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ABSTRACT 
 
 

Air-cooled utility engines are often equipped with cams designed to ensure maximum 

charging efficiency, but the resulting valve lift and timing often correlates to poor engine 

performance at low speeds and light loads, which manifests itself in poor combustion 

stability and elevated pollutant emissions.  The poor performance at low-speeds and light-

loads can be attributed to the presence of high levels of exhaust gas residuals (EGR) trapped 

in the cylinder. 

In this project the combustion stability and pollutant emissions of an air-cooled utility 

engine were investigated at low speeds and light loads with high residual fractions.  An in-

cylinder sampling valve was used to measure the amount of residual fraction in the charge.  

Varying the cam phasing, opening and closing times of both cams, effected a change in the 

amount of residual gas retained.  A Fast Flame Ionization Detector (FFID) was used to 

measure the cycle-resolved hydrocarbon emissions from the combustion process, and a 

standard five-gas analytical emissions bench measured steady-state emissions.  In addition, 

spark timing and different fuel mixture preparation techniques were tested to investigate their 

influence on combustion progress.  The different fuel preparation systems included a stock 

carburetor, a carburetor-mounted liquid fuel injection (CMLFI) system, and a homogeneous 

mixing system (HMS). 

The residual fraction was found to be relatively insensitive to the fuel mixture 

preparation system, but was to a moderate degree sensitive to the ignition timing.  The 
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residual fraction was found to be strongly affected by the amount of valve overlap and engine 

speed. 

The measured residual fraction was compared to three models used for EGR prediction 

in order to quantify their applicability to utility engines.  The three models used for 

comparative analysis include: Yun and Mirsky [16], Fox, Cheng and Heywood [12], and an 

ideal gas model.  None of the three EGR models investigated was able to accurately predict 

the residual fraction over the entire range of conditions tested. 

Cylinder pressure-derived parameters were used to evaluate combustion performance 

parameters for cycle-to-cycle analysis of the investigated operating conditions.  The CMLFI 

showed a slight improvement in performance relative to the other fuel preparation systems.  

Advancing ignition improved the cyclic variability of the tested conditions, with an exception 

at very light load operation at low speeds.  The combustion stability was found to be 

sensitive to increasing amounts of overlap. 

 The carburetor produced higher steady-state emissions, unburned hydrocarbons (uHC) 

and oxides of nitrogen (NOx), than the other fuel preparation systems.  Advancing ignition 

and decreasing engine speed increased the measured uHC concentrations.  The resulting uHC 

increased with increasing valve overlap.  A strong prior cycle effect was found in the cycle-

resolved hydrocarbon concentrations at high residual fraction. 
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1 
1.0 INTRODUCTION 

 

1.1 Motivation 
 

Small engine applications often demand engine designs that emphasize power.  The 

peak power of an engine is governed by the engine’s ability to breathe at wide-open throttle 

(WOT).  Small engines are often equipped with cams designed to ensure maximum charging 

efficiency at WOT.  The resulting valve lift and timing of high performance cam profiles 

often correlates to poor engine performance at low speeds and light loads, which manifests 

itself in poor combustion stability and elevated pollutant emissions.  The poor performance at 

low speeds and light loads can be attributed to the presence of high levels of exhaust gas 

residuals (EGR) trapped in the cylinder.  It is important to understand how EGR affects the 

combustion process and pollutant emissions during light load operation since residual-

tolerant cam designs could help improve the combustion process and resulting emissions 

from small engines. 

1.1.1 Small Engine Motivation 
 

Previous research conducted in the automotive industry has documented how EGR 

affects combustion stability and pollutant emissions; however, the majority of past research 

has been conducted on automotive engines.  Small engine intake components and geometries 

are considerably different than automotive engine intake systems.  Automotive applications 

typically have an intake plenum downstream of the throttle, from which individual intake 
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runners supply each cylinder.  Small engine intake systems do not incorporate a “large” 

intake plenum.  In addition, the throttle on small engines is typically mounted directly to the 

intake runner.  The throttle can be as close as 10 cm from the intake valve.  This can 

introduce variations in the intake fluid flow, flow control, and overall in-cylinder charge 

mixing. 

At part load operation the intake plenum on automotive applications is at a known 

vacuum pressure.  The controlled vacuum pressure of the intake plenum in relation to the 

barometric pressure of the engine exhaust produces a known pressure gradient.  The pressure 

gradient acts as the primary driver to backflow exhaust gases from the exhaust runner back in 

to the cylinder and intake runners.  The only intake component on a small engine that realizes 

a vacuum is the intake runner.  The small chamber volume of the intake runner on a small 

engine relative to the large chamber volume of the intake plenum on an automotive engine 

negates some of the potential for exhaust to backflow into the engine intake system.  This 

may provide different opportunities for controlling trapped EGR relative to the control of 

trapped EGR in automotive applications.  It is of interest to understand how well the 

variables used to predict trapped EGR in automotive engines work for small engines. 

1.1.2 Emissions Regulations 
 

The resulting pollutant emissions from engines can have detrimental effects on 

human health and the environment.  The United States government has initiated extremely 

stringent laws in order to help control the environmental effects from engine emissions.  

Smog in large cities is largely due to the exhaust emissions from internal combustion (IC) 

engines in vehicles.  Currently, small engine exhaust emissions of oxides of nitrogen (NOx),  
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Figure 1.1: FTP-75 driving cycle for class II and II motorcycles (includes all 
motorcycles with engine displacements > 170cc) [2]. 

 
 
unburned hydrocarbons (uHC), and carbon monoxide (CO) are regulated to legislated levels.  

The exhaust emissions levels of NOx, uHC, and CO set in legislation hinge largely on the 

class of engine and application.  Each engine class for a given application is subject to a 

driving cycle known as the Federal Test Procedure (FTP).  A FTP is designed to measure 

urban driving tail pipe exhaust emissions and evaporative emissions over the Urban 

Dynamometer Driving Schedule (UDDS) [1]. 

Figure 1.1 is the FTP driving cycle for class II and III motorcycles (engine 

displacement greater than 170 cubic centimeters (cc)) [2].  The FTP-75 driving cycle for 

class II and III motorcycles illustrates the wide range of speeds motorcycles are subject to for 

a given amount of time.  The resulting uHC from the driving cycle are largely from start up, 

warm-up, and during light load operation.  The increased uHC at light load operation are 
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largely due to the reasons mentioned above; small engines tuned for maximum power suffer 

performance at low speeds and light loads. 

1.2 Objective 
 

The objective of this project is to investigate the combustion stability and pollutant 

emissions in a small engine at low speeds and light loads.  The effect of high residual fraction 

on the combustion progress and resulting hydrocarbon emissions was investigated.  An in-

cylinder sampling valve was used to measure the amount of residual fraction in the charge.  

Varying the cam phasing, opening and closing times of both cams effected a change in the 

amount of residual gas retained.  A Fast Flame Ionization Detector (FFID) was used to 

measure the cycle-resolved hydrocarbon emissions from the combustion process. Steady-

state emission measurements of NOx, uHC, CO, carbon dioxide (CO2), and oxygen (O2) 

were also performed for each test condition.  In addition, spark timing and different fuel 

mixture preparation techniques were tested to investigate their influence on combustion 

progress. 

The outline of the thesis is as follows.  Chapter 2 discusses the background of: fuel 

mixture preparation and emissions, the effects, prediction, and measurement of the residual 

gas fraction trapped in-cylinder, and different techniques used to evaluate combustion 

performance.  Chapter 3 details the experimental equipment used to acquire the data.  In 

Chapter 4, the experimental methods are explained, and the acquired data and its effect on 

EGR are presented.  Subsequently, Chapter 5 discusses the effects EGR had on the 

combustion performance and resulting pollutant emissions.  Conclusions and 

recommendations for future research are made in Chapter 6. 
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2 
2.0 BACKGROUND AND LITERATURE REVIEW 

 

2.1 Introduction 
 

The effect of EGR on engine-out pollutant emissions and overall engine performance 

has been long studied to aid in the development of engines.  In addition, theoretical and 

empirical models have been published to assist in the prediction of EGR trapped in the 

cylinder.  Future emission regulations are becoming more stringent, making it that much 

more difficult to certify engines that must meet the demanded performance requirements.  

Continued development to further understand how EGR can be used to control engine-out 

pollutants and performance could greatly increase the ability to meet future regulations. 

This chapter gives a brief introduction to: fuel mixture preparation and emissions, the 

effects of EGR on engine performance and pollutant emissions, EGR prediction and 

measurement techniques, and the techniques used to evaluate combustion performance.  The 

objective of this section is to support why further investigation of the effects of EGR on 

combustion could aid in the development of future engines, specifically air-cooled utility 

engines. 

2.2 Fuel Mixture Preparation and Emissions 
 

The engine-out exhaust is a complex mixture of many species.  Of those species: uHC, 

NOx, and CO are three of the pollutant species that are strongly regulated by the EPA.  

Although the concentration of uHC, NOx, and CO pollutants make up a relatively small 
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amount of the exhaust composition, their impact on human health and the environment can 

be detrimental.  Specifically, uHC are known carcinogens.  NOx, NO + NO2, emissions aid in 

the formation of photochemical smog and are highly toxic to the human respiratory system.  

CO is attracted to hemoglobin in the bloodstream, preventing body tissue from receiving the 

required oxygen for survival.  For the scope of this project, the cause and control of CO and 

NOx emissions will not be further discussed. 

Unburned hydrocarbons present in the exhaust are typically the result of incomplete 

combustion due to rich air-fuel preparation, flame quenching at chamber walls, and out-

gassing from oil layers and deposits on the chamber walls and crevice regions [3].  The high 

concentrations of uHC measured in air-cooled utility engines are typically due to fuel-rich 

mixtures.  Air-cooled engines are run rich to prevent high engine temperatures, extending the 

life of the engine by reducing thermal fatigue.  In addition, rich mixtures increase the power 

density of the charge, which tends to decrease the cyclic variability of utility engines during 

transients.  The effect of air-to-fuel ratio (AFR) on the resulting exhaust pollutants can be 

seen in Figure 2.1.  Figure 2.1 suggests that operating lean of stoichiometry could reduce the 

resulting uHC and CO emissions.  Conversely, the NOx emissions increase due to lean 

operation; however, lean operation increases engine temperatures, which increases the 

thermal fatigue of air-cooled engine components.  Engine operation rich or lean of 

stoichiometric clearly has its tradeoffs as seen in Figure 2.1. 

The high uHC emissions emitted from air-cooled utility engines are inherent in the 

design.  For instance, small displacement utility engines have a high surface area to volume 

ratio, which leads to more quenching of the flame front at the combustion chamber surfaces, 

thus increasing uHC emissions [4].  Another design constraint of air-cooled utility engines is  
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Figure 2.1: Effect of air/fuel ratio on regulated emissions, taken from [3]. 
 

their dependence on carburetors for fuel mixture preparation.  The simplicity, independence, 

and cheap manufacturing costs make carburetors necessary for fuel mixture preparation.  The 

carburetor is typically mounted on the intake runner of utility engines, allowing very little 

time for fuel vaporization and air-fuel mixing.  Liquid fuel droplets entering the cylinder are 

thrown onto the cold walls of the cylinder, thus impeding their evaporation [5]. 

The poor fuel preparation of carburetors led to the advent of the electronic fuel injector 

(EFI).  The advantages of the EFI over carburetion are numerous: increased power, more 

uniform cylinder-to-cylinder fuel distribution, increased vaporization of fuel, individual 

cylinder and cycle-to-cycle fuel metering, and rapid response to throttle changes [3].  In 
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addition, experiments performed by Swanson [6] showed that mixture preparation was a key 

element for reducing uHC emissions.  Integration of the EFI on to utility engines would be 

costly and impractical; however, the advantages of the EFI over carburetion suggest that fuel 

mixture preparation should be better understood in order to reduce uHC emissions from 

utility engines. 

The key aspects to good mixture preparation include: atomization of the liquid fuel, 

vaporization of the liquid fuel, and mixing of the vaporized fuel with intake air [7].  Any 

process that reduces the liquid fuel to tiny particles or a fine spray is known as atomization of 

liquid fuel.  Atomizing fuel reduces the mass of each droplet, hence allowing the fuel mass to 

better follow the intake airflow into the engine.  The increase in fuel mass that traces the flow 

suggests that less fuel mass will impinge on the intake and cylinder walls, only to later be 

expelled as uHC in the exhaust.  Atomization of liquid fuel also aids in the vaporization of 

the fuel.  Liquid droplet vaporization is a strong function of droplet diameter; smaller 

diameter droplets vaporize in less time. 

The high velocity of the liquid fuel as it exits the EFI causes the jet of fuel to break-up 

in to tiny droplets.  The Sauter Mean Diameter (SMD) is commonly used to evaluate how 

quickly fuel droplets vaporize for a given injector.  The SMD is calculated from the ratio of 

droplet volume to surface area [8].  Improved atomization has been demonstrated with the 

use of air-assist fuel injectors.  Air-assist fuel injectors use a blast of air to atomize a small 

volume of fuel.  The sprays of air-assisted injectors, when compared to those of the 

conventional injectors, have droplets with roughly an order of magnitude lower SMD [5].  

The use of air-assist injectors is common in direct-injection engine applications where rapid 

vaporization is critical. 
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The vaporization of liquid fuel occurs due to three phenomena: deceleration of the drop 

due to aerodynamic drag, heat transfer to the drop from air, and mass transfer of vaporized 

fuel away from the drop [3].  The key to quick liquid fuel vaporization is to provide an 

environment that enhances the above phenomena.  The easiest ways to encourage liquid fuel 

vaporization are to heat the inlet air, heat the manifold walls, and atomize the fuel to the 

smallest achievable diameters.  Fast liquid fuel vaporization is critical to deterring liquid fuel 

from entering the cylinder.  Increased uHC emissions have been observed due to liquid fuel 

being deposited on the combustion chamber walls [9]. 

The mixing of vaporized fuel with air is the final key aspect to good mixture 

preparation.  The air-fuel mixture being completely homogenous defines a good air-fuel 

mixture.  The mixing of air and fuel occurs on both large and small scales.  Large-scale 

mixing can be defined as the blending together of the air and fuel due to bulk fluid motion, 

and small-scale mixing occurs on a molecular level via diffusion due to concentration 

gradients  [10].  Experimental methods that induce turbulence and shear in the mixture flow 

aid in the large scale mixing of the air and fuel.  Optical techniques performed by Probst [11] 

found that injecting fuel (via an air-assist fuel injector) 45° into the bulk air flow, one meter 

upstream of the engine intake, provided the large-scale and small-scale mixing required to 

promote good mixture homogeneity.  The homogeneous mixing system used for this 

investigation was modeled on the system developed by Probst. 
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2.3 Exhaust Gas Residuals 
 

Residual gas affects the combustion process in spark-ignition engines through its 

influence on charge mass, dilution, temperature and flame speed [12].   Recent engine design 

has relied considerably on the effects that residual gases have on the combustion process and 

resultant emissions.  Aiding engine design are several models that allow for the prediction of 

residual gas levels at various operating conditions.  Many control strategies are being 

implemented into new engines that control the amount of residual gas that remains in the 

cylinder.  A common active control over residual gases in-cylinder is variable valve timing.   

The intent of this section is to provide some background on how residual gases affect 

engine performance and emissions.  A brief background on some of the models used for the 

prediction of residual gas will be discussed, as well as techniques used to measure residual 

gases.  It is important to note that the residual gases referred to in the following sections are 

not due to external recirculation of the exhaust gases back into the intake of the engine.  The 

EGR for this investigation refers explicitly to the exhaust gases that are trapped in-cylinder 

due to poor exhaust scavenging and from the back flowing of exhaust gases into the cylinder 

during the valve overlap period. 

2.3.1 Effect of EGR on Engine Performance and Emissions 
 

Engine parameters and operating conditions dictate the amount of EGR that remains in-

cylinder from cycle-to-cycle.  In particular: cam timing, engine speed, engine load, air-to-fuel 

ratio, compression ratio, and intake and exhaust pressure all contribute to the mass fraction of 

residuals that remain in the cylinder.  Air-to-fuel ratio and compression ratio were held 

constant for this investigation, so the effect of these parameters will not be further discussed.  
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Of the listed variables, the crank angle location of the valve events has the strongest effect on 

the residual fraction.  Specifically, the crank angle degrees that separate the intake valve 

opening (IVO) and exhaust valve closing (EVC) define a window known as the overlap 

period.  During the overlap period in the engine cycle, the intake and exhaust valves are both 

open, allowing the manifolds to communicate with one another.  It is during this window in 

the cycle that exhaust gases back flow into the cylinder and often times into the intake 

runner, only to reenter the cylinder during the intake stroke.  At part-load conditions, this 

effect is magnified due to the vacuum inherent to a throttled intake manifold.  Typical spark 

ignition (SI) engine exhaust pressures remain constant during operation, typically near 

barometric.  Load control on a SI engine is performed by decreasing the intake pressure via a 

throttle, leading to the vacuum in the intake manifold at part-load conditions.   

The crank angle locations of the valve events are critical to engine performance.  An 

engine’s ability to breath is strongly affected by the timing of the valve events, which directly 

correlates to the overall performance of the engine.  For an engine with fixed valve timing, 

the amount of cam phasing and timing is a trade-off between idle quality and high-speed 

power [13].  With that said, air-cooled utility engines are often tuned for high-speed and 

high-load performance.  As a result, utility engines suffer poor performance at low-speed and 

light-load conditions.  The fixed cam engine design inherent to utility engines limits them to 

the WOT performance they are tuned for.  High-speed and high-load cams have large 

windows of overlap to assist with scavenging of the exhaust gases and increasing the 

volumetric efficiency.  Conversely, good idle quality is obtained with low or even negative 

overlap.  At low-speeds and light-loads the engine time during the valve overlap period is 
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increased.  For large windows of overlap, more exhaust gases re-enter the cylinder and can 

lead to high cyclic variability.   

At low-loads, the amount of cam phasing (overlap) is limited by combustion stability.  

Combustion stability is commonly due to variation of gas motion in the cylinder, variation on 

the amounts of fuel, air, and EGR, and variations in the mixture composition (particularly 

near the spark plug) including completeness of fuel vaporization and mixing of the air, fuel, 

and EGR [14].  The presence of EGR in the cylinder has a significant influence on the 

combustion process.  EGR acts as a diluent and takes no part in the oxidation of the fuel, 

which decreases the burn rate of the charge, and as a result the burn phasing is retarded.  

Extending the burn phasing later in the expansion stroke causes the flame speeds to decrease 

due to the low pressure of the unburned gases.  At this point, incomplete combustion and 

misfires lead to high cycle-to-cycle variation.  Excessive backflow of EGR can cause the 

engine to suffer considerably in performance and pay huge penalties in regards to uHC 

emissions. 

Controlled backflow of EGR can have a positive influence on engine performance. Due 

to the high temperature of residual gases, low-density diluents are advantageous because 

their use results in a larger displacement of air during the intake stroke; hence, reductions in 

pumping work.   In addition, high temperature EGR increases vaporization of fuel, which can 

lead to an increase in combustion efficiency [13].  Specific fuel consumption (SFC) 

improvements have also been observed by using EGR for load control during part-load 

operating conditions.  For increased dilution, SFC improvements are partly due to the lower 

burned gas temperatures that result in reduced heat transfer and dissociation losses [13].  
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Identifying the EGR limit for various operating conditions could improve fuel economy and 

efficiency.  

The effects on combustion and pollutant emissions due to EGR go hand and hand.  

However, the trade-of between NOx and uHC emissions is less significant with EGR control 

than it is relative to AFR control.  Observations by Olofsson et al. showed that there was a 

reduction in both NOx and uHC emissions due to increasing overlap [15].  They concluded 

that the re-breathing of the uHC-rich exhaust resulted in lower engine-out uHC, which had a 

measurable impact on fuel consumption.  The uHC did start to increase again at larger 

windows of overlap.  The burned gas temperature decreases due to the increased presence of 

EGR.  Reductions in burned gas temperatures reduce the post-flame oxidation of uHC during 

the expansion stroke and in the exhaust manifold [15].   

The formation of NOx emissions is proportional to the amount of EGR.  Dilution with 

residual gases increases the specific heat capacity of the cylinder charge, absorbing the 

released energy from the burned charge.  The absorbed energy reduces the burned gas 

temperatures.  NOx formation rates have a strong temperature dependence due to the large 

activation energies associated with breaking apart the tightly bonded O2 and N2 molecules 

[15].  Therefore, the more residual that is added to the charge, the less NOx emitted from the 

engine.  The challenge with calibrating EGR into an operating condition is more a function of 

uHC, combustion stability and fuel economy.  NOx reductions will benefit from any level of 

added dilution. 
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2.3.2 Predicting EGR Fraction 
 

Models for predicting residual fraction are beneficial for engine design and simulation.  

For this project, three residual gas fraction models were investigated to perform a 

comparative analysis relative to the measured EGR from an air-cooled utility engine.  The 

models investigated included: Yun and Mirsky [16], Fox, Cheng and Heywood [12] and an 

ideal gas model. 

The Yun and Mirsky correlation for estimating the trapped residual fraction by mass, 

ry , is 
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where VEVC and VEVO are the cylinder volume at EVC and exhaust valve opening (EVO), 

PEVC and PEVO are the cylinder pressure EVC and EVO, and ne is the polytropic coefficient 

for the expansion. 

The Fox, Cheng, and Heywood correlation for estimating the trapped residual fraction is 
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where N is the engine speed, OF is the overlap-factor defined below, ϕ is the equivalence 

ratio, and rc is the compression ratio.  The overlap factor is given by  
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where Dint and Dexh are the intake and exhaust inner valve seat diameters, Lint and Lexh are the 

lift of the intake and exhaust valves, and Vdis is the displaced volume of the engine. 
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The ideal gas model is a simple method to predict residual gas fraction based on partial 

pressures.  The basic assumptions are that the fresh charge temperature is equal to the 

measured intake temperature, and the residual gas temperature is equal to the measured 

exhaust temperature.  It also relies on the measured mass of fuel and air delivered to the 

engine.  Under these assumptions, the residual mass fraction is given by  

=
+ +
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with the residual mass, mr, determined from successive application of the ideal gas law 
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The second term in the brackets represents the partial pressure of the fresh charge at IVC, 

with the gas constant, R, evaluated using the molecular weight of air. 

2.3.3 EGR Fraction Measurement 
 

The residual gas mole fraction, xr, can be determined from the ratio of the mole fraction 

of CO2 in the compressed charge,
2 ,CO ccx , to the mole fraction of CO2 in the raw engine-out 

exhaust, 
2 ,CO exhx  via 
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where the compressed charge includes the inducted air and fuel plus the trapped exhaust gas, 

and corresponds to the sample acquired by an in-cylinder sampling device.  Typically the 

molecular weight of the trapped and exhaust mixtures are assumed the same, hence the 

residual mole fraction is equivalent to the residual mass fraction, yr.  The mole fraction of the 

exhaust and compressed charge is usually determined by measuring the CO2 concentration 
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with a non-dispersive infrared (NDIR) analyzer.  It is important to note that the measured 

CO2 concentration from a NDIR is performed on a “dry-basis.”  The amount of moisture that 

is present in the exhaust is different than what is present in the compressed charge.   

Therefore, a moisture correction factor needs to be determined for both the exhaust and 

compressed charge to convert the measured concentrations to a “wet-basis.”  Equation 2.6 is 

only valid for CO2 concentration measurements corrected to the “wet basis.” 

The measurement of in-cylinder gases is most commonly performed using a fast-

activating sampling valve.  Fast-activating sampling valves are traditionally constructed by 

integrating a poppet type valve (similar to an engine valve) to a fast actuation device.  The 

actuation mechanism can be mechanical, electro-hydraulic, or electromagnetic.  Typically 

driven by a linear solenoid, the design must feature a high traction force to counteract a 

strong return spring used for valve sealing, and have high armature acceleration for minimum 

lift duration [17].  Coupling the solenoid to a programmable engine controller allows the user 

to define the timing and duration during the compression stroke that the sampling valve 

should be actuated.  It is important to note, that when sampling during the compression 

stroke, the ignition should be deactivated during the sampling cycle.  This technique is 

commonly referred to as skip-fire.  Skip-fire during the sampling cycle prevents any 

disruption to the residual gases and prevents acquiring a burning sample.   

To validate a particular sampling valve it is important that it: provides some level of 

feedback to verify the location of the sampling event, acquires a sample that is representative 

of the cylinder contents, has minimal leakage past the valve seat during the fired cycles, and 

samples at a frequency that does not disrupt the characteristics of the steady-state conditions.  

The poppet-type sampling valve designed by Foudray [18] at the UW/ERC proved to meet 
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the specified requirements.  Verification of the sample event was performed by monitoring 

the valve stem lift with an inductive proximity sensor on the backside of the valve body.  

Foudray estimated a sampling mass flow to be within a range of 33% to 66% of per-cycle 

cylinder mass and measured leakage that was approximately 3% of the sample flow rate.  

Finally, Foudray’s experimental results showed recovery to steady-state characteristics 

within 2-3 cycles after the sampled cycle when sampling every 20-cycles. 

2.4 Techniques to Evaluate Cyclic Combustion Variability 
 

Cycle-averaged combustion data typically provides sufficient information to develop 

conclusions for a given operating condition.  However, cycle-averaged combustion data 

doesn’t show the cycle-to-cycle dependence that occurs for a given set of data.  Most 

notably, cycle-averaged data fails to show pressure-related characteristics from cycle-to-

cycle.  On the exhaust end, cycle-averaged emissions fail to show how the mechanisms 

leading to the formation of the pollutants occurred.  Briefly described below are two methods 

to evaluate pressure related characteristics, and an apparatus to evaluate the presence of 

unburned hydrocarbons on a cycle-to-cycle basis. 

2.4.1 Peak Pressure vs. the Location of Peak Pressure 
 

In-cylinder pressure measurements are typically performed using a liquid cooled piezo-

electric pressure transducer.  Utilizing a signal amplifier, the amplified signal can be used to 

perform crank angle-resolved pressure measurements in conjunction with a high-speed data 

acquisition system (DAS).  A few of the major pressure-related variables recorded by the 

DAS include: peak cylinder pressure (PP), crank angle timing of peak cylinder pressure 

(CAPP), maximum rate of pressure rise (DPmax), and crank angle timing of the maximum  
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Figure 2.2: Generalized curves of peak pressure as a function of its timing in the cycle, 
taken from [19]. 
 

rate of pressure rise (CADPmax).  Plotting the PP data vs. the CAPP, the data will fall 

somewhere on the generalized curve seen in Figure 2.2.  Figure 2.2 is the generalized plot of 

PP vs. CAPP developed by Matekunas [19].  Figure 2.2 shows two curves, one representing 

the path of a slow burn rate and the other for a fast burn rate.  The cross-plotted lines 

represent the constant phasing location of 50% mass fraction burned.  In addition, an arrow 

shows the path the data will follow for retarding ignition.  The three regions labeled on the 

trace (“linear”, hook-back”, and “return”) show the relations that exist between PP and the 

CAPP.  The “linear” region shows there is a limited range where the relation between PP and 

CAPP are relatively linear.  The “hook-back” region of the two curves occurs closer to top 

dead center (TDC) for the slower-burn rate than for the faster and marks a regime where the 

PP changes significantly while the CAPP does not.  The “return” region corresponds to a low 

level in PP with CAPP moving toward TDC as the spark is retarded [19].  Data in the 
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“linear” region suggest good combustion with little variation in burn phasing.  Data that fall 

in the “hook-back” and “return” region suggest bad combustion and high cyclic variability 

due to variation in burn phasing.  High variation in burn phasing is a good indicator of 

incomplete burns and potential misfires. 

2.4.2 Cycle-to-Cycle IMEP 
 

The indicated mean effective pressure (IMEP) can be determined by integrating the 

cylinder pressure as a function of crank angle over the power cycle.  For a large sample of 

data, comparing the IMEP for a given cycle (IMEPN+1) as a function of the IMEP for the 

previous cycle (IMEPN) can suggest cycle-to-cycle relationships.  Martin et al. [20] 

suggested that cycle-to-cycle analysis in the described format allows prior cycle effects to be 

identified.  A strong negative correlation between data points indicates a strong prior cycle 

effect, i.e. a bad cycle is followed by a strong cycle due to residual gas carry over.  The same 

procedure can be applied to other engine and combustion measurements.   

2.4.3 Fast-FID 
 

In an effort to obtain a better understanding of the relationship between the in-cylinder 

events and the pollutants in the exhaust, a fast flame ionization detector was developed to 

measure cycle-resolved hydrocarbon concentrations.  The response time and transit time for 

the FFID is a function of the hardware and barometric conditions.  Typical response and 

transit times are on the order of 5 ms, so the devices are clearly able to follow changes in the 

uHC concentration levels.  Sampling with a FFID can be accomplished in-cylinder or in the 

exhaust port.  Sampling in the exhaust port requires installing the sampling probe somewhere 

between 3 to 30 mm downstream of the exhaust valve.  The measured uHC concentration  
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Figure 2.3: Typical FFID uHC concentration versus CA signature. 
 

versus time with a FFID is by no means unique, and distinct variations are observed when the 

sample probe is moved to different sampling locations.  Works performed by Finlay et al. 

[21] observed that the shape of the uHC versus crank angle (CA) signature changed as the 

sampling probe was moved downstream of the exhaust valve.  The variations were explained 

to be due to: mixing of the exhaust gases, chemical reactions occurring as the exhaust gas 

proceeds along the exhaust port, and unsteady flow reversals giving an indicated 

concentration versus CA history which is dependant on probe location. 

The uHC versus CA signature that is acquired for a given cycle has very distinct 

features.  The signature allows one to speculate why a given feature in the signature 

occurred, due to it being sequenced with the in-cylinder events.  Figure 2.3 is a typical uHC 

versus CA signature.  The following descriptions were taken from works performed by 
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Finlay et al. [21].  The initial rise in uHC concentration levels as the exhaust valve begins to 

open may be due to unburnt fuel leaking past the exhaust valve during compression and the 

early stages of combustion.  Following the blowdown period, there is a small plateau in the 

signal due to a slug of gas moving backward and forward in the vicinity of the sampling 

probe tip.  The dip in uHC concentrations near bottom dead center (BDC) is probably the 

result of post flame oxidation period and perhaps because only limited mixing has taken 

place with the crevice gases.  As the piston approaches TDC there is a final rise in uHC 

concentration due to the expelling of crevice gases originating from the piston crevice 

regions.  When the exhaust valve closes, the gas motion is largely static, so the concentration 

will remain constant until the next valve event.  The uHC concentration has no significance 

during the period the exhaust valve is closed. 
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3 
3.0 EXPERIMENTAL SETUP 

 

3.1 Engine Description 
 

The test engine used was a Briggs and Stratton, Intek Engine (Model 110600).  The 

engine falls into the under 25 horsepower (Hp) non-handheld class of mobile utility engines 

and is rated at 6.5 Hp.  It is an air-cooled, single-cylinder, four-stroke, vertical shaft, 

overhead valve engine.  The engine specifications are listed in Table 3.1. 

Table 3.1: Intek Model 110600 engine specifications (All valve timing events based on a 
reference valve-lift of 0.254 mm). 

Bore 68.26 mm 2.6875 in 

Stroke 46.00 mm 1.7969 in 

Connecting Rod Length 88.57 mm 3.487 in 

Displacement 167.4 cm3 11.58 in3 

Compression Ratio 7.0:1 
 
 

The production ignition timing of the Briggs and Stratton model engine used was 19 

degrees before top dead center (°BTDC).  Magnets impregnated in the flywheel triggered the 

Magneto ignition system.  A MotoTron Smart Coil was used to vary the timing of ignition 

(See section 3.7 for more details on the Smart Coil). 

The Intek engine used for this experiment was equipped with a modified cam that 

allowed the timing and phasing of the cam lobes to be adjusted.  The access panel was 

located on the push rod side of the engine, on the topside of the oil sump.  The clamp plates  
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Figure 3.1: Adjustable cam for the model 110600 Intek engine. 
 

were hashed, where the zero value represents the stock timing and phasing of each cam lobe.  

Each lobe is limited to 60° of advance or retard.  Each cam lobe consists of two halves that 

butterfly apart to vary the timing and phasing.  Rotating the clamp plates clockwise or 

counter-clockwise retards or advances the cam timing/phasing relative to the production 

design.  Figure 3.1 is a picture of the cam removed from the engine to better illustrate how 

adjustments to the cam timing/phasing were executed. 
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3.2 Engine Dynamometer, Torque Sensor and Shaft Encoder 
 

All motored and fired engine tests were performed on a vertical shaft engine 

dynamometer (Cox Instruments Model 83274).  The torque arm on the dynamometer is 0.3 

meters.  The engine dynamometer was used to maintain constant engine speeds for steady 

state testing.  The speed was regulated within ±5 RPM for motored tests and ±10 RPM for 

fired tests.  The engine was coupled to the dynamometer by a custom hybrid 

Mooreflex/Dodge coupling. 

  Engine torque measurements during engine testing were made via a load cell on the 

engine dynamometer.  The load cell (Interface Corporation Model SSM-AJ-250) was a 

steady-state device that measured the stress in a solid metal link that connected the free-

floating engine dynamometer to a stationary ground.  The load cell was connected to a 

Newport INFCS strain meter.  The analog output from the strain meter was connected to a 

National Instruments 6024E data acquisition card.  A Lab View program collected and output 

a two-minute running average of the engine load for each test condition. 

An optical shaft encoder (BEI Model 125D-SS-2160-ABZC-7406R-LED-SM18) was 

used to determine the angular crankshaft position.  The resolution of the encoder is 1/6th of a 

crank angle, but a divider was used to reduce the resolution to 1/2 of a crank angle.  The 

encoder output was routed to a buffer box that output two pulses per graduation (A and B 

pulse) and one pulse per revolution (Z pulse).  A Newport P600A tachometer determined 

engine speed by counting Z pulses. 

 

 



 25

3.3 Engine Control 
 

Engine events and parameters were controlled by a MotoTron engine control system.  

The MotoTron engine control system was a combination of a Motorola PCM0312M engine 

control unit (ECU), MotoTune version 8.4.2.5 software, and a RS232 communications cable 

manufactured by MotoTron.  The MotoTron engine control system allowed for full control of 

the engine events and parameters.  For the scope of this project, the MotoTron System was 

used for fuel injection timing and duration, air injection timing and duration (air-assist fuel 

injection system for the Homogeneous Mixing System), ignition timing and spark energy, 

and to activate the in-cylinder sampling valve.  The MotoTron engine control unit required a 

60-6 tooth trigger wheel to determine angular crankshaft position and a half speed wheel 

(replicate cam speed) to identify engine cycles.  Both the trigger wheel and half speed wheel 

were adapted to the test engine. 

3.4 Air Delivery System 
 

The air delivery system was constructed with the intent to control intake air pressure, 

measure absolute airflow, and to integrate components for the homogeneous mixing system.  

Figure 3.2 is a schematic of the air and fuel delivery system used in the engine test cell.  Air 

was supplied by compressed shop air and was filtered to remove any oil supplied to the air.  

The compressed air properties were maintained at the following: temperature of 20°C, 

pressure of 690 kPa gage, and a dew point temperature of 4.4°C.  Observed relative humidity 

levels averaged zero percent.  A regulator was used to control the intake pressure and 

airflow.   A Laminar Flow Element (LFE) (Merriam Model 50MH10) was used to measure 

the mass flow rate of the intake air.  Fleetguard Nelson performed a calibration on the LFE  
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Figure 3.2: Schematic of the test cell air and fuel system. 
 

(See data sheet and associated curve-fit in the Appendix).  A digital differential pressure 

meter measured the differential pressure across the LFE.  Leaving the LFE, the air entered an 

intake surge tank.  The intake surge tank complied with the SAE J1088 [22] test procedure as 

being 100 times the engine cylinder displacement volume.  The surge tank was installed to 

aid in dampening of the pressure pulsations thus making intake pressure and flow 

measurements easier.  A pressure tap on the intake surge tank led to an absolute pressure 

gage for measuring intake air pressure.  The intake surge tank was wrapped with a heated 

tape and insulated to eliminate heat transfer to the surroundings, as well as to heat the intake 

air.  An Omega temperature controller was used to control the heat tape.  On the downstream 

side of the intake surge tank was the fuel injection chamber (FIC).  The FIC was constructed 

from a 30.5 cm section of 8.9 cm diameter 6061 aluminum schedule 80 pipe.  It was 
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vertically mounted about one meter upstream of the engine intake.  The Orbital Air-assist 

Fuel Rail (OAFR) was mounted to the FIC.  The FIC was also insulated and wrapped with 

heat tape to hinder heat transfer to the surroundings, as well as aid with the vaporization of 

fuel for the homogeneous mixing system.  An Omega temperature controller was also used 

for controlling the FIC heat tape.  Leaving the FIC, the air then passed through a flame 

arrestor (Kemp Company Model FA70-G CS 1-1/2) and then to the throttle body of the 

engine.  The throttle body was a stock Intek carburetor mounted to the cylinder head. 

For operation of the homogenous mixing system, an air-compressor was plumbed into 

the intake system to provide the pressurized air for the OAFR.  An oil-less air-compressor 

(Thomas Model LGH-310) was used to compress the air.  Integration of the air-compressor 

allowed for the contribution of the air injection event from the OAFR to the overall mass 

flow of air to be accounted for.  Figure 3.2 shows the location of the air-compressor relative 

to the rest of the intake system.  The intake of the air-compressor was downstream of the 

LFE, so air supplied to the OAFR was accounted for.  The air-compressor was rated at 690 

kPa gage; therefore the air-return on the OAFR was reintroduced back into the intake just 

before the intake surge tank (the air regulator on the OAFR was calibrated to maintain an air 

pressure of 552 kPa gage).  The air-compressor was not used for the other fuel distribution 

systems tested; hence the addition of the two-way valve between the air-compressor inlet and 

intake system. 
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3.5 Fuel Systems 
 

Three different fuel distribution strategies were investigated for the scope of this project.  

The objective of the different fueling strategies was to investigate how in-cylinder fuel 

distribution affects engine performance and pollutant emissions.  The different fuel systems 

included a stock carburetor, a carburetor-mounted liquid fuel injection system, and a 

homogeneous mixing system.  All tests were conducted with an EPA Tier II EEE fuel from 

Haltermann Products.  The fuel specifications are listed in Table 3.2. 

Table 3.2: Fuel properties of EPA Tier II EEE. 

Stoichiometric Air/Fuel Ratio 14.55 
Hydrogen/Carbon Ratio 1.84 
Specific Gravity 0.7435 
Octane Number (RON + MON)/2 96.6 
Net Heating Value (LHV) 42.8 MJ/kg  

 

All three fuel systems were supplied fuel by the same fuel pumping system, see Figure 

3.2.  An electric fuel pump (Holley) delivered fuel from the gasoline tank to a Mercury 

Marine manufactured fuel system.  The fuel was filtered before flowing into a holding bowl.  

The fuel level in the holding bowl was controlled via a float.  The holding bowl was open to 

atmosphere to vent vaporized fuel.  An electric low-pressure pump drew fuel from the 

holding bowl to supply the upstream side of the high-pressure electric fuel pump.  A 

differential regulator regulated the fuel pressure generated by the high-pressure pump.  The 

resulting fuel pressure was therefore a function of the air pressure supplied to the differential 

regulator.  Regulated and filtered shop air or the Thomas air compressor were used to supply 

the required air pressure.  Fuel pressure was typically 69 kPa greater than the pressure of the 
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supplied air.  The air pressure was regulated to a maximum pressure of 552 kPa gage, 

limiting the maximum fuel pressure to 621 kPa gage.  The differential regulator and air 

regulator were mounted on an aluminum air-assist fuel rail designed by Orbital, through 

which the air and fuel flowed.  In addition, the rail encapsulates the fuel and air injectors for 

air-assist fuel injection, used for the homogeneous mixing system.  The rail had both air and 

fuel returns.  The air return was dumped back into the intake system, and the fuel was 

returned to the upstream side of the high-pressure pump.  A fuel cooler was installed to cool 

the fuel prior to returning to the high-pressure pump (the cooling system was not used in this 

project to aid in the vaporization of the fuel).  In addition, the fuel line downstream of the 

high-pressure pump was split to supply fuel to a Go Regulator (0-103.4 kPa gage output).  

The Go Regulator was added to supply fuel to the carburetor float bowl and the carburetor-

mounted liquid fuel injector. 

Fuel flow was calculated from the calculated airflow and AFR measurement (See 

sections on Air Delivery System and Air-Fuel Ratio Analyzer). 

3.5.1 Carburetor 
 

A modified stock Intek carburetor was used for the carburetor fuel distribution system.  

The stock jet was replaced with an adjustable jet that incorporated a needle valve for fuel 

flow control.  The modified jet allowed direct control over the targeted AFR.  The fuel was 

fed to the carburetor downstream of the GO Regulator.  The carburetor fuel pressure was 

maintained at a constant pressure of 21 kPa gage.  The fuel pressure was high enough to 

maintain a constant fuel flow without forcing fuel past the float-controlled needle valve in the 

carburetor.  Since the fuel supply pressure to the carburetor was maintained at a low pressure, 
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the air pressure to the differential pressure regulator was set to 69 kPa gage via the external 

regulator on the shop air supply.  In addition, a low air pressure supply to the air-assist fuel 

rail meant that no air would bypass the air regulator and get fed in to the intake.  Fuel 

pressure was typically 138 kPa gage on the upstream side to the GO Regulator. 

The carburetor had an idle bypass to allow operation at low loads; however, the idle 

bypass had no fuel flow control.  The AFR at highly throttled/low speed conditions was 

therefore; determined by the idle bypass, typically lean of the target AFR. 

3.5.2 Carburetor-Mounted Liquid Fuel Injector 
 

The second fuel distribution strategy investigated was the carburetor-mounted liquid 

fuel injector (CMLFI).  The objective of the CMLFI was to mimic carburetor fuel 

distribution, but with the metering capabilities of a fuel injector.  The CMLFI was 

constructed from a stock carburetor body and a four-hole, automotive-type, Bosch fuel 

injector.  The fuel injector was rated at 8.62 kg/hr at 241 kPa gage fuel pressure.  The float 

bowl, float, float needle valve, and spring retaining system of the stock carburetor were all 

removed.  All air-assist holes in the carburetor were sealed with high temperature epoxy.  A 

retaining bracket was constructed to hold the fuel injector in place and supply fuel to the fuel 

injector orifice.  The retaining bracket also integrated a siphon tube that replaced the 

emulsion tube of the stock carburetor.  The siphon tube was approximately 20 mm in length 

with a residence volume of 38 mm3.  The retaining bracket/siphon tube was mounted to the 

carburetor throttle body.  By mounting the fuel injector to the throttle body of the carburetor  
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Figure 3.3: Carburetor-mounted liquid fuel injection system, taken from [23]. 
 

via a siphon tube, fuel delivery similar to the stock carburetor has been observed [23].  The 

CMLFI fuel system can be seen in Figure 3.3. 

Control of the Bosch fuel injector timing and signal pulse width was accomplished via 

the MotoTron engine control system.  The fuel injector timing and duration was calibrated to 

occur during the intake stroke.  The fuel injection event was centered on the intake stroke 

near the time of maximum piston speed.  The injection duration was limited to 120° in order 

to maintain a fuel flow event similar in duration to a stock carburetor.  The fuel was supplied 

to the CMLFI downstream of the GO Regulator.  Low fuel pressures were used to achieve 

exit flow characteristics from the siphon tube that would more closely resemble emulsion 
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tube/venturi exit flow characteristics.  Fuel pressure was maintained at 34.5 kPa gage, but 

some higher speed and load conditions investigated required fuel pressures as high as 103.4 

kPa gage to provide sufficient fuel in 120° CA. 

3.5.3 Homogeneous Mixture System 
 

The third fuel distribution system investigated was the homogeneous mixing system 

(HMS).  The objective of the HMS was to produce a completely vaporized mixture of air and 

fuel in order to ensure that there was no fuel/air stratification of the intake charge.  The 

pertinent components of the HMS include the following: OAFR, FIC, and heat tape on both 

the FIC and intake surge tank.  The FIC was installed one meter upstream of the engine 

intake, and the OAFR was mounted to the fuel injection chamber.  The OAFR was orientated 

such that the atomized fuel spray was directed at a 45° angle upstream to the flow direction.  

The OAFR orientation and location in the intake system were taken from the findings of 

Probst [11]. 

The air and fuel injector in the OAFR were controlled by the MotoTron engine control 

system.  The air injector duration was maintained at 3 ms and the fuel-air delay (FAD) was 

maintained at 4 ms. The fuel injector duration was a function of the mass of fuel required for 

each test condition.  Since the fuel injection event took place one-meter upstream of the 

engine intake, the timing of the injection event was irrelevant.  The heat tapes on the intake 

surge tank and fuel injection chamber were used to assist with the vaporization of the fuel.  

Both the intake surge tank and FIC were insulated to deter heat transfer to the room.  The 

intake charge temperature was maintained at a 52°C for all conditions tested. 
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3.6 Air-Fuel Ratio Analyzer 
 

AFR was determined by a Horiba Mexa-110λ air-fuel analyzer in conjunction with a 

heated universal exhaust gas oxygen (UEGO) sensor (Horiba Model KX-721030F).  The 

UEGO was located about 25 cm downstream of the exhaust valve seat.  Accuracy of the AFR 

can be seen in Table 3.4 over a range of different air-fuel ratios [24]. 

Table 3.3: UEGO sensor accuracy. 

Accuracy Air-Fuel Ratio 

± 0.3 12.5 

± 0.1 14.7 

± 0.5 23.0  

 
An air-fuel sweep at full load, 3060 RPM was performed to calibrate the Horiba AFR 

analyzer to the actual AFR from emission concentrations.  The stock Intek engine was used 

to perform the calibration.  The data sheet and plots from the test can be seen in Appendix.  

The calibration was used as an indicator of the AFR.  The actual AFR was determined by 

integration of the Bartlesville method [25] into the Lab View program used to evaluate the 

average pollutant concentrations.  The AFR was calculated from the measured pollutant 

concentrations from the gas analyzers on the Horiba emissions bench. 

3.7 Ignition System 
 

The MotoTron Smart Coil (MSC) ignition system was used for all tests.  The MSC is an 

inductive ignition system.  The MotoTron engine control system allowed control over the 

spark timing and energy.  The MSC replaced the production magneto on the Intek engine so  
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Figure 3.4: COV of IMEP vs. AFR for the Magneto and Smart Coil (30 mJ) Ignition 
systems.  Half load, 3060 RPM, production carburetor, 19 °°°°BTDC fixed ignition timing. 
 

spark timing and its effect on combustion performance and pollutant emissions could be 

investigated in relation to varying levels of EGR. 

To match the MSC spark energy to the magneto spark energy, a part load air-fuel sweep 

was performed.  The experimental test conditions were: 3060 RPM, 50% load, intake system 

with the carburetor, and constant ignition timing at 19 °BTDC.  A timing light was used to 

verify the location of the magneto ignition timing at 19 °BTDC.  At part load, combustion 

stability is adversely affected by the high residual fraction, hence slower flame speeds.  

Therefore, it was assumed that varying spark energy might improve/hinder combustion 

stability.  The objective of this experiment was to match the coefficient of variance (COV) of 

IMEP vs. AFR of the Magneto with the MSC for different spark energies.  Figure 3.4 is a 

plot of COV of IMEP vs. AFR for the Magneto and MSC with a spark energy of 30 mJ.  The  
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Figure 3.5: Combustion chamber of cylinder head. 
 

traces show the MSC with a spark energy of 30 mJ matches the Magneto.  All engine 

experiments, unless otherwise specified, were performed with the MSC at a spark energy of 

30 mJ, at 19 °BTDC. 

A modified spark plug location was used for this project.  Figure 3.5 is a picture of the 

combustion chamber of the cylinder head.  To enable in-cylinder sampling, a second spark 

plug location was drilled and tapped below the valve train.  The in-cylinder sampling valve 

was installed in the stock spark plug location.  The new location of the spark plug was a 

mirror image of the production spark plug location.  Due to space constraints, a Champion 

RDJ7Y spark plug was used in place of the stock Champion RC12YC spark plug.  A spark 

gap of 0.76 mm was used for all tests.  Tests were performed on the engine to compare the 

performance of the new spark plug type and the new location relative to the stock plug and 
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location.  Spark timing and energy were kept constant for all conditions tested.  The engine 

appeared to suffer performance at WOT with the new spark plug and location; however, all 

part-load conditions tested appeared to produce similar performance for both plugs.  Since 

the scope of this project was to investigate the effect of EGR at part-load conditions, the new 

spark plug and location was used for all tests in order to accommodate the sampling valve. 

3.9 Exhaust 
 

The engine exhaust system consisted of the following components: modified Intek 

exhaust system, UEGO sensor, flexible metal hose, exhaust diffuser, steel mixing tank, 

emission sampling tube, pressure port, thermocouples, gate valve, and a 1.905 cm OD 

Swagelok stainless steel tube extension to accommodate an external EGR recirculation 

system.  The exhaust pipe was a stock Intek exhaust system with the muffler removed.  A 

thermocouple was installed about 10 cm downstream of the exhaust manifold.  The UEGO 

sensor was installed about 25 cm downstream of the exhaust manifold.  A 2.54 cm steel pipe 

was welded to the modified exhaust and connected to a 2.54 cm flexible steel hose equipped 

with a pipe union.  The opposite end of the flexible steel hose was welded to 2.54 cm steel 

pipe that was welded to the exhaust diffuser.  The exhaust diffuser extended halfway into the 

exhaust-mixing tank.  The diffuser was a 3.81 cm steel pipe consisting of 50 radially drilled 

holes equaling twice the flow area of the pipe.  The end of the diffuser was welded shut to 

ensure exhaust flow through the radial holes.  A thermocouple and differential pressure gage 

were adapted to the exhaust-mixing tank to monitor exhaust gas properties.  A gate valve 

downstream of the exhaust mixing tank was used to control engine exhaust backpressure at 

barometric pressure.  At the exit of the mixing tank, a 6.35 mm stainless steel exhaust 
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sampling tube was installed normal to the exhaust flow.  The sampling tube complied with 

the SAE J1088 standards for emission sampling [22].  Finally, a 1.905 cm OD Swagelok 

stainless steel tube extension was installed on the topside of the exhaust-mixing tank to 

provide a source for external EGR.  The external EGR system coupled to the 8 cm long 

extension.  All pipe connections in the exhaust system, other than pipe unions, were welded 

shut to avoid leaky connections.  The exhaust system was insulated to deter heat transfer to 

the surroundings. 

3.9 Pressure Transducers 
 

In-cylinder pressure measurements for this study were collected using a liquid cooled 

piezo-electric Kistler model 6061 pressure transducer.  The transducer was located in the 

engine head under the intake valve (See Figure 3.5).  A Kistler Model 5010 charge amp 

amplified the charge signal from the pressure transducer.  The charge amp was set at 2.00 

pC/MU and 50 MU/Volt.  A medium time constant was used for engine testing.  The voltage 

signal from the charge amp was sent to the data acquisition system.  A calibration was 

performed on the pressure transducer using a dead weight tester.  Results of the calibration 

can be seen in the Appendix.  The gain obtained from the curve-fit was entered into the DAS. 

The intake port pressure was measured downstream of the throttle using an Omega 

PX303-200A5V absolute pressure transducer.  Results of the calibration can be seen in 

Appendix.  The intake port pressure was used to peg the cylinder pressure at BDC of the 

intake/compression stroke.  The ratio of the intake runner volume to displaced volume was 

0.21. 
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3.10 Data Acquisition System 
 

The Hi-Techniques HT-600 data acquisition system was used.  The system has the 

capability to monitor 8 channels of data, but for this study only four channels were used.  The 

four channels used were to monitor cylinder pressure, the voltage signal from the 

Cambustion FFID, the voltage signal from the intake pressure transducer, and the voltage 

signal from the linear proximity sensor in the sampling valve.  All channels were calibrated 

to convert the voltage signal from each system to respective engineering units.  Triggering of 

data and time were accomplished via an on-board gate and counter.  The shaft encoder A-

pulse and Z-pulse provide the necessary degree counting pulses and TDC pulse.  For each 

test condition, 500 engine cycles were sampled and averaged.  The average traces for each 

test condition were saved for post processing. 

A C-based program was used to convert the binary file from the Hi-Techniques to a text 

file format.  The program also calculated average IMEP, average peak pressure, the average 

crank angle of peak pressure, and the COV of IMEP for the 500 cycles of pressure data 

sampled.  For each of the 500 cycles, the program output the IMEP, peak pressure, crank 

angle of peak pressure, and three FFID uHC concentrations at three distinct CA locations. 

3.11 Exhaust Emission Measurement 
 

Exhaust emission measurements were made on a Horiba five gas analyzer emissions 

bench.  The Horiba bench contained the standard five-gas analyzers: CO, CO2, uHC, NOx, 

and O2.  Each analyzer was paired with a matching amplifier.  The CO and CO2 were both 

AIA-23 NDIR analyzers with OPE-115 and OPE-135 amplifiers, respectively.  The uHC was 

a FIA-23A flame ionization detector (FID) with an OPE-435 amplifier.  The NOx was a 
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CLA-22A chemiluminescent analyzer with an OPE-235 amplifier.  The O2 was a MPA-21A 

paramagnetic analyzer with an OPE-335 amplifier. 

The emission sample was extracted from the exit of the exhaust-mixing tank by the 

exhaust sampling probe.  The exhaust sampling probe was directly coupled to a heated line 

that was maintained at 190°C.  The heated sample flowed to the back of the Horiba emissions 

bench and flowed through a cooling bath, filters, solenoid valves, and to the respective 

analyzers.  Cooling bath temperatures were maintained between 0-2°C.  Switches on the 

front panel interface of the emissions bench controlled the solenoid valves in the bench.  The 

front panel interface allowed the user to adjust the bench to perform various functions such 

as: idle, zero, span, calibrate, and sample.  The idle set point flowed dried building air 

through the analyzers.  A pressure regulator and rotameter on the main manifold allowed the 

user to control the bulk exhaust gas pressure and flow prior to splitting to each individual 

analyzer.  Flow to each analyzer was controlled by individual rotameters. 

The in-cylinder sampling valve was coupled to the cal port (Swagelok Quick Connect) 

on the CO2 analyzer via an unheated sampling line.  The gas sample acquired by the 

sampling valve was immediately condensed and filtered by an ice bath located next to the 

engine test stand.  From the ice bath the sample flowed directly into the CO2 analyzer via the 

cal port.  The cylinder pressure drove the sample flow.  The flow generated was often less 

than the calibrated flow for the CO2 analyzer; therefore a longer response time by the NDIR 

was experienced.  Averaging of the CO2 data was not initiated until the NDIR was reading a 

near steady value. 
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The analog outputs from each analyzer were connected to a National Instruments 6024E 

data acquisition card.  A Lab View program collected and output a two-minute running 

average of the emissions concentrations.  Engine load was averaged in the same program. 

3.12 Fast-FID 
 

Crank angle resolved hydrocarbon concentrations were measured for each condition 

tested.  The coupling of the pressure data to the time-resolved uHC emissions allowed for a 

direct measure of how combustion stability impacted pollutant emissions.  A Cambustion 

HFR-500 FFID was used for this project.  The Cambustion system has a response time of 0.9 

ms and a transit delay of 3.8 ms, nearly temporally resolved HC concentration measurements.  

The FFID was calibrated with 6286-ppm propane HC span gas. 

The location of the sampling probe for this experiment was maintained at 10 mm 

downstream of the exhaust valve stem, in the center of the exhaust port.  It is important to be 

close enough to the exhaust valve to avoid significant time delays and mixing of the sample.  

The absolute values of the uHC concentration on a per CA basis will change as the sample 

probe moves downstream of the exhaust valve, but the overall signature of the trace changes 

more gradually.  Therefore, the sampling probe does not have to be positioned with high 

accuracy from test to test. 

3.13 In-cylinder Sampling Valve 
 

An in-cylinder sampling valve (SV) was used to determine the level of dilution that was 

produced for a given amount of valve overlap or the amount EGR that was recirculated back 

into the intake system.  The SV was a poppet-style, solenoid-actuated valve, constructed 

primarily from stainless steel to reduce heat transfer to the solenoid.  The SV was installed in 
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the engine head via the production 14mm spark plug hole.  The maximum lift of the SV was 

limited to 1 mm and a displacement transducer (Kaman Instruments Model 0.5U) was 

mounted on the valve.  The sensor was only able to measure a maximum lift of 0.5 mm; 

therefore it was used primarily to determine valve opening and closing times.  The signal 

from the displacement transducer was monitored with the Hi-Techniques data acquisition 

system.  A complete characterization of the SV can be seen in the works performed by 

Foudray [18]. 

The SV actuator (Ledex-Dormeyer Model 5SF-2X) was a low-profile linear solenoid.  

An unregulated 48-Volt power supply was used to drive the solenoid.  This was possible 

since the duty cycle of the solenoid was low (~1%).  A simple circuit supplied voltage to the 

solenoid.  The circuit was triggered by a 5-volt TTL from the MotoTron engine control 

system.  MotoTron wrote a subprogram to actuate the SV, which could be initiated on the fly.  

The SV was activated during a programmed misfire.  The program would cut the spark to the 

engine while simultaneously activating the SV.  The number of fired cycles between the dead 

cycles was a user input.  For this project, there were 10 fired cycles for every dead cycle.  

The start angle and duration were additional user inputs to the program.  By analyzing the 

opening and closing crank angles via the displacement transducer signals, the start angle and 

duration for each running condition were empirically determined.  The SV event was targeted 

to occur during the compression stroke.  Figure 3.6 illustrates the sampling event effect on 

cylinder pressure.  The cylinder pressure during the sampling valve event was drastically 

reduced.  Figure 3.6 illustrates also verifies that the cylinder pressure quickly recovered with 

a strong cycle and returned to steady state. 
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Figure 3.6: Cylinder pressure versus CA to illustrate the decrease in cylinder pressure 
during the sampling valve (SV) event.  The data are from the following running 
condition: 3060 RPM, 25% load, production cam timing, optimized spark timing, the 
HMS fuel system. 
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4 
4.0 RESIDUAL GAS FRACTION MEASUREMENTS 

 

4.1 Introduction 
 

The objective of chapter 4 is to investigate the effect different engine running conditions 

have on the amount of trapped residual gases.  The variables investigated include: fuel 

distribution, cam timing, engine speed, engine load, and ignition timing.  In addition, chapter 

4 assesses how residual gas fraction models formulated from automotive engines fare for 

small engines.  The three models used for comparative analysis include: Yun and Mirsky 

[16], Fox, Cheng and Heywood [12], and an ideal gas model.  The in-cylinder sampling 

valve was used to directly measure the residual gas fraction for comparative analysis.  

Measurement of the in-cylinder CO2 concentration was performed with the sampling valve to 

determine the residual gas fraction trapped in-cylinder.  Before the experimental results are 

shown, the experimental running conditions, procedure, and residual gas fraction 

measurement are explained. 

4.2 Experimental Running Conditions 
 

The engine was tested over a wide range of operating conditions, see Table 4.1.  Three 

speeds (3060, 1750, 1200 RPM), and three loads (WOT, 25, 10%) were tested.  For each 

speed/load condition, four valve overlap periods were tested (0, 50, 90, 130 degrees), and 

they are discussed more fully below.  All three fuel distribution strategies (carburetor, 

CMLFI, HMS) were tested for each speed/load/valve timing condition.  The part load values  
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Table 4.1: Experimental running conditions (x marks the tested conditions). 

Cam Timing Zero/Production/Intermediate/Max 
Ignition Timing Production Ignition Optimized Ignition 
Speed (RPM) 3060 1750 1200  3060 1750 1200 
Load WOT 25% 10% 25% 10% 25% 10% 25% 10% 25% 10% 25% 10% 
Carburetor x x x x x     x x x x     
HMS x x x x x x x x x x x x x 
CMLFI x x x x x x x x x x x x x  
 

were referenced to a maximum load condition, which was defined as: 3060 RPM, WOT, 

AFR of 12.0:1, carburetor fuel delivery, no intake air heating, and an intake surge tank 

pressure at standard pressure (101.3 kPa).  The following conditions were held constant for 

all operating conditions: AFR of 12.0:1, intake surge tank pressure at standard pressure 

(101.3 kPa), intake air temperature of 52 °C, and exhaust surge tank pressure at 1 bar (100.0 

kPa). 

The production version of this engine has a fixed ignition timing of 19 °BTDC.  In this 

study tests were performed for both the fixed, production ignition timing and optimized 

ignition timing for each operating condition.  The ignition timing for a given operating 

condition was optimized by maximizing the load for a given engine speed and throttle 

position, then re-adjusting the throttle with fixed ignition timing to achieve the targeted load.  

Table 4.1 summarizes all of the operating conditions for this study. 

The four cam timings tested will be termed the zero, production, intermediate, and max 

cases, respectively, which refers to the amount of valve overlap.  Table 4.2 summarizes the 

resulting cam events for each case, where a valve lift of 0.25 mm (0.010 in) was chosen as 

the reference value for determining the opening and closing events.  For this study, the valve 

overlap period was symmetrically adjusted; for a given amount exhaust valve close (EVC) 
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advance there was an equal amount of intake valve open (IVO) retard.  The exhaust valve 

open (EVO) and intake valve close (IVC) timings were maintained constant for all cases with 

the exception of the zero overlap case.  Due to the design of the adjustable cam, in order to 

achieve zero degrees of overlap the exhaust cam lobe was slightly retarded and intake cam 

lobe was slightly advanced.  The full lift profiles for the four cases can be seen in Fig. 4.1. 

Table 4.2: Cam timings tested.  All crank angle values are referenced to TDC of the 
compression stroke. 

OF 
Case IVO IVC EVO EVC [°/m] 

Zero 358 629 79 361 0.11 
Prod. 335 602 106 385 3.66 
Int. 311 602 106 406 12.31 
Max 297 602 106 425 27.26  
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Figure 4.1: Cam profiles investigated  (The horizontal line in each plot indicates the 
reference lift of 0.254 mm (0.010”). 
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4.3 Experimental Procedure 
 

The following procedure was used to acquire the data for the different conditions 

discussed above: 

1. The cam lobes were adjusted to the desired level of valve overlap. 

2. The lift profile was measured via a dial indicator set on the rocker arm of either 

the intake or exhaust valve.  Crank angle position was measured via the degree 

wheel on the dynamometer coupler.  A one crank angle degree of resolution was 

used for the valve opening and closing events (lift<1.3 mm), as well as near max 

lift (lift>5 mm).  A resolution of five crank angles degrees was used everywhere 

in-between. 

3. For a given cam profile, all speed and load conditions were tested for all three fuel 

systems. 

4. Once steady state was reached for a given running condition, the following steps 

were taken to acquire the data: 

a. The sample pump on the emissions bench was activated, and a two-minute 

running average of the steady state emissions, AFR, and load were 

recorded. 

b. Once the emissions sampling finished, the emissions sampling pump was 

turned off, and the sampling pump for the FFID was activated. 

c. With the FFID activated, a 500-cycle average of cylinder pressure, intake 

pressure, and FFID hydrocarbon concentration were acquired. 

d.  When acquisition of the data completed, the sample pump for the FFID 

was turned off. 
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e. The sampling valve was activated, and the cal port for the CO2 analyzer 

was turned on. 

f. Once the CO2 concentration steadied, a two-minute running average of the 

CO2 concentration was acquired.  In addition, a 500-cycle average of 

cylinder pressure, intake pressure, and sampling valve position were 

acquired. 

g. A 500-cycle average of cylinder pressure and intake pressure was acquired 

with the engine motoring. 

h. Steps a-g were repeated for each running condition/fuel system. 

5. When the data for all running conditions/fuel systems were acquired, the valve lift 

profile was again measured and verified.   

6. Steps 1-5 were repeated for each cam profile investigated. 

4.4 Residual Gas Fraction Measurement 
 

The residual gas mole fraction, xr, can be determined from the ratio of the mole fraction 

of CO2 in the compressed charge,
2 ,CO ccx , to the mole fraction of CO2 in the raw engine-out 

exhaust, 
2 ,CO exhx  via 

= 2

2

,

,

CO cc
r

CO exh

x
x

x
  (4.1) 

where the compressed charge includes the inducted air and fuel plus the trapped exhaust gas, 

and corresponds to the sample that was acquired by the SV.  The mole fractions of CO2 in the 

compressed charge and exhaust were determined from the measured concentrations of CO2 in 

the compressed charge and exhaust.  Since the NDIR used to measure the CO2 concentration 
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required the measurements be performed on a “dry-basis,” both concentrations were 

corrected by a dry-to-wet factor.  The dry-to-wet factor for the exhaust measurement, KEXH, 

was determined from the 5-gas emission measurements in the standard method [26], but the 

dry-to-wet factor for the compressed charge, KCC, had to be evaluated based on KEXH and 

equation (4.1) since CO2 was the only gas constituent measured in the compressed charge.  

The compressed charge dry-to-wet factor is then 

[ ]+
=

+
1

1
EXH r

CC
r

K x
K

x
  (4.2) 

The derivation for equation (4.2) can be seen in the Appendix.  Under the standard 

assumption that the molecular weight of the trapped and exhaust mixtures are the same, the 

residual mole fraction is equivalent to the residual mass fraction, yr. 

4.5 Results 
 

The results for the investigated variables effect on the amount of measured, trapped 

residual gases are explained.  The investigated variables include: fuel system, valve overlap, 

ignition timing, engine speed and load. 

4.5.1 Effect of Fuel System 
 

The effect of the fuel system on the measured residual fraction can be seen in Figs. 4.2 

and 4.3.  The data for the HMS was chosen for the abscissa because the HMS was found to 

produce the widest stable operating range for the engine.  The results from the CMLFI, Fig. 

4.3, were found to be in excellent agreement with the HMS results for all of the conditions 

tested.  At low to moderate residual fractions the carburetor results agree very well with the 

HMS results.  However, for conditions with a relatively high residual fraction the carburetor  
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Figure 4.2: Comparison of measured 
residual fraction for the HMS and 
carbureted fuel delivery cases. 

Figure 4.3: Comparison of measured 
residual fraction for the HMS and CMLFI 
fuel delivery cases. 

 

provides slightly lower values of residual fraction.  The difference is, in part, thought to be 

the result of the poorer (relative to the HMS) combustion quality observed with the 

carburetor at high residual fractions. 

4.5.2 Effect of valve overlap 
 

Changing the valve overlap effect produced the expected results – higher levels of 

overlap produced higher residual fractions.  These results can be seen in Fig. 4.4 for the HMS 

data.  The effect of overlap was more pronounced at the higher valve overlap conditions.  

The effects of speed and ignition timing, which are included in Fig. 4.4, are discussed 

separately below. 
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Figure 4.4: Comparison of valve overlap amount on residual fraction for the HMS data 
only.  The cases correspond to speeds of 3060 (0-4), 1750 (5-8) and 1200 (9-12) RPM, 
with loads of 100% (0), 25%(1,5,9) and 10% (3,7,11).  The odd numbered cases are for 
the fixed ignition timing and the next larger even number corresponds to the advance 
ignition timing for the same case. 
 

4.5.3 Effect of Ignition timing 
 

Figure 4.5 shows the effect of ignition timing on the residual fraction for all of the data.  

There is a clear bias to the data, with the advanced ignition timings providing a higher 
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Figure 4.5: Effect of ignition timing on the measured residual fraction. 
 

EVO, the latter being measured and the former observed by a similar relation in exhaust 

temperature.  The higher temperatures give rise to lower residual gas density, and thus a 

lower residual fraction for an equivalent volume.  The higher pressure at EVO is thought to 

aid in the blowdown and scavenging event. 

4.5.4 Effect of speed 
 

The effect of engine speed was found to be significant.  Figure 4.6 shows data acquired 
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Figure 4.6: Effect of engine speed on residual fraction.  The data are from the HMS, the 
filled symbols are 10% load and the open symbols are 25% load.  The valve overlap 
conditions are zero (square), production (circle), intermediate (hourglass) and 
maximum (triangle). 
 

temperature increases by almost 50%, reducing the residual gas density.  Similarly, as the 

speed increases the pressure at EVO increases due to the reduction in heat transfer, setting up 

different blow down phenomena. 
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correlations.  In addition, the expansion polytropic coefficient was assumed equal to the 

compression polytropic coefficient for the Yun and Mirsky method because of the retarded 

heat release for the high residual fraction, part-load conditions. 

The three models were evaluated for their ability to predict the residual fraction.  The 

Yun and Mirsky and Ideal Gas models were implemented directly as described.  The Fox, 

Cheng and Heywood model, however, could not be directly implemented because the intake 

pressure, Pint, is not uniquely defined for small engines with limited intake volume.  For this 

model the intake pressure was taken to be the pressure at bottom dead center of the 

compression stroke. 

The results of the Ideal Gas model, yr,IG, are plotted in Fig. 4.7 against the measured 

residual fraction.  The correlation between the Ideal Gas prediction and measured residual 

fraction is, in general, quite poor.  At low residual fraction the Ideal Gas model over-predicts 

the residual fraction, while at high residual fraction the model under-predicts the value. 

The cause for this behavior is believed to be the assumptions made regarding the 

temperatures of the fresh and residual charges.  The measured intake gas temperature will be 

lower than the trapped fresh charge temperature due to heat transfer from the hot walls 

during the intake stroke.  Therefore, the partial volume of the intake charge is under-

estimated resulting in a higher than expected residual fraction.  This problem is expected to 

be worse at low residual fraction, and this is consistent with the observation in Fig. 4.7.  

Also, the residual gas temperature is expected to be lower than the exhaust temperature due 

to heat transfer to the walls during gas exchange.  This effect would result in an under-

estimation of the residual mass, and would be more pronounced at high residual fraction, 

which is consistent with Fig. 4.7.  Attempts to improve the prediction capability  
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Figure 4.7: Comparison of ideal gas 
model to measured results. 

Figure 4.8: Comparison of Yun and 
Mirsky model to measured results. 

 

of the Ideal Gas model using the measured oil temperature as a surrogate for the chamber 

wall temperature did not produce significantly improved results. 

The comparison of the Yun & Mirsky model prediction to the measured residual is 

shown in Fig. 4.8.  The trend in the results is captured reasonably by the Yun & Mirsky 

model, but the model substantially under-predicts the residual fraction.  The basic premise of 

the Yun & Mirsky model is that the residual gas undergoes a polytropic expansion from EVO 

to EVC.  The EVC to EVO density ratio is then given by the second term in equation (2.1), 

and when coupled with the cylinder volumes it results in the necessary mass ratio.  The use 

of the polytropic coefficient instead of the isentropic coefficient accounts to a small degree 

for the effect of heat transfer 

In the real case, however, the effects of heat transfer will be more significant.  
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Figure 4.9: Comparison of Fox, Cheng and Heywood model to measured results. 
 

result is reflected in the trends of Fig. 4.8 where the predicted residual fraction lies below the 

measured value. 
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dominating the results. 
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5 
5.0 COMBUSTION PERFROMANCE AND EMISSIONS 

 

5.1 Introduction 
 

The objective of chapter 5 is to investigate the effect of different engine running 

conditions on engine performance and the formation of pollutant emissions.  The engine 

variables investigated included: fuel distribution, cam timing, engine speed, engine load, and 

ignition timing.  Cylinder pressure-derived parameters were used to evaluate recognized 

combustion performance parameters for analysis of the investigated variables.  Mass-based 

pollutant emissions and cycle-resolved hydrocarbon concentrations were analyzed to 

investigate the effect the tested variables had on the resultant pollutant emissions. 

5.2 Engine Performance 
 

The objective of evaluating the engine performance was to recognize which running 

conditions formulate poor combustion stability in the engine.  The following crank angle-

resolved measurements and techniques were used to evaluate engine performance: in-

cylinder pressure, peak cylinder pressure, heat release, COV of IMEP, cycle-to-cycle 

comparison of peak cylinder pressure relative to the location of peak cylinder pressure, and 

the IMEP of cycle (N+1) as a function of the IMEP of the prior cycle (N).  The results for 

each independent parameter mentioned above were analyzed for their contribution to engine 

performance. 
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5.2.1 Effect of Fuel System 
 

The three fuel distribution strategies investigated (carburetor, HMS, and CMLFI) were 

analyzed to recognize any performance variations between the three systems.  The objective 

of the investigation was to identify whether fuel maldistribution was affecting the results.  

Figure 5.1 shows the heat release as a function of engine crank angle for the WOT condition 

at 3060 RPM.  The heat release rate for each fuel system suggests the charge from each 

system burned at a similar rate and location at WOT.  The data in Figure 5.1 are for the 

production cam timing and ignition.  Similar results were seen regardless of the cam timing 

at WOT. 

 

 

Figure 5.1: Heat Release Rate vs. CA for the WOT condition.  Data are from the 
production cam timing. 
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Figure 5.2: Heat release rate as a function of engine crank angle for the 25% and 10% 
load cases at 3060 RPM with the production ignition timing. 
 

The majority of the running conditions investigated targeted part load operation.  

Figure 5.2 shows the heat release rate as a function of engine crank angle for the 25% and 

10% load cases at 3060 RPM with the production ignition timing.  The production ignition  

timing cases were only used to investigate the effect of the different fuel systems since the 

production ignition timing was held constant.  All heat release rate data are plotted up to the  
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Figure 5.3: Heat release rate as a function of engine crank angle for the 25% and 10% 
load cases at 1750 RPM with the production ignition timing. 
 

point of exhaust valve opening.  The zero cam timing required EVO to be advanced, hence 
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suggests the CMLFI fuel system produced a slightly quicker burning charge at both part load 

conditions.  Similar results were seen for the production timing part load conditions at 1750 

RPM, see Figure 5.3. 

  

 

 

Figure 5.4: Peak pressure as a function of the location of peak pressure for 25% load, 
3060 RPM, and production ignition timing. 
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Further investigation of the burning rates for each fuel system at the production cam 

and ignition timings can be seen in Figure 5.4.  Figure 5.4 is the cycle-to-cycle data of peak 

pressure as a function of the location of peak pressure for each fuel system at 25% load, 3060 

RPM, and production ignition timing.  Figure 5.4 suggests the production ignition timing was 

too retarded for light load operation.  Advanced ignition timing often offsets the decrease in 

charge pressure due to light load operation, hence increasing the burn rate and advancing the 

burn phasing.  The data suggests the air-fuel mixture from each fuel system produced high 

variation in the burn phasing from cycle-to-cycle.  Therefore, advancing the ignition could 

lead to less burn rate variation as seen in Figure 5.4. 

The CMFLI data in Figure 5.4 supports the heat release data, which suggested the 

charge produced by the CMLFI burned slightly quicker.  Figure 5.4 shows the CMFLI data 

approaching the fast-burn linear region, where as the HMS and carburetor data are more in 

the transition region, which suggests high burn rate variation with the HMS and carburetor.  

In addition, the HMS and carburetor data also have more points near TDC, again illustrating 

the large burn rate variation.  In conclusion, the CMFLI appears to be producing a more 

consistent, faster burning charge relative to the other fuel distribution systems with the 

production cam timing, however slight. 
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5.2.2 Effect of Cam Timing 
 

The four cam timing strategies investigated (zero, production, intermediate, and max) 

were analyzed to recognize any performance variations between the four systems.  

Specifically, the cam timing strategies represent varying levels of overlap, which dictate 

varying levels of trapped EGR.  Therefore, it is the effect of EGR on engine performance that 

was investigated.  Since the fuel systems showed little variation, the HMS fuel system was 

chosen for the abscissa for the remaining figures because it was found to produce the widest 

stable operating range for the engine. Figure 5.5 shows the COV of IMEP as a function of the 

measured residual mass fraction (yr,meas).  A strong dependency of the COV of IMEP on 

yr,meas occurred at EGR levels greater than ~ 20%.  The majority of the data with yr,meas > 20% 

were comprised of large overlap (intermediate and max cam timings), low speed (1750  

 

Figure 5.5: COV of IMEP as a function of the measured residual fraction. 
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Figure 5.6: IMEP of cycle (N+1) as a function of the previous cycle (N) IMEP for 500 
engine cycles.  The different cam timing data correspond to 3060 RPM, 25% load, 
production ignition timing, and the HMS fuel system. 
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 65
flame speed also suffers from the low charge density and dilution, leading to significant burn 

rate variation. 

Increasing the amount of valve overlap increases the amount of exhaust residuals 

retained in the cylinder.  High levels of EGR dilute the charge and typically increase cycle-

to-cycle variance for reasons mentioned above.  Figures 5.6 and 5.7 show the IMEP of cycle  

  

  

Figure 5.7: IMEP of cycle (N+1) as a function of the previous cycle (N) IMEP for 500 
engine cycles.  The different cam timing data correspond to 1750 RPM, 10% load, 
production ignition timing, and the HMS fuel system. 
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(N+1) as a function of the previous cycle (N) IMEP for 500 engine cycles.  The scatter of the 

points increases as the level of overlap increases, concluding that the increased residual is 

increasing the cycle-to-cycle variance.  None of the plots in each figure suggest any cycle-to-

cycle dependency, which, however, was observed for the majority of the tested conditions.  

For the production ignition, a weak followed by a strong cycle dependency was only 

observed for the max cam timing at the following test conditions: 1200 RPM, 10% load.  

Figure 5.8 shows the IMEP of cycle (N+1) as a function of the previous cycle (N) IMEP for 

500 cycles at this running condition.  A best-fit line through the data would have a negative 

slope, suggesting that a strong combustion cycle (high IMEP) was preceded by a poor 

combustion cycle (low IMEP). 

 

Figure 5.8: IMEP of cycle (N+1) as a function of the previous cycle (N) IMEP for 500 
engine cycles.  The max cam timing data correspond to 1200 RPM, 10% load, 
production ignition timing, and the HMS fuel system. 
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The optimized ignition conditions did exhibit a strong, prior cycle effect for the 

production, intermediate, and max cam timings.  The zero cam timing showed no prior cycle 

effect.  The cycle-to-cycle dependency was observed for the low speed, light load conditions, 

specifically the 10% load cases.  Figure 5.9 shows the IMEP of cycle (N+1) as a function of 

the previous cycle (N) IMEP for 500 cycles.  The data are from the following condition: 

1750 RPM, 10% load, production cam timing, optimized ignition timing.  The data show a 

prior-cycle effect, with misfires followed by strong cycles.  The fuel carryover from the 

misfire gives rise to this effect. 

 

Figure 5.9: IMEP of cycle (N+1) as a function of the previous cycle (N) IMEP for 500 
engine cycles.  The production cam timing data correspond to 1750 RPM, 10% load, 
optimized ignition timing, and the HMS fuel system. 
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Figure 5.10: Peak pressure as a function of the location of peak pressure for 500 engine 
cycles.  The different cam timing data correspond to 3060 RPM, 25% load, production 
ignition timing, and the HMS fuel system. 
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5.11 support this argument in that the burn speed transitions from relatively fast to slow as 

the amount of overlap increases.  The data points transitioned towards TDC as the peak 

pressure decreased. 

  

  

Figure 5.11: Peak pressure as a function of the location of peak pressure for 500 engine 
cycles.  The different cam timing data correspond to 1750 RPM, 10% load, production 
ignition timing, and the HMS fuel system. 
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Figures 5.10 and 5.11 both show that the burn rate variation increases from cycle-to-

cycle as the amount of overlap increases.  The zero cam timing data in Figure 5.10 fall on a 

nearly vertical line suggesting a more consistent burning rate.  The data for the max cam 

timing fall on a nearly horizontal line suggesting a great deal of burn rate variation.  In 

addition, the data in Figure 5.11 show how quickly the data hook back towards TDC as the 

amount of overlap increases.  The increase in peak pressure from the intermediate cam 

timing to the max cam timing in Figure 5.11 suggests the compression pressure increased due 

to advancing the intake valve opening.  Figures 5.10 and 5.11 are representative of the entire 

conditions tested, concluding that increased EGR trapped in-cylinder affected the production 

of the flame front and flame growth. 

  

Figure 5.12: IMEP of cycle (N+1) as a function of the previous cycle (N) IMEP for 500 
engine cycles.  The different ignition timing data correspond to 3060 RPM, 25% load, 
production cam timing, and the HMS fuel system. 
 
 
 

320

280

240

200

IM
E

P_
N

+1
 (k

Pa
)

320280240200
IMEP_N (kPa)

Production
Ign. Timing

320

280

240

200

IM
E

P_
N

+1
 (k

Pa
)

320280240200
IMEP_N (kPa)

Optimized
Ign. Timing



 71

5.2.3 Effect of Ignition 
 

The two ignition timings investigated (production and optimized) were analyzed to 

identify any performance variations between the two strategies.  Advancing the ignition 

(optimized conditions) showed definite improvements in cyclic variability.  Figure 5.12 

shows the IMEP of cycle (N+1) as a function of the previous cycle (N) IMEP for 500 cycles.  

The data are the production and optimized ignition data for the running condition: 3060 

RPM, 25% load, production cam timing, HMS.  The majority of the experimental conditions 

showed cyclic variability improvement by advancing the ignition. 

 

Figure 5.13: COV of IMEP for the optimized ignition timing conditions as a function of 
the COV of IMEP of the production ignition timing conditions. 
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A few of the investigated running conditions did not abide by the trend described above.  

Some of the optimized ignition conditions produced worse cyclic variability than the 

production ignition for a given condition.  Figure 5.13 is a plot of the COV of IMEP of the 

optimized ignition conditions as a function of the COV of IMEP of the same test conditions 

with the production ignition timing.  Figure 5.13 supports the argument in the above 

paragraph in that a majority of the conditions experienced an improvement in cyclic 

variability as a result of advancing ignition.  Figure 5.13 also shows the conditions that 

deviated from the norm.  The points above the 1:1 line all come from the low speed (1750 

and 1200 RPM), light load (10%) conditions.  In order to establish constant load with 

advancing ignition, the throttle was significantly closed to compensate for the load 

improvement from advancing the ignition.  Closing the throttle had a clear affect on the 

ignition event (see Figure 5.9).  At the lower in-cylinder density there was a significant 

misfire tendency, which offset the overall improvement in combustion. 

The improvement in cyclic variability by the majority of the data can be attributed to the 

increase in burn rate achieved by advancing the ignition.  Figure 5.14 shows the transition of 

the data to the “linear” regime, suggesting good combustion with less variation in burn 

phasing.  The data are from the following test condition: 3060 RPM, 25% load, production 

cam timing, HMS.  Figure 5.14 represents the trend seen by the majority of the conditions 

investigated.  Figure 5.15 represents the trend seen by the conditions described above that 

suffered performance due to advancing the ignition.  The data in Figure 5.15 are from the 

following experimental condition: 1200 RPM, 10% load, max cam timing, and HMS.  Figure 

5.15 shows that advancing the ignition on the light load and low speed conditions 

transitioned the data to the “hook-back” regime.  The scatter in the data suggests there was  
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Figure 5.14: Peak pressure as a function of 
the location of peak pressure for 500 
engine cycles.  The different ignition 
timing data correspond to 3060 RPM, 
25% load, production cam timing, and the 
HMS fuel system. 

Figure 5.15: Peak pressure as a function of 
the location of peak pressure for 500 
engine cycles.  The different cam timing 
data correspond to 1200 RPM, 10% load, 
production cam timing, and the HMS fuel 
system. 
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investigated variables included: engine speed, engine load, fuel distribution, cam timing, and 

ignition timing. 

5.3.1 Steady-State Mass-Based Emissions 
 

The uHC and NOx concentration measurements for each operating condition were 

converted to a mass basis since engine emissions are typically reported on a brake-specific 

basis.  The method to convert the measured pollutant concentration to a mass-basis is 

accomplished via the known mass flow of fuel measurement and from a carbon balance on 

the known measured pollutants.  Manipulation of the carbon balance allows the total moles 

of exhaust to be determined ( exhn ).  Equation (5.1) defines the carbon balance: 

HCCOCOCH nnnn
N

++=
2

  (5.1) 
 

where n  represents the number of moles per mole of fuel on a per carbon atom basis.   

 

exhexhpolpol n
pol

nn
100

][== χ   (5.2) 

 
By substituting equation (5.1) into equation (5.2) for each pollutant, the total moles of 

exhaust for one mole of fuel is: 

][][][
100

2 HCCOCO
nexh ++

=   (5.3) 

 
Equation (5.3) assumes all concentrations were measured on a percent basis.  In addition, the 

total moles of exhaust are either “wet” or “dry” depending on how the three carbon-based 

pollutants were measured, “wet” or “dry”.  All the pollutants in equation (5.3) need to be on 

the same basis, “wet” or “dry”.  Equation (5.4) and (5.5) are used for conversion via the dry-

wet factor (KEXH).  All pollutants were measured “dry” for this experiment. 
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dryEXHwet polKpol ][][ =   (5.5) 

 
With the total moles of exhaust known, the brake-specific values for each pollutant can be 

evaluated by the following: 

BP

m
BS pol

pol

�
=     (5.6) 

 
The mass flow of the pollutant ( polm� ) in equation (5.6) can be determined from the following 

equation (equation (5.7) was taken from [26]): 
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Equation (5.7) can be reduced to the following: 

NN CH

fuel

CH

exh
polpol MW

m

n
n

MW
pol

m
�

�
100

][=  (5.8) 

 
All the independent variables in equation (5.8) are known so the mass flow of each pollutant 

can be evaluated.  NOTE:  If the pollutant is measured “wet”, the total moles of exhaust 

needs to be “wet” and vice versa on the “dry-basis”.  In equation (5.8) the moles of fuel 

(
NCHn ) is equivalent to one, and the molecular weight is for one mole of fuel.  The measured 

concentration of the pollutant in equation (5.8) is assumed to be on a percent basis.  The 

program to convert the emissions to a mass-basis can be seen in the Appendix. 

 

 

 



 76

  

Figure 5.16: BSHC from the carburetor and CMLFI as a function of the BSHC from 
the HMS. 
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Figure 5.17: BSNOx from the carburetor and CMLFI as a function of the BSNOx from 
the HMS. 
 

suggest the carbureted conditions produced slightly higher levels of NOx relative to the other 
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Figure 5.18: BSHC as a function of the measured residual fraction. 
 

Figure 5.19: BSHC as a function of the COV of IMEP. 
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increases as seen in Figure 5.19 supports this argument.  The increase in misfires at high 

residual conditions explains the increase in uHC. 

Figure 5.20 shows the opposite effect for the NOx emissions as a function of the 

measured residual fraction.  Adding dilution decreases the in-cylinder temperatures.  The 

formation of NOx emissions is exponentially proportional to the in-cylinder temperature, 

supporting the observed decrease in NOx emissions as the cam overlap period is increased. 

 

 

Figure 5.20: BSNOx as a function of the measured residual fraction 
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Figure 5.21: BSHC and BSNOx for the optimized ignition timing as a function of the 
BSHC and BSNOx for the production ignition timing. 
 

5.3.1.3 Effect of Ignition Timing 
 

The two ignition timings investigated (production and optimized) were analyzed to 

determine its effect on the measured pollutants.  Figure 5.21 shows the brake-specific uHC 

and NOx emissions for the optimized ignition conditions as a function of the brake-specific 

uHC and NOx emissions for the production ignition conditions.  Comparing the optimized 

ignition to the production ignition for similar engine loads, the uHC and NOx emissions 

showed slight effects due to the start of ignition.  The data points that deviate from the 1:1 

line for the brake-specific uHC plot represent those conditions where the engine was highly 

throttled.  The NOx data points that deviated from the 1:1 line are largely comprised of the 

zero cam timing conditions in addition to the low speed, light load conditions with the 

carburetor (lean AFR relative to the target AFR).  The zero cam timing is representative of 

low levels of EGR, hence there is less charge dilution to decrease in-cylinder temperatures, 

450

300

150

0B
SH

C
_O

pt
. I

gn
. (

g/
kW

-h
r)

4503001500
BSHC_Prod. Ign. (g/kW-hr)

12

10

8

6

4

2

0B
SN

O
x_

O
pt

. I
gn

. (
g/

kW
-h

r)

12840
BSNOx_Prod. Ign. (g/kW-hr)



 81
increasing the formation of NOx.  Advancing the ignition in a low EGR environment greatly 

increases the in-cylinder temperatures relative to the in-cylinder temperatures experienced by 

the same conditions with the production ignition.  The production ignition was too retarded at 

the low speed, light load conditions.  Again, the carburetor ran lean at the low speed, light 

conditions, increasing the observed NOx emissions due to higher in-cylinder temperatures. 

5.3.2 Cycle-Resolved Hydrocarbon Emissions 
 

Cycle-resolved hydrocarbon concentrations were measured using a fast flame ionization 

detector.  The FFID was used to determine which events in the exhaust stroke produced the 

largest contribution to the steady-state hydrocarbon emissions.  In addition, the variation of 

hydrocarbons at each event was investigated to resolve any differences due to the various 

engine conditions investigated.  For each test condition, three specific events of the cycle-

resolved uHC signature were targeted for analysis to investigate the cycle-to-cycle variation.  

Figure 5.22 and 5.23 are both examples of the average FFID uHC signature as a function of 

CA.  Figure 5.22 is an example of the observed cycle-resolved uHC signature observed for 

the zero cam timing, and Figure 5.23 represents an average trace for the production, 

intermediate, and max timing conditions.  Both figures show the selected crank angle for the 

three specific events.  The FFID events chosen for the zero cam timing conditions were 

different than the other cam timings, because the EVO and IVC timing were altered to 

achieve zero degrees of overlap.  The EVO and IVC timing for the remaining cam timings 

were maintained constant, but the EVC and IVO timing were altered to achieve varying 

levels of overlap.  Observation of each test conditions signature showed little discrepancy in 

regards to the location of the FFID2 and FFID3 CA location, hence the reason for not having  
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Figure 5.22: Location of the FFID events for the zero cam timing. 
 

 

Figure 5.23: Location of the FFID events for the production, intermediate and max cam 
timings. 
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four separate field events.  The first event (FFID1) represents the onset of the blowdown 

period as the exhaust valve begins to open.  The high uHC contribution during the initial rise 

is speculated to be due to unburnt fuel leaking past the exhaust valve during compression and 

the early stages of combustion.  In addition, out-gassing of uHC from crevice regions near 

the exhaust valve seat may have contributed to the initial release of uHC [21].  The second 

event (FFID2) represents a point at the onset of the exhaust, pumping stroke.  The plateau of 

the uHC signature during this period may be the result of a slug of exhaust gases moving 

backward and forwards in the vicinity of the sampling tube [21].  The concentration of the 

plateau region represents the uHC concentration in the burned gas [27].  The third event 

(FFID3) attempts to capture the final rise of uHC as the piston reaches TDC.  The sharp rise 

is due to the expulsion of uHC that were deposited in the piston crevices. 

5.3.2.1 Effect of Engine Speed 
 

The effect of engine speed on the cycle-average FFID uHC signature can be observed in 

Figure 5.24.  The operating condition investigated had the following conditions held 

constant: 25% load, production cam timing, production ignition timing, and HMS fuel 

system.  The plotted condition is representative of the other tested condition’s sensitivity to 

speed changes.  Figure 5.24 shows as the engine speed decreased, the uHC increased in 

concentration.  Decreasing engine speed decreases the amount of compression of the 

unburned gases prior to ignition.  As a result, lower speeds suffer from a low charge density 

decreasing the burn rate and delaying the phasing of the burn.  In addition, for a fixed 

ignition, the slower speeds suffer from a retarded start of ignition as a result of the decrease 

in charge density.   Since the flame is competing with an expanding piston it is forced to  
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Figure 5.24: Cycle-resolved hydrocarbon concentrations as a function of engine crank 
angle.  The engine speed data correspond to 25% load, production cam timing, 
production ignition timing, and the HMS fuel system 
 

extinguish early, leading to an increase in the resulting concentration of unburned 

hydrocarbons. 
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Figure 5.25: Cycle-resolved hydrocarbon concentrations as a function of engine crank 
angle.  The engine load data correspond to 3060 RPM, production cam timing, 
production ignition timing, and the HMS fuel system. 
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Figure 5.26: Cycle-resolved hydrocarbon concentrations as a function of engine crank 
angle.  The fuel system data correspond to 3060 RPM, 25% load, production cam 
timing, and the production ignition timing. 
 

 

Figure 5.27: Cycle-resolved hydrocarbon concentrations as a function of engine crank 
angle.  The fuel system data correspond to 1750 RPM, 25% load, production cam 
timing, and the production ignition timing. 
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steady-state uHC concentrations also exhibited this trend.  The HMS and CMFLI showed 

nearly identical signatures for all investigated conditions. 

The cycle-to-cycle uHC concentrations were observed at the three different signature 

events (FFID1, FFID2, and FFID3) for each fuel system.  The objective was to identify any 

cycle-to-cycle dependencies in regards to the different fuel systems.  Figure 5.28 shows each  

  

 

 

Figure 5.28: FFID events as a function of IMEP.  The fuel system data correspond to 
3060 RPM, 25% load, production cam timing, and the production ignition timing. 
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cycle-to-cycle FFID event as a function of IMEP for all three fuel systems.  The data are 

from the following test condition: 3060 RPM, 25% load, production cam timing, and 

production ignition timing.  Regardless of the FFID event, the carburetor was the only fuel 

system that showed a strong dependency; however, all three fuel systems recorded similar 

steady state brake-specific uHC at that specific condition.  Figure 5.29 supports the  

  

 

 

Figure 5.29: FFID events as a function of IMEP.  The fuel system data correspond to 
1750 RPM, 25% load, alternate cam timing, and the production ignition timing. 
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observation seen in Figure 5.28 and illustrates how the magnitude of the dependency 

increases at lower speeds and larger amounts of dilution.  The data in Figure 5.29 are from 

the following test condition: 1750 RPM, 25% load, intermediate timing, and production 

ignition.  Observation of the steady state brake-specific uHC suggests that the carburetor was 

most sensitive to lower speed operation.  At lower speeds, the carburetor gave higher brake- 

  

 

 

Figure 5.30: FFID event of cycle (N+1) as a function of the previous cycle (N) FFID 
event for 500 engine cycles.  The different fuel system data correspond to 3060 RPM, 
25% load, production cam timing, and the production ignition timing. 
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specific uHC than the electronic fuel systems.  The recorded steady state, brake-specific uHC 

show little to no variation for all three fuel systems as the amount of dilution increased 

(increased valve overlap).  There were no observed cycle-to-cycle differences between the 

FFID events for the HMS and CMLFI. 

Further investigation of the data reinforced the cycle-to-cycle dependency of the 

carburetor.  Figure 5.30 shows each FFID event cycle (N+1) as a function of the previous 

cycle (N) FFID event for 500 engine cycles.  The data are from the following test condition: 

3060 RPM, 25% load, production cam timing, and production ignition timing.  All three 

FFID events show a common trend for the carburetor.   The HMS and CMFLI show identical 

results and no cycle-to-cycle dependencies.  At the specified condition, the carburetor COV 

of IMEP for the 500 cycles of data was almost double the COV of IMEP of the electronic 

fuel systems.  At lower speeds, the carburetor COV of IMEP was more than three times the 

COV of IMEP of the electronic fuel systems.  Figure 5.31 shows each FFID event cycle 

(N+1) as a function of the previous cycle (N) FFID event for 500 engine cycles for data from 

the following test condition: 1750 RPM, 25% load, production cam timing, and production 

ignition timing.  The cyclic variability of the engine fueled by the carburetor may be the 

reason for the high amount of scatter and cycle-to-cycle dependency in the cycle-resolved 

hydrocarbons.  In conclusion, the carburetor suffered performance at low speed operation 

relative to the electronic fuel systems.  The electronic fuel systems showed similar results for 

all running conditions. 
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Figure 5.31: FFID event of cycle (N+1) as a function of the previous cycle (N) FFID 
event for 500 engine cycles.  The different fuel system data correspond to 1750 RPM, 
25% load, production cam timing, and the production ignition timing. 
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5.3.2.4 Effect of Cam Timing 
 

The four cam timing strategies investigated (zero, production, intermediate, and max) 

were analyzed to recognize any variations in the FFID uHC signature and the targeted 

exhaust events between the four systems.  Figure 5.32 shows the observed uHC signature for 

each cam timing at the following test condition: 3060 RPM, 25% load, production ignition 

timing, and HMS fuel system.  Each cam timing had its own unique signature. 

 

Figure 5.32: Cycle-resolved hydrocarbon concentrations as a function of engine crank 
angle.  The cam timing data correspond to 3060 RPM, 25% load, production ignition 
timing, and the HMS fuel system. 
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Figure 5.33 (a): FFID1 data as a function of IMEP.  The cam timing data correspond to 
3060 RPM, 25% load, production ignition timing, and the HMS fuel system. 

 

Figure 5.33 (b): FFID2 data as a function of IMEP.  The cam timing data correspond to 
3060 RPM, 25% load, production ignition timing, and the HMS fuel system. 
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Figure 5.33 (c): FFID3 data as a function of IMEP.  The cam timing data correspond to 
3060 RPM, 25% load, production ignition timing, and the HMS fuel system. 
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Figure 5.34 (a): FFID1 data as a function of IMEP.  The cam timing data correspond to 
3060 RPM, 10% load, production ignition timing, and the HMS fuel system. 
 

Figure 5.34 (b): FFID2 data as a function of IMEP.  The cam timing data correspond to 
3060 RPM, 10% load, production ignition timing, and the HMS fuel system. 
 

10500

9000

7500

6000

4500

3000

1500

FF
ID

1 
[H

C
] (

pp
m

_C
3)

25020015010050
IMEP (kPa)

 Zero
 Production
 Intermdiate
 Max

Overlap

9500

8000

6500

5000

3500

2000

500

FF
ID

2 
[H

C
] (

pp
m

_C
3)

25020015010050
IMEP (kPa)

 Zero
 Production
 Intermediate
 Max

Overlap



 96
 

Figure 5.34 (c): FFID3 data as a function of IMEP.  The cam timing data correspond to 
3060 RPM, 10% load, production ignition timing, and the HMS fuel system. 
 

Figure 5.35 (a): FFID1 data as a function of IMEP.  The cam timing data correspond to 
1750 RPM, 10% load, production ignition timing, and the HMS fuel system. 
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Figure 5.35 (b): FFID2 data as a function of IMEP.  The cam timing data correspond to 
1750 RPM, 10% load, production ignition timing, and the HMS fuel system. 
 

Figure 5.35 (c): FFID3 data as a function of IMEP.  The cam timing data correspond to 
1750 RPM, 10% load, production ignition timing, and the HMS fuel system. 
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Figure 5.36: Cycle-resolved hydrocarbon concentrations as a function of engine crank 
angle.  The ignition timing data correspond to 3060 RPM, 25% load, production cam 
timing, and the HMS fuel system. 
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Figure 5.37: Cycle-resolved hydrocarbon concentrations as a function of engine crank 
angle.  The ignition timing data correspond to 1750 RPM, 10% load, production cam 
timing, and the HMS fuel system. 
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Figure 5.38: FFID events as a function of IMEP.  The ignition timing data correspond 
to 1750 RPM, 10% load, production cam timing, and the HMS fuel system. 
 
causing the increase in uHC.  The increase in the FFID2 event appears to occur at the onset 

of the pumping stroke.  Similar results were observed for all 10 % load conditions. 

10500

8500

6500

4500

2500

FF
ID

1 
[H

C
] (

pp
m

_C
3)

220145700-80
IMEP (kPa)

 Production Ign.
 Optimized Ign.

10500

8750

7000

5250

3500

1750

FF
ID

2 
[H

C
] (

pp
m

_C
3)

220145700-80
IMEP (kPa)

 Production Ign.
 Optimized Ign.

10500

8500

6500

4500

2500

FF
ID

3 
[H

C
] (

pp
m

_C
3)

220145700-80
IMEP (kPa)

 Production Ign.
 Optimized Ign.



 101

6 
6.0 CONCLUSIONS AND RECOMMENDATIONS 

 

6.1 Overview 
 

This research project focused on the effect of high residual fraction on the combustion 

stability and resulting hydrocarbon emissions in an air-cooled utility engine.  The engine was 

operated at different speeds and light loads for various cam timings, fuel mixture preparation 

systems, and ignition timings.  An in-cylinder sampling valve was used to measure the 

amount of residual fraction trapped in the charge.  The measured residual fraction was 

compared to three models used for EGR prediction in order to quantify their applicability to 

utility engines.  Cylinder pressure-derived parameters were used to evaluate recognized 

combustion performance parameters for cycle-by-cycle analysis of the investigated operating 

conditions.  A fast flame ionization detector was used to measure the cycle-resolved 

hydrocarbon emissions from the combustion process, and steady-state emission 

concentrations of NOx, uHC, CO, CO2, and O2 were also measured to evaluate the mass-

based pollutant emissions.  The air-fuel ratio and intake air temperatures were maintained 

constant for each condition tested.   

6.2 Summary of Results 
 

The residual fraction was found to be relatively insensitive to the fuel mixture 

preparation system, but was to a moderate degree sensitive to the ignition timing.  The 

residual fraction was found to be strongly affected by the amount of valve overlap and engine 
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speed.  The effects of engine speed and ignition timing were, in part, due to the in-cylinder 

conditions at EVO, with lower temperatures favoring higher residual fractions. 

None of the three EGR models investigated was able to accurately predict the residual 

fraction over the entire range of conditions tested.  The Fox, Cheng and Heywood model 

performed well for very low overlap conditions, but at the cam timing of the production 

version of this engine it predicted values approximately 2× too high.  The performance 

deteriorated at higher overlap conditions due to the extrapolation of the model past the 

calibration data set.  The Ideal Gas and Yun and Mirsky models were inherently limited due 

to heat transfer to the cylinder walls during the gas exchange period. 

The engine performance showed little difference between the three fuel mixture 

preparation systems.  The CMLFI data suggested a slight increase in burn rate relative to the 

HMS and carburetor.  Increasing the amount of overlap increased the cyclic variability of the 

engine.  The added dilution adversely affected the development of the flame front and its 

ability to grow.  For the production ignition conditions, the data suggested the heat release 

occurred well into the expansion stroke for the high residual fraction conditions, giving rise 

to incomplete burns and misfires.  Prior cycle effects were only observed for the maximum 

cam timing overlap at the lowest speed and lightest load with the production ignition.  

Advancing the ignition showed significant improvement in burn phasing and combustion 

stability; however, operation at 10% load with an optimized ignition timing showed 

otherwise.  The 10% load, optimized ignition cases typically resulted in highly variable 

operation, due to the high throttling of the engine.  Prior cycle effects were typically 

observed for these conditions. 
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The steady state emissions of BSHC and BSNOx were insensitive to the electronic fuel 

mixture preparation systems for a constant AFR.  The carburetor produced higher BSHC and 

BSNOx relative to the HMS and CMLFI at light-load operation and worsened with lower 

speed.  The increase in BSHC reflected the poor combustion stability as a result of increased 

dilution due to increasing overlap.  Consequently, the BSNOx decreased as the dilution 

levels increased.  The decrease in BSNOx is due to the low cylinder temperatures inherent to 

high residual fraction.  Advancing the ignition showed a slight increase in both the BSHC 

and BSNOx.  The effect of advancing ignition on BSHC and BSNOx is likely due to higher 

in-cylinder temperatures and peak pressures.  

For a given operating condition, the uHC concentration increased as speed decreased.  

The observed increase was likely due to a density effect caused by lower engine speed.  

Decreasing the engine load for a fixed speed, the uHC concentration decreased.  Lower load 

operation corresponded to lower cylinder pressure and hence ring-pack loading. 

Analysis of the cycle-resolved hydrocarbon concentrations suggested the carburetor had 

a strong prior cycle dependency.  The prior cycle effect was observed for the carburetor even 

when it recorded similar steady state BSHC values to the other fuel preparation systems.   

The carburetor FFID signature agreed with the electronically controlled fuel systems; 

however, at lighter load operation, the carburetor concentrations increased.  The increase in 

uHC concentration and prior cycle effects appeared to magnify at light-load, low-speed 

operation for the carburetor.  The HMS and CMLFI had similar signatures and showed no 

evidence of prior cycle effects. 

Cycle-by-cycle analysis of the FFID events suggested that as the valve overlap 

increased, a prior cycle dependency became evident.  The magnitude of the prior cycle 
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dependency appeared to correlate to the steady state BSHC measurements.  The low-valve 

overlap conditions showed a weak prior cycle dependency and had comparable BSHC 

values.  Conversely, the high-valve overlap conditions showed a stronger prior cycle effect, 

and at light-load, low-speed operation the effect strengthened.  A strong prior cycle effect on 

the FFID events correlated to high BSHC values relative to the values measured for the same 

operating condition at lower residual fraction.  Finally, the cycle-resolved hydrocarbon 

concentration measurements supported the observed trend that advancing ignition increased 

the engine-out uHC concentration. 

6.3 Recommendations 
 

Understanding of the effects of residual gases and the mixedness of the in-cylinder 

residual fraction with the inducted charge on the formation of pollutant emissions are 

important aspects to engine development.  Specifically, applications that depend on utility 

engines as a cost effective alternative for power generation would like to avoid the high costs 

associated with exhaust after-treatment and closed loop engine control.   An advanced 

understanding of the in-cylinder events could allow engine manufacture’s to define operating 

conditions that meet varying power requirements without suffering from high resultant 

pollutant emissions.  In doing so, the high costs associated with exhaust after-treatment and 

closed-loop engine control could be alleviated. 

 To aid in future air-cooled utility engine development, it is important to better 

understand why the theoretical and empirical models used to predict residual fraction 

performed poorly.  Isolating the variables that contributed most to the poor correlation could 

act as a starting point to the development of an air-cooled, utility engine EGR model.  In 
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particular, the intake plenum volume on a utility engine is a fraction of the size of that on an 

automotive engine.  Establishing a relationship between intake plenum volume and model 

accuracy would prove to be a good starting point.  In order to better understand the 

mechanisms that contribute to high pollutants in the cylinder, a model to aid with engine 

design and development would be valuable.   

The results from this investigation showed a significant jump in poor combustion 

stability as the load was throttled from 25% to 10% of the WOT load.  Further research could 

isolate what load condition is the transition between acceptable combustion stability to bad 

combustion stability.  Refining the valve overlap window around this transitional load 

condition could show additional relationships between combustion stability and uHC.  

Observation of strong prior cycle effects with the FFID could aid in identifying this 

relationship.  

To better understand the mixedness issues in the cylinder, optical studies should be 

performed to validate/support the recorded measurements used to evaluate combustion 

performance.  Visualizing the mixedness of the trapped EGR with the combustible charge 

may provide some insight as to why certain conditions performed and others failed.  Cycle-

to-cycle analysis of optical images my suggest reasons for poor combustion stability and 

misfires.  In parallel, further combustion data should be acquired to validate mixedness by 

introducing a pre-mixed residual/air/fuel charge by means of external exhaust gas 

recirculation.  Reproducing the overlap engine operating conditions with the external 

recirculation method may suggest relationships between cyclic variability and in-cylinder 

mixedness.  Trapped EGR to external EGR comparisons could help conclude that there is a 
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mixture issue in-cylinder, not just a high dilution issue.  In closing, optical images could 

validate mixture distribution of the residual mass fraction between the two methods. 
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APPENDIX 
 
 

A.1 Laminar Flow Element Calibration 
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Curve-fit of data acquired to calibrate the Merriam LFE (Model 50MH10).  
Calibration performed by Fleetguard Nelson. 
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A.2 Horiba Mexa 110-Lambda AFR Analyzer Calibration 
 
 

 
 
 
 
 

Horiba Mexa 110 Lambda AFR, Bartlesville method [25] and carbon balance method 
as a function of the target AFR. 
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Curve-fit of the Bartlesville method as a function of the measured AFR on the Horiba 
Mexa 110 Lambda AFR analyzer. 
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A.3 Cylinder Pressure Transducer Calibration 
 
 

 
 

Curve-fit from the cylinder pressure transducer calibration. 
 

11/17/2003
V(P) Pressure (psi) Pressure (kPa) Vo (mV) Vend (mV) Vread (V)

0 0 0 0 0 0
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A.4 Intake Pressure Transducer Calibration 
 
 

 
 

Curve-fit from the intake pressure transducer calibration. 
 

11/23/2003
Voltage (V) Pressure (psia) Pressure (kPa)

0.5 0.000 0.000
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A.5 Compressed Charge Dry-to-Wet Factor Derivation 
 
Starting from the overall stoichiometric balance 

+ = = +
2, , ,air dry fuel exh exh dry exh H On n n n n  (A1) 

the exhaust stream dry-to-wet factor is 

=
+

2

,

, ,

exh dry
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exh dry exh H O

n
K

n n
.  (A2) 

By definition, the residual fraction is  

=
+ +,

r
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x

n n n
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from which one can write the compressed-charge dry-to-wet correction factor 
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[ ]

[ ]
air dry fuel r exh dry
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n n x n
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n n x n n
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Dividing the numerator and denominator by nexh,dry + nexh,H2O and simplifying gives Eq. 4.2. 
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A.6 Program to Evaluate Mass-Based Steady-State Emissions 
 
"B121 Briggs Engine Post-Processing Program" 
"Brian Albert" 
"Last Revision on 12/18/2003" 
 
"This program determines the combustion air and fuel flow, power output, combustion efficiency, 
normalized emissions, air-to-fuel ratios, and residual gas fraction.  All outputs are determined from 
the measured variables prompted in the diagram window."  
 
"Laminar Flow Element Calibration performed by Fleetguard Nelson (Data sheet in Lab Binder) to 
determine combustion air-flow.  Lookup table Nelson contains the calibration data and plot Nelson 
contains the curve-fit." 
{DELTAP = Lookup('Nelson',row,'DELTAP') "[inH2O]"} 
V_dot_cal = (0.178159 + 5.66343*(DELTAP*convert(kPa,inH2O)))*convert(ft^3/min,ft^3/hr) "[ft^3/hr]" 
"Curve-fit from Nelson Calibration data to determine volumetric air flow" 
V_dot = V_dot_cal*(mu_cal/mu) "[ft^3/hr]" "Actual volumetric air-flow corrected for experimental 
combustion air conditions" 
mu_cal = VISCOSITY(AirH2O,T=T_cal,P=P_cal,R=RH_cal) "[lbm/ft-hr]" "Viscosity of calibration air" 
T_cal = 71 "[F]" "Temperature of calibration air" 
P_cal = 29.21*convert(inHG,psia) "[psia]" "Pressure of calibration air" 
RH_cal = 0.50 "Relative humidity of calibration air"  
mu = VISCOSITY(AirH2O,T=T,P=P,R=RH) "[lbm/ft-hr]" "Viscosity of current air conditions" 
T = 70 "[F]" "Temperature of  combustion air" 
P = 14.7 "[psia]" "Pressure of combustion air" 
RH = 0.05  "Relative humidity of combustion air" 
DELTAP = 0.301 "[kPa]" "Pressure drop accross the LFE" 
m_dot_air = V_dot*rho_air "[lbm/hr]" "Mass flow of experimental combustion air" 
rho_air = DENSITY(AirH2O,T=T,P=P,R=RH) "[lbm/ft^3]"  "Density of combustion air" 
m_dot_air_2 = m_dot_air*convert(lbm/hr,kg/hr) "[kg/hr]" "Mass flow of combustion air in metric units" 
m_air_cyc = ((m_dot_air_2*convert(kg/hr,kg/s))/N)*2 "[kg]" "Mass of air per cycle" 
 
"Engine Characteristics and volumetric efficiency" 
B = 0.06827*convert(m,ft) "[ft]" "Bore" 
S = 0.04472*convert(m,ft) "[ft]" "Stroke" 
V_dis = (pi*((B/2)^2)*S) "[ft^3]" "Displacement Volume" 
V_act = 2*(V_dot*convert(ft^3/hr,ft^3/sec))/N "[ft^3]" "Actual inducted volume of air" 
N = N_tach*convert(1/min,1/s) "[1/s]" "Engine speed, 1/min is the same as RPM" 
eta_vol = V_act/V_dis "Volumtric efficiency" 
 
"Mass Flow of Fuel" 
AFR_dry = m_dot_air/m_dot_fuel "Air-to-fuel ratio used to back out the mass flow of fuel" 
m_dot_fuel_2 = m_dot_fuel*convert(lbm/hr,kg/hr) "[kg/hr]" "Mass flow of fuel in metric units" 
m_fuel_cyc = ((m_dot_fuel_2*convert(kg/hr,kg/s))/N)*2 "[kg]" "Mass of fuel per cycle" 
 
"Brake Specific Horsepower" 
HP = (N_tach*Load)*2*pi*convert(ft-lb_f/min,Hp) "[Hp]" "Engine power in horse power" 
BHP = HP*convert(Hp,kW) "[kW]" "Engine power in killowatts" 
 
"Measured pollutants, inputs" 
y = 1.84 "Hydrogen to carbon ratio of the engine fuel, EEE" 
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CO_dry = 5.244 "[%]" "Concentration of CO measured on a dry-basis" 
CO2_dry = 9.735 "[%]" "Concentration of CO2 measured on a dry-basis" 
O2_dry = 0.295 "[%]" "Concentration of O2 measured on a dry-basis" 
NOx_dry = 0.027455 "[%]" "Concentration of NOx measured on a dry-basis" 
HC_C3_dry = 0.103694 "[%]" "Concentration of HC (C3) measured on a dry-basis" 
HC_C1_dry = HC_C3_dry*3 "[%]" "Concentration of HC (C1) measured on a dry-basis" 
CO2_SV_dry = 0.63 "[%]" "Concentration of CO2 in the intake charge measured on a dry-basis 
(SV=Sampling Valve)" 
 
"Number of moles of exhaust, air, and water in the exhaust" 
n_exh_dry = 100/(CO_dry + CO2_dry + HC_C1_dry) "[kmol]" "Number of moles of exhaust on a dry-
basis, determined from carbon balance" 
n_air = ((n_exh_dry/100)*(CO2_dry + 0.5*CO_dry - 0.5*H2_dry - 0.25*y*HC_C1_dry + O2_dry + 
0.5*NOx_dry)) + 0.25*y "[kmol]" "Number of moles of dry air, eqn taken from Waukesha Engine paper 
by Albert and Ghandhi" 
n_H2O = 0.5*y - ((n_exh_dry/100)*(H2_dry - 0.5*y*HC_C1_dry)) "[kmol]" "Number of moles of water 
in the exhaust, assumes intake air is completely dry (which it is)"  
 
"Calculated pollutants" 
H2_dry = 0.25*y*CO_dry "[%]" "Concentration of H2 on a dry-basis" 
N2_dry = 100 - (CO_dry + CO2_dry + O2_dry + NOx_dry + HC_C1_dry + H2_dry) "[%]" 
"Concentration of N2 on a dry-basis" 
H2O_dry = (n_H2O/n_exh_dry)*100 "[%]" "Concentration of H2O on a dry_basis." 
 
"Molecular Weights of air, fuel, and exhuast pollutants" 
MW_air = 28.97 "[kg/kmol]" "Molecular weight of air" 
MW_fuel = 12 + y*1 "[kg/kmol]" "Molecular weight of fuel on a 1 mole of fuel basis" 
MW_N2 = 28 "[kg/kmol]" "Molecular weight of nitrogen" 
MW_CO = 28 "[kg/kmol]" "Molecular weight of carbon monoxide" 
MW_CO2 = 44 "[kg/kmol]" "Molecualr weight of carbon dioxide" 
MW_O2 = 32 "[kg/kmol]" "Molecular weight of oxygen" 
MW_NOx = 46 "[kg/kmol]" "Molecular weight of NOx, assumed to be the same as NO2" 
MW_HC = MW_fuel "[kg/kmol]" "Molecular weight of hydrocarbons, assumed to be the same as the 
fuel" 
MW_H2 = 2 "[kg/kmol]" "Molecular weight of hydrogen" 
MW_H2O = 18 "[kg/kmol]" "Molecualr weight of water" 
MW_exh_dry = (((CO_dry/100)*MW_CO) + ((CO2_dry/100)*MW_CO2) + ((O2_dry/100)*MW_O2) + 
((NOx_dry/100)*MW_NOx) + ((HC_C1_dry/100)*MW_HC) + ((H2_dry/100)*MW_H2) + 
((N2_dry/100)*MW_N2)) "[kg/kmol]" "Molecular weight of exhaust on a dry-basis" 
 
"Heating values of combustible species in the exhaust" 
QHV_HC = 42869 "[kJ/kg]" "Lower heating value of EEE fuel" 
QHV_CO = 10100 "[kJ/kg]" "Lower heating value of carbon monoxide" 
QHV_H2 = 120000 "[kJ/kg]" "Lower heating value of hydrogen" 
 
"Combustion Efficiency" 
eta_c = 1 - ((y_HC_dry*QHV_HC) + (y_CO_dry*QHV_CO) + 
(y_H2_dry*QHV_H2))/((m_dot_fuel_2/(m_dot_fuel_2 + m_dot_air_2))*QHV_HC) "Combustion 
efficiency, taken from Heywood, Internal Combustion Engine Fundamentals, eqn 4.69, pg 154" 
y_HC_dry= (HC_C1_dry/100)*(MW_HC/MW_exh_dry) "Mass fraction of HC in the exhaust on a dry-
basis" 
y_CO_dry = (CO_dry/100)*(MW_CO/MW_exh_dry) "Mass fraction of CO in the exhaust on a dry-
basis" 
y_H2_dry = (H2_dry/100)*(MW_H2/MW_exh_dry) "Mass fraction of H2 in the exhaust on a dry-basis" 
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"Brake-Specific Quanitities (mass flow of the pollutant to power output of the engine)" 
BSFC = m_dot_fuel_2/BHP "[kg/kW-hr]" "Brake-specific fuel consumption" 
BSCO = m_dot_CO/BHP*convert(kg/kW-hr,g/kW-hr) "[g/kW-hr]" 
BSHC = m_dot_HC/BHP*convert(kg/kW-hr,g/kW-hr) "[g/kW-hr]" 
BSNO = m_dot_NO/BHP*convert(kg/kW-hr,g/kW-hr) "[g/kW-hr]" 
BSHCNO = BSHC + BSNO "[g/kW-hr]" "Brake-specific (BSNOx + BSHC) quantity" 
m_dot_CO = (CO_dry/100)*n_exh_dry*(MW_CO/MW_fuel)*m_dot_fuel_2 "[kg/hr]" "Mass flow of CO" 
m_dot_HC = (HC_C1_dry/100)*n_exh_dry*m_dot_fuel_2 "[kg/hr]" "Mass flow of HC" 
m_dot_NO = (NOx_dry/100)*n_exh_dry*(MW_NOx/MW_fuel)*m_dot_fuel_2 "[kg/hr]" "Mass 
flow of NOx" 
 
"Emissions Index (mass flow of pollutant in g/s to mass flow of fuel in kg/s)" 
EICO = (m_dot_CO*convert(kg/hr,g/s))/(m_dot_fuel_2*convert(kg/hr,kg/s)) 
EINOx = (m_dot_NO*convert(kg/hr,g/s))/(m_dot_fuel_2*convert(kg/hr,kg/s)) 
EIHC = (m_dot_HC*convert(kg/hr,g/s))/(m_dot_fuel_2*convert(kg/hr,kg/s)) 
 
"Air-to-fuel ratios" 
AFR_stoich = (4.76*(1 + y/4)*MW_air)/(MW_fuel) "Stoichiometric air-to-fuel ratio for EEE" 
AFR_act = (0.1346*(AFR_horiba^2)) - (2.5855*AFR_horiba) + 23.862 "Calibration of Horiba Mexa-
110 from steady state emissions on the Briggs engine, based on Bartlesville method for determining 
AFR" 
AFR_dry = 4.76*n_air*(MW_air/MW_fuel) "Air-to-fuel ratio for dry combustion air" 
AFR_c = (MW_air/MW_fuel)*((n_exh_dry/100)*(100 + (3/2)*H2O_dry + ((3/2)*y - 1)*HC_C3_dry - 
0.5*CO_dry) - 0.5*y) "Air-to-fuel ratio from carbon atom balance" 
AFR_o = 4.774*(MW_air/MW_fuel)*((n_exh_dry/100)*(CO2_dry + O2_dry + 0.5*(H2O_dry + NOx_dry 
+ CO_dry))) "Air-to-fuel ratio from oxygen atom balance" 
AFR_spindt = ((CO_dry + CO2_dry)/(CO_dry + CO2_dry + HC_C1_dry))*(11.492*FCF*((1 + 
(CO_dry/(2*CO2_dry)) + (O2_dry/CO2_dry))/(1 + (CO_dry/CO2_dry))) + ((120*(1 - FCF))/(3.5 + 
(CO_dry/CO2_dry)))) "Air-to-fuel ratio based on the Spindt method, SAE 650507" 
FCF = 12/(12 + y) "Fuel-to-carbon fraction" 
AFR_b = (AFR_stoich/(2 + y/2))*(((1 + y/2)*CO_dry + (2 + y/2)*CO2_dry + 2*O2_dry + NOx_dry - 
H2_dry)/(CO_dry + CO2_dry + HC_C1_dry)) "Air-to-fuel ratio based on the Bartlesville method, 
Bartlesville Energy Research Center Report, BERC/CP-77/47, 1977" 
 
"Residual Gas Mass Fraction" 
x_r = chi_CO2_u/chi_CO2_exh "Residual gas fraction, both mole fractions of CO2 are on a wet-
basis" 
chi_CO2_u = K_u*(CO2_SV_dry/100) "Mole fraction of CO2 in the unburned charge on a wet-basis" 
chi_CO2_exh = K_exh*(CO2_dry/100) "Mole fraction of CO2 in the exhaust on a wet-basis" 
K_exh = n_exh_dry/(n_exh_dry + n_H2O) "Dry-to-wet factor for the exhaust (burned gases)" 
K_u = (1 + K_exh*x_r)/(1 + x_r) "Dry-to-wet factor for the unburned gases" 
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A.7 Engine Data 
 speed load fuel valve OL Spark case y_r_meas y_r_ig y_r_ym y_r_fh ca10 ca50 ca90 AFR_dry

3060 100% carb zero stock 1 0.09204 0.1741 0.07324 0.119 8 24.5 44.5 12.05
3060 25% carb zero stock 2 0.137 0.2001 0.1005 0.2122 9 28.5 48.5 12.03
3060 10% carb zero stock 3 0.1591 0.196 0.1087 0.2388 13.5 38 58.5 11.96
1750 25% carb zero stock 4 0.1696 0.2075 0.102 0.2223 7 25 47.5 12.01
1750 10% carb zero stock 5 0.1883 0.2015 0.1163 0.2456 12 35 55 13.2
3060 25% carb zero advance 6 0.1504 0.2163 0.119 0.2217 -5 10 27 11.98
3060 10% carb zero advance 7 0.1856 0.2202 0.1486 0.2672 -8 8.5 29.5 12.05
1750 25% carb zero advance 8 0.1726 0.2231 0.1113 0.231 -4 11.5 32 12.04
1750 10% carb zero advance 9 0.2121 0.2342 0.1375 0.2338 -1 19.5 43.5 14.61
3060 100% HMS zero stock 10 0.09146 0.1736 0.07446 0.1207 7 23.5 43.5 11.98
3060 25% HMS zero stock 11 0.1359 0.1977 0.09894 0.2028 9 29 49.5 12
3060 10% HMS zero stock 12 0.1555 0.1884 0.1098 0.235 12 35.5 56.5 12.05
1750 25% HMS zero stock 13 0.1614 0.1939 0.09863 0.218 7.5 26 45 12.04
1750 10% HMS zero stock 14 0.2077 0.1856 0.1167 0.2654 11.5 34 54.5 12.05
1200 25% HMS zero stock 15 0.1836 0.2068 0.1026 0.2156 6.5 23.5 44 12.01
1200 10% HMS zero stock 16 0.227 0.1819 0.1256 0.2814 13.5 36.5 56.5 11.97
3060 25% HMS zero advance 17 0.1412 0.2163 0.1178 0.2146 -4.5 11 30 11.99
3060 10% HMS zero advance 18 0.1893 0.2241 0.1496 0.2645 -6 11 32.5 11.96
1750 25% HMS zero advance 19 0.167 0.2158 0.1092 0.223 -2 13.5 33 11.97
1750 10% HMS zero advance 20 0.2253 0.2227 0.1479 0.2852 -4.5 14 36.5 12.05
1200 25% HMS zero advance 21 0.1862 0.2196 0.1097 0.2213 0.5 16 36.5 12.01
1200 10% HMS zero advance 22 0.2473 0.1773 0.1493 0.2978 -1 20 45 11.91
3060 100% CMLFI zero stock 23 0.09651 0.1764 0.07516 0.1208 6.5 22 40.5 12
3060 25% CMLFI zero stock 24 0.1376 0.2057 0.1007 0.2047 9 28 48.5 12.06
3060 10% CMLFI zero stock 25 0.1567 0.2016 0.1117 0.2416 13 36 56.5 11.99
1750 25% CMLFI zero stock 26 0.1648 0.2097 0.09707 0.2206 8 27 46 11.95
1750 10% CMLFI zero stock 27 0.2066 0.2223 0.1198 0.2728 12 34 55 11.98
1200 25% CMLFI zero stock 28 0.1787 0.2417 0.1024 0.2166 6 23 42.5 12.03
1200 10% CMLFI zero stock 29 0.2311 0.2239 0.1236 0.2793 12 34.5 55.5 12.05
3060 25% CMLFI zero advance 30 0.1454 0.217 0.1156 0.2196 -2.5 13.5 32 12
3060 10% CMLFI zero advance 31 0.19 0.2316 0.147 0.2643 -6 11 31.5 12.01
1750 25% CMLFI zero advance 32 0.1729 0.2217 0.1127 0.2361 -3 12 29 12
1750 10% CMLFI zero advance 33 0.2317 0.2443 0.1482 0.2823 -8.5 9 30 11.95
1200 25% CMLFI zero advance 34 0.1802 0.2458 0.1077 0.2183 -1 14 33.5 11.99
1200 10% CMLFI zero advance 35 0.2527 0.2595 0.1531 0.3023 -5 13 37 11.97
3060 100% carb stock stock 36 0.07132 0.1311 0.06653 0.1268 6.5 22.5 38.5 12
3060 25% carb stock stock 37 0.1311 0.1396 0.0987 0.3357 15 39 65 12.06
3060 10% carb stock stock 38 0.1682 0.1379 0.1098 0.398 19.5 50.5 79 11.94
1750 25% carb stock stock 39 0.1744 0.1583 0.1105 0.4582 11 33.5 64 11.94
1750 10% carb stock stock 40 0.1969 0.1568 0.1251 0.5414 14.5 40.5 69.5 12.87
3060 25% carb stock advance 41 0.1484 0.1506 0.1255 0.401 -7.5 8.5 27 11.98
3060 10% carb stock advance 42 0.1792 0.1467 0.1496 0.4918 -6 13.5 39 12.06
1750 25% carb stock advance 43 0.1816 0.1467 0.1317 0.5206 -5.5 12 32.5 12.1
1750 10% carb stock advance 44 0.2043 0.1473 0.1431 0.5478 4.5 32 67.5 15.81
3060 100% HMS stock stock 45 0.07192 0.1377 0.06679 0.1269 6 21.5 37.5 11.96
3060 25% HMS stock stock 46 0.1347 0.1474 0.1005 0.3394 14.5 38.5 64.5 11.94
3060 10% HMS stock stock 47 0.1602 0.1455 0.1111 0.3962 18.5 46.5 75 11.89
1750 25% HMS stock stock 48 0.1745 0.1432 0.1152 0.4707 10.5 32 57.5 11.99
1750 10% HMS stock stock 49 0.2143 0.1303 0.1301 0.591 17.5 46 75 12.01
1200 25% HMS stock stock 50 0.1953 0.1389 0.1257 0.5917 10.5 29.5 54.5 12.05
1200 10% HMS stock stock 51 0.2505 0.1203 0.1412 0.7457 20 46.5 74.5 12.15
3060 25% HMS stock advance 52 0.1447 0.148 0.123 0.3759 -5 11.5 31.5 12.02
3060 10% HMS stock advance 53 0.1866 0.1431 0.1498 0.4827 -5 14 37.5 12.1
1750 25% HMS stock advance 54 0.1851 0.1438 0.1299 0.5157 -5 12.5 33 12.09
1750 10% HMS stock advance 55 0.2418 0.1306 0.1564 0.6846 -0.5 25.5 57 12.12
1200 25% HMS stock advance 56 0.2127 0.1487 0.1382 0.6202 -1 16 38.5 12.23
1200 10% HMS stock advance 57 0.2745 0.1302 0.1672 0.7907 3.5 29 62.5 12.09
3060 100% CMLFI stock stock 58 0.07548 0.1357 0.06723 0.1294 6 20.5 37.5 11.97
3060 25% CMLFI stock stock 59 0.1389 0.1469 0.1057 0.3589 12.5 32.5 56 11.94
3060 10% CMLFI stock stock 60 0.1658 0.1416 0.1183 0.4299 17.5 43 70.5 11.94
1750 25% CMLFI stock stock 61 0.1791 0.1515 0.1236 0.5026 9 27.5 50.5 11.94
1750 10% CMLFI stock stock 62 0.2024 0.1452 0.1307 0.5944 18 45.5 74 11.98
1200 25% CMLFI stock stock 63 0.194 0.173 0.13 0.5984 8 26.5 49.5 12.1
1200 10% CMLFI stock stock 64 0.23 0.1565 0.136 0.7161 19.5 48.5 76.5 12.13
3060 25% CMLFI stock advance 65 0.1461 0.1564 0.1254 0.3851 -8 7 23 12
3060 10% CMLFI stock advance 66 0.1789 0.1414 0.1488 0.5015 -3.5 16.5 41 12.08
1750 25% CMLFI stock advance 67 0.1804 0.1674 0.1336 0.493 -9 6 23.5 12.03
1750 10% CMLFI stock advance 68 0.2229 0.1618 0.1582 0.6796 -0.5 23.5 56 12.1
1200 25% CMLFI stock advance 69 0.2088 0.1867 0.1422 0.6279 -3 13 33.5 12.27
1200 10% CMLFI stock advance 70 0.2553 0.179 0.1721 0.793 -1.5 20 51 12.24
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3060 100% carb alternate stock 71 0.063 0.1323 0.1029 0.1839 5 21 36.5 11.95
3060 25% carb alternate stock 72 0.1419 0.1546 0.1423 0.6423 13 37 64 12.01
3060 10% carb alternate stock 73 0.1717 0.1604 0.1535 0.739 18.5 49.5 78.5 11.98
1750 25% carb alternate stock 74 0.2015 0.1879 0.16 0.9485 13 37 68.5 11.95
1750 10% carb alternate stock 75 0.2487 0.1991 0.1783 1 19 51.5 -99 12.14
3060 25% carb alternate advance 76 0.1562 0.1679 0.1674 0.718 -4 13.5 35.5 11.95
3060 10% carb alternate advance 77 0.1972 0.1792 0.1998 0.9187 -4.5 17.5 49.5 12.01
1750 25% carb alternate advance 78 0.2189 0.2058 0.186 1 -6.5 10 24.5 12
1750 10% carb alternate advance 79 0.2423 0.2003 0.2019 1 6 35.5 85.5 14.64
3060 100% HMS alternate stock 80 0.06346 0.1361 0.1058 0.1832 5 21 37.5 11.96
3060 25% HMS alternate stock 81 0.1494 0.1587 0.1462 0.6407 12.5 35.5 63 12.02
3060 10% HMS alternate stock 82 0.1731 0.1579 0.1579 0.742 20 50.5 78.5 12.01
1750 25% HMS alternate stock 83 0.2116 0.1781 0.1608 0.9356 12.5 36 63.5 11.98
1750 10% HMS alternate stock 84 0.2491 0.1747 0.178 1 21.5 59 -99 12.02
1200 25% HMS alternate stock 85 0.2436 0.1842 0.1681 1 12.5 37 67 12.01
1200 10% HMS alternate stock 86 0.2801 0.1774 0.1797 1 25.5 65.5 -99 11.96
3060 25% HMS alternate advance 87 0.1631 0.1636 0.1722 0.7309 -5.5 11 33.5 11.99
3060 10% HMS alternate advance 88 0.2008 0.1708 0.2077 0.9332 -7 13.5 41 12.04
1750 25% HMS alternate advance 89 0.2192 0.1907 0.1888 1 -4.5 13 33 11.99
1750 10% HMS alternate advance 90 0.2841 0.1962 0.2155 1 1.5 30 90 12.06
1200 25% HMS alternate advance 91 0.2598 0.2012 0.194 1 -3.5 14.5 33.5 11.97
1200 10% HMS alternate advance 92 0.3331 0.1974 0.2214 1 5 40.5 -99 12.1
3060 100% CMLFI alternate stock 93 0.06575 0.1394 0.1073 0.18 4.5 20 39 11.96
3060 25% CMLFI alternate stock 94 0.1428 0.1616 0.1419 0.6184 14 38.5 65.5 12.03
3060 10% CMLFI alternate stock 95 0.171 0.1591 0.1549 0.751 18.5 47.5 76.5 12.02
1750 25% CMLFI alternate stock 96 0.2107 0.1922 0.1632 0.9569 11.5 34 63 12.05
1750 10% CMLFI alternate stock 97 0.2477 0.1946 0.177 1 20.5 54.5 -99 11.98
1200 25% CMLFI alternate stock 98 0.2361 0.2134 0.1678 1 11 33 55 12.08
1200 10% CMLFI alternate stock 99 0.2835 0.2179 0.1818 1 20.5 57.5 -99 11.98
3060 25% CMLFI alternate advance 100 0.1513 0.166 0.1682 0.7144 -4.5 13.5 34.5 12.05
3060 10% CMLFI alternate advance 101 0.201 0.1679 0.2041 0.9383 -7 14 41 11.97
1750 25% CMLFI alternate advance 102 0.2237 0.2094 0.189 1 -6 11 25.5 11.97
1750 10% CMLFI alternate advance 103 0.2721 0.2187 0.2144 1 1.5 30.5 -99 12.04
1200 25% CMLFI alternate advance 104 0.2614 0.2283 0.1975 1 -4.5 13.5 30 12.08
1200 10% CMLFI alternate advance 105 0.3437 0.2373 0.2236 1 -0.5 28.5 74.5 11.87
3060 100% carb max stock 106 0.1014 0.1535 0.1438 0.1913 8 26 45 11.88
3060 25% carb max stock 107 0.1793 0.1896 0.1797 0.9694 16.5 43 73.5 11.95
3060 10% carb max stock 108 0.2299 0.1848 0.198 1 19 54.5 -99 11.89
1750 25% carb max stock 109 0.266 0.2236 0.1965 1 14 41.5 72.5 11.95
1750 10% carb max stock 110 0.2975 0.2151 0.2202 1 20.5 55.5 -99 11.75
3060 25% carb max advance 111 0.2187 0.2053 0.2231 1 -9 8 24 12.04
3060 10% carb max advance 112 0.2857 0.2243 0.2531 1 -5 17.5 48.5 11.81
1750 25% carb max advance 113 0.2871 0.2528 0.2417 1 -8 11.5 31.5 11.93
1750 10% carb max advance 114 0.336 0.2661 0.2719 1 -2.5 24 62 13.13
3060 100% HMS max stock 115 0.1054 0.1485 0.1465 0.2722 8 26.5 45.5 12.15
3060 25% HMS max stock 116 0.1822 0.1873 0.1806 0.9764 15.5 42.5 71.5 12.19
3060 10% HMS max stock 117 0.2324 0.1944 0.202 1 21.5 55 -99 12.06
1750 25% HMS max stock 118 0.2985 0.2182 0.1989 1 13.5 42.5 76 12.11
1750 10% HMS max stock 119 0.3309 0.2263 0.2252 1 21 61 -99 11.84
1200 25% HMS max stock 120 0.3141 0.2255 0.2082 1 16.5 45 78.5 12.15
1200 10% HMS max stock 121 0.3448 0.2211 0.2472 1 30 85 -99 11.8
3060 25% HMS max advance 122 0.2225 0.2113 0.223 1 -7.5 9 25.5 12.11
3060 10% HMS max advance 123 0.2809 0.2377 0.2549 1 -3 19.5 55 12.11
1750 25% HMS max advance 124 0.3185 0.251 0.2499 1 -10.5 7.5 23.5 12.19
1750 10% HMS max advance 125 0.374 0.2609 0.272 1 -3 24.5 73 11.73
1200 25% HMS max advance 126 0.349 0.2437 0.2431 1 1.5 26 58 12.18
1200 10% HMS max advance 127 0.3818 0.2562 0.2936 1 2 36.5 -99 11.45
3060 100% CMLFI max stock 128 0.1006 0.1528 0.1406 0.1699 7.5 26 43.5 12.04
3060 25% CMLFI max stock 129 0.196 0.1888 0.1759 0.986 16 44 72.5 12.01
3060 10% CMLFI max stock 130 0.2332 0.1882 0.1973 1 22 56.5 -99 12.02
1750 25% CMLFI max stock 131 0.2882 0.2306 0.2044 1 15 41 76 12.09
1750 10% CMLFI max stock 132 0.3213 0.2309 0.2158 1 21 60 -99 11.83
1200 25% CMLFI max stock 133 0.3145 0.2486 0.2077 1 14 39 70 12.11
1200 10% CMLFI max stock 134 0.3278 0.2675 0.2254 1 26.5 68 -99 11.92
3060 25% CMLFI max advance 135 0.2232 0.2047 0.2122 1 -3 16 36.5 12.05
3060 10% CMLFI max advance 136 0.2928 0.2227 0.2478 1 -3 20 56 11.93
1750 25% CMLFI max advance 137 0.3093 0.2616 0.2474 1 -9.5 9.5 26.5 12.07
1750 10% CMLFI max advance 138 0.3702 0.2675 0.2632 1 0 34 -99 11.59
1200 25% CMLFI max advance 139 0.3404 0.279 0.2542 1 -5 16.5 36.5 12.11
1200 10% CMLFI max advance 140 0.4148 0.2992 0.3009 1 -4.5 25 -99 11.4
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speed load fuel valve OL Spark case
IMEP 
(kPa)

COV of 
IMEP vol_eff

BSHC (g/kW-
hr)

BSNOx 
(g/kW-hr)

BSCO (g/kW-
hr)

3060 100% carb zero stock 1 562.54 0.04274 0.6863 14.01 4.479 334.455
3060 25% carb zero stock 2 268.51 0.05545 0.4193 27.72 3.305 568.738
3060 10% carb zero stock 3 175.84 0.13694 0.3605 69.76 4.445 1215.472
1750 25% carb zero stock 4 244.69 0.11316 0.4178 51.27 3.612 544.229
1750 10% carb zero stock 5 165.77 0.09186 0.3229 62.54 4.234 584.991
3060 25% carb zero advance 6 273.99 0.02047 0.3951 28.84 4.819 527.375
3060 10% carb zero advance 7 170.59 0.03785 0.3043 68.62 6.756 978.44
1750 25% carb zero advance 8 247.3 0.05333 0.3979 48.88 5.095 514.609
1750 10% carb zero advance 9 156.15 0.09132 0.2908 64.1 11.72 172.778
3060 100% HMS zero stock 10 550.58 0.02664 0.6864 14.67 2.65 346.632
3060 25% HMS zero stock 11 276.53 0.04196 0.4356 28.48 2.899 600.097
3060 10% HMS zero stock 12 191.11 0.09367 0.3643 60.2 4.49 1175.683
1750 25% HMS zero stock 13 263.1 0.04138 0.4322 47.21 2.189 588.372
1750 10% HMS zero stock 14 171.02 0.09706 0.3375 110.1 2.67 1207.239
1200 25% HMS zero stock 15 237.31 0.02201 0.4655 66.57 1.677 690.754
1200 10% HMS zero stock 16 132.12 0.07992 0.3547 156.6 1.568 1335.742
3060 25% HMS zero advance 17 270.55 0.01607 0.4033 32.29 4.023 533.661
3060 10% HMS zero advance 18 164.76 0.02166 0.3084 78.19 5.111 1049.612
1750 25% HMS zero advance 19 253.14 0.01563 0.4238 47.85 2.777 553.108
1750 10% HMS zero advance 20 149.04 0.02378 0.3031 111.8 2.474 1021.68
1200 25% HMS zero advance 21 232.43 0.01842 0.4516 62.28 1.911 647.038
1200 10% HMS zero advance 22 132.58 0.04628 0.336 149.4 1.374 1158.223
3060 100% CMLFI zero stock 23 561.14 0.02483 0.6765 14.8 2.878 328.94
3060 25% CMLFI zero stock 24 277.98 0.04806 0.42 25.71 2.962 527.997
3060 10% CMLFI zero stock 25 180.49 0.0968 0.346 55.93 4.086 1136.041
1750 25% CMLFI zero stock 26 266.37 0.04952 0.4218 43.14 2.016 582.432
1750 10% CMLFI zero stock 27 153.55 0.09349 0.3185 95 2.295 1053.341
1200 25% CMLFI zero stock 28 239.83 0.02911 0.4303 58.09 1.697 609.997
1200 10% CMLFI zero stock 29 138.23 0.10147 0.3301 121.6 1.671 1073.348
3060 25% CMLFI zero advance 30 270.08 0.01579 0.3976 31.23 3.835 520.872
3060 10% CMLFI zero advance 31 174.51 0.01953 0.2972 68.28 4.634 931.486
1750 25% CMLFI zero advance 32 246.39 0.01868 0.3947 44.09 2.754 527.154
1750 10% CMLFI zero advance 33 151.1 0.02596 0.2955 113.3 2.605 1016.603
1200 25% CMLFI zero advance 34 241.25 0.0185 0.431 61.4 2.047 569.884
1200 10% CMLFI zero advance 35 132.4 0.10584 0.2876 145.8 1.408 991.148
3060 100% carb stock stock 36 739.99 0.02814 0.7999 8.605 3.895 283.082
3060 25% carb stock stock 37 279.29 0.08408 0.4275 20.59 2.285 544.251
3060 10% carb stock stock 38 170.78 0.18181 0.3609 68.99 3.784 1260.272
1750 25% carb stock stock 39 249.86 0.18263 0.4082 48.15 2.25 541.246
1750 10% carb stock stock 40 177.84 0.14645 0.3413 36.83 2.159 556.036
3060 25% carb stock advance 41 269.59 0.02756 0.3607 25.88 4.162 503.978
3060 10% carb stock advance 42 176.44 0.09961 0.2889 58.97 4.383 903.675
1750 25% carb stock advance 43 256.58 0.03057 0.3837 31.88 2.481 496.886
1750 10% carb stock advance 44 153.13 0.34061 0.3163 56.2 6.018 63.582
3060 100% HMS stock stock 45 735.42 0.01746 0.7917 8.664 2.542 295.488
3060 25% HMS stock stock 46 273.52 0.0664 0.4276 22.85 2.225 595.943
3060 10% HMS stock stock 47 185.28 0.11926 0.3623 49.13 3.551 1200.783
1750 25% HMS stock stock 48 257.45 0.04142 0.4236 33.99 1.643 550.814
1750 10% HMS stock stock 49 153.19 0.1061 0.3438 88.48 2.116 1233.704
1200 25% HMS stock stock 50 245.59 0.03149 0.4491 46.58 1.31 613.267
1200 10% HMS stock stock 51 140.45 0.10784 0.3633 110.1 1.476 1189.756
3060 25% HMS stock advance 52 274.56 0.01396 0.3807 23.41 3.313 515.422
3060 10% HMS stock advance 53 179.52 0.02331 0.2931 50.06 3.694 919.062
1750 25% HMS stock advance 54 257.89 0.01396 0.3967 30.84 1.92 526.83
1750 10% HMS stock advance 55 151.8 0.11338 0.3001 88.82 1.607 1003.828
1200 25% HMS stock advance 56 240.73 0.01633 0.4225 43.02 1.44 572.501
1200 10% HMS stock advance 57 134.27 0.46184 0.3361 215.6 1.031 1135.063
3060 100% CMLFI stock stock 58 741.32 0.01824 0.7931 9.402 2.763 283.642
3060 25% CMLFI stock stock 59 278.14 0.05353 0.4031 21.55 2.101 529.266
3060 10% CMLFI stock stock 60 179.48 0.0982 0.336 48.29 3.263 1077.245
1750 25% CMLFI stock stock 61 245.9 0.03953 0.3878 34.2 1.605 549.269
1750 10% CMLFI stock stock 62 151.12 0.13255 0.328 76.08 2.275 1133.772
1200 25% CMLFI stock stock 63 237.19 0.03441 0.4075 41.43 1.357 552.584
1200 10% CMLFI stock stock 64 138.76 0.14134 0.3514 94.29 1.793 1104.988
3060 25% CMLFI stock advance 65 264.43 0.01613 0.3635 25.77 3.667 506.364
3060 10% CMLFI stock advance 66 172.38 0.03327 0.2845 55.72 3.399 955.946
1750 25% CMLFI stock advance 67 252.5 0.01902 0.3811 33.11 2.341 525.971
1750 10% CMLFI stock advance 68 146.84 0.27059 0.2784 101.7 1.743 960.171
1200 25% CMLFI stock advance 69 229.54 0.01736 0.3806 43.52 1.547 526.99
1200 10% CMLFI stock advance 70 136.9 0.41347 0.303 140 1.145 852.203
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3060 100% carb alternate stock 71 732.3 0.02462 0.7779 15.46 4.344 278.424
3060 25% carb alternate stock 72 279.67 0.07445 0.4116 24.83 2.13 539.444
3060 10% carb alternate stock 73 176.55 0.19074 0.3544 57.23 3.205 1159.108
1750 25% carb alternate stock 74 238.72 0.20269 0.404 45 1.66 535.686
1750 10% carb alternate stock 75 149.1 0.19786 0.3239 82.56 1.844 1014.828
3060 25% carb alternate advance 76 280.84 0.03055 0.3716 29.15 2.815 487.702
3060 10% carb alternate advance 77 174.02 0.10729 0.2878 65.8 1.451 924.285
1750 25% carb alternate advance 78 252.78 0.04989 0.3658 40.21 2.06 475.325
1750 10% carb alternate advance 79 154.23 0.36489 0.3059 69.81 3.826 166.878
3060 100% HMS alternate stock 80 698.18 0.015 0.7719 14.8 3.02 291.714
3060 25% HMS alternate stock 81 273.93 0.06107 0.4108 24.4 2.137 539.385
3060 10% HMS alternate stock 82 167.31 0.14655 0.3564 50.37 3.6 1213.271
1750 25% HMS alternate stock 83 250.99 0.0553 0.4229 34.6 1.393 584.878
1750 10% HMS alternate stock 84 137.68 0.17147 0.3475 80.23 1.75 1165.562
1200 25% HMS alternate stock 85 233.06 0.05844 0.4425 47.46 1.028 636.308
1200 10% HMS alternate stock 86 129.56 0.1986 0.383 126.7 1.26 1272.089
3060 25% HMS alternate advance 87 270.65 0.01448 0.373 32.35 2.82 506.148
3060 10% HMS alternate advance 88 174.82 0.04329 0.2866 64.22 3.886 910.146
1750 25% HMS alternate advance 89 245.67 0.01649 0.3884 38.79 1.461 527.764
1750 10% HMS alternate advance 90 150.3 0.25783 0.3008 104.1 1.359 897.989
1200 25% HMS alternate advance 91 240.91 0.01806 0.4192 54.19 1.044 576.862
1200 10% HMS alternate advance 92 128.93 0.43831 0.3321 190.4 0.9541 965.009
3060 100% CMLFI alternate stock 93 694.32 0.01566 0.779 15.11 3.117 280.834
3060 25% CMLFI alternate stock 94 274.36 0.06985 0.4125 24.71 2.069 535.677
3060 10% CMLFI alternate stock 95 180.23 0.12827 0.3503 47.28 3.21 1085.114
1750 25% CMLFI alternate stock 96 242.37 0.06968 0.4069 32.27 1.337 540.74
1750 10% CMLFI alternate stock 97 144.55 0.19362 0.3352 81.9 1.619 1090.771
1200 25% CMLFI alternate stock 98 243.65 0.06049 0.4228 42.92 0.9937 558.251
1200 10% CMLFI alternate stock 99 133.04 0.20474 0.3477 142.4 1.153 1207.141
3060 25% CMLFI alternate advance 100 280.01 0.01652 0.3696 31 2.572 485.858
3060 10% CMLFI alternate advance 101 177.74 0.04447 0.2802 66.44 2.756 968.044
1750 25% CMLFI alternate advance 102 254.4 0.01685 0.3643 36.73 1.271 519.753
1750 10% CMLFI alternate advance 103 144.55 0.27534 0.2833 94.11 1.101 911.499
1200 25% CMLFI alternate advance 104 232.36 0.02522 0.3812 49.42 0.9058 541.458
1200 10% CMLFI alternate advance 105 136.08 0.41522 0.2993 238 0.6103 1014.708
3060 100% carb max stock 106 678.79 0.03848 0.753 15.26 2.647 297.196
3060 25% carb max stock 107 268.24 0.12979 0.4272 27.16 1.578 570.16
3060 10% carb max stock 108 178.53 0.22184 0.3627 82.51 2.341 1182.739
1750 25% carb max stock 109 246.49 0.18335 0.4345 49.38 0.9575 571.523
1750 10% carb max stock 110 157.55 0.32193 0.3737 180.1 1.225 1221.743
3060 25% carb max advance 111 268.28 0.02779 0.3582 26.7 2.097 473.158
3060 10% carb max advance 112 170.76 0.23332 0.2761 108 1.654 935.073
1750 25% carb max advance 113 245.11 0.12399 0.3695 45.44 1.035 482.736
1750 10% carb max advance 114 156.74 0.62131 0.3091 188.7 1.999 577.542
3060 100% HMS max stock 115 651.5 0.02742 0.7403 11.26 1.741 310.74
3060 25% HMS max stock 116 272.75 0.09613 0.4337 21.85 1.713 597.694
3060 10% HMS max stock 117 172.63 0.18668 0.3637 66.28 2.562 1283.792
1750 25% HMS max stock 118 247.42 0.10575 0.4387 34.41 0.9344 597.51
1750 10% HMS max stock 119 149.07 0.20124 0.3768 154 0.9548 1286.042
1200 25% HMS max stock 120 231.34 0.10875 0.4647 50.4 0.6567 635.642
1200 10% HMS max stock 121 104.88 0.43913 0.4105 230.2 0.6784 1459.089
3060 25% HMS max advance 122 277.8 0.01739 0.3702 25.35 1.697 504.592
3060 10% HMS max advance 123 174.02 0.10477 0.2838 60.97 1.714 987.37
1750 25% HMS max advance 124 248.88 0.02157 0.3802 35.94 0.862 535.824
1750 10% HMS max advance 125 162.32 0.48018 0.3205 224.6 0.5437 1019.794
1200 25% HMS max advance 126 234.11 0.06226 0.4142 50.33 0.4085 576.11
1200 10% HMS max advance 127 133.4 0.77901 0.3594 360.8 0.4348 1248.761
3060 100% CMLFI max stock 128 693.55 0.03423 0.7591 10.03 1.998 283.844
3060 25% CMLFI max stock 129 268.94 0.10917 0.4145 19.97 1.555 565.522
3060 10% CMLFI max stock 130 172.12 0.17499 0.3535 50.93 2.504 1194.643
1750 25% CMLFI max stock 131 231.56 0.09103 0.4048 30.62 0.8468 553.337
1750 10% CMLFI max stock 132 156.95 0.21014 0.373 129.7 1.027 1140.313
1200 25% CMLFI max stock 133 243.14 0.0999 0.4404 42.22 0.6181 550.055
1200 10% CMLFI max stock 134 134.98 0.31951 0.3811 168 0.8328 1247.681
3060 25% CMLFI max advance 135 270.57 0.02487 0.3621 21.67 1.575 487.954
3060 10% CMLFI max advance 136 175.82 0.12005 0.2827 54.74 1.716 931.182
1750 25% CMLFI max advance 137 241.75 0.02469 0.3598 31.77 0.8519 500.792
1750 10% CMLFI max advance 138 147.63 0.55227 0.3175 219 0.6834 1000.493
1200 25% CMLFI max advance 139 228.47 0.06035 0.3762 49 0.455 527.99
1200 10% CMLFI max advance 140 129.86 0.76668 0.3285 412.9 0.38 1142.205
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speed load fuel valve OL Spark case
IVO 
(CA)

IVC 
(CA)

EVO 
(CA)

EVC 
(CA)

OF 
(deg/m) P_int (bar)

P_exh 
(bar)

P_IVO 
(kPa)

P_IVC 
(kPa)

3060 100% carb zero stock 1 358 -91 79 361 0.109 0.9626 1 129.4 166.6
3060 25% carb zero stock 2 358 -91 79 361 0.109 0.4505 1 121.2 105.5
3060 10% carb zero stock 3 358 -91 79 361 0.109 0.3879 1 117.9 89.7
1750 25% carb zero stock 4 358 -91 79 361 0.109 0.4326 1 107.6 98.79
1750 10% carb zero stock 5 358 -91 79 361 0.109 0.3361 1 107.1 74.89
3060 25% carb zero advance 6 358 -91 79 361 0.109 0.4273 1 127.4 100.4
3060 10% carb zero advance 7 358 -91 79 361 0.109 0.3305 1 124.5 75.09
1750 25% carb zero advance 8 358 -91 79 361 0.109 0.4099 1 107.5 95.34
1750 10% carb zero advance 9 358 -91 79 361 0.109 0.3155 1 107.8 69.48
3060 100% HMS zero stock 10 358 -91 79 361 0.109 0.9528 1 127.3 167.5
3060 25% HMS zero stock 11 358 -91 79 361 0.109 0.4801 1 122.4 110
3060 10% HMS zero stock 12 358 -91 79 361 0.109 0.3923 1 117.6 88.84
1750 25% HMS zero stock 13 358 -91 79 361 0.109 0.4425 1 106.1 99.26
1750 10% HMS zero stock 14 358 -91 79 361 0.109 0.3406 1 108.4 73.48
1200 25% HMS zero stock 15 358 -91 79 361 0.109 0.4592 1 103.9 104.3
1200 10% HMS zero stock 16 358 -91 79 361 0.109 0.3252 1 103.3 72.94
3060 25% HMS zero advance 17 358 -91 79 361 0.109 0.4456 1 126.5 102.9
3060 10% HMS zero advance 18 358 -91 79 361 0.109 0.3383 1 124.6 76.32
1750 25% HMS zero advance 19 358 -91 79 361 0.109 0.4326 1 106.7 99.16
1750 10% HMS zero advance 20 358 -91 79 361 0.109 0.3097 1 109.2 67.64
1200 25% HMS zero advance 21 358 -91 79 361 0.109 0.4435 1 105.1 101.3
1200 10% HMS zero advance 22 358 -91 79 361 0.109 0.304 1 105.3 66.14
3060 100% CMLFI zero stock 23 358 -91 79 361 0.109 0.9499 1 129 165.4
3060 25% CMLFI zero stock 24 358 -91 79 361 0.109 0.471 1 124.7 107.8
3060 10% CMLFI zero stock 25 358 -91 79 361 0.109 0.3805 1 118.1 86.66
1750 25% CMLFI zero stock 26 358 -91 79 361 0.109 0.4398 1 107.6 100.1
1750 10% CMLFI zero stock 27 358 -91 79 361 0.109 0.331 1 105.1 75.21
1200 25% CMLFI zero stock 28 358 -91 79 361 0.109 0.4555 1 104.5 103.9
1200 10% CMLFI zero stock 29 358 -91 79 361 0.109 0.3259 1 102.8 74.03
3060 25% CMLFI zero advance 30 358 -91 79 361 0.109 0.4317 1 125.3 102.4
3060 10% CMLFI zero advance 31 358 -91 79 361 0.109 0.3369 1 124.7 75.43
1750 25% CMLFI zero advance 32 358 -91 79 361 0.109 0.3999 1 105.2 93.52
1750 10% CMLFI zero advance 33 358 -91 79 361 0.109 0.3173 1 108.9 69.25
1200 25% CMLFI zero advance 34 358 -91 79 361 0.109 0.4526 1 103.9 104
1200 10% CMLFI zero advance 35 358 -91 79 361 0.109 0.2954 1 105 66.34
3060 100% carb stock stock 36 335 -118 106 385 3.66 0.9878 1 102.7 133.1
3060 25% carb stock stock 37 335 -118 106 385 3.66 0.4589 1 95.34 71.41
3060 10% carb stock stock 38 335 -118 106 385 3.66 0.386 1 95.02 60.08
1750 25% carb stock stock 39 335 -118 106 385 3.66 0.4328 1 99.42 67.24
1750 10% carb stock stock 40 335 -118 106 385 3.66 0.3577 1 100.5 55.49
3060 25% carb stock advance 41 335 -118 106 385 3.66 0.3817 1 98.26 60.05
3060 10% carb stock advance 42 335 -118 106 385 3.66 0.3037 1 97.69 46.74
1750 25% carb stock advance 43 335 -118 106 385 3.66 0.3828 1 100.9 59.81
1750 10% carb stock advance 44 335 -118 106 385 3.66 0.3249 1 100.6 49.9
3060 100% HMS stock stock 45 335 -118 106 385 3.66 0.9882 1 106.9 134.8
3060 25% HMS stock stock 46 335 -118 106 385 3.66 0.458 1 97.31 73
3060 10% HMS stock stock 47 335 -118 106 385 3.66 0.3891 1 96.34 61.4
1750 25% HMS stock stock 48 335 -118 106 385 3.66 0.4262 1 100.2 66.62
1750 10% HMS stock stock 49 335 -118 106 385 3.66 0.3381 1 100.5 51.82
1200 25% HMS stock stock 50 335 -118 106 385 3.66 0.4224 1 102.1 66.91
1200 10% HMS stock stock 51 335 -118 106 385 3.66 0.3348 1 101.9 51.62
3060 25% HMS stock advance 52 335 -118 106 385 3.66 0.4084 1 97.58 63.07
3060 10% HMS stock advance 53 335 -118 106 385 3.66 0.3092 1 97.03 46.76
1750 25% HMS stock advance 54 335 -118 106 385 3.66 0.387 1 100.5 61.03
1750 10% HMS stock advance 55 335 -118 106 385 3.66 0.2885 1 100.5 43.89
1200 25% HMS stock advance 56 335 -118 106 385 3.66 0.4011 1 100.5 63.31
1200 10% HMS stock advance 57 335 -118 106 385 3.66 0.315 1 102.1 47.64
3060 100% CMLFI stock stock 58 335 -118 106 385 3.66 0.9828 1 106.7 134.4
3060 25% CMLFI stock stock 59 335 -118 106 385 3.66 0.4312 1 98.58 68
3060 10% CMLFI stock stock 60 335 -118 106 385 3.66 0.3545 1 96.05 55.62
1750 25% CMLFI stock stock 61 335 -118 106 385 3.66 0.3993 1 100.5 61.76
1750 10% CMLFI stock stock 62 335 -118 106 385 3.66 0.3347 1 99.92 51.3
1200 25% CMLFI stock stock 63 335 -118 106 385 3.66 0.4155 1 102.1 65.06
1200 10% CMLFI stock stock 64 335 -118 106 385 3.66 0.3497 1 102.1 54.23
3060 25% CMLFI stock advance 65 335 -118 106 385 3.66 0.3995 1 99.88 61.49
3060 10% CMLFI stock advance 66 335 -118 106 385 3.66 0.2967 1 97.25 45.63
1750 25% CMLFI stock advance 67 335 -118 106 385 3.66 0.4057 1 101.4 62.25
1750 10% CMLFI stock advance 68 335 -118 106 385 3.66 0.2897 1 100.8 44.11
1200 25% CMLFI stock advance 69 335 -118 106 385 3.66 0.3956 1 101.3 62.45
1200 10% CMLFI stock advance 70 335 -118 106 385 3.66 0.3104 1 101.6 47.74
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3060 100% carb alternate stock 71 311 -118 106 406 12.313 0.9589 1 113.7 132.8
3060 25% carb alternate stock 72 311 -118 106 406 12.313 0.4622 1 115.4 73.21
3060 10% carb alternate stock 73 311 -118 106 406 12.313 0.4069 1 113.2 64.22
1750 25% carb alternate stock 74 311 -118 106 406 12.313 0.4741 1 104.8 73.67
1750 10% carb alternate stock 75 311 -118 106 406 12.313 0.3918 1 104.2 60.11
3060 25% carb alternate advance 76 311 -118 106 406 12.313 0.4177 1 116.7 65.86
3060 10% carb alternate advance 77 311 -118 106 406 12.313 0.3298 1 114.2 51.49
1750 25% carb alternate advance 78 311 -118 106 406 12.313 0.4366 1 103.7 67.12
1750 10% carb alternate advance 79 311 -118 106 406 12.313 0.3698 1 104.9 56.3
3060 100% HMS alternate stock 80 311 -118 106 406 12.313 0.9595 1 113.9 133.1
3060 25% HMS alternate stock 81 311 -118 106 406 12.313 0.4631 1 114.8 73.54
3060 10% HMS alternate stock 82 311 -118 106 406 12.313 0.405 1 112.1 63.8
1750 25% HMS alternate stock 83 311 -118 106 406 12.313 0.4779 1 104 74.25
1750 10% HMS alternate stock 84 311 -118 106 406 12.313 0.3951 1 103.6 60.25
1200 25% HMS alternate stock 85 311 -118 106 406 12.313 0.4767 1 98.12 75.21
1200 10% HMS alternate stock 86 311 -118 106 406 12.313 0.4165 1 98.85 64.29
3060 25% HMS alternate advance 87 311 -118 106 406 12.313 0.4118 1 117.3 65.22
3060 10% HMS alternate advance 88 311 -118 106 406 12.313 0.3245 1 114.6 49.74
1750 25% HMS alternate advance 89 311 -118 106 406 12.313 0.4387 1 103.5 67.47
1750 10% HMS alternate advance 90 311 -118 106 406 12.313 0.3425 1 104 51.5
1200 25% HMS alternate advance 91 311 -118 106 406 12.313 0.4588 1 98.15 71.3
1200 10% HMS alternate advance 92 311 -118 106 406 12.313 0.3618 1 98.71 54.8
3060 100% CMLFI alternate stock 93 311 -118 106 406 12.313 0.9628 1 113.7 134.3
3060 25% CMLFI alternate stock 94 311 -118 106 406 12.313 0.4765 1 116 74.43
3060 10% CMLFI alternate stock 95 311 -118 106 406 12.313 0.4004 1 112.3 62.66
1750 25% CMLFI alternate stock 96 311 -118 106 406 12.313 0.4674 1 103.8 73.44
1750 10% CMLFI alternate stock 97 311 -118 106 406 12.313 0.3912 1 103.8 60.38
1200 25% CMLFI alternate stock 98 311 -118 106 406 12.313 0.4834 1 97.63 76.33
1200 10% CMLFI alternate stock 99 311 -118 106 406 12.313 0.4109 1 98.31 63.49
3060 25% CMLFI alternate advance 100 311 -118 106 406 12.313 0.4194 1 118.1 65.67
3060 10% CMLFI alternate advance 101 311 -118 106 406 12.313 0.3231 1 114.6 48.43
1750 25% CMLFI alternate advance 102 311 -118 106 406 12.313 0.4286 1 104.1 66.24
1750 10% CMLFI alternate advance 103 311 -118 106 406 12.313 0.3375 1 103.7 51.16
1200 25% CMLFI alternate advance 104 311 -118 106 406 12.313 0.437 1 97.67 68.43
1200 10% CMLFI alternate advance 105 311 -118 106 406 12.313 0.3526 1 97.84 53.52
3060 100% carb max stock 106 297 -118 106 425 27.255 0.9882 1 116.7 134.2
3060 25% carb max stock 107 297 -118 106 425 27.255 0.5391 1 122.4 82.28
3060 10% carb max stock 108 297 -118 106 425 27.255 0.4552 1 122.7 68.73
1750 25% carb max stock 109 297 -118 106 425 27.255 0.5584 1 101.9 84.86
1750 10% carb max stock 110 297 -118 106 425 27.255 0.4775 1 100.6 71.68
3060 25% carb max advance 111 297 -118 106 425 27.255 0.4416 1 122.5 67.6
3060 10% carb max advance 112 297 -118 106 425 27.255 0.3569 1 121.4 53.85
1750 25% carb max advance 113 297 -118 106 425 27.255 0.4865 1 100.8 73.47
1750 10% carb max advance 114 297 -118 106 425 27.255 0.4239 1 100.8 62.79
3060 100% HMS max stock 115 297 -118 106 425 27.255 0.9522 1 115.2 130.7
3060 25% HMS max stock 116 297 -118 106 425 27.255 0.5347 1 122.3 83.41
3060 10% HMS max stock 117 297 -118 106 425 27.255 0.4584 1 121 70.9
1750 25% HMS max stock 118 297 -118 106 425 27.255 0.5508 1 101.6 84.23
1750 10% HMS max stock 119 297 -118 106 425 27.255 0.4886 1 101.3 73.75
1200 25% HMS max stock 120 297 -118 106 425 27.255 0.5567 1 97.71 85.89
1200 10% HMS max stock 121 297 -118 106 425 27.255 0.5044 1 97.93 76.63
3060 25% HMS max advance 122 297 -118 106 425 27.255 0.4641 1 123.9 71.2
3060 10% HMS max advance 123 297 -118 106 425 27.255 0.3692 1 121.3 57.12
1750 25% HMS max advance 124 297 -118 106 425 27.255 0.4798 1 99.63 73.92
1750 10% HMS max advance 125 297 -118 106 425 27.255 0.4281 1 100.8 63.2
1200 25% HMS max advance 126 297 -118 106 425 27.255 0.5042 1 98.74 76.99
1200 10% HMS max advance 127 297 -118 106 425 27.255 0.4553 1 99.25 68.12
3060 100% CMLFI max stock 128 297 -118 106 425 27.255 0.9934 1 116.2 134.3
3060 25% CMLFI max stock 129 297 -118 106 425 27.255 0.5307 1 122.7 78.61
3060 10% CMLFI max stock 130 297 -118 106 425 27.255 0.4551 1 121.4 67.48
1750 25% CMLFI max stock 131 297 -118 106 425 27.255 0.5212 1 100 79.05
1750 10% CMLFI max stock 132 297 -118 106 425 27.255 0.4908 1 100.8 73.48
1200 25% CMLFI max stock 133 297 -118 106 425 27.255 0.5549 1 98.52 84.98
1200 10% CMLFI max stock 134 297 -118 106 425 27.255 0.5167 1 98.82 78.36
3060 25% CMLFI max advance 135 297 -118 106 425 27.255 0.4549 1 124.8 68.87
3060 10% CMLFI max advance 136 297 -118 106 425 27.255 0.3645 1 124 54.87
1750 25% CMLFI max advance 137 297 -118 106 425 27.255 0.4798 1 99.41 71.25
1750 10% CMLFI max advance 138 297 -118 106 425 27.255 0.4417 1 100.8 64.49
1200 25% CMLFI max advance 139 297 -118 106 425 27.255 0.4883 1 99.29 74.09
1200 10% CMLFI max advance 140 297 -118 106 425 27.255 0.4409 1 101.6 65.83
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speed load fuel valve OL Spark case
P_EVO 
(kPa)

P_EVC 
(kPa) V_IVO (m^3) V_IVC (m^3) V_EVO (m^3) V_EVC (m^3)

3060 100% carb zero stock 1 777.1 126 0.00003006 0.0001266 0.0001087 0.00003002
3060 25% carb zero stock 2 457.6 118.1 0.00003006 0.0001266 0.0001087 0.00003002
3060 10% carb zero stock 3 401.1 114.9 0.00003006 0.0001266 0.0001087 0.00003002
1750 25% carb zero stock 4 403.9 104.6 0.00003006 0.0001266 0.0001087 0.00003002
1750 10% carb zero stock 5 338.6 104.7 0.00003006 0.0001266 0.0001087 0.00003002
3060 25% carb zero advance 6 390.1 123.7 0.00003006 0.0001266 0.0001087 0.00003002
3060 10% carb zero advance 7 283.8 120.6 0.00003006 0.0001266 0.0001087 0.00003002
1750 25% carb zero advance 8 359.2 104.5 0.00003006 0.0001266 0.0001087 0.00003002
1750 10% carb zero advance 9 273.2 104.6 0.00003006 0.0001266 0.0001087 0.00003002
3060 100% HMS zero stock 10 754.8 123.8 0.00003006 0.0001266 0.0001087 0.00003002
3060 25% HMS zero stock 11 474 119.7 0.00003006 0.0001266 0.0001087 0.00003002
3060 10% HMS zero stock 12 402.4 115 0.00003006 0.0001266 0.0001087 0.00003002
1750 25% HMS zero stock 13 415.7 104.2 0.00003006 0.0001266 0.0001087 0.00003002
1750 10% HMS zero stock 14 334.8 106.1 0.00003006 0.0001266 0.0001087 0.00003002
1200 25% HMS zero stock 15 378.1 101.6 0.00003006 0.0001266 0.0001087 0.00003002
1200 10% HMS zero stock 16 294.6 101.6 0.00003006 0.0001266 0.0001087 0.00003002
3060 25% HMS zero advance 17 394.2 123.1 0.00003006 0.0001266 0.0001087 0.00003002
3060 10% HMS zero advance 18 280.6 121.2 0.00003006 0.0001266 0.0001087 0.00003002
1750 25% HMS zero advance 19 367.2 104.3 0.00003006 0.0001266 0.0001087 0.00003002
1750 10% HMS zero advance 20 248.5 105.7 0.00003006 0.0001266 0.0001087 0.00003002
1200 25% HMS zero advance 21 349.5 102.7 0.00003006 0.0001266 0.0001087 0.00003002
1200 10% HMS zero advance 22 238.6 103.1 0.00003006 0.0001266 0.0001087 0.00003002
3060 100% CMLFI zero stock 23 753.7 125.3 0.00003006 0.0001266 0.0001087 0.00003002
3060 25% CMLFI zero stock 24 471.3 121.4 0.00003006 0.0001266 0.0001087 0.00003002
3060 10% CMLFI zero stock 25 387.5 114.8 0.00003006 0.0001266 0.0001087 0.00003002
1750 25% CMLFI zero stock 26 428.2 105.4 0.00003006 0.0001266 0.0001087 0.00003002
1750 10% CMLFI zero stock 27 321.4 102.4 0.00003006 0.0001266 0.0001087 0.00003002
1200 25% CMLFI zero stock 28 382.6 102.5 0.00003006 0.0001266 0.0001087 0.00003002
1200 10% CMLFI zero stock 29 301.4 100.7 0.00003006 0.0001266 0.0001087 0.00003002
3060 25% CMLFI zero advance 30 398.6 121.4 0.00003006 0.0001266 0.0001087 0.00003002
3060 10% CMLFI zero advance 31 289.4 121.3 0.00003006 0.0001266 0.0001087 0.00003002
1750 25% CMLFI zero advance 32 352.9 102.7 0.00003006 0.0001266 0.0001087 0.00003002
1750 10% CMLFI zero advance 33 248.1 105.2 0.00003006 0.0001266 0.0001087 0.00003002
1200 25% CMLFI zero advance 34 358.4 101.7 0.00003006 0.0001266 0.0001087 0.00003002
1200 10% CMLFI zero advance 35 230.5 102.6 0.00003006 0.0001266 0.0001087 0.00003002
3060 100% carb stock stock 36 594.9 88.2 0.00003982 0.0001621 0.0001474 0.00003982
3060 25% carb stock stock 37 329.5 84.48 0.00003982 0.0001621 0.0001474 0.00003982
3060 10% carb stock stock 38 286 84.72 0.00003982 0.0001621 0.0001474 0.00003982
1750 25% carb stock stock 39 280.6 83.53 0.00003982 0.0001621 0.0001474 0.00003982
1750 10% carb stock stock 40 238.5 83.01 0.00003982 0.0001621 0.0001474 0.00003982
3060 25% carb stock advance 41 234.6 82.23 0.00003982 0.0001621 0.0001474 0.00003982
3060 10% carb stock advance 42 182.1 80.96 0.00003982 0.0001621 0.0001474 0.00003982
1750 25% carb stock advance 43 222 82.8 0.00003982 0.0001621 0.0001474 0.00003982
1750 10% carb stock advance 44 198 82.11 0.00003982 0.0001621 0.0001474 0.00003982
3060 100% HMS stock stock 45 589.7 89.67 0.00003982 0.0001621 0.0001474 0.00003982
3060 25% HMS stock stock 46 319.8 85.65 0.00003982 0.0001621 0.0001474 0.00003982
3060 10% HMS stock stock 47 276.9 84.19 0.00003982 0.0001621 0.0001474 0.00003982
1750 25% HMS stock stock 48 268.6 83.84 0.00003982 0.0001621 0.0001474 0.00003982
1750 10% HMS stock stock 49 228.1 83.1 0.00003982 0.0001621 0.0001474 0.00003982
1200 25% HMS stock stock 50 244.8 87.2 0.00003982 0.0001621 0.0001474 0.00003982
1200 10% HMS stock stock 51 210.2 86.79 0.00003982 0.0001621 0.0001474 0.00003982
3060 25% HMS stock advance 52 241.6 82.97 0.00003982 0.0001621 0.0001474 0.00003982
3060 10% HMS stock advance 53 182.3 81.03 0.00003982 0.0001621 0.0001474 0.00003982
1750 25% HMS stock advance 54 222.7 81.76 0.00003982 0.0001621 0.0001474 0.00003982
1750 10% HMS stock advance 55 173 81.37 0.00003982 0.0001621 0.0001474 0.00003982
1200 25% HMS stock advance 56 213.2 86.3 0.00003982 0.0001621 0.0001474 0.00003982
1200 10% HMS stock advance 57 167.5 86.93 0.00003982 0.0001621 0.0001474 0.00003982
3060 100% CMLFI stock stock 58 589.9 88.75 0.00003982 0.0001621 0.0001474 0.00003982
3060 25% CMLFI stock stock 59 297.6 83.93 0.00003982 0.0001621 0.0001474 0.00003982
3060 10% CMLFI stock stock 60 251.6 81.81 0.00003982 0.0001621 0.0001474 0.00003982
1750 25% CMLFI stock stock 61 244.8 83.51 0.00003982 0.0001621 0.0001474 0.00003982
1750 10% CMLFI stock stock 62 226.3 82.93 0.00003982 0.0001621 0.0001474 0.00003982
1200 25% CMLFI stock stock 63 234 87.47 0.00003982 0.0001621 0.0001474 0.00003982
1200 10% CMLFI stock stock 64 221.2 87.29 0.00003982 0.0001621 0.0001474 0.00003982
3060 25% CMLFI stock advance 65 231.7 80.31 0.00003982 0.0001621 0.0001474 0.00003982
3060 10% CMLFI stock advance 66 180.7 78.72 0.00003982 0.0001621 0.0001474 0.00003982
1750 25% CMLFI stock advance 67 218.7 83.46 0.00003982 0.0001621 0.0001474 0.00003982
1750 10% CMLFI stock advance 68 171.5 81.38 0.00003982 0.0001621 0.0001474 0.00003982
1200 25% CMLFI stock advance 69 206.3 86.05 0.00003982 0.0001621 0.0001474 0.00003982
1200 10% CMLFI stock advance 70 157.9 84.99 0.00003982 0.0001621 0.0001474 0.00003982
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3060 100% carb alternate stock 71 586.8 84.35 0.00006517 0.0001609 0.0001461 0.00006134
3060 25% carb alternate stock 72 325.6 74.47 0.00006517 0.0001609 0.0001461 0.00006134
3060 10% carb alternate stock 73 288 73.39 0.00006517 0.0001609 0.0001461 0.00006134
1750 25% carb alternate stock 74 290.4 77.76 0.00006517 0.0001609 0.0001461 0.00006134
1750 10% carb alternate stock 75 247.9 75.79 0.00006517 0.0001609 0.0001461 0.00006134
3060 25% carb alternate advance 76 255.9 72.73 0.00006517 0.0001609 0.0001461 0.00006134
3060 10% carb alternate advance 77 195.2 69.54 0.00006517 0.0001609 0.0001461 0.00006134
1750 25% carb alternate advance 78 233.5 76.18 0.00006517 0.0001609 0.0001461 0.00006134
1750 10% carb alternate advance 79 209.3 76.07 0.00006517 0.0001609 0.0001461 0.00006134
3060 100% HMS alternate stock 80 567 84.37 0.00006517 0.0001609 0.0001461 0.00006134
3060 25% HMS alternate stock 81 313.8 74.29 0.00006517 0.0001609 0.0001461 0.00006134
3060 10% HMS alternate stock 82 282.2 73.83 0.00006517 0.0001609 0.0001461 0.00006134
1750 25% HMS alternate stock 83 286.7 77.31 0.00006517 0.0001609 0.0001461 0.00006134
1750 10% HMS alternate stock 84 246.9 75.08 0.00006517 0.0001609 0.0001461 0.00006134
1200 25% HMS alternate stock 85 272 78.25 0.00006517 0.0001609 0.0001461 0.00006134
1200 10% HMS alternate stock 86 248.4 77.96 0.00006517 0.0001609 0.0001461 0.00006134
3060 25% HMS alternate advance 87 246.2 71.74 0.00006517 0.0001609 0.0001461 0.00006134
3060 10% HMS alternate advance 88 185.8 68.89 0.00006517 0.0001609 0.0001461 0.00006134
1750 25% HMS alternate advance 89 228.4 76.06 0.00006517 0.0001609 0.0001461 0.00006134
1750 10% HMS alternate advance 90 188.5 74.11 0.00006517 0.0001609 0.0001461 0.00006134
1200 25% HMS alternate advance 91 224 78.47 0.00006517 0.0001609 0.0001461 0.00006134
1200 10% HMS alternate advance 92 186.4 76.81 0.00006517 0.0001609 0.0001461 0.00006134
3060 100% CMLFI alternate stock 93 568.7 85 0.00006517 0.0001609 0.0001461 0.00006134
3060 25% CMLFI alternate stock 94 328.6 75.31 0.00006517 0.0001609 0.0001461 0.00006134
3060 10% CMLFI alternate stock 95 282 71.53 0.00006517 0.0001609 0.0001461 0.00006134
1750 25% CMLFI alternate stock 96 277.9 75.72 0.00006517 0.0001609 0.0001461 0.00006134
1750 10% CMLFI alternate stock 97 246.3 75.04 0.00006517 0.0001609 0.0001461 0.00006134
1200 25% CMLFI alternate stock 98 272.8 78.31 0.00006517 0.0001609 0.0001461 0.00006134
1200 10% CMLFI alternate stock 99 243.7 77.63 0.00006517 0.0001609 0.0001461 0.00006134
3060 25% CMLFI alternate advance 100 255.4 71.97 0.00006517 0.0001609 0.0001461 0.00006134
3060 10% CMLFI alternate advance 101 187.9 67.34 0.00006517 0.0001609 0.0001461 0.00006134
1750 25% CMLFI alternate advance 102 228.6 76.34 0.00006517 0.0001609 0.0001461 0.00006134
1750 10% CMLFI alternate advance 103 187 73.33 0.00006517 0.0001609 0.0001461 0.00006134
1200 25% CMLFI alternate advance 104 216.6 77.75 0.00006517 0.0001609 0.0001461 0.00006134
1200 10% CMLFI alternate advance 105 181.7 75.72 0.00006517 0.0001609 0.0001461 0.00006134
3060 100% carb max stock 106 583.5 84.66 0.00008464 0.0001621 0.0001474 0.00008759
3060 25% carb max stock 107 352.2 70.4 0.00008464 0.0001621 0.0001474 0.00008759
3060 10% carb max stock 108 296.8 67.39 0.00008464 0.0001621 0.0001474 0.00008759
1750 25% carb max stock 109 323.7 72.92 0.00008464 0.0001621 0.0001474 0.00008759
1750 10% carb max stock 110 268.8 69.63 0.00008464 0.0001621 0.0001474 0.00008759
3060 25% carb max advance 111 244.1 63.52 0.00008464 0.0001621 0.0001474 0.00008759
3060 10% carb max advance 112 196 60.13 0.00008464 0.0001621 0.0001474 0.00008759
1750 25% carb max advance 113 239.1 70.29 0.00008464 0.0001621 0.0001474 0.00008759
1750 10% carb max advance 114 201.1 68.5 0.00008464 0.0001621 0.0001474 0.00008759
3060 100% HMS max stock 115 561.7 82.38 0.00008464 0.0001621 0.0001474 0.00008759
3060 25% HMS max stock 116 349.3 70.51 0.00008464 0.0001621 0.0001474 0.00008759
3060 10% HMS max stock 117 290 66.89 0.00008464 0.0001621 0.0001474 0.00008759
1750 25% HMS max stock 118 322.1 73.56 0.00008464 0.0001621 0.0001474 0.00008759
1750 10% HMS max stock 119 267.5 71.42 0.00008464 0.0001621 0.0001474 0.00008759
1200 25% HMS max stock 120 307.4 74.43 0.00008464 0.0001621 0.0001474 0.00008759
1200 10% HMS max stock 121 242.2 74.44 0.00008464 0.0001621 0.0001474 0.00008759
3060 25% HMS max advance 122 250.4 65.52 0.00008464 0.0001621 0.0001474 0.00008759
3060 10% HMS max advance 123 197.3 62.11 0.00008464 0.0001621 0.0001474 0.00008759
1750 25% HMS max advance 124 230.3 70.18 0.00008464 0.0001621 0.0001474 0.00008759
1750 10% HMS max advance 125 202.4 69.03 0.00008464 0.0001621 0.0001474 0.00008759
1200 25% HMS max advance 126 246.9 73.61 0.00008464 0.0001621 0.0001474 0.00008759
1200 10% HMS max advance 127 189.7 72.51 0.00008464 0.0001621 0.0001474 0.00008759
3060 100% CMLFI max stock 128 585.2 83.96 0.00008464 0.0001621 0.0001474 0.00008759
3060 25% CMLFI max stock 129 351.2 69.62 0.00008464 0.0001621 0.0001474 0.00008759
3060 10% CMLFI max stock 130 293.3 65.34 0.00008464 0.0001621 0.0001474 0.00008759
1750 25% CMLFI max stock 131 298.7 70.43 0.00008464 0.0001621 0.0001474 0.00008759
1750 10% CMLFI max stock 132 275.6 69.95 0.00008464 0.0001621 0.0001474 0.00008759
1200 25% CMLFI max stock 133 301.8 73.46 0.00008464 0.0001621 0.0001474 0.00008759
1200 10% CMLFI max stock 134 271.8 74.21 0.00008464 0.0001621 0.0001474 0.00008759
3060 25% CMLFI max advance 135 256.1 62.92 0.00008464 0.0001621 0.0001474 0.00008759
3060 10% CMLFI max advance 136 201.2 59.59 0.00008464 0.0001621 0.0001474 0.00008759
1750 25% CMLFI max advance 137 228.7 68.73 0.00008464 0.0001621 0.0001474 0.00008759
1750 10% CMLFI max advance 138 208.8 68.68 0.00008464 0.0001621 0.0001474 0.00008759
1200 25% CMLFI max advance 139 229.6 72.43 0.00008464 0.0001621 0.0001474 0.00008759
1200 10% CMLFI max advance 140 183 71.87 0.00008464 0.0001621 0.0001474 0.00008759
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 speed load fuel valve OL Spark case T_oil (K) T_int (K) T_exh (K) m_air (kg) m_fuel (kg)

3060 100% carb zero stock 1 375.4 325 969 0.0001345 0.00001116
3060 25% carb zero stock 2 362.6 325 894 0.00008205 0.000006822
3060 10% carb zero stock 3 358.2 325 896 0.00007042 0.000005888
1750 25% carb zero stock 4 360.4 325 737 0.00008158 0.000006792
1750 10% carb zero stock 5 356.5 325 728 0.00006318 0.000004788
3060 25% carb zero advance 6 363.2 325 833 0.00007713 0.000006437
3060 10% carb zero advance 7 355.9 325 759 0.00005944 0.000004931
1750 25% carb zero advance 8 360.9 325 691 0.00007786 0.000006469
1750 10% carb zero advance 9 352 325 650 0.00005701 0.000003903
3060 100% HMS zero stock 10 372 325 966 0.0001356 0.00001132
3060 25% HMS zero stock 11 360.9 325 905 0.00008557 0.000007129
3060 10% HMS zero stock 12 354.8 325 885 0.00007155 0.000005937
1750 25% HMS zero stock 13 359.3 325 724 0.00008521 0.000007076
1750 10% HMS zero stock 14 352.6 325 656 0.00006654 0.000005523
1200 25% HMS zero stock 15 357.6 325 624 0.00009178 0.000007645
1200 10% HMS zero stock 16 347 325 560 0.00006993 0.000005841
3060 25% HMS zero advance 17 363.7 325 833 0.00007907 0.000006596
3060 10% HMS zero advance 18 357 325 750 0.00006012 0.000005027
1750 25% HMS zero advance 19 364.3 325 685 0.00008262 0.000006903
1750 10% HMS zero advance 20 353.7 325 579 0.0000591 0.000004904
1200 25% HMS zero advance 21 361.5 325 599 0.00008804 0.000007331
1200 10% HMS zero advance 22 348.1 325 515 0.0000655 0.000005497
3060 100% CMLFI zero stock 23 373.1 325 961 0.0001331 0.00001109
3060 25% CMLFI zero stock 24 359.3 325 897 0.00008249 0.000006841
3060 10% CMLFI zero stock 25 354.8 325 871 0.00006784 0.00000566
1750 25% CMLFI zero stock 26 358.2 325 726 0.0000827 0.000006918
1750 10% CMLFI zero stock 27 353.2 325 662 0.00006257 0.000005225
1200 25% CMLFI zero stock 28 358.2 325 629 0.00008452 0.000007026
1200 10% CMLFI zero stock 29 348.1 325 571 0.00006484 0.000005381
3060 25% CMLFI zero advance 30 359.8 325 839 0.00007824 0.000006518
3060 10% CMLFI zero advance 31 353.2 325 753 0.00005826 0.000004851
1750 25% CMLFI zero advance 32 359.8 325 674 0.00007737 0.000006445
1750 10% CMLFI zero advance 33 349.8 325 577 0.00005793 0.000004849
1200 25% CMLFI zero advance 34 360.9 325 613 0.00008466 0.00000706
1200 10% CMLFI zero advance 35 344.8 325 508 0.00005648 0.000004721
3060 100% carb stock stock 36 393.2 325 961 0.0001559 0.00001299
3060 25% carb stock stock 37 368.2 325 919 0.00008288 0.000006873
3060 10% carb stock stock 38 363.7 325 922 0.00006997 0.000005858
1750 25% carb stock stock 39 363.7 325 759 0.00007914 0.000006628
1750 10% carb stock stock 40 359.8 325 741 0.00006617 0.000005142
3060 25% carb stock advance 41 361.5 325 804 0.00007072 0.000005903
3060 10% carb stock advance 42 354.3 325 766 0.00005644 0.000004678
1750 25% carb stock advance 43 357 325 675 0.00007494 0.000006196
1750 10% carb stock advance 44 349.8 325 714 0.00006177 0.000003908
3060 100% HMS stock stock 45 388.7 325 950 0.0001555 0.000013
3060 25% HMS stock stock 46 365.9 325 904 0.00008336 0.000006981
3060 10% HMS stock stock 47 360.4 325 903 0.0000705 0.000005929
1750 25% HMS stock stock 48 361.5 325 730 0.00008227 0.000006862
1750 10% HMS stock stock 49 350.9 325 697 0.00006677 0.00000556
1200 25% HMS stock stock 50 350.4 325 619 0.00008722 0.000007239
1200 10% HMS stock stock 51 348.7 325 590 0.00007069 0.000005818
3060 25% HMS stock advance 52 362.6 325 813 0.00007449 0.0000062
3060 10% HMS stock advance 53 355.4 325 759 0.00005713 0.000004723
1750 25% HMS stock advance 54 359.3 325 668 0.00007718 0.000006389
1750 10% HMS stock advance 55 348.1 325 611 0.0000584 0.000004817
1200 25% HMS stock advance 56 356.5 325 581 0.00008222 0.000006723
1200 10% HMS stock advance 57 344.8 325 528 0.00006551 0.000005416
3060 100% CMLFI stock stock 58 385.9 325 952 0.0001558 0.00001302
3060 25% CMLFI stock stock 59 362.6 325 877 0.00007858 0.000006581
3060 10% CMLFI stock stock 60 357 325 869 0.00006538 0.000005478
1750 25% CMLFI stock stock 61 359.8 325 704 0.00007561 0.000006334
1750 10% CMLFI stock stock 62 355.4 325 700 0.00006382 0.000005328
1200 25% CMLFI stock stock 63 359.3 325 611 0.00007928 0.000006553
1200 10% CMLFI stock stock 64 353.2 325 611 0.00006838 0.000005638
3060 25% CMLFI stock advance 65 360.9 325 803 0.0000714 0.000005951
3060 10% CMLFI stock advance 66 352 325 768 0.00005578 0.000004619
1750 25% CMLFI stock advance 67 358.2 325 664 0.00007485 0.000006224
1750 10% CMLFI stock advance 68 345.9 325 616 0.00005489 0.000004535
1200 25% CMLFI stock advance 69 354.8 325 580 0.00007518 0.00000613
1200 10% CMLFI stock advance 70 343.2 325 535 0.00005974 0.000004881
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3060 100% carb alternate stock 71 379.3 325 959 0.000154 0.00001288
3060 25% carb alternate stock 72 355.4 325 913 0.00008115 0.000006754
3060 10% carb alternate stock 73 351.5 325 924 0.00006974 0.000005821
1750 25% carb alternate stock 74 354.8 325 768 0.0000798 0.000006678
1750 10% carb alternate stock 75 349.3 325 750 0.00006398 0.000005269
3060 25% carb alternate advance 76 354.3 325 823 0.00007312 0.00000612
3060 10% carb alternate advance 77 347.6 325 781 0.00005664 0.000004716
1750 25% carb alternate advance 78 351.5 325 694 0.0000724 0.000006034
1750 10% carb alternate advance 79 347.6 325 741 0.00006032 0.000004119
3060 100% HMS alternate stock 80 377 325 957 0.0001528 0.00001277
3060 25% HMS alternate stock 81 355.4 325 905 0.00008085 0.000006727
3060 10% HMS alternate stock 82 352 325 916 0.00006999 0.000005828
1750 25% HMS alternate stock 83 353.2 325 750 0.00008307 0.000006932
1750 10% HMS alternate stock 84 349.8 325 741 0.00006826 0.000005679
1200 25% HMS alternate stock 85 352.6 325 651 0.00008709 0.000007251
1200 10% HMS alternate stock 86 349.3 325 660 0.00007522 0.00000629
3060 25% HMS alternate advance 87 355.4 325 822 0.00007326 0.000006108
3060 10% HMS alternate advance 88 348.7 325 772 0.00005608 0.000004659
1750 25% HMS alternate advance 89 353.2 325 680 0.00007586 0.000006328
1750 10% HMS alternate advance 90 345.4 325 630 0.00005875 0.000004874
1200 25% HMS alternate advance 91 353.7 325 595 0.00008203 0.000006855
1200 10% HMS alternate advance 92 343.2 325 555 0.00006498 0.000005371
3060 100% CMLFI alternate stock 93 383.7 325 958 0.0001527 0.00001277
3060 25% CMLFI alternate stock 94 358.7 325 920 0.00008071 0.000006708
3060 10% CMLFI alternate stock 95 354.3 325 915 0.00006855 0.000005702
1750 25% CMLFI alternate stock 96 357 325 746 0.00007961 0.000006607
1750 10% CMLFI alternate stock 97 352 325 730 0.00006559 0.000005477
1200 25% CMLFI alternate stock 98 357 325 651 0.00008289 0.000006865
1200 10% CMLFI alternate stock 99 349.8 325 650 0.00006829 0.000005698
3060 25% CMLFI alternate advance 100 354.3 325 823 0.00007329 0.000006082
3060 10% CMLFI alternate advance 101 348.1 325 761 0.00005525 0.000004618
1750 25% CMLFI alternate advance 102 354.3 325 669 0.00007184 0.000006003
1750 10% CMLFI alternate advance 103 345.9 325 625 0.00005575 0.000004632
1200 25% CMLFI alternate advance 104 353.7 325 585 0.00007487 0.000006198
1200 10% CMLFI alternate advance 105 342 325 547 0.00005889 0.000004961
3060 100% carb max stock 106 379.3 325 961 0.0001474 0.00001241
3060 25% carb max stock 107 360.4 325 914 0.00008344 0.000006984
3060 10% carb max stock 108 354.8 325 911 0.00007071 0.000005949
1750 25% carb max stock 109 358.7 325 771 0.0000847 0.000007091
1750 10% carb max stock 110 352.6 325 772 0.00007299 0.000006211
3060 25% carb max advance 111 358.7 325 792 0.00006982 0.000005801
3060 10% carb max advance 112 350.9 325 765 0.00005383 0.000004552
1750 25% carb max advance 113 355.9 325 684 0.00007204 0.000006041
1750 10% carb max advance 114 347 325 672 0.00006038 0.000004598
3060 100% HMS max stock 115 372.6 325 961 0.0001457 0.000012
3060 25% HMS max stock 116 357 325 918 0.00008503 0.000006976
3060 10% HMS max stock 117 353.2 325 909 0.00007117 0.0000059
1750 25% HMS max stock 118 355.9 325 758 0.00008585 0.000007087
1750 10% HMS max stock 119 349.8 325 756 0.00007373 0.000006226
1200 25% HMS max stock 120 354.8 325 658 0.00009109 0.000007499
1200 10% HMS max stock 121 348.1 325 691 0.00008047 0.000006818
3060 25% HMS max advance 122 355.9 325 793 0.00007244 0.00000598
3060 10% HMS max advance 123 348.1 325 761 0.00005543 0.000004577
1750 25% HMS max advance 124 353.2 325 651 0.0000744 0.000006104
1750 10% HMS max advance 125 343.7 325 637 0.00006271 0.000005347
1200 25% HMS max advance 126 349.8 325 603 0.00008121 0.00000667
1200 10% HMS max advance 127 340.9 325 590 0.00007045 0.000006155
3060 100% CMLFI max stock 128 385.9 325 955 0.0001483 0.00001231
3060 25% CMLFI max stock 129 363.2 325 894 0.00008065 0.000006713
3060 10% CMLFI max stock 130 359.8 325 916 0.00006865 0.000005712
1750 25% CMLFI max stock 131 360.9 325 748 0.00007862 0.000006504
1750 10% CMLFI max stock 132 356.5 325 761 0.00007244 0.000006122
1200 25% CMLFI max stock 133 357.6 325 659 0.00008553 0.000007063
1200 10% CMLFI max stock 134 354.3 325 689 0.00007402 0.000006211
3060 25% CMLFI max advance 135 358.2 325 803 0.00007085 0.000005878
3060 10% CMLFI max advance 136 351.5 325 764 0.00005511 0.000004618
1750 25% CMLFI max advance 137 355.9 325 648 0.00007014 0.00000581
1750 10% CMLFI max advance 138 347.6 325 664 0.00006189 0.000005339
1200 25% CMLFI max advance 139 352 325 586 0.00007334 0.000006055
1200 10% CMLFI max advance 140 340.9 325 550 0.00006404 0.00000562


