [32]  

 

 𝐶𝐻 + 𝑁2 ⇄ 𝐻𝐶𝑁 + 𝑁 (17) 

 𝐶 + 𝑁2 ⇄ 𝐶𝑁 + 𝑁 (18) 

 

Work by Lavoie and Blumberg [38] concluded that NO resulting from the flame 

zone reactions can be important for rich combustion, or in high-dilution (lean) cases 

when overall NO production is low. Leonard and Correa [39] also determined that the 

inclusion of the mechanism was an important contributor to NOx at low temperatures.  
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2.2.4. NNH Pathway 

The NNH mechanism, originally introduced by Bozzelli and Dean [40], is 

another pathway by which NO can form and is described by reactions (19) and (20).  

 

 𝑁2 + 𝐻 ⇄ 𝑁𝑁𝐻 (19) 

 𝑁𝑁𝐻 + 𝑂 ⇄ 𝑁𝑂 + 𝑁𝐻 (20) 

 

The NNH mechanism has been found to be important for premixed and non-

premixed flames and for hydrocarbon fuels with large carbon-to-hydrogen ratios. [41] 

[32]  Compared to the other NO formation pathways discussed, the NNH mechanism is 

relatively new; thus, its applicability at engine conditions has not been studied as 

extensively. This is also due to the fact that, like other mechanisms, it is negligible 

compared to the formation of primary, thermal NO in most engines.  

 

2.2.5. Fuel-Bound Nitrogen Pathway 

Nitrogen bound to fuel molecules may also contribute to the formation of NO in 

combustion processes. However, this NO source is only particularly important for fuels 

such as coal which can have a significant presence of fuel-bound nitrogen (up to 2% by 

mass). [32] Natural gas contains only unbound, molecular nitrogen in typically trace 

amounts. Therefore, the formation of NO from fuel nitrogen is nonexistent for pipeline 

compressor engines and is not considered further in this work. 
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2.3. NO2 Formation and Destruction Pathways 

Nitrogen dioxide (NO2) typically comes in much lower concentrations than NO 

in the exhaust of internal combustion engines. As an example, the plot from Heywood 

[27] in Figure 11 shows typical NO and NO2 concentrations found in the exhaust of a SI 

engine typical in automotive applications. Though this is different than the engine 

considered in this work, the plot indicates that the peaks of NO and NO2 presence in the 

exhaust are not aligned, showing that the peak of NO2 exists at a higher air/fuel ratio.  

Any NO2 found in the exhaust of an internal combustion engine is formed 

through the further oxidation of NO. All NO exhausted to the atmosphere will eventually 

be converted to NO2 via reactions (4) through (5), discussed in section 1.2.5.1.; however, 

these reactions are far too slow to be a significant source of engine-out NO2. [42]  

 

 

Figure 11: Typical NO and NO2 concentrations in spark ignited engine exhaust versus 

air/fuel ratio. Reprinted from [27]. 
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In a study of flat methane/air flames, Merryman and Levy [43] found that the 

initial appearance of NO2 occurred very early in the pre-flame reaction zone and 

increased in concentration through the visible flame zone. This work led to the 

conclusion that NO2 is likely formed when HO2 radicals react with NO via reaction (21). 

 

 𝑁𝑂 + 𝐻𝑂2 ⇄ 𝑁𝑂2 + 𝑂𝐻 (21) 

 

Merryman and Levy also observed that for rich and stoichiometric flames, high 

temperatures in the post-flame zone cause NO2 destruction and subsequent conversion 

back to NO, resulting in a corresponding spike in NO concentration. Kinetic modeling 

by Tassitano [44] showed that, for engine-relevant conditions, this destruction is most 

likely to occur through reaction (22); though, at temperatures above 1150 K and in the 

absence of atomic hydrogen, reaction (23) could also be important. Reaction (23) agrees 

with the conversion of NO2 to NO suggested by Heywood.  

 

 𝑁𝑂2 + 𝐻 ⇄ 𝑁𝑂 + 𝑂𝐻 (22) 

 𝑁𝑂2 + 𝑂 ⇄ 𝑁𝑂 + 𝑂2 (23) 

  

The destruction of NO2 at high temperatures explains the general trends observed 

in Figure 11. Since, in most engines, all of the burned gases make it to the high post-

flame temperatures, little NO2 is left behind to be exhausted to the atmosphere. Though, 

while this may be true for open chamber, spark-ignited engines, the complex combustion 
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processes within a large bore, lean-burn, prechambered engine allows for much higher 

NO2/NOx ratios. Often times, these ratios can reach unity for extremely lean operation.  

   

2.4. Engine-Specific NOx Considerations 

2.4.1. Spark Timing 

The spark timing of the engine significantly affects engine NOx emissions and its 

role is well understood. As spark timing advances, combustion occurs earlier within the 

cycle leading to more heat release near or before TDC, this advances the location of 

peak pressure (LoPP) making for higher in-cylinder pressures and in-cylinder 

temperatures. The increase in temperature results in higher thermal NO production 

leading to more engine-out NOx. Retarding the spark timing has the opposite effect. [27]  

   

2.4.2. Prechamber Contribution to NOx 

Prechambers help to reduce overall engine NOx emissions by allowing an engine 

to operate at much leaner equivalence ratios than are possible for an open chamber 

configuration. However, in a study by Olsen and Lisowski [45], it was found that the 

PCC itself is responsible for a significant part of the NOx which is formed in a lean-burn, 

prechambered engine. In that study, the engine was operated first with two PCCs, then 

with one PCC. Results showed that dual PCC operation had roughly 42% higher NOx 

emissions than the single PCC. However, the study also found that PCC NOx levels were 

lower than those measured in the exhaust. This led to the conclusion that PCCs 

contribute to NOx emissions via the jet of burning fuel and air which they expel into the 
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main chamber. The high temperature gases in the jet drive the production of thermal NO, 

leading to a high NOx contribution. The remainder of MCC combustion then contributes 

lower NOx amounts. These physical processes are depicted in Figure 12. 

 

 

Figure 12: Prechamber gas plume contribution to exhaust NOx. Adapted from [45]. 

 

The extent to which a PCC contributes to total exhaust NOx is dependent on 

many factors including PCC volume fraction relative to MCC volume at TDC, 

compression ratio, PCC and MCC equivalence ratios, speed, and load. [46] Though this 

variability leads to different specific PCC contributions across different engines, it is 

widely recognized that the PCC contributes to a majority of total the NOx in lean-burn 

engines. [15] Results from a lean-burn, four-stroke, natural gas engine studied by 

Gringrich et al. [47] showed that the PCC contributed 10% of total NOx at the 

recommended operating point, but upwards of 75% at the engine’s lean limit. The PCC 

NOx further increased as its equivalence ratio was richened. Hiltner and Loetz [46] also 
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found a significant PCC NOx contribution from a lean-burn research engine; between 

60% and 70% of total NOx for most normal operating conditions.   

 

2.4.3. NO2 Survival  

Generally speaking, the ratio of NO2 to NO is small, if not zero, for the exhaust 

of stoichiometric engines. However, this does not extend to lean-burn natural gas 

engines which can have large NO2/NO ratios, particularly at lean conditions. In fact, for 

many cases in which overall exhaust NO concentrations are below 50 ppm, NO2/NO 

ratios can exceed 1. [48] This behavior can be attributed to several aspects regarding the 

unique operation of prechambered, lean-burn engines. 

One reason driving the large survival of NO2 is the relatively small effect that 

leaning has on NO2 relative to NO formation. Though NO is a precursor for NO2, a 

decrease in NO from leaning does not result in a proportional decrease in NO2. This is 

because higher levels of NO inhibit the production of HO2 radicals which are used in 

reaction (21) to form NO2. This then explains why leaning the fuel/air mixture to lower 

NO emissions allows for relatively more NO2 formation, resulting in higher NO2/NO 

ratios. [48] 

Another contributor to the large presence of exhaust NO2 is the existence of 

quenching regions within the cylinder which do not reach high enough temperatures to 

facilitate the destruction of NO2 back to NO via reactions such as (22) and (23). One 

such region could occur in the location where the flame zone is extinguished before 

complete combustion can take place, leaving untouched fuel and air or partial-
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combustion products. This may be due to a pocket of fuel and air which is too lean to 

ignite, or in a small crevice within the cylinder which is too small for the flame to enter. 

A thin volume near the cylinder wall which experiences higher local heat loss may also 

act as a quenching region. Engine modeling by Tassitano [44] showed that crevice 

volumes and wall quenching can account for the lion share of exhaust NO2 in a large 

bore, natural gas engine, in some cases as much as 80% of the total. 

Hilliard and Wheeler [49] noted that the high-stratification in diesel engines 

allows for NO2 to be blown from the flame zone and into cooler cylinder pockets which 

act as quenching regions, leading to higher exhaust NO2. This is different from 

homogeneous, premixed gasoline engines which have smaller low-temperature zones, 

leading to lower exhaust NO2 and higher NO. [49] The same effect of stratification on 

NO2 is likely at play in prechambered natural gas engines. Any NO2 formed in the 

prechamber gases could be blown into quenching zones, resulting in more exhaust NO2.  

 

 

2.5. Engine NOx Modeling 

Compared to the primary products of combustion like CO2 and H2O, accurately 

simulating the formation of NOx species within engines is more difficult and requires a 

greater level of attention. This is due to the dependency of NOx formation on the nature 

of the combustion process and the slower timescales of NO formation reactions. Thus, 

chemical equilibrium is not sufficient for calculating NO concentration when simulating 

NOx formation at engine conditions. [26] Engine modeling results by Caton, in Figure 
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13, show how the instantaneous equilibrium concentration of NO (labeled NOeq) are 

significantly different than the real concentration (labeled NO) during combustion.  

 

 

Figure 13: In-cylinder NO concentration predicted with equilibrium chemistry and 

reaction kinetics. Reprinted from [26]. 

 

 The inadequacy of equilibrium chemistry for NOx predictions calls for the use of 

reaction kinetics with NO mechanisms which more accurately capture the time 

dependency of NO formation. The rate of each reaction is represented by a rate 

coefficient determined by the Arrhenius form given in equation (24).   

 

 
𝑘 = 𝐴𝑇𝑏 exp (−

𝐸𝐴

𝑅𝑢𝑇
) (24) 
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Here, 𝐴 is the pre-exponential factor in cm3/mol-s, b is the temperature exponent, EA is 

the activation energy in cal/mol, T is temperature in K, and Ru is the universal gas 

constant in cal/mol-K. [32]  

 The most ubiquitous approach to modeling NOx emissions for internal 

combustion engines is with the use of the extended Zeldovich mechanism alone. This 

approach is usually taken because of the overwhelming contribution of thermal NO for 

combustion conditions typical of most SI engines with little or no NO formed through 

other mechanisms. Thus, considering only extended Zeldovich reactions results in a 

decent NOx prediction for most SI engines. Further, the extended Zeldovich mechanism 

works well with the equilibrium combustion approach, allowing for NOx predictions 

with small computational expense. [27] 

 Considering all three reactions of the extended Zeldovich mechanism, the rate of 

formation of NO can be found with equation (25). Here, the rate coefficient subscripts 1, 

2, and 3 indicate the reaction in the mechanism and subscripts f and r indicate whether 

the rate coefficient is for the forward or reverse direction.  

 

 𝑑[𝑁𝑂]

𝑑𝑡
= 𝑘1𝑓[𝑂][𝑁2] + 𝑘2𝑓[𝑁][𝑂2] + 𝑘3𝑓[𝑁][𝑂𝐻] − 𝑘1𝑟[𝑁𝑂][𝑁]  

− 𝑘2𝑟[𝑁𝑂][𝑂]  − 𝑘3𝑟[𝑁𝑂][𝐻] 

(25) 

 

Using equilibrium concentrations of O, O2, OH, H, and N2 and assuming a steady state N 

concentration, as discussed by Heywood [27], results in a greatly simplified rate of NO 

formation. 
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Numerous engine modeling studies have used the extended Zeldovich 

mechanism alone to predict NO formation. Since many such models target the NOx 

emissions of stoichiometric, four-stroke engines, use of the extended Zeldovich 

mechanism produces results in excellent agreement with experimental data. [50]   

Raine et al. [51] discussed the selection of rate data to be used with the extended 

Zeldovich mechanism for use in SI engine simulations. These authors evaluated several 

sets of rate data suggested throughout literature and found that very different predictions 

of exhaust NO can be obtained depending on the set used. Some authors have tuned 

published, experimentally-determined rate data in order to arrive at a better match with 

experiments. For example, Lavoie and Blumberg [52] used extended Zeldovich 

mechanism rate data from the work by Baulch et al. [53] but adjusted the rate constant 

for k1 downward by 35% to obtain better agreement with experimental values.  

Pirker et al. [54] used the extended Zeldovich mechanism alone to model NOx 

formation in a GT-Power model of a large, prechambered natural gas engine. The 

authors accounted for fluid motion between the MCC and PCC, allowing for greater 

accuracy in NO concentrations. Results in that work were not compared rigorously 

against experimental data to judge quantitative accuracy with real emissions data. 

Similarly, Hiltner and Loetz [46] used GT-Power to simulate NOx formation in a 

prechambered natural gas engine. These authors also accounted for NO transfer between 

PCC and MCC, but also included the N2O+O→NO+NO reaction from the N2O 

mechanism along with the three extended Zeldovich reactions. Primary products of 
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combustion, such as those used by the extended Zeldovich mechanism, were obtained 

with equilibrium. It is not entirely clear how the concentration of N2O was determined.  

Several other authors have shown that the consideration of thermal NO alone is 

not enough to account for all exhaust NOx for lean SI engines. In work by Lavoie et al. 

[31] the N2O mechanism was included in addition to the extended Zeldovich mechanism 

in a quasi-dimensional model of an engine running at leaner conditions. The N2O 

mechanism showed to contribute nontrivially to total NOx as equivalence ratios 

decreased to 0.8. A larger contribution from extended Zeldovich reactions was observed 

for equivalence ratios of 1 and higher.   

Based on the work by Fenimore [37] discussed earlier, Moore [55] suggested that 

the contribution of prompt NO can be roughly determined by equation (20). Here, 

𝑓(𝐸𝑅) represents a certain function dependent on the fuel/air equivalence ratio, 𝑃 is 

pressure, and [𝑁𝑂 𝑒𝑞𝑢𝑖𝑙]𝐴𝐹𝑇 is the concentration of NO when equilibrium is attained at 

the adiabatic flame temperature of the mixture at the given pressure.  

 

 
𝑃𝑟𝑜𝑚𝑝𝑡[𝑁𝑂] = 𝑓(𝐸𝑅) ∗ 𝑃

1
2 ∗ [𝑁𝑂 𝑒𝑞𝑢𝑖𝑙]𝐴𝐹𝑇 (26) 

 

Dodge et al. [56] used this equation, fitted with an equivalence ratio function 

determined by Corr et al. [57], as part of a NOx formation subroutine in the model of an 

open chamber, lean-burn, natural gas engine operating at equivalence ratios as low as 

0.6. These authors found that the addition of the equation improved the agreement of 

engine-out NOx predictions with experimental data, particularly for the leanest operating 
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conditions which were under predicted with thermal NO alone. For operating conditions 

with equivalence ratios higher than 0.75, thermal NO contributions began to dominate, 

with prompt NO contributions changing negligibly. That said, the authors did note that 

the prompt correlation given by equation (20) may also be including the contribution of 

NO formed through the N2O mechanism. Since the N2O mechanism emerged after 

Fenimore’s work, the NO first attributed to prompt reactions alone may have been 

formed, in part, by N2O pathway reactions. Thus, the correlation used by Dodge et al. 

may have over predicted the actual contribution of prompt NO for those engine 

conditions. [56]   

In work by Pundle [58] all NO formation mechanisms were included in the 

model of a prechambered, large bore, lean-burn, natural gas engine by using a full 

natural gas combustion mechanism. This model included significant detail by dividing 

the cylinder into unburned, burned, and flame front gases, each represented by a 

different chemical reactor with prescribed residence times. MCC and PCC were not 

considered separately in that model, but the prechamber was characterized by a richer 

sub-zone of the unburned gas zone. In the leanest case investigated in that work (430% 

theoretical air), the N2O mechanism accounted for nearly 40% of the engine-out NOx, 

with the rest coming primarily from the extended Zeldovich reactions. Both prompt and 

NNH pathways showed to be weak contributors to engine-out NOx. That work resulted 

in simplified NO formation rate equations for NO formed through thermal and N2O 

pathways where N2O is assumed to be in equilibrium and forms NO through reactions 

with O and H. 
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Other work by Pundle et al. [34] used the same quasi-dimensional model 

framework to simulate an open chamber, large bore, lean-burn natural gas engine. In this 

simulation, only thermal and N2O pathways were considered. Results showed that 

around 30% of NOx was formed via the nitrous oxide mechanism at equivalence ratios 

below 0.6 (above λ≈1.7); the contribution of the mechanism increased with decreasing 

equivalence ratio (increasing λ). 

 

2.6. Variable Fuel Composition Effects 

As mentioned earlier, variations in natural gas composition cause changes in the 

gas’s heating value and reactivity. Reactivity is a general term used here to describe the 

propensity of a fuel to combust under certain conditions, as well as how quickly 

combustion progresses. Two particularly important metrics by which the reactivity of a 

fuel/air mixture can be characterized are through laminar flame speed and ignition delay. 

 

2.6.1. Laminar Flame Speed 

The speed at which the reaction zone, or flame, propagates through a premixed 

fuel/air mixture is described by the flame speed. When reactants enter the flame or are 

engulfed by the flame in laminar flow conditions, the velocity of the flame with respect 

to the reactants is called the laminar flame speed (LFS). Though combustion takes place 

in a turbulent flow field in a SI engine cylinder, the LFS of the fuel/air mixture is still an 

important property which, in part, dictates the rate at which combustion will occur. [27] 



 

36 

 

 The presence of larger chain hydrocarbons in natural gas, such as ethane, works 

to increase the LFS of the mixture. This phenomena is caused by the presence of 

hydrogen and enhanced radicals which form during the combustion of these lower H/C 

ratio hydrocarbons. The participation of such reactive species quickens the combustion 

process. [59] 

 Fieseler [8] carrier out a sensitivity study using the LFS dataset to understand the 

relative impact that different variables have on LFS. The results of this study are 

presented in Table 2. The percent positive and negative values indicate the likelihood 

that an increase in the respective variable will cause an increase or decrease in the 

laminar flame speed, respectively. Thus, the results of the study show that mixture 

properties such as temperature, pressure, and equivalence ratio have the largest effect on 

LFS. A nontrivial sensitivity to fuel species composition is also observed, particularly 

for methane and ethane. Propane and heavier hydrocarbons have a weaker impact.  

 

Table 2: Sensitivity study for LFS with respect to mixture properties and fuel composition. 

Adapted from [8]. 

Variable Sensitivity Percent 

Positive 

Positive 

Magnitude 

Percent 

Negative 

Negative 

Magnitude 

Pressure 0.576 0 0 100 0.5763 

Equiv. Ratio 0.555 90 0.5954 10 0.1883 

Temperature 0.4012 100 0.4012 0 0 

Res. Fraction 0.0226 0 0 100 0.0226 

Methane  0.2211 0 0 100 0.2211 

Ethane  0.1908 100 0.1908 0 0 

Propane 0.0205 100 0.0205 0 0 

Butane 0.0071 100 0.0071 0 0 

Pentane 0.0065 100 0.0065 0 0 
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2.6.2. Ignition Delay 

Ignition delay (ID) describes the amount of time it takes for a fuel/air mixture to 

combustion at certain thermodynamic conditions. While a simple definition, the 

quantitative measurement of ID can be significantly different depending on what is taken 

to be the start of combustion; a definition which varies across fields and applications. 

When experimentally measured in shock tubes or rapid compression machines, ID 

references a start of combustion defined by the initial peak of radical species such OH. 

In spark-ignited engines, such as the pipeline engines considered in this work, the 

extreme local conditions developed by the spark plug result in a start of combustion 

basically coinciding with spark timing. Therefore, ID in engines is often referred to as 

the time until a small, but insignificant, amount of fuel mass has burned, usually within 

1% to 5%. [7]  

 Much like LFS, ID is also affected by the presence of hydrocarbons larger than 

methane. Since C-C bonds, as found in ethane and larger, required less energy to break 

apart than C-H bonds, larger amounts of heavier hydrocarbons (HHCs) result in 

decreased ignition delay time. Methane is made up entirely up C-H bonds which makes 

its ID time much longer. [59] 

 The same study by Fieseler [8] also studied the sensitivity of ID with respect to 

thermodynamic properties and fuel composition. Results are shown in Table 3. The 

sensitivity of ID to independent fuel species is not as readily observed in this study since 

the fuel dependency is represented by methane number (MN). However, an increased 

amount of HHCs results in a lower MN. 
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Table 3: Sensitivity study for ID with respect to mixture properties and fuel composition. 

Adapted from [8]. 

Variable Sensitivity Percent 

Positive 

Positive 

Magnitude 

Percent 

Negative 

Negative 

Magnitude 

Temperature 4.77 0 0 100 4.77 

Pressure 1.12 0 0 100 1.12 

Equiv. Ratio 0.4012 0 0 100 0.076 

MN 0.0399 100 0.0399 0 0 

Res. Fraction 0.00449 100 0.00449 0 0 

 

2.6.3. Engine Operation 

As discussed in the previous sections, changes in the composition of natural gas 

affect combustion properties such as LFS and ID. The end results of increased fuel 

reactivity are similar to that of a more advanced spark timing. In essence, more heat is 

released earlier, higher in-cylinder peak pressures are attained, and in-cylinder 

temperatures increase resulting in more NO formation. Several studies have shown these 

results for a broad range of small, spark-ignited, natural gas engines. [60] [61] [62] 

The effect of fuel reactivity on two-stroke, large bore, lean-burn, engine 

operation and NOx emissions was observed in a study by Ladd et al. [63] which held 

engine operating condition relatively constant while the amount of fuel ethane was 

increased from 5% to 20%. In-cylinder pressure traces from this study are shown in 

Figure 14 and show quicker combustion occurring with larger ethane fraction. This is 

evident from the advance in location of peak pressure and the increase in peak pressure. 

NOx emission values across the ethane sweep showed to increase by roughly 1 g/BHP-

hr, resulting in levels which were out of compliance for the engine. 
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Figure 14: In-cylinder pressure traces as fuel ethane percentage is increased showing 

advancement in LoPP and higher peak pressures. Reprinted from [63]. 
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3. EXPERIMENTAL DATA & MODEL DESCRIPTION 

 

3.1. Field Engine Data Collection 

 Data used for this work was taken from an in-field Cooper-Bessemer GMWH-

10C integral compressor pipeline engine. In total, 17 operating conditions were tested 

which varied in equivalence ratio, ignition timing (IT), and torque. Engine speed was 

kept constant at 250 rpm which is characteristic of typical engine operation. This data 

was collected as part of a previous project phase which used the data to validate a full-

scale engine model of the engine of interest. [8] The GMWH is shown in Figure 15 and 

its specifications are listed in Table 4. 

 

 

Figure 15: Cooper-Bessemer GMWH-10C used for data collection. 
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Table 4: Engine specifications 

Make Cooper-Bessemer 

Model GMWH-10C 

Cycle Two-Stroke 

Rated HP 3,400 

Rated Speed (rpm) 250 

Number of Cylinders 10 

Cylinder Configuration Prechamber (2 per cylinder) 

Configuration V-bank 

Bore (inches) 18 

Stroke (inches) 20 

 

 Operating condition measurements collected included speed, manifold 

temperatures, manifold pressures, air flow rate, fuel flow rate, turbocharger speed, fuel 

composition, and ambient conditions. These measurements, and basic knowledge of the 

engine geometry can be used to calculate what is referred to as the trapped equivalence 

ratio (TER), which is a measure of the effective global engine equivalence ratio. The 

TER adjusts the approximation of fuel/air equivalence ratio from bulk mass flows to 

account for the aspects of operating condition which may affect the actual in-cylinder 

equivalence ratio at port closure. This parameter is used in the TER control method 

which has been used for pipeline engine control for the past 20 years. [12] The torque of 

the engine is calculated on a percentage-basis of rated engine torque (71,427 lbf-ft) and 

IT is given in terms of degrees before top dead center (°bTDC) and has a nominal value 

of 3.5 °bTDC for this engine. 
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Exhaust emissions data includes values for O2, CO, total hydrocarbons (THC), 

NO, and NO2. NOx species were recorded on a parts per million, dry basis (ppmd). The 

17 runs and their respective TER, IT, torque, NO, and NO2 values are given in Table 5.  

It is noted that all NOx emissions came in the form of NO2 except for the two 

richest cases, Run-15 and Run-16. This data demonstrates the large NO2/NOx ratios that 

are typical for large bore, lean-burn, prechambered engines, as discussed in section 

2.4.3. It should also be mentioned that Runs 15 and 16, while within reasonable NOx 

regulation levels, are rather uncharacteristic of this engine’s normal operation, with NOx 

values being ~10x larger than the other 15 runs in which are more representative. 

 

Table 5: Summary of operating points tested and respective NO/NO2 emissions. 

 TER IT (°bTDC) Torque (%) NO (ppmd) NO2 (ppmd) 

Run-1 0.399 3.5 76 0.0 7.8 

Run-2 0.403 3.5 86 0.0 9.5 

Run-3 0.400 3.0 83 0.0 8.3 

Run-4 0.410 3.5 91 0.0 11.5 

Run-5 0.405 4.0 91 0.0 12.9 

Run-6 0.409 4.5 91 0.0 14.4 

Run-7 0.410 5.0 90 0.0 15.5 

Run-8 0.407 3.5 88 0.0 10.5 

Run-9 0.410 3.0 89 0.0 11.2 

Run-10 0.421 2.5 90 0.0 11.4 

Run-11 0.408 3.5 96 0.0 14.3 

Run-12 0.401 3.5 91 0.0 10.4 

Run-13 0.378 3.5 90 0.0 9.7 

Run-14 0.421 3.5 90 0.0 19.1 

Run-15 0.466 3.5 91 115.0 22.9 

Run-16 0.470 3.5 92 143.0 22.8 

Run-17 0.401 2.0 84 0.0 8.0 
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Since the engine data was collected over a short, two-day span, the fuel 

composition across the runs were very similar and revealed little to no changes in the 

mole fractions of methane, ethane, or propane. Nonetheless, the exact compositions were 

recorded and used in all engine modeling work utilizing the dataset. 

 

3.2. Engine Model Description 

This work improves on the full-scale engine model of the Cooper-Bessemer 

GMWH-10C mentioned in the previous section. This model was created as part of the 

Master’s thesis work of Fieseler [28] which aimed to develop a detailed pipeline engine 

model that could predictively modify combustion characteristics to account for fuel 

composition changes. Though the real engine has PCCs, this model represents the engine 

as having OCC construction. The lack of initial ignition energy that the PCCs would 

provide are made up for with an enlarged simulated spark size which quickens the flame 

kernel growth. This approach resulted in acceptable agreement with experimental data. 

The model was validated for performance with the experimental data discussed earlier, 

but NOx emissions predictions and accuracy were not attempted. Further, the lack of 

natural gas variability in the experimental data did not allow for the validation of model 

performance under variable fuel cases. [28] 

Specific details about GT-Power, the GMWH model, and model validation can 

be found in the cited thesis by Fieseler [28], but the aspects which are most relevant to 

this work will be discussed next. 
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3.2.1. Combustion 

The GMW model in this work uses a two-zone, predictive, spark-ignition, 

turbulent flame combustion model. This model is intended for simulating homogeneous 

charge, spark-ignited engines and is predictive in the sense that the burn rate is 

calculated throughout combustion based on in-cylinder properties, as opposed to being 

prescribed based on a Wiebe function in a non-predictive model. [29]   

The amount of mass transferred from the unburned zone to the burned zone in 

each simulation time step is dictated by the burn rate calculated in equation (27). This 

equation is dependent on the unburned mass entrained (Me) and a time constant (τ) 

which are each determined through equations (28) and (29), respectively.  

 

 𝑑𝑀𝑏

𝑑𝑡
=

𝑀𝑒 − 𝑀𝑏

𝜏
 (27) 

 𝑑𝑀𝑒

𝑑𝑡
= 𝜌𝑢𝐴𝑒(𝑆𝑇 + 𝑆𝐿) (28) 

 
𝜏 =

𝜆

𝑆𝐿
 (29) 

 

 

In these equations, 𝑀𝑏 is the burned mass, 𝜏 is the time constant, 𝑀𝑒 is the unburned 

mixture entrained mass,  𝜌𝑢 is the density of the unburned mass, 𝐴𝑒 is the flame front 

surface area, 𝑆𝑇 is the turbulent flame speed, 𝑆𝐿 is the laminar flame speed, and  𝜆 is the 

Taylor microscale length. [29] 
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 The laminar flame speed value used in the model calculated using equations (30) 

and (31). Coefficients in these equation were expanded by Fieseler [8] to be functions of 

fuel species mole fractions. Thus, the model is able to adjust the laminar flame speed for 

fuel composition in addition to temperature, pressure, equivalence ratio, and residual 

fraction.  

 
𝑆𝐿

𝑜 = (𝐵𝑚 + 𝐵𝜙(𝜙 − 𝜙𝑚)2) (
𝑇

𝑇𝑟𝑒𝑓
)

𝛼

(
𝑃

𝑃𝑟𝑒𝑓
)

𝛽

 (𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛) (30) 

 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 =  1 − 0.75𝐷(1 − (1 − 0.75 ∗ 𝐷 ∗ 𝑋𝑟𝑒𝑠)7) (31) 

   

A similar approach was taken by Fieseler for modeling ID, but the equation was not 

implemented in the GT-Power due to software limitations. Therefore, the GT-Power 

model currently only accounts for fuel effects on LFS.  

 

3.2.2. NOx Emissions 

As mentioned in section 3.2.1, GT-Power uses chemical equilibrium to obtain 

concentrations of 13 product species, including NO, at each simulation time step. 

However, as discussed in section 2.1, equilibrium concentrations of NO are not reliable. 

For this reason, GT-Power offers several options for achieving more accurate NOx 

predictions.  

One method by which NOx can be predicted in GT-Power is through the use of a 

built-in extended Zeldovich mechanism subroutine.  The mechanism uses reaction rate 
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coefficients calculated using the Arrhenius form and rate data cited by Heywood [27]. 

The subroutine is summarized in Table 6.  

 

Table 6: GT-Power extended Zeldovich mechanism subroutine reaction rate coefficients. 

Adapted from [29]. 

Reaction Reaction Rate Coefficient (m3/kmol-s) 

𝑂 + 𝑁2 ⇄ 𝑁𝑂 + 𝑁 
𝑘1 = 𝐹1 ∗ 7.60𝑒10 ∗ exp (

−38000 ∗ 𝐶1

𝑇𝑏
) 

𝑁 + 𝑂2 ⇄ 𝑁𝑂 + 𝑂 
𝑘1 = 𝐹2 ∗ 6.40𝑒6 ∗ 𝑇𝑏 ∗ exp (

−3150 ∗ 𝐶2

𝑇𝑏
) 

𝑁 + 𝑂𝐻 ⇄ 𝑁𝑂 + 𝐻 𝑘3 = 𝐹3 ∗ 4.10𝑒10 

 

It is noted that emission of nitrogen oxides are reported as “NOx” when using the 

subroutine, but no NO2 formation pathways are included. Overall reaction rate 

multipliers (𝐹1, 𝐹2, 𝐹3) and activation energy multipliers (𝐶1, 𝐶2) are provided to tune the 

reaction rates so that simulated NOx values better align with experimental NOx data. The 

user also has the option of creating their own NOx subroutine by prescribing reactions 

and the respective rate data. [29] 

Alternatively, all equilibrium chemistry in the model can be overridden 

completely by implementing a combustion mechanism for use in governing burned zone 

kinetics. In this way, reaction kinetics calculations are used to calculate the species 

concentrations in the burned zone of the model. GT-Power allows for the use of any 

combustion mechanism constructed in CHEMKIN II format and solves the in-cylinder 

kinetics with a 3-state, 5th order RADAU ODE solver. Overriding burned zone 



 

47 

 

equilibrium allows for the most flexibility in predicting NOx since other NO-forming 

pathways besides the extended Zeldovich mechanism can be included, in addition to 

pathways for NO2 formation. [29] 

The work presented in the results of this paper explore these different options for 

obtaining NOx in order to arrive at accurate predictions. Results from the various 

methods helped to guide subsequent approaches at NOx predictions. These are discussed 

in section 4.  
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4. RESULTS: NOX MODELING IMPLEMENTATION 

Implementation of NOx predictions in the GT-Power model was carried out 

through several different approaches. In all cases, however, the prediction of NOx from 

the model was assessed and tuned based on experimental total NOx data which shared 

the same nominal spark timing of 3.5°bTDC. This approach was taken to get a baseline 

for the performance of the NOx predictions without the effect of spark timing coming 

into play. Additionally, all 10 nominal runs have NOx emissions within regulation 

values, but the eight leanest runs were used more heavily for assessment. Since Run-15 

and Run-16 are much richer than normal engine operation, they were only used in 

making broad conclusions about the model.  

 

4.1. Extended Zeldovich Mechanism 

Initial addition of NOx predictions to the GT-Power model was achieved with the 

use of the provided extended Zeldovich mechanism subroutine in the software. As 

explained in section 3.2.2, this subroutine can be used when combustion is simulated 

with equilibrium and simply calculates NO via the three reactions of the extended 

Zeldovich mechanism. These initial results are presented in Figure 16 and Figure 17 

where NOx values are plotted versus the experimental TER. Since some data points have 

near-equal TER values, data will primarily be presented in the form of Figure 18 which 

shows NOx values for each run in the order of increasing TER; this helps to spread the 

data points for easier inspection. 
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Figure 16: Experimental NOx and predicted NOx, versus experimental TER, using GT-

Power extended Zeldovich subroutine. 

 

 

Figure 17: Experimental NOx and predicted NOx, versus experimental TER, using GT-

Power extended Zeldovich subroutine. 8 leanest cases. 
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Figure 18: (Left) Experimental NOx and predicted NOx, versus experimental run, using 

GT-Power extended Zeldovich subroutine. (Right) 8 leanest cases. 

 

The results show that NOx is under predicted for the leanest cases and over 

predicted for the richest cases when using the extended Zeldovich mechanism. That said, 

use of the mechanism does capture the trend in exhaust NOx behavior as equivalence 

ratio increases. This indicates that the temperatures within the model are behaving 

appropriately as the conditions become richer. 

It is noted that the error in predicted NOx for the lean cases is quite small on a 

concentration basis, only being under predicted by an average of ~5.5 ppmd. However, 

for many of the lean cases, this error amounts to a 50% under prediction or more. The 

results of Figure 16 through Figure 18 also show that the concentration errors in 

predicted values are consistently outside of the measurement accuracy. Together, these 

indicate that, while the extended Zeldovich mechanism alone can capture the general 

trends in NOx, improvements could be made to make predictions more accurate. 
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4.1.1. Extended Zeldovich Rate Data Comparison  

 NOx predictions were investigated further with the use of different extended 

Zeldovich reaction rate data found in literature. As discussed in rate data investigation 

by Raine et al. [51], different sets of accepted Zeldovich rate data found throughout 

literature can yield drastically different results when used for predicting NOx emissions 

from internal combustion engines. Thus, it was thought that a different set may provide 

more accurate results than those cited from Heywood. The sets of rate data investigated 

here originate from Miller and Bowman [64], Hanson and Salimian [65], GRI-Mech2.11 

[66], GRI-Mech3.0 [67], Dean and Bozzelli [68], Blumberg and Kummer [50], Lavoie 

and Blumberg [52], and Glarborg et al. [69]. These sets are summarized in  

Table 7.  

 Reaction rate datasets were implemented in GT-Power using a subroutine similar 

to that tried initially; however, the rate data is supplied to the software in the form of a 

data file constructed in CHEMKIN format which indicates the species, reactions, and the 

Arrhenius rate coefficient constants A, b, and EA. Results when using the various datasets 

are shown in Figure 19 and Figure 20.  
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Figure 19: Comparison extended Zeldovich rate datasets found in literature. 

 

 

Figure 20: Comparison of extended Zeldovich rate datasets. 8 leanest cases. 
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Table 7: Investigated sets of extended Zeldovich mechanism rate data. 

Authors Reaction A (cm3/mol-s) b EA (cal/mol) 

Miller and 

Bowman 

N+NO→N2+O 3.27x1012 0.3 0.0 

N+O2→NO+O 6.40x109 1.0 6279.0 

N+OH→NO+H 3.80x1013 0.0 0.0 

Hanson and 

Salimian1 

N+NO→N2+O 3.80x1013 0.0 735.0 

N+O2→NO+O 1.60x1010 1.0 8882.0 

N+OH→NO+H 5.40x1013 0.0 3418.0 

GRI-Mech2.11 

N+NO→N2+O 3.50x1013 0.0 330.0 

N+O2→NO+O 2.65x1012 0.0 6410.0 

N+OH→NO+H 7.33x1013 0.0 1121.0 

GRI-Mech3.0 

N+NO→N2+O 2.70x1013 0.0 355.0 

N+O2→NO+O 9.00x109 1.0 6500.0 

N+OH→NO+H 3.36x1013 0.0 385.0 

Dean and 

Bozzelli 

N+NO→N2+O 4.11x1013 0.0 1421.0 

N+O2→NO+O 9.0x109 1.0 6497.0 

N+OH→NO+H 1.10x1014 0.0 1123.0 

Blumberg and 

Kummer 

N+NO→N2+O 1.32x1013 0.0 0.0 

N+O2→NO+O 1.81x108 1.5 5961.0 

N+OH→NO+H 4.20x1013 0.0 0.0 

Lavoie and 

Blumberg 

N+NO→N2+O 1.00x1013 0.0 0.0 

N+O2→NO+O 6.40x109 1.0 6259.0 

N+OH→NO+H 4.10x1013 0.0 0.0 
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Table 7 Continued 

Authors Reaction A (cm3/mol-s) b EA (cal/mol) 

Glarborg et al. 

N+NO→N2+O 9.40x1012 0.14 0.0 

N+O2→NO+O 6.40x109 1.0 6280.0 

N+OH→NO+H 3.80x1013 0.0 0.0 

1 From Raine et al. [51] which includes reverse reaction data from Hanson and Salimian  

 

The rate data comparison shows that very different predictions of NOx emissions 

are produced between certain sets, but all sets follow the same relative trend from run to 

run. The discrepancy between datasets is observed well in the comparison of the k1 

values from each set when plotted over the appropriate range of burned gas 

temperatures, as shown in Figure 21. Since k1 is most influential on the mechanism, NOx 

predictions trend in the same way for a given TER (or temperature). 

 

 

Figure 21: log(k1) for various extended Zeldovich rate data versus temperature 
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Figure 22 shows the mean absolute errors (MAE) for the 9 sets of rate data. 

Three MAEs are reported for each set; one for all 10 nominal cases, one for the two 

richest cases, and one for the eight leanest cases. It was necessary to investigate these 

independently since the extreme errors in rich cases can be masked in the total MAE by 

the smaller errors in the eight lean cases. The MAEs for the eight leanest cases, also the 

more representative cases, are also shown separately in Figure 23. 

 

 

Figure 22: MAEs for each set of extended Zeldovich rate data. 
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Figure 23: MAEs for lean runs using 9 set of rate data. 

 

Error results indicate that rate data from GRI-Mech3.0 and Glarborg et al. lead to 

the lowest MAEs for the lean cases, but have among the worst overall MAEs due to their 

large over predictions at rich conditions. However, rate data from Blumberg and 

Kummer, Lavoie and Blumberg, and Heywood have the worst lean MAEs due to their 

under predictions, but have the best overall MAEs since the richest cases follow 

experimental values much more closely.   

The excellent lean-case agreement with rate data such as from GRI-Mech3.0 

could indicate that NOx formation for the real engine is heavily dictated by the activity 

of thermal NO. Though the model is a 0D open chamber representation of the engine, 

the trends in model temperatures clearly allow for decent predictions of NOx formation 

when considering only the extended Zeldovich mechanism. That said, as conditions 

become richer, the performance of the GRI rate data worsens. This is mostly attributed 

to the inability of the model to account for the stratification in the real engine which 
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helps to keep NOx formation low. Since global temperatures in the model are likely 

higher overall than the real engine, this could result in an over prediction of NOx like 

that observed here. The functionality for the k1 values from Lavoie and Blumberg, 

Blumberg and Kummer, and Heywood help to keep NOx formation lower at the richer 

conditions, making for a better overall prediction, but result in under predictions for the 

eight leanest cases more typical of the engine’s operation. 

 Overall, this study shows that it is possible that a set of extended Zeldovich rate 

data could be selected to achieve relatively accurate NOx predictions from the engine for 

typical conditions. That said, it is known from literature that extremely lean conditions 

lead to nontrivial contributions of NOx from other pathways. This fact may lead to errors 

if thermal NO is considered alone and warranted further investigation into the possible 

contributions of other NO pathways, as predicted by the model. 

 

4.2. Full Mechanism Implementation 

To investigate the importance of other NO pathways at engine conditions, the full 

GRI 3.0 mechanism was used in GT-Power’s burned zone kinetics. This way, the 

equilibrium reactions for combustion are overridden and product concentrations are 

calculated with the mechanism at the burned zone gas conditions. The mechanism does 

not affect the burn rate or any other combustion parameters. 

GRI-Mech3.0, with 325 reactions and 53 species, was chosen for several reasons. 

Most importantly, the mechanism includes reactions for all four primary NO pathways. 

Since the mechanism’s thermal NO sub-mechanism resulted in the lowest MAE for 
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normal conditions, it was desirable to see how use of the entire mechanism would 

change predictions. Additionally, the GRI mechanism includes formation and 

destruction reactions for NO2 which was also briefly analyzed, but not scrutinized, since 

total NOx predictions were of most concern. Lastly, the moderate size of the mechanism 

allowed for reasonable computation times of the simulation. Figure 24 shows NOx 

predictions for the 10 nominal cases. 

 

Figure 24: (Left) Experimental NOx and predicted NOx, versus experimental run, using full 

GRI-Mech3.0. (Right) 8 leanest cases. 

 

When using the GRI mechanism, lean cases were moderately over predicted and 

the richest cases experienced severe over predictions. Once again, these errors are 

primarily attributed to the limitations in capturing the combustion in a prechambered 

engine. However, with all relevant NO pathways included in the predictions, further 

assessment could be made about the importance of non-thermal reactions at model 

conditions. NO2 predictions gave insight to additional limitations of the model and, 

though not of major importance to the main work, are discussed in Appendix A. 
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4.2.1. NO Pathway Contributions 

Contributions from the different NO pathways were investigated to understand 

how the reaction kinetics were behaving in response to the wide TER range for the 10 

nominal runs. Contributions were identified through deactivation of each NO mechanism 

within the GRI mechanism. Calculating the difference in NOx between the full GRI 

mechanism and the modified mechanism then provided the contribution from the 

respective pathway. Figure 25 shows the pathway contributions across the 10 nominal 

runs in terms of a percentage of the total NOx level predicted with the full mechanism. 

 

 

Figure 25: Stacked contributions of the 4 primary NO mechanisms to total NOx prediction 

for each nominal run using GRI-Mech3.0. 

 



 

60 

 

The pathway contributions indicate several salient points. First, it is seen that the 

nitrous oxide mechanism contributes nontrivially across the TER range and even 

accounts for as much as >35% of total NOx for the leanest condition. This contribution 

decreases as TER richens and the thermal NO contribution increases. Additionally, it is 

seen that, for all cases, the prompt and NNH mechanisms contribute negligibly to total 

NOx, each contributing <5% for all runs. It was observed that the thermal NO 

contributions were slightly larger than those obtained when using the GRI-Mech3.0 

extended Zeldovich rate data with equilibrium combustion in section 4.1. This is likely 

explained by a slightly higher burned gas temperature reached with the GRI mechanism, 

as well as differences in the burned zone concentrations used for thermal NO production.   

 

4.2.1.1. Pathway Reaction Analysis 

In addition to overall pathway contributions, it was desirable to know which 

reactions were driving NO formation across all conditions, particularly for the N2O 

mechanism, in order to draw comparisons to more detailed models from literature. GT-

Power does not currently include a way to view individual reaction rates of production in 

the burned zone gas; therefore, a separate approach was taken which utilized 

CHEMKIN’s spark-ignited engine module to recreate the cylinder-1 pressure and burned 

gas temperature profiles as calculated by GT-Power.  

Pressure and burned temperature profiles for Runs 13 and 15 (lean and rich runs) 

were matched as closely in CHEMKIN with the use of Wiebe function burn rate 

parameters. Perfect matches were difficult to obtain due to other tuning multipliers 
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available in GT-Power which affect the burn rate and heat transfer characteristics. 

Nonetheless, acceptable matches were obtained which closely mimicked the GT-Power 

results and produced similar in-cylinder NOx profiles as well. Figure 26, Figure 27, and 

Figure 28 show how these profiles match for Run-13. Table 8 summarizes the key 

pressure and temperature values for both simulations to highlight their minor 

differences. Profiles for Run-15 are provided in Appendix B. 

 

Table 8: GT-Power and CHEMKIN pressure and temperature parameters. 

 RUN-13 RUN-15 

Software CHEMKIN GT-P CHEMKIN GT-P 

Peak Pressure (bar) 43.41 43.48 43.55 43.87 

LoPP (°aTDC) 20.2 22.5 16.0 18.6 

Peak Temperature (K) 1930 1905 2142 2123 

 

 

Figure 26: Simulated in-cylinder pressure using GT-Power and reproduced pressure using 

CHEMKIN for Run-13. 
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Figure 27: Simulated burned zone gas temperature using GT-Power and reproduced 

burned temperature using CHEMKIN for Run-13. 

 

 

Figure 28: Simulated in-cylinder NOx using GT-Power and reproduced in-cylinder NOx 

using CHEMKIN for Run-13. 

 

 From this point, CHEMKIN’s reaction path analyzer was used to investigate the 

prominent NO reactions for the two conditions, as inspired by the approach of Pundle 

[58]. Figure 29 shows the paths to NO in the burned zone for Run-13 at the peak of NO 

production. Arrow thickness is proportional to the absolute rate of production (ROP).  
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Figure 29: Pathways to NO for the leanest condition, Run-13. 

 

 Figure 30 shows the reactions involving NO and their absolute ROPs. The two 

highest producing reactions are the first two reactions of the extended Zeldovich 

mechanism. The third highest producing reaction comes from the N2O mechanism and 

has just slightly lower ROP than those of the first two thermal NO reactions. These 

results are consistent with the overall contributions explored earlier. By far, these top 

three reactions produce the most NO, with the fourth highest producing reaction (also 

from the N2O mechanism) having an ROP less than one tenth that of the third reaction. 

ROPs for reactions involving N2O are shown in Figure 31 to confirm that the N2O used 

for NO production primarily originates from the three-body reaction with N2 and O.  
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Figure 30: ROPs of the most prominent NO reactions in leanest condition, Run-13. 

  

 

Figure 31: ROPs of the most prominent N2O reactions in leanest condition, Run-13. 

 

 The NO chemical paths for Run-15 are basically identical to those of Run-13, 

with different ROPs and reaction rankings.  Figure 32 shows the reactions involving NO 

and their absolute ROPs for Run-15. The three highest producing reactions are identical 

to those for Run-13; however, a dramatic relative decrease is observed in the ROP of the 

third reaction. Here, the N2O reaction to NO has an ROP less than half of either of the 

extended Zeldovich reactions. This also aligns with the overall contribution results from 

𝐦𝐨𝐥

𝐜𝐦𝟑𝐬
 

𝐦𝐨𝐥

𝐜𝐦𝟑𝐬
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GT-Power discussed earlier. Figure 31 shows that, like the lean condition, the N2O 

originates from the three-body reaction with N2 and O. 

 The reaction N2O+H↔NH+NO, from the N2O mechanism, appears to also 

participate nontrivially in the formation of NO for both conditions, but more so for the 

richer Run-15. This is also observed in Figure 33 which indicates that a fair amount of 

N2O is used up by the reaction. In the case of Run-13, this reaction even out produces 

the third reaction of the extended Zeldovich mechanism (N+OH↔NO+H).  

  

 

Figure 32: ROPs of the most prominent NO reactions in rich condition, Run-15. 

 

 

𝐦𝐨𝐥

𝐜𝐦𝟑𝐬
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Figure 33: ROPs of the most prominent N2O reactions in rich condition, Run-15. 

 

4.3. Reduced NOx Mechanism 

Results from the mechanism contribution and reaction pathway analysis indicate 

that the extended Zeldovich mechanism and N2O mechanism account for most of the NO 

produced in the model for the leanest and richest conditions simulated. This 

complements the findings of other authors in literature, some of whom more accurately 

modeled the in-cylinder combustion process and emissions formation of similar engines. 

Therefore, these results confirm that the 0D/1D, two-zone model, while limited, is able 

to retain representative behavior of the real engine and more advanced models. 

Additionally, from the pathway analysis, it is seen that three notable reactions 

appear to facilitate the formation of most N2O-formed NO in the model which also 

agrees well with literature findings. This indicates that simulating NOx production in the 

GT-Power model could be achieved with a simple set of the important reactions noted 

from the CHEMKIN pathway analysis at the engine conditions. The reactions identified 

for primary NO production are summarized in Table 9. 

 

𝐦𝐨𝐥

𝐜𝐦𝟑𝐬
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Table 9: Primary reactions identified for use in NOx mechanism. 

Extended Zeldovich Mechanism NOTE 

𝑁 + 𝑁𝑂 ↔ 𝑁2 + 𝑂 

Forms the most NO for leanest and 

richest cases. 

𝑁 + 𝑂2 ↔ 𝑁𝑂 + 𝑂 

Forms second-most NO for leanest and 

richest cases. 

𝑁 + 𝑂𝐻 ↔ 𝑁𝑂 + 𝐻 

Mostly important for NO formation at 

richest cases. 

N2O Mechanism NOTE 

𝑁2𝑂(+𝑀) ↔ 𝑁2 + 𝑂(+𝑀) 

Forms the most N2O for leanest and 

richest cases. 

𝑁2𝑂 + 𝑂 ↔ 2𝑁𝑂 

Forms third-most NO for leanest and 

richest cases. 

𝑁𝐻 + 𝑁𝑂 ↔ 𝑁2𝑂 + 𝐻 

Small but nontrivial NO production at 

both cases, more important for richest. 

 

The advantage of using the simplified set of reactions in Table 9 is that they can 

be used with GT-Power’s default equilibrium combustion without the need for oxidation 

reactions in burned zone kinetics. In this case, concentrations of N, N2, O, O2, H, and 

OH are calculated through equilibrium. All other species are then determined through 

kinetics. The lack of full oxidation kinetics reduces simulation run times from ~65 

minutes (with full GRI mechanism) to ~5 minutes per operating condition.  
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Including the last reaction, which produces NH, necessitates the use of additional 

reactions in order to be used by the software. In work discussed earlier [34] [35] [58] the 

NH produced from this reaction is assumed to react completely to NO, which is 

acceptable for lean, premixed combustion. Here, two additional reactions are included in 

the reduced NOx mechanism to promote the conversion of NH to NO; these are 

 

 𝑁𝐻 + 𝑂2 ↔ 𝑁𝑂 + 𝑂𝐻 (32) 

 𝑁𝐻 + 𝑂 ↔ 𝑁𝑂 + 𝐻 (33) 

  

These reactions were chosen due to their forward procession to NO observed in 

CHEMKIN, as well as their usage of only NH, NO, and species included in equilibrium. 

There was also a prominent pathway from NH to NO which included HNO, but this 

pathway relied on other intermediate species. The reactions chosen to represent the N2O 

mechanism account for the majority of its NO contribution for the modeled conditions. 

Two reduced NOx mechanisms were developed using the reactions identified in 

the previous section. Each mechanism uses the N2O rate data from the GRI mechanism, 

but use different sets of extended Zeldovich rate data. One mechanism, labeled 

B&K/N2O, uses the extended Zeldovich rate data cited by Blumberg and Kummer [50]. 

The other mechanism, L&B/N2O, uses extended Zeldovich rate data cited by Lavoie and 

Blumberg [52]. These sets of thermal rate data were chosen because of their best overall 

MAEs, but clear under predictions in the leaner cases when used alone. Results from 

using the two improved mechanisms are shown in Figure 34. 



 

69 

 

 

Figure 34: (Left) Measured NOx and simulated NOx when using two reduced NOx 

mechanisms with different thermal rate data. (Right) 8 leanest cases. 

 

 Overall, the two mechanisms lead to improved results, particularly for the lean 

cases. As seen in Figure 35, both lean MAEs decrease by over 50% when the N2O 

mechanism is included. Each mechanism also achieves a slightly smaller error for the 

eight leanest cases than that obtained with the GRI thermal mechanism alone. 

 These mechanisms clearly satisfy the prediction needs for the model. A 

noticeable over prediction is still observed in the two richest conditions, but the 

agreement for these runs is still greatly improved. Further, it is possible that a single 

mechanism, as proposed here, may not be able to produce adequate NOx predictions 

across a large TER range unless additional tuning is utilized. This may simply be a result 

of the barriers inherent to the 0D, two-zone modeling approach used here. Nonetheless, 

conditions like Run-15 and 16 are uncommon to this engine, making their accuracy less 

important for most studies.  
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Figure 35: MAEs of two best extended Zeldovich rate datasets with and without the 

inclusion of the N2O mechanism. 

 

 Figure 36 compares the NOx predictions obtained with GRI thermal NO and the 

best reduced mechanism using rate data from Blumberg and Kummer. As indicated 

earlier, improvements with the reduced mechanism are minor, but undoubtedly show 

slightly better agreement at the leanest and richest ends where the GRI thermal 

mechanism alone tends to under predict and over predict, respectively. 

 

Figure 36: Comparison of reduced mechanism and GRI-Mech3.0 thermal NO. 
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4.4. Full Mechanism Reduction 

An attempt was made at creating reduced combustion mechanisms using the 

reproduced CHEMKIN cycles and the software’s mechanism reduction tool. With a 

reduced mechanism, burned zone kinetics in GT-Power could still include other 

reactions which affect NOx formation, without including too many unimportant species 

or steps. Thus, simulation times could be reduced while still retaining NOx predictions 

similar to the full mechanism. Use of a reduced combustion mechanism was explored 

but abandoned here due to several limitations. Appendix C discusses that approach.  

 

4.5. Discussion of Further Tuning 

The reduced NOx mechanism approach discussed in the previous section allows 

for reasonably accurate predictions of NOx in an acceptable amount of time. That said, 

the contributions of the thermal and N2O pathways are dictated solely by the rate 

coefficients which resulted in the best overall fit. This means that the model may not 

entirely represent the contributions of the various pathways in an accurate manner. This 

is important to consider when engine-specific changes are made which could affect the 

contributions of these pathways, affecting overall predictions.  

To overcome these limitations, a crude tuning method can be employed to adjust 

the mechanism contributions, if necessary. Such a method could include tuning factors 

(𝛼𝑍𝐸𝐿𝐷, 𝛼𝑁2𝑂) multiplied to the reaction rate coefficients of the two most important 

thermal and N2O pathway reactions, as show in  Table 10. Multipliers could be 
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determined by minimization of error or from knowledge of the pathway contributions 

found with a more accurate engine model.  

Table 10: Tuning method for thermal and N2O NOx formation 

Reaction Reaction Rate Coefficient  Rate Data 

𝑁𝑂 + 𝑁 ⇄ 𝑁2 + 𝑂 𝑘 = 𝜶𝒁𝑬𝑳𝑫 ∗ 1.32𝑒13 

Blumberg & 

Kummer 

𝑁2𝑂 + 𝑂 ↔ 2𝑁𝑂 𝑘1 = 𝜶𝑵𝟐𝑶 ∗ 2.9𝑒13 ∗ exp (
−23150

𝑅 𝑇𝑏
) GRI-Mech3.0 

 

A tuning approach was briefly explored here which makes an attempt at adding 

additional consideration for the real engine processes. This approach attempts to 

quantify the contributions of PCC and MCC-formed NO separately by recognizing the 

stratification experienced in a prechambered engine. As depicted in Figure 37, it is 

assumed that a fraction of total NOx can be attributed to PCC gases ( 𝒙𝑵𝑶𝒙,𝑷𝑪𝑪), and a 

fraction of total NOx can be attributed to MCC gases ( 𝒙𝑵𝑶𝒙,𝑴𝑪𝑪).  

 

 

Figure 37: NOx fractions assumed from stratification. 
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 It is known that the PCC contributes most of the NOx at lean engine operating 

conditions. Further, since the PCC operates at near-stoichiometric equivalence ratios, the 

combustion of its gases likely produce NO primarily through the thermal pathway. 

Additionally, the MCC operates well below stoichiometric levels at the lean limit, 

meaning that combustion of its gases may form non-trivial NO through the N2O 

pathway. Thus, it could be said that there is some lower bound for the amount of thermal 

NO formed in the engine at the leanest conditions; this bound being nearly equal to the 

NO formed from the stoichiometric PCC.  

This methodology led to an attempt at tuning the reduced mechanism in 

accordance with estimates for PCC NOx contributions found in literature. Here, the 

multipliers were adjusted until 70% of total NOx was formed through the extended 

Zeldovich mechanism and 30% was formed through the N2O mechanism for the leanest 

condition, Run-13. Results from this tuning are show in Figure 38. Contributions from 

the full GRI mechanism, the B&K/N2O reduced mechanism, and the PCC-tuned reduced 

mechanism are shown in Figure 39. 

Tuning to a PCC contribution does not improve predictions from the reduced 

mechanism, but the addition of the N2O mechanism still allows for improvements over 

the GRI thermal mechanism alone. Thus, the un-tuned B&K/N2O mechanism is still 

identified as the best mechanism for this modeling; however, the tuning process may be 

useful for another engine. 
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Figure 38: NOx predictions for GRI thermal NO alone, B&K/N2O, and tuned B&K/N2O. 

 

 

Figure 39: Zeldovich and N2O contributions to total NOx for full GRI-Mech3.0, B&K/N2O, 

and tuned B&K/N2O. 
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5. RESULTS: NOX PREDICTION PERFORMANCE 

5.1. Predictions for Various Spark Timing 

The unmodified, B&K/N2O mechanism discussed in the previous section is 

assessed further in this section with the seven additional experimental runs not used for 

tuning. These runs also sit well within the normal operating range of the engine, but 

differ in spark timing from the nominal runs used for tuning. Since NOx formation is 

heavily affected by spark timing, it was important to see how the method chosen would 

perform for these cases. 

 NOx predictions for the seven additional runs are shown in Figure 40 along with 

measured NOx values. The results show good agreement with experimental values, lying 

acceptably within the measurement accuracy. This shows that the model and NOx 

mechanism work well even for changes in spark timing.  

 

Figure 40: NOx predictions for 7 additional runs with varying spark timing. 
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 For a more comprehensive look, NOx predictions for all characteristic runs are 

observed in Figure 41. Here it is observed that nearly all predictions fall well within the 

measurement accuracy, resulting in a MAE of 2.52 ppmd.  

 

Figure 41: NOx predictions for all lean runs when using chosen NOx mechanism. 

 

 Three pairs of runs were observed further to more fully understand the effect that 

spark timing changes have on reaction kinetics in the model. The runs compared are 17 

and 12, 7 and 4, and 14 and 10; they are summarized in Table 11. As seen there, each 

respective pair of points has nearly the same TER and torque, but differing spark 

timings. Thus, changes in NOx between the respective pairs should be largely driven by 

the effect of spark timing changes. 
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Table 11: Summarization of runs compared for spark timing change 

Run TER IT (°bTDC) Torque (%) 

17 

~0.401 

2 84 

12 3.5 91 

7 

~0.410 

5 90 

4 3.5 91 

14 

~0.421 

3.5 90 

10 2.5 90 

 

 The NOx values for the 3 pairs of runs compared, as well as the percentage of 

thermal NO contribution to the total predictions are shown in Figure 42, Figure 43, and 

Figure 44. It is seen that the contribution of thermal NO increases for all TER levels 

when spark timing is more advanced. 

 

Figure 42: NOx predictions and thermal NO contribution (Runs 12 and 17). 
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Figure 43: NOx predictions and thermal NO contribution (Runs 7 and 4). 

 

 

Figure 44: NOx predictions and thermal NO contribution (Runs 14 and 10). 
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6. RESULTS: FUEL COMPOSITION SWEEP 

Lastly, the engine model was assessed for its ability to capture the trends that 

would be expected for changing fuel composition. This was performed by utilizing the 

same simulations investigated earlier and changing the amount of fuel ethane and 

propane in the simulated fuel. Final tuning of the model for variable fuel composition 

effects was not in the main scope of work, thus, this step was intended to preliminarily 

judge the model. Since no variable fuel composition data was taken from the engine of 

interest, trends are qualitatively compared with expectations.  

 

6.1. Changes in Ethane 

 Fuel ethane concentration was swept across 3 points to observe the effect on 

various parameters. The base fuel composition used is simply the recorded composition 

at time of experiment for the respective run. Then, representative high and low ethane 

points are provided to the model to compare against the base composition results. High 

and low mole fractions of ethane were prescribed based on the accuracy of the LFS 

equation fit supplied to the model in previous work. [28] 

Table 12: Test space construction for fuel sweep points. 

Component mole fraction C2 Low Base C2 High 

C1 Balance 

Composition of 

respective run 

Balance 

C2 0.05 0.08 

C3 

Same as base 

composition 

Same as base 

composition 

C4 

C5 

CO2 

N2 
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 The parameters investigated include peak pressure (PP), location of peak 

pressure (LoPP), peak temperature (PT), and exhaust NOx. Results for these parameters 

when observing Run-13, the leanest case, are shown in Figure 45. Results for Run-14, 

the richest normal operating point, are shown in Figure 46.  

Results from the two runs clearly show that the model is affected by the changes 

in fuel composition, and parameters change in the ways that are expected. Namely, as 

the fuel becomes more reactive with additional ethane, the LoPP shifts earlier and results 

in increased peak pressures and temperatures. The resulting effect is that the amount of 

engine-out NOx increases with additional ethane. 

 

 

Figure 45: PP, LoPP, PT, and NOx versus C2 mol fraction (Run-13). 
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Figure 46: PP, LoPP, PT, and NOx versus C2 mol fraction (Run-14). 

 

6.2. Changes in Propane  

The same sweep methodology used for propane mole fraction in the fuel. The 

corresponding high and low values tried were, again, prescribed based on the accuracy 

of the LFS model implemented in GT-Power. Thus, changes were small, but allowed for 

a qualitative assessment of the model’s capabilities in capturing propane variation. 

Results for the parameter changes in Run-13 and Run-14 are shown in Figure 47 and 

Figure 48, respectively.  Once again, these results show that the model is appropriately 

reacting to changes in fuel composition as all parameters shift in the ways that would be 

expected.  
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Figure 47: PP, LoPP, PT, and NOx versus C3 mol fraction (Run-13). 

 

 

Figure 48: PP, LoPP, PT, and NOx versus C3 mol fraction (Run-14). 
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7. FUTURE CONSIDERATIONS 

Though this work provides a good foundation on which to base further 

investigations of NOx formation with this engine model and others like it, several actions 

may be considered for future work.  Suggestions for improvement are as follows: 

1. First and foremost, the NOx prediction method proposed should be tried 

in models of other, similar engines to judge robustness and possibly improve on the NOx 

mechanism. This would also be useful to help assess the selection of thermal rate data 

that should be used for lean-burn engines. It would be particularly useful to try the 

proposed method for an OCC, natural gas engine with similar operating characteristics.  

2. The low NOx levels, along with relatively large measurement uncertainty 

at normal engine operation, made for difficult assessment and tuning of the NOx 

predictions. It is possible that future work can use the method proposed here against 

experimental data with less uncertainty or more overall engine-out NOx. In this way, 

better assessment of the NOx prediction method can be made. 

3. The fuel composition sweep explored here was limited in variation and 

showed small changes in simulated engine operation. To improve on this, it is suggested 

that a new LFS correlation be made which has sufficient accuracy for a wide range of 

gas compositions. Further, future work may consider the effect that fuel composition has 

on engine operation by way of changing ignition delay as well. 

4. If high levels of NOx accuracy are desired, the development of a model 

including detailed prechamber characteristics is recommended. This can be attempted 

with GT-Power, CFD, or by developing a model from a first-principles approach.  
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8. CONCLUSION 

In this work, NOx emissions prediction capabilities were added to the full-scale 

engine simulation of a Cooper-Bessemer GMWH-10C. Predictions were attempted via 

several approaches to arrive at a method which can be easily implemented into the 

engine model and retains suitable accuracy for typical engine operating conditions.   

Predictions were first explored with the extended Zeldovich mechanism alone. 

This method showed fairly good agreement for particular sets of extended Zeldovich rate 

data, indicating that the real engine’s NOx formation may be heavily influenced by the 

activity of thermal NO. However, the consideration of thermal NO alone led to slightly 

worse agreement for the leanest and richest conditions observed.   

Additional investigation was given to the contributions of all NO formation 

pathways when included in the model via a full combustion mechanism. Results showed 

that thermal and N2O pathways accounted for most NO formed. Further investigation 

using detailed reaction pathway analysis led to the development of a reduced NOx 

mechanism including eight key reactions which were chosen to characterize the 

formation of NOx through the extended Zeldovich mechanism and N2O mechanism.  

The reduced NOx mechanism not only led to the best overall agreement with 

experimental runs used for testing, but also performed with equally suitable accuracy for 

additional runs which varied in spark timing. The engine model also showed acceptable 

results for a sweep of fuel composition. It is expected that the engine model can now be 

more rigorously tested against variable fuel composition emissions data. 
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APPENDIX A  

NO2 PREDICTIONS 

Using the full GRI mechanism also allowed for simulated values of engine-out 

NO2. Accuracy of NO2 predictions was not of importance for this work, but a brief 

analysis was performed to see how well the model could predict NO2 for possible future 

improvements, if NO2 accuracy becomes desirable. Figure 49 shows the simulated NO2 

values for the 10 nominal runs.  

 

 

Figure 49: Measured and simulated NO2 concentration when using full GRI-Mech3.0 for 

each nominal run. 

 

 Since total NOx predictions using GRI-Mech3.0 are over predicted in general, it 

is perhaps more beneficial to look at the model’s predicted NO2/NOx ratio since it is a 

better indicator of agreement with real engine behavior. Figure 50 shows the NO2/NOx 

ratios for the 10 nominal runs.  
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Figure 50: Measured and simulated NO2/NOx ratios for each nominal run. 

  

 Overall, it is observed that the model is able to produce a general downward 

trend in NO2/NOx ratio as TER increases. This suggests that the NO2 kinetics may be 

reacting to the lower in-cylinder temperatures of the leaner cases, thereby destroying less 

NO2. That said, predicted ratios still fall short of unity observed for the experimental 

data for TER values less than ~0.42 (Run-14). NO2/NOx ratios decrease for the two 

richest cases, though this is attributed mostly to the under prediction of NO2, seen in 

Figure 49, and a severe over-prediction in total NOx.  

 These results are to be expected and highlight the limitations of the model in 

capturing the in-cylinder effects which promote NO2 survival. The lack of stratification 

and quenching regions makes for higher bulk in-cylinder temperatures which lead to less 

NO2 than observed in experimental data. These drawbacks are a barrier to NO2 accuracy, 

but do not affect the accuracy of total NOx predictions.  
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APPENDIX B 

CHEMKIN SI ENGINE SIMULATIONS 

 

 

Figure 51: Pressure, Burned Zone Temperature, and NOx profiles for Run-15. 
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APPENDIX C 

REDUCED MECHANISM INVESTIGATION 

Both GRI-Mech3.0 and the latest natural gas combustion mechanism from 

Glarborg et al. [69] were tried with mechanism reduction. CHEMKIN’s SI module was 

again used to recreate pressure and burned temperature but this time for Run-4, which 

has a TER value nearest to the median TER value for the dataset. Each mechanism was 

used in the simulation, and then reduced.  

Overall, results from mechanism reduction were promising, but did not lead to 

conclusions which greatly improved the prediction method. Each mechanism was 

reduced using relative allowable tolerances on both maximum NO concentration and 

maximum burned gas temperature. Tolerances of 10% for both mechanisms resulted in 

the removal of too many species such that, when used in GT-Power, no ignition was 

detected. The Glarborg mechanism was successfully reduced to 43 species from 151 

with a 3% tolerance, but the number of reactions in the mechanism was still too great to 

be used in GT-Power. A 5% tolerance used with the GRI mechanism eliminated 15 

species, but only removed just over one-third of the simulation time needed for each 

condition, resulting in a run time of 36 minutes.  

Reducing mechanisms could be useful for future work on this model if more 

kinetic accuracy is desired. However, combustion mechanism use for predicting NOx 

with GT-Power was abandoned for this work. Suitable accuracy was attained with the 

use of equilibrium combustion and a modified NOx mechanism in a fraction of the time. 

 


