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ABSTRACT

This study introduces an experimental technique to quantify cycle-resolved values
of pre-combustion in-cylinder compositions during transient engine operation. The work
is motivated by increased particulate and NOx emissions during transient engine
operation, which contribute significantly to overall cumulative diesel emissions. The
study is divided into three magor tasks. technique development, validation, and
application to demonstrate its capability to provide new insight into transient engine
behavior.

One cylinder of a6.0L V-8 diesel engineis instrumented to obtain cycle-resolved
masses of three in-cylinder pre-combustion constituents. fuel, air, and stoichiometric
combustion products. Fuel is determined through use of an instrumented fuel injector
and cylinder pressure. The mass of air is determined through calculation of the air/fuel
ratio of each cycle from measurements of CO, concentrations in the exhaust and in the
cylinder.  Stoichiometric combustion product mass is quantified through the pre-
combustion in-cylinder measurement of CO..

Validation of the technique is accomplished by first determining that the
methodology does not significantly alter combustion. Error and sensitivity analysis
confirm that the technique provides accurate results. The masses of fuel, ar, and
stoichiometric combustion products are known to +0.74%, +2.82%, and +3.93%,
respectively, with a 95™ percentile confidence interval. The technique provides dataon a
cycle-by-cycle basis, a resolution that is unattainable with traditional test cell hardware.
This alows insight into engine behavior that was previously impossible, especidly

during transient operation.

XXX



Engine data is taken in three separate investigations. steady-state conditions,
constant-speed load sweeps, and realistic in-vehicle engine behavior during an FTP 75
driving schedule. Cycle-resolved NO emissions and fast particulate measurements are
also made to characterize transient emissions. During the first few cycles of intense
accelerations, excessive levels of over-fueling occur, resulting in cycles with equivalence
ratios as high as 1.4. These cycles cause extremely high particulate emissions. High
levels of NO emissions occur 3-4 cycles into strong accelerations and are attributed to
intensely-premixed combustion with high levels of in-cylinder oxygen. In summary, this
study demonstrates that tighter cycle-resolved control of fuel injection and EGR systems,
including internal residual, are necessary prerequisites for realizing the full potentia of

low-emissions transient engine operation strategies.
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CHAPTER 1

INTRODUCTION

11 M otivation

Modern civilization has been built upon and is currently enabled by the
combustion of fossil fuels. Every aspect of life in the developed world, from the
production and distribution of the necessities of life: food, clothing, and shelter, to the
ways in which humans spend their leisure time are made possible by the consumption of
fossil fuels. Every day, 84.5 million barrels of petroleum, 288.8 hillion cubic feet of
natural gas, and 17.7 million tons of coa are consumed to support human civilization on
earth [1]. Thesefossil fuels account for 95% of all the energy consumed in the world [2].

Not only isthe consumption of fossil fuels staggeringly large; it is aso increasing.
Between 1995 and 2005, world fossil fuel consumption rates increased by an average of
2.3% per year [2]. Future growth rates are expected to remain at or near these levels[2].

Such continually growing rates of fossil fuel consumption are not sustainable, as
their quantity on earth isfinite. Numerous studies have been conducted on the amount of
known obtainable worldwide fossil fuel reserves. Typica values are 1,317 billion barrels
of petroleum [3,4], 6,381 trillion cubic feet of natural gas [4,5], and 997,748 million tons
of coal [6]. Assuming no increase in consumption rates, these reserves result in about 43
years of petroleum, 60 years of natural gas, and 154 years of coal before proven reserves
are depleted. Factoring in estimates for the amount of fossil fuels that have not yet been
discovered, it islikely that there are 50-150 years of oil, 200-600 years of natural gas, and

200-2000 years of coal left on earth at current consumption rates [7].



The burning of fossil fuels produces emissions which are harmful to human and
environmental health. Predominant is the generation of carbon dioxide (CO,); at 2005
rates, 84.9 million tons of CO, were created and released into the environment every day
from the combustion of fossil fuels [6]. CO, in the atmosphere behaves as a greenhouse
gas, which allows heat from the sun to impact the earth’s surface but acts to traps heat in
the atmosphere that is being radiated by the earth, resulting in increasing temperatures on
the earth’ s surface. This so-called global warming has the potential to significantly alter
the delicate balance of the earth’s ecosystems and is currently a widely-debated topic.
Much disagreement exists about how much human activity, especially the burning of
fossil fuels, has contributed to global warming. Three facts, however, are undeniable:

1. The earth’ s temperature is rising and impacting the environment.

2. Increased levels of CO, in the atmosphere are contributing to this temperature

rise.

3. The burning of fossil fuels produces significant levels of atmospheric CO..

Irrefutable scientific proof that human activity is causing significant alterations to
the environment may be decades away. By that time, however, the changes may be
irreversible. Therefore, we as a human race cannot take the chance that our way of living
is not impacting the earth and must make significant strides towards reducing our
consumption of fossil fuels and production of atmospheric CO,.

Because of the current high fossil fuel consumption rate, the finite supplies of
coa, petroleum, and natura gas on the earth, and the potentialy irreversible
environmental impacts of burning fossil fuels, there is an urgent need to develop and
implement more efficient energy conversion technologies. To assess areas in which
improvements are viable, it is helpful to understand how energy is used. Analyzing the
demand side of energy flow typically involves breaking consumption into four maor

sectors: industrial, commercial, residential, and transportation. Figure 1.1, adapted from



[2], demonstrates the flow of all energy into the United States in 2006 and how that

energy was utilized.
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Figure 1.1: Energy Flow Into and Out of United States in 2006

Of the nearly 100 quadrillion BTUs (29.3 trillion kW-hr) of fossil fuels
consumed, 28.4% were used to fuel the transportation sector. About two-thirds of the
energy consumed in the transportation sector is in the form of gasoline [2], which is
typically used to propel light-duty automobiles. This means that about 20% of al the
energy consumed in the U.S. isin the form of gasoline, and demonstrates that developing
more efficient methods to power automobiles is integral to reducing overall fossil fuel
consumption.

One viable method of improving automobile fuel economy is to equip these
vehicles with diesel engines. Diesel engines are a proven and available technology that is
inherently more efficient than gasoline engines and typically improve the fuel economy
of an automobile by between 20-50%. Hindering the implementation of diesel enginesis
their greater cost and their higher emissions. Diesel combustion isacomplex process due

to turbulent mixing, three-dimensional heterogeneity, and unsteadiness. These



characteristics, coupled with the high-temperature and high-pressure combustion
chamber environment, lead to conditions that are favorable to the formation of regulated
emissions—particularly oxides of nitrogen (NOx) and particul ates.

Significant research efforts are currently being undertaken to reduce the emissions
from diesel engines, including: in-cylinder combustion development, the use of
dternative fuels, the development of aftertreatment, implementation of sophisticated
electrically-controlled hardware, and the development of novel combustion modes.
Typicaly these experimental and simulation studies are conducted at steady-state
conditions, where engine speed and load are fixed. These efforts have undoubtedly been
invaluable to the significant improvement in fuel economy and reduction in emissions
that diesel-powered vehicles have experienced in the last 30 years.

When considering actual in-vehicle operation, however, the engine almost never
experiences steady-state conditions [8]. Typica engine behavior includes frequent and
sudden changes in engine speed and torque and is referred to as transient operation.
Transient engine behavior is characterized by a transition between operating states such
that quantities of in-cylinder components (fuel, air, EGR, and residual) and their mixing
processes are not well-controlled. When these inputs to combustion are not well
controlled, neither are the emissions formed from them. Because of this, transient engine
operation contributes much more to the total amount of emissions during in-vehicle use
than steady-state engine operation [9].

Preliminary data taken for this study confirms that transient engine behavior
contributes significantly to overal drive cycle emissions. Test cell facilities at the W.E.
Lay Automotive Laboratory permit an engine to be tested as though it is in a vehicle.
During these tests, time-resolved concentrations of NO and particulate are measured,
which permits the identification the portions of the cycle that result in high emissions. To
assess the impact that transient engine behavior has on emissions, a steady-state

emissions map is made from engine data and then the engine commands and speeds



experienced in the driving cycle are input to the map. The output of the map is emissions
levels if the engine were to experience driving cycle speeds and loads at steady-state
operation. The emissions values from the transient test and the quasi-steady
approximation are then compared to determine the influence of transient engine behavior.

Representative data from this comparison for NO and particulate emissions are
shown in Figure 1.2 and Figure 1.3. From these graphs it is clear that there are
discernable differences in the quasi-steady predictions and the measured emissions
values. Further, the greatest discrepancies and the highest levels of absolute emissions
occur during the periods when the greatest vehicle acceleration is taking place. Under
these conditions, the engine is drastically changing speed and load. This confirms that
the engine emissions are especially sensitive to transient engine behavior. Considering
cumulative emissions over a driving cycle, the transient engine behavior alone accounts

for about 19% of total NO emissions and 53% of total particulate emissions.
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A great deal remains to be discovered about emissions formation during transient
engine operation. Past work does reveal, however, that engine transient emissions are
extremely complicated [8], vary significantly with each particular driving cycle [10 and
11], and are highly-dependent upon the configuration and use of the engine’ s subsystems
[10 and 12].

Because transient emissions production is not well understood, accurate models of
their formation do not exist. Models that predict emissions formation during transient
engine operation can originate from two sources. physics and engine phenomena. Diesel
combustion is extremely complex by nature and involves turbulent mixing, three-
dimensional heterogeneity, and unsteadiness. Thus modeling the physics and developing
the governing equations that describe emissions formation is incredibly difficult. Much
of the complexity of diesel combustion can be avoided by using phenomenological

models, which quantify emissions relative to the engine inputs that govern their behavior.



In this sense, diesel combustion is relatively smple: fuel, air, and some exhaust gases
enter the cylinder, the fuel and air burn, and emissions are formed. This occurs
repeatedly in the cylinder in discreet events that last anywhere from 30-200 ms.
Traditiona test cell instrumentation and techniques, however, are unable to resolve the
inputs and outputs of combustion to these levels. Therefore it is impossible to develop
links between the inputs and outputs of combustion, which prevents the identification of
the primary drivers of emissions formation during transient engine operation.

Considering that transient engine operation is a significant source of regulated
exhaust emissions and that the formation of these pollutants is not well understood, a
need exists to conduct further studies into the nature of emissions formation during
transient engine operation. Understanding the conditions under which these emissions
are created and the factors that contribute their formation have numerous benefits,
including: reduced overall emissions during transient engine operation due to better
control of engine subsystems, improvements to the refinement and accuracy of transient
emissions models, and an increase in the longevity of aftertreatment devices since fewer

engine-out emissions are produced.

1.2  Objectives

The first step to gaining an understanding about emissions formation during
realistic engine operation is to identify when and why emissions are formed. This means
having knowledge about the products and reactants of individual engine cycles, which
becomes difficult because of the time scales involved with individual engine events and
the relatively slow response of traditional test cell instrumentation. Flow meters for fuel
and air and emissions measurement devices al respond on the order of seconds, while

engine cycles occur in the realm of milliseconds.



Recent developments in experimental equipment, however, have led to
instrumentation that has response times well below one millisecond. When used
properly, these devices can provide cycle-resolved data from the engine. Such equipment
isinstrumental to this research effort and is used extensively throughout.

The objectives of this study are four-fold:

1. To develop an experimental technique that can quantify the amount of fuel,
air, EGR, and residual trapped for each combustion cycle and to measure
cycle-resolved NO and particul ate emissions during realistic engine behavior.

2. To validate the experimenta technique by performing a comprehensive error
and sensitivity analysis and by comparing its results to those obtained with
traditional test cell instrumentation.

3. To apply the technique by using it to investigate transient engine behavior in
which high concentrations of emissions are formed and explain why these
occur in light of knowledge of the amount of fuel, air, EGR, and residua that
went into each cycle.

4. To provide insight into how to manage the engine during transients to reduce

emissions.

1.3  Approach

One cylinder of a6.0L V-8 diesel engineisinstrumented to acquire complete data
from it during readlistic engine operation. Cycle-resolved measurements of the individual
components of the trapped mass inside this cylinder are made possible through use of
unique fast-response experimental equipment. Fuel mass is determined by using an
instrumented injector that measures needle lift and injection pressure. When combined
with cylinder pressure, this information is used with an orifice flow equation and a

lookup table of flow discharge coefficient to measure fuel mass.



Estimations for the mass of air and EGR and residual are made by combining the
knowledge of fuel mass with CO, gas concentration measurements. In-cylinder CO; is
measured during the compression stroke to determine the quantity of EGR and residual
prior to combustion. Exhaust manifold CO, concentration is measured to determine the
air/fud ratio of the previous combustion event.

Emissions of NO and particulate generated during engine operation are measured
with fast-response devices that sample exhaust gases from the exhaust manifold
immediately outside of the instrumented cylinder. This proximity to the cylinder allows
measurements from these emissions devices to be linked as closely as possible to
individual cycles.

To operate the engine in a redlistic manner, it is used in a test cell which
incorporates a state-of-the-art dynamometer and a vehicle ssmulation to make the engine
experience in-vehicle conditions. The vehicle simulation exists in a
MATLAB/SIMULINK environment and simulates the driver and all vehicle components
from the engine flywheel to the ground. This simulation is incorporated into the test cell
so that pedal position signals from the virtua driver pass to the engine, which responds
by making torque. Torque is measured by the dynamometer and fed back into the model,
which alters the vehicle velocity. Thus the engine experiences speed and load

combinations and driver inputs which are representative of in-vehicle operation.

14 Document Outline

This document is divided into nine chapters. Chapter One is an introductory
chapter that presents the motivation for the research, demonstrates its need, summarizes
the objectives, and outlines its approach. Chapter Two is aliterature review that explores
previously published work in related research fields. The experimental setup and

instrumentation is described in Chapter Three.



Chapter Four introduces and develops the experimental methodology used to
determine the cycle-resolved in-cylinder masses. First in-cylinder conceptualizations are
introduced, then equations are developed relating gas concentration measurements to pre-
combustion in-cylinder composition. In-cylinder measurement techniques are then
introduced, followed by a description of the determination of cycle-resolved fuel
measurement. An iterative methodology is then presented that incorporates fuel mass
and in-cylinder and exhaust manifold gas measurements to calculate the trapped air and
stoichiometric combustion product mass.

Chapter Five quantifies the validity of the experimental technique by performing
an error and sensitivity analysis. First the influence of instrumenting the cylinder and
removing mass during the compression stroke is examined to determine how the
combustion process is impacted. Then confidence intervals are developed for the
determined pre-combustion in-cylinder masses. A comparison between results obtained
using the experimental technique and traditional test cell instrumentation is then
conducted. Finally, engine operating conditions in which the technique yields results
with high uncertainty are discussed.

Chapters Six, Seven, and Eight investigate the data obtained with the devel oped
experimental technique and demonstrate the insight it provides. Steady-state engine
conditions are explored in Chapter Six and highlight how cycle-to-cycle variances impact
engine emissions. Chapter Seven examines how the technique gives insight into engine
emissions constant-speed load steps. Chapter Eight then studies engine behavior
representative of in-vehicle operation, where it experiences conditions that span its
performance envelope.

Chapter Nine is a summary chapter that reviews the motivation and objectives of
the study, highlights the magjor findings, presents the conclusions formed from these

results, and makes suggestions for future work.
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CHAPTER 2

BACKGROUND

This chapter is a summary of the literature reviewed for this research effort.
Topics have fallen into four major categories and are discussed separately as follows:

1. Review of Diesel Emissions Regulations

2. Conceptual Model of Diesel Combustion.

2. NOx and Soot Formation in Diesel Combustion.

3. Transient Diesel Emissions Characteristics.

2.1 Diesd Emissions Regulations

The United States Environmental Protection Agency (EPA) was founded with the
mission to protect human health and to safeguard the natural environment by preserving
the quality of air, water, and land—those natural resources upon which life depends [13].
The agency was formed and given legidative authority through the Clean Air Act of
1970, which also set statutory deadlines for reducing automobile emission levels. These
regulations were focused on limiting the production of three harmful tailpipe pollutants:
total hydrocarbons (THC), carbon monoxide (CO), and oxides of nitrogen (NOx) [14].

Further automobile emissions regulations were imposed under the Clean Air Act
Amendments of 1990 where two sets of standards, Tier 1 and Tier 2, were defined for

new light-duty non-commercia vehicles. The Tier 1 regulations were adopted in 1991
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and began to take effect in 1994. Tier 2 standards were passed in their final form in 1999
and a phase-in implementation began on all model year 2004 vehicles[13].

Tier 1 standards were phased in progressively between 1994 and 1997. These
regulations not only further reduced the allowable emission levels of THC, CO, and NOx
set forth in the origina 1970 legidation, but aso set standards for non-methane
hydrocarbons (NMHC) and particulate matter (PM). They applied to al new light-duty
vehicles such as passenger cars, light duty trucks, sport utility vehicles, minivans, and
pickup trucks with a gross vehicle weight rating, i.e., vehicle weight plus rated cargo
capacity of less than 8500 pounds.

Vehicles produced under Tier 1 were divided by weight class, and heavier
vehicles had standards appropriate for their engine size. In the lightest weight class,
diesel-powered vehicles had more lenient NOx standards than their gasoline counterparts.
The limitations were effective over a full vehicle life of 100,000 miles and also required
that an intermediate standard be met at 50,000 miles. Emissions were measured and
regulated on a grams per mile basis over the Federal Test Procedure (FTP 75) test, as
well as a Supplemental Federal Test Procedure (SFTP) which includes additional test
cycles that reflect aggressive highway driving (US06 cycle) and urban driving with the
air conditioning system operating (SC03 cycle).

Tier 2 standards began to take effect on al model year 2004 vehicles and will be
progressively phased in through 2009. In addition to the pollutants regulated in Tier 1,
Tier 2 dso limits the formation of aldehydes and regul ates the emission of non-methane
organic gases (NMOG) rather than NMHC. For the species that were regulated
previously in Tier 1, the permissible levels allowed by Tier 2 have decreased
drastically—in some cases ten-fold.

Allowable emissions levels in Tier 2 are structured into eight certification bins of
different stringency. Vehicle manufacturers can choose to certify any particular vehicle

in any bin, but the average NOx emissions of a manufacturer’s entire vehicle fleet must
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meet an average value of 0.07 grams per mile. Tier 2 standards aso lengthen the useful
vehicle life and therefore the period over which the emissions are regulated to 120,000
miles. Figure 2.1 shows the relative change of particulate and NOx emissions regulations
from Tier 1 to Tier 2 standards. Tier 2 Bin 5 is shown and represents the fleet-wide

average emissions levels under the Tier 2 standards.
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Figure 2.1: EPA NOx and Particulate Matter Regulation Trends

Asin Tier 1, vehicleswith a GVWR below 8500 pounds are regulated, but a new
class of medium-duty passenger vehicles between 8500 and 10,000 pounds has also been
formed. This new weight class assures that large sport utility vehicles, passenger vans,
and pickup trucks are covered under the legislation. Distinctions are no longer made
between vehicles in different weight categories; discrepancy exists solely through the
afore-mentioned certification bins. Since emissions levels are regulated to the grams of
pollutants per mile, larger engines must incorporate more advanced emissions control

technol ogies than smaller enginesin order to meet the standard.
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2.2 Conceptual Model of Diesel Combustion

Even though this research is not focused specifically on the intricacies of diesel
combustion, an understanding of its basic nature is important for any investigation that
targets emissions formation. Thus a brief overview of steady state diesel combustion and
emissions formation is presented.

In 1997 Dec presented his conceptual model [16] of diesel combustion based on
numerous laser-sheet imaging studies. The publication was a culmination of his previous
investigations [17, 18] and new findings that detailed the events that occur during the
ignition delay, start of combustion, premixed burn, and the mixing controlled burn
including the transition to the quasi-steady period. Findings of later studies by Dec [19]
and Flynn et a [20] further supported this conceptual model. The transition from the
guasi-steady burn period to the later burnout stages was explained by Dec [21] where he
discussed how combustion changes and then burns out after injection ends. These papers
provide a foundational understanding of diesel combustion. Following is a summary of
the model and the conclusions found in the afore-mentioned papers.

Figure 2.2 presents a temporal sequence of schematics showing the development
of adiesdl fuel jet from the start of injection, through the premixed burn, and into the first
part of the mixing-controlled burn. Images were obtained from a 2.34 L single-cylinder
research engine with a compression ratio of 10 operating at 1200 rpm (139us/degree) and
are denoted by the crank angle degrees after the start of injection (ASI). These crank
angle values are retained in this discussion merely to correlate the text with the diagrams
in the figure. Variations in engine design, speed, load, injection parameters, swirl, wall
interactions, and turbocharging will undoubtedly effect the spatial and absolute temporal
development of the jet; however, the relative tempora stages presented generaly hold

true for direct injection diesel combustion.
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Figure 2.2: Evolution of Diesel Combustion (Dec)
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2.2.1 |Initial Jet Development (1.0°-4.5° ASI)

Thefirst three images in Figure 2.2 show the jet penetration to the point where all
the fuel is vaporized. At the injector, the fuel existsasaliquid (1.0° ASl) but as the fuel
moves downstream along the jet, some air is entrained and a fuel vapor sheath forms
around the liquid fuel core (2.0° ASI). Theliquid fuel jet continues to penetrate until 3.0°
ASI, where the jet reaches its greatest penetration length. At this point, the entrainment
of hot air has fully vaporized all the fuel. The fuel vapor region continues to thicken and
extends beyond the liquid fuel core (4.0° ASI) and eventually a head vortex forms (4.5°
ASI). Thisvortex region contains a well-mixed and generally uniform mixture of air and

fuel vapor with equivalence ratios ranging from 2 to 4.

2.2.2 Autoignition (3.0° to 5.0° ASI)

Although the autoignition point is commonly defined as the crank angle when the
apparent heat release rate reverses direction or first goes positive, natural flame emission
has been detected prior to this time [17]. One component of natural flame emission is
chemiluminescence, which arises from combustion radicals that are raised to an excited
state by chemical reactions and then decay back to lower energy levels by emitting a
photon. The occurrence of chemiluminescence is the first indication of fuel energy
release and is therefore considered as the point of autoignition. As early as 3.5° ASl,
chemiluminescence was detected at various locations in the vapor portions of the jets.
Thus ignition must be occurring at multiple points nearly simultaneously throughout the
vapor region of the jet. The intensity of the chemiluminescence increases progressively
and by 4.5° ASI it occurs volumetrically throughout the head vortex and the leading edge
of the fuel spray. The portion of the spray denoted by the arrows from 3.0° to 5.0° ASI

indicates the regions where chemiluminescence was detected.
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2.2.3 First Part of Premixed Burn Spike (4.0° to 6.5° ASI)

Chemical heat release, indicated by chemiluminescence, causes the heat release
curve to begin moving upward at 4.0° ASI and then it increases sharply after 4.5° ASl.
At this time, chemiluminescence engulfs the leading edge of the vapor jet but there is
little indication of fuel breakdown. By 5.0° ASI, the fuel has broken down and large
polycyclic aromatic hydrocarbons (PAH) form across the entire cross section of the
leading portion of the jet where the equivalence ratio ranges from 2 to 4. This timing
coincides with the rapid rise in the heat release rate. By 6.0° ASI, soot occurs as very
small particles throughout large portions of the cross section of the downstream portion
of the fuel jet. These particles are formed by the fuel-rich premixed burn that is
occurring throughout the cross section. At 6.5° ASI, small soot particles are present

throughout the entire cross section of the downstream region of the jet.

2.2.4 Onset of Diffusion Flame (5.5° to 6.5° ASI)

Between 5.5° and 6.5° ASI, a diffusion flame forms at the outer edge of the fuel
jet between the products of premixed combustion and the surrounding air. By 6.5° ASI,
the leading portion of the reacting fuel jet is completely surrounded by the thin
(approximately 120 um) diffusion flame. This flame also extends back to the injector to
just upstream of the penetrating fuel jet tip. Heat from this flame accelerates the fuel
vaporization process, causing the liquid fuel jet to decrease in penetration length. Also at
6.5° ASI, large soot particles begin to appear around the periphery of the fud jet; they
arise from the combustion taking place between the products of premixed combustion
and the surrounding air on the rich side of the diffusion flame front (these particles are
not shown in Figure 2.2). These events occur just prior to the midpoint of the premixed

spike in the apparent heat release rate curve.
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2.25 Last Part of Premixed Burn Spike (7.0° to 9.0° ASI)

The fuel vapor jet continues to grow outward throughout the remainder of the
premixed burn. Soot concentrations throughout the jet increase, with the soot levels
becoming the highest in the head vortex region. The diffusion flame sheath around the
periphery of the fuel vapor jet remains, forming large soot particles around the edges of
the premixed jet and even larger particles in the head vortex zone. Imaging has shown
that the soot particles appear abruptly after the fuel vapor region (see 8.0° AS
schematic), suggesting the existence of a thin soot-formation zone across the cross-
section of the jet just inside the diffusion flame between the tip of the liquid fuel and the

main soot-formation zone.

2.2.6 First Part of the Mixing-Controlled Burn (9.0° ASI to Quasi-Steady)

The overall appearance of the jet changes very little as the combustion transitions
to purely mixing controlled. The jet continues to grow outward and the head vortex
becomes more well-formed. Soot concentrations have increased in the head vortex
region due to the particles increasing in size. Soot particles remain present around the
diffusion flame upstream of the head vortex and throughout the sooting region just
downstream of the liquid fuel jet. This pattern continues through the mixing-controlled

burn stage until the end of injection.

2.2.7 Mixing-Controlled Combustion (Quasi-Steady to End of Injection)

Figure 2.3 shows a schematic of the fully-developed quasi-steady mixing-
controlled burn. The term quasi-steady is used because the genera shape of the
combustion remains unchanged. Turbulence, however, contributes to spatial variationsin
the outer and inner regions of the jet. Figure 2.3 does not take into account the effect of

wall interactions or charge motion. Depending on the size and speed of the engine, the
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vapor jet will eventualy reach the combustion chamber wall and become distorted from
the ideal schematic sometime before or during the quasi-steady burn period. This
schematic is a more mature version of the 10° ASI diagram shown in Figure 2.2. A
liquid fuel jet penetrates into the combustion chamber while hot air begins to entrain the
fuel, thus forming a vapor sheath around the downstream portions of the liquid fuel. The
liquid penetrates until the turbulent entrainment vaporizes al of the fuel and a uniformly-
mixed fuel vapor region isformed. Downstream from this region the first soot appears as
small particles across the entire cross-section of the jet due to a standing fuel-rich
premixed flame. As these particles move toward the head vortex region, they increase in
size and number and at the head vortex they accumulate and continue to grow. A thin
diffusion flame forms around the vapor region, encompassing the head vortex region and
the main soot-producing region in the center of the penetrating jet. As the soot particles
move to the outer portions of the jet, they can be oxidized by the diffusion flame wall.
Conditions on the outside of this diffusion area are ideal for thermal NOx production
because flame temperatures are the hottest due to a nearly stoichiometric equivalence

ratio and an abundance of oxygen.
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Figure 2.3: Fully-Devel oped Quasi-Steady Mixing-Controlled Burn (Dec)
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2.2.8 Burnout Period (End of Injection to End of Combustion)

The quasi-steady burn period continues as long as fuel is injected into the
cylinder. Once injection ceases, the burnout period begins. Combustion spreads quickly
back to the injector when fuel injection ends, and soot formsin this upstream region. The
reacting jet now consists of the diffusion flame surrounding the sooty products of rich
premixed combustion. Momentum of the upstream portion of the jet carries it
downstream to the leading portion of the jet along the combustion chamber wall and then
back towards the center of the combustion chamber as it folds back on itself. The
diffusion flame surrounds the jet as it moves, oxidizing soot particles as they reach the jet
periphery, thus reducing the size of the jet. This results in the formation of separate
pockets of combustion that continue to get smaller until the soot is consumed by the
diffusion flame or the flame is quenched by the relatively cool walls of the combustion
chamber.

Using this conceptual model as a guide to understanding the diesel combustion
process will provide more insight into combustion phenomena. Observations made,
trends explained, and conclusions drawn from the data obtained in this research effort
will be more accurate and reliable because of the fundamental understanding facilitated

by the model.

2.3 NOyx and Soot Formation in Diesel Combustion

As briefly mentioned above, the nature of diesel combustion produces conditions
that are favorable for the production of NOx and particulates. Many sources have shown
that a general relationship exists between NOyx and soot emissions in diesel engine, and
the so-called soot-NOx tradeoff is well documented. Figure 2.4 demonstrates a typical
soot-NOx tradeoff curve that was generated by varying injection pressure on a6.0 L V-8

diesel engine while keeping all other inputs constant.
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Figure 2.4: Soot-NOx Tradeoff

When a diesel engine is operating on this curve, methods to reduce NOx
emissions result in an increase in particulate emissions. Similarly, schemes to decrease
particulate production cause NOx emissions to increase.

Because NOx and particulate emissions are regulated by government standards,
an understanding of how these two pollutants form is necessary. Following is a summary
of the mechanisms of NOx and soot formation and a description of their production in

diesel engine combustion.

2.3.1 NOx Formation Mechanisms

Although NO and NO, are usualy grouped together as NOx emissions, the
production of NO is predominant in diesel combustion [8]. Two different mechanisms of
NO formation have been proposed for diesel combustion: thermal NO and prompt NO.
Experimental investigations have shown that in diesel combustion, nearly al of the NO is
formed in the thermal manner [8]. This is accomplished through the oxidation of

atmospheric nitrogen at elevated temperatures. The equations governing the formation of
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NO via the oxidation of atmospheric nitrogen are known as the extended Zeldovich

mechanism and are shown in Figure 2.5.

0+N,=NO+N
N+0,=N0+0

N+OH=NO+H

Figure 2.5: Extended Zeldovich Mechanism

The rate of formation of NO viathe extended Zeldovich mechanism yields

d[NO] + + +
—— = k{ [01[N;] + kF [N1[02] + K [N][OH] 2.1)

-+ — ki [NO][N] — k3 [NO][0] — k3 [NO][H]

where [ ] denotes species concentrations. Similarly, the rate of formation of N
from the extended Zeldovich mechanism gives
d[N]

— = K [01[N;] — k5 [N1[0;] — k3 [N][OH] - (22)

++— ki [NO][N] + k7 [NO][O] + k3 [NO][H]
By using the steady-state approximation for N and setting the above Equation

(2.2) to zero, an expression for [N] can be found.

_ k{[0][N,] + k3 [NO][0] + k3 [NO][H]

INT = k3[0,] + ki [OH] + k{[NO] 23)
Substituting this back into Equation (2.1) resultsin
,__INoP?
d[NO] _ ., K[0,]IN, ]
—p = 2k{[O1IN,] + K INO] (24)

1+

k310,] + k3 [OH]
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where

ki'\ (k2
K=(—=]|l—= 2.5
(kf ) (kz_ (29)
Further substitution and assumptions for rate constants and equilibrium

concentrations, denoted by [ ], resultsin an equation for the initial value of d[NO]/dLt.

d[NO] 6 x 106 —69,090
=g e () 101N 26)

Equation (2.6) shows the strong temperature and oxygen concentration
dependence of d[NO]/dt. According to this equation, high temperatures and high
oxygen concentrations result in large NO formation rates.

Experimental data show that for diesel engines, NO, can be up to 30% of total
NOyx emissions [8]. Thus the formation mechanism of NO, is briefly discussed. NO

formed in the cylinder can be converted to NO, by reactions such as

NO + HO, » NO, + OH (2.7)
The NO, can be converted back to NO by

2.3.2 NOx Formation in Diesel Engines

NOx formation rates were shown above to increase as the temperature and oxygen
concentration increase. This has dgignificant implications when considering NOx
formation during diesel combustion because of high flame temperatures and an overall
oxygen-rich environment. When fuel is first injected into the cylinder, temperatures and
pressures are high due to the compression process. As the injected fuel breaks down and
begins to combust, temperatures and pressures go up even further, and when the

temperature increases beyond 2100 K, NOx formation rates become significant.
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Local temperature variations throughout the cylinder lead to heterogeneous spatial
and temporal NOx formation. The premixed burn just after autoignition is fuel-rich, with
an equivaence ratio in the range of four and with adiabatic flame temperatures around
1600 K [16]. These conditions are not conducive to NO production due to the lack of
oxygen and the low temperatures. After the premixed combustion, the subsequently
injected fuel passes through the rich premixed flame and then burns as a diffusion flame
a the periphery of the fuel jet, see Figure 2.6. Temperatures are high at the diffusion
flame as the fuel burns stoichiometrically and oxygen is plentiful. These conditions are
ideal for therma NO production. NO may aso be produced in the latter part of the
mixing-controlled burn or in the hot-gas regions after the end of combustion. While
temperatures are not as high as around the periphery of the fuel jet, oxygen is still
available and the time scales are much longer; these conditions are favorable for NO
formation.

Much of the NO formed would decompose back into nitrogen and oxygen if
sufficient time were available to allow equilibrium conditions to be established. But the
sudden cooling of cylinder gases essentially freezes NO chemistry. When the cylinder
gas temperatures drop the rate constants that govern the formation of NO decrease
drasticaly and the Zeldovich mechanism and the corresponding rate equations cease to
affect NO production. As the piston moves away from top dead center, expansion
cooling causes cylinder gas temperatures to drop rapidly. High-temperature cylinder
gases are also cooled as they mix with cooler burned gases or fresh air. Thus actual NO
emissions are higher than they would be if more time was available to let the system

move further toward equilibrium.
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2.3.3 Particulate Formation in Diesdl Engines

Particulates consist principally of organic compounds absorbed onto combustion
generated carbonaceous material (soot). In diesel combustion, most particulates are
generated from the incomplete combustion of fuel hydrocarbons and some is formed
from the engine oil. During the combustion process, soot particles first form and then
grow in size. Some of these particulates are oxidized to CO or COg; the balance of this
formation and destruction of particulates resultsin overall emission levels. But dueto the
turbulent, unsteady, and three-dimensional complexity of diesel combustion, much about
the particulate generation process is poorly and incompletely understood.

Particle formation is thought to initiate with the pyrolysis, or breaking down
without oxygen, of fuel into soot nucleation sites. These sites typically include acetylene
and its higher analogues (C,, Hz) and polycyclic aromatic hydrocarbons. Pyrolysis is
highly sensitive to temperature and prior studies have found that below 1600 K, this
process does not occur to hydrocarbons. Around 1700 K, only aromatics and highly
unsaturated hydrocarbons pyrolyze. Between 1800 K and 2400 K, most hydrocarbon
fuels will produce soot when burned sufficiently rich. Above 2400 K, commonly used
fuels will decompose into smaller gaseous hydrocarbon fragments and burn faster than
they can pyrolize into soot nucleation sites. Additional local variables, such as
equivalence ratio and pressure, also impact soot formation. Soot production becomes
significant at C/O ratios of 0.8 and grows rapidly as the C/O ratio increases beyond this
value. Higher pressures tend to produce greater soot emissions, but this relationship is
relatively weak.

Surface growth and particle aggregation both contribute to the particle growth
process. After the nucleation sites are formed through fuel pyrolysis, gaseous
hydrocarbon fragments condense on them and become incorporated into the particle.

This surface growth process generates the majority of the solid-phase material.
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Aggregation occurs when two or more particles collide and combine to form one larger
particle. Rates of aggregation go up as the particulate sizes initialy increase due to the
higher frequency of particle collisions. As combustion progresses, however, aggregation
becomes less frequent because the number of particles has been diminished. As with
particle formation, the particle growth process is aso a function of local cylinder gas
temperature, pressure, and equivalence ratio throughout the combustion event.

Oxidation of the particles can take place any time during their formation and
growth processes. Various species contribute to the oxidation of particulate matter, but
attack by OH appears to be the most important [18]. Oxidation is a surface area
phenomenon, so the shape of a particle plays a large role in its consumption rate. The
smaller the surface area to volume ratio, the longer it takes for a particle to be consumed.
How tightly the particles are compacted also impacts oxidation rates; more dense
particles take longer to combust. Thus densely-packed, spherically-shaped particles
require the most time to oxidize.

The diesel combustion conceptua model proposed by Dec and described above
provides an explanation for the soot formation process. Pyrolysis and the initial soot
nucleation process is attributed to a hypothesized standing fuel-rich premixed flame
located just downstream of the maximum liquid penetration. In this region, sufficient
oxygen and an excess of fuel provide a sufficiently hot environment for pyrolysis and
soot formation. These particles grow in size as they move downstream toward the head
vortex. Oxidation then occurs as these particles move into the diffusion flame sheath that
surrounds the entire jet plume. Figure 2.6 is identical to Figure 2.3, but the discussed
emissions formation features have been added.

Due to the technica nature of this paper, the terms “soot”, “smoke” and
“particulate matter” are used very precisely. Considering soot as the portion of
particulate matter that consists of elemental carbon, “soot” and “smoke” are used

interchangeably throughout the rest of this paper. However, the term “particul ate matter”
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is reserved for the total amount of emitted solids, which are a combination of soot,

soluble organic compounds, and sulfates.
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Figure 2.6: Emissions Formation Features in Combustion Plume (Dec)

24  Transient Diesel Engine Emissions Characteristics

The previous sections focused specifically on the nature of diesel combustion and
emissions formation during steady-state engine operation to establish a foundation upon
which the understanding of transient emissions behavior can be built. While the
chemistry that forms transient emissions is no different than that at steady state, the entire
process becomes much more complex experimentally and phenomenologicaly due to
constantly-changing combustion environments and engine subsystem interactions.

As speed and load fluctuate, the settings of the engine’s fuel injection system,
turbocharger, and EGR circuit adjust according to the embedded powertrain control

module (PCM) calibration. Modulations in the action of these systems alter manifold
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dynamics, which impact fresh air and burned gas flow fields and lead to variations in
charge composition and turbulence. Engine speed changes result in different time scales
during combustion which significantly impacts the fuel atomization, vaporization, and
mixing as well as the heat transfer processes. In particular, the response of the fuel
injection system is very fast, while time scales associated with the intake air and EGR
systems are much longer.

Fluctuations in charge composition, charge motion, and time scales lead to
thermodynamic changes within the cylinder; temperatures and pressures, and therefore
the properties of charge components are continually inconsistent. Thus on a cycle-to-
cycle basis, heat release rates and emissions formation rates are constantly changing [22]
and consequently, steady state characterization of engine emissions cannot be applied to
transient behavior [8].

While the overwhelming majority of diesel engine emissions research has focused
on steady state conditions, some researchers have studied transient emissions behavior.
Experimental transient emissions testing generally fals into two categories: those that
instrument vehicles with emissions equipment to investigate realistic engine behavior and
those that occur in a laboratory setting. The tests from the former group tend to be less
analytical; raw numbers are given but little or no explanation for the reasons behind the
observed trends is included. This is because performing controlled, repeatable tests is
difficult and detailed data from the engine is typicaly not collected. The latter group
provides more insight into engine and transient emissions behavior, but the engine
operation does not replicate in-vehicle conditions. That is, the transients investigated

occur at constant-speed conditions. These two categories and their findings are reviewed

separately.
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2.4.1 Laboratory Engine Emissions During Simplified Transients

To conduct these tests, a traditional engine test cell is used and load sweeps are
performed at constant speed while engine subsystem and/or emissions data are recorded.
This type of research focuses specifically on the actions of engine subsystems and their
impact on performance and emissions. A number of the sources came to the conclusion
that the most important engine parameter during a transient event is the air-fue ratio,
which indicates the quality of combustion and hence dictates emissions behavior, fuel
consumption, and performance [22, 23, and 24].

During a load sweep, both soot and NOyx emissions spike upwards in the initial
portion of the transient before settling to steady state values [25]. These short bursts are
attributed to air-fuel ratios that promote emissions production. Because modern fuel
injection systems respond to inputs rapidly, the EGR and VGT systems were identified as
the primary cause of transient air-fuel ratio excursions [8]. When coupled together, the
EGR and VGT have a relatively long response time due to flow dynamics and
turbocharger rotor inertia; therefore they cannot instantaneously produce the air and EGR
flow rates demanded by the PCM [26]. As an example, Green [12] found that purging of
EGR from the intake manifold took 6-8 cycles upon valve closure. Furthermore, when
the EGR valve was opened suddenly, 15 engine cycles were required to achieve 90% of
the EGR flow and nearly 100 additional cycles were necessary to achieve the remaining
10% of the steady state EGR flow rate. In addition, mixing can be significantly altered
during transients leading to reduced air/fuel ratio.

As atransient load step is initiated the EGR valve closes rapidly to increase the
amount of fresh air ingested by the engine [27], which leads to a significant increase in
NOx emissions [28]. Sudden closure of the EGR valve also results in a pressure spike in
the exhaust manifold, thus increasing residual fraction and reducing air-fuel ratio [25].

Contributing to low air-fuel ratios during the onset of aload step is the time required for
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the turbocharger to create adequate boost pressure [29]. While the use of a VGT greatly
eliminates the effect of turbocharger lag, time is still required for the vanes to adjust and
the rotor to speed up. These high residua fractions and low air fuel ratios are likely to be
the cause of the particulate spike observed at the onset of aload step [24].

The period over which the EGR valve remains closed during a load step affects
the relative intensity of the soot and NOyx spikes. Shorter valve closer periods tend to
reduce NOx and increase particulate bursts, while as the time the valve is closed
lengthens the opposite trend occurs [25].

Maldistribution of EGR is well-documented at steady-state conditions and this
problem is only exacerbated during transient events [12]. Large variations are seen on a
cylinder-to-cylinder and cycle-to-cycle basis and these discrepancies contribute
significantly to the soot bursts observed during engine transients [25]. Thus accurate

control of EGR throughout transient processes is critical to emissions reduction [30].

2.4.2 In-Vehicle Engine Emissions During Real World Driving

A number of studies were reviewed which investigated the transient emissions
characteristics of vehicles as they were operated in real-world driving conditions. These
vehicles are typically equipped with instrumentation to record vehicle motion, driver
action, and tailpipe emissions production. Except for engine speed, little or no
information about engine operation is documented. Thus results tend to focus on
analyzing driver behavior and their impact on emissions, as well as variance between
vehicle configurations.

Small differences in driving style were found to profoundly impact particulate
emissions from diesel engines, while NOx emissions were less sensitive. Aggressive

driving was found to increase particulate production by a factor of two when compared to
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non-aggressive driving [11]. This is attributed to particulate bursts that occur during
rapid engine accelerations, which tend to occur more often with aggressive drivers.

NOyx emissions were found to be more sensitive to vehicle weight and tended to
reflect fuel economy trends; as more fuel is burned, more NOx are formed. Particulate
emissions are not as influenced by vehicle weight, but more impacted by the number and
intensity of engine accelerations [23]. NOx emissions are also dependent upon the rate at
which the change in engine speed takes place. Slower engine accelerations lead to lower

NOyx emissions[32].

2.4.3 Transient Engine Simulations

Simulations of transient diesel engine performance have been around for over 30
years [33] and have modeled the impact of various engine parameters and subsystems on
power and fuel economy. While some studies focused on the potential performance gains
with new technology [34], others used varied the characteristics of engine components to
optimize engine response and fuel economy [35-37]. Some studies emphasized the
determination of important in-cylinder quantities, such as air-fuel ratio and gas
temperatures [38 and 39]. Knowledge of these parameters can provide valuable insight to

emissions formation.
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CHAPTER 3

EXPERIMENTAL SETUP

This chapter describes the engine, test cell, and instrumentation that are used in
this research effort. Included are specifications and capabilities of the hardware and
software, as well as figures and tables to aid in the description of the setup. Specidl
attention will be focused on those components which make this setup especially suited to

the type of testing that will occur during this investigation.

3.1 Engine Systemsand Instrumentation

The engine used in this investigation is a 6.0 L V-8 direct-injection diesel engine
manufactured by the International Truck and Engine Corporation. Known as the Power
Stroke, this medium-duty engine is most commonly used in three-quarter ton and greater
Ford F-series pickup trucks. It incorporates numerous advanced technologies to reduce
exhaust emissions and provide outstanding engine performance. Primary engine
specifications are given in Table 3.1.

A hydraulically-actuated electrically-controlled unit injection (HEUI) system
provides precise control of fuel injection timing, pressure, and quantity. The force
required to inject the fuel is generated by a high pressure oil system. Lubricating oil from
the crankcase is compressed by a gear-driven pump and then supplied to oil rails located

directly above both banks of injectors. This oil comesinto contact with the injectors and
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Table 3.1: Engine Specifications

Engine Type Diesel, 4 Cycle
Configuration 4 Overhead Valves, Cam-in-Crankcase 90° V-8
Displacement 6.0 L (365 in°)

Bore and Stroke 95 x 105 mm (3.74 x 4.134 in)
Compression Ratio 18.0:1
Aspiration Variable Geometry Turbocharger/Charge Air Cooler
Rated Power @ RPM 242 KW (325 hp) @ 3300 RPM
Rated Torque @ RPM 760 N-m (560 ft-lb) @ 2000 RPM
Combustion System Digital Direct Injection
Total Engine Weight 438 kg (966 Ib)

provides the force necessary for the fuel injection process. Pressure in this system is
electronically controlled by the injection pressure regulator (IPR), which is governed by
the powertrain control module (PCM). Since the fuel injection pressureis linked directly
to oil rall pressure, modulation of the oil rail pressure results in a change in the fuel
injection pressure. Electronics spool valves on the injectors are then actuated to control
the timing of the injection event. This system is capable of injection pressures in excess
of 2000 bar and aso permits the limited use of pilot injection. A schematic
demonstrating the fuel injection system componentsis shown in Figure 3.1.

An exhaust gas recirculation (EGR) circuit is used to introduce cooled exhaust
gases into the intake manifold in order to decrease NOx emissions. EGR flow rate is
controlled through modulation of the EGR valve and the setting of the variable geometry
turbocharger (VGT). The VGT is aso used to enhance engine performance, as it reduces

turbocharger lag and allows control of the intake manifold pressure.
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Figure 3.1: Fuel Injection System Schematic

To optimize the effectiveness of these eectronically-controlled devices, a
sophisticated engine control system is utilized. The control system’s basic function is to
acquire data from numerous sensors located on the engine and to use that information to
determine the best settings for al of the engine’s controllable devices. A schematic of
the engine control system is shown in Figure 3.2. Signals from engine sensors are input
into the PCM and used in agorithms that calculate the desired settings of the EGR
control valve, the VGT control vave, and the IPR. The PCM forwards some sensor
signals (rpm, engine oil temperature, etc.) and some calculated values (desired mass of
fuel, injection control pressure, etc.) to the fuel injection control module (FICM) where
the timing of the electrical signalsthat correlate to start of injection and injection duration
are determined. Once these values have been calculated, the FICM distributes the
electrical signalsthat fire the injectors.

The agorithms used to calculate the orientation of the electrically-controlled

devices at all operating conditions are collectively known as the engine calibration. The



engine caibration must strike an acceptable balance between engine performance,

economy, emissions levels, and drivability.
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Control Control Pressure and Timing
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Figure 3.2: Engine Control System Schematic

311 INCA

Software and hardware from ETAS, Incorporated allows the monitoring and
modulation of all electronically-controllable engine systems including: EGR flow rate,

VGT setting, injection pressure, injection quantity, injection timing, and pilot injection
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characteristics. The flow rate of EGR is adjusted by changing the position of the EGR
valve or by changing the exhaust manifold backpressure via the VGT setting. Boost
pressure in the intake manifold is aso controlled by modulating the VGT. The VGT can
be controlled by demanding a particular vane setting or by requesting a constant
backpressure in the exhaust manifold. Fuel injection pressure is regulated by atering the
oil rail pressure viathe IPR. The PCM uses lookup tables to determine the amount of
fuel that is injected at any particular operating condition; modification of these values
changes the quantity of fuel injected. Injection timing is advanced or retarded by
inputting an offset to the standard calibration’s timing. Pilot injection parameters are

controlled by specifying the pilot quantity and timing.

3.1.2 Engine Instrumentation

The engine has been fully instrumented to capture the necessary temperatures,
pressures, and flow rates necessary to characterize its behavior. Following isadiscussion

that details the specifications of the instrumentation that are the most critical to this study.

Crank Angle

Crank angle signals are provided by an AVL 364C Angle Encoder mounted to the
crankshaft pulley on the front of the engine. The opto-electronic device has a crank angle
resolution of 0.1°; this high resolution provides the accuracy necessary for diesel

combustion analysis.

Needle Lift and Injection Pressure

To obtain a better understanding of the injection process, a injector has been
instrumented to measure needle lift height and fuel injection pressure. The injector was

instrumented and modified in a joint effort between Siemens and Wolff Controls
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Corporation. Needle lift is measured using a Hall Effect sensor mounted inside of the
nozzle needle valve spring. A small magnet is brazed to the spring guide and moves up
and down with the needle. The magnet’s motion is detected by the stationary Hall Effect
sensor, which outputs a voltage that is proportiona to the distance that the needle has
moved. A full bridge strain gage circuit is used to measure the hoop strain around the
nozzle needle spring cage. This deformation is a result of fluctuating fuel injection
pressures. As the cage expands and contracts, the resistance of strain gage circuit
changes and the bridge becomes unbalanced. This alters the circuit’s output voltage,
which can be related directly to the fuel injection pressure. Accuracy of the injection
pressure is reported as <+0.3% of the reported value. Data from the injector is acquired

on acrank-angle basis at aresolution of 0.1 crank angle degrees.

Cylinder Pressure

Cylinder pressure transducers have been inserted into each engine cylinder
through the existing glow plug holes. The glow plugs have been removed and replaced
with adapters that permit transducer mounting without modification to the cylinder heads.
The uncooled cylinder pressure transducers are AVL model GU12P and are capable of
measuring cylinder pressures in the range of 0-200 bar with a linearity of < +0.3% full
scale output (FSO). These piezo-electric devices use a quartz crystal to generate an
electrical charge when a change in cylinder pressure is sensed. Charge amplifiers are
used to magnify the transducer signal and convert it to a voltage, which linear with the
measured pressure. Cylinder pressure data is taken every 0.1 degrees of crankshaft

rotation.
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Crank-Angle Resolved Intake and Exhaust Manifold Pressures

To better understand flow dynamics during engine operation, both intake and
exhaust manifolds have been instrumented with pressure transducers to capture crank-
angle resolved data. These sensors are located as close to the instrumented cylinder as
physically possible to give an accurate reading of the conditions in the manifolds during
the cylinder filling and emptying processes. The sensors used are Kistler 4045A2
piezoelectric pressure transducers with a functional range of 0-2 bar and a nonlinearity
and hysteresis of <+0.3% of full-scale operation. They are connected to Kistler 4618A0
charge amplifiers which produce a 0-10 volt dc signal that is proportional to the pressures
measured. To extend the life of the sensor in the exhaust manifold and to minimize the
effects of sensor temperature drift, it is mounted in a Kistler 7511 cooling adapter, which
circulates cooling water around the transducer. Under high-power conditions, the
pressures in the exhaust manifold exceed 2 bar, and the sensor saturates. This makes the

transducer outputs under these conditions inaccurate.

Air Flow

A Meriam laminar flow element (LFE) model 50MC2-6F is used to measure the
mass flow of air into the engine. Air first enters the LFE through a filter and then is
passed through a diffuser and a section of honeycombs, where the air flow is straightened
and slowed down. These conditions produce a laminar flow of air, which is then passed
through an orifice. The pressure drop across the orifice is measured and used to
calculate, aong with other inputs, the mass flow rate of air into the engine. The LFE is
calibrated and correlated at several flow rates using a Meriam Standard, which is
controlled per the calibration requirements of ANSI Z540-1 and is traceable to the
National Institute of Standards and Technology (NIST). The particular model used has

less than 0.40% error from actual air flow rate in the calibrated working range of 2.83
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m’/min to 27.18 m*/min; this spans nearly every operating condition except a engine
speeds near idle.

Pressure drop across the LFE is measured using an LPM 9381 Druck differential
pressure transducer. The gauge has a measurement range of 0-10 in-H,O with an
accuracy of £0.1% of full scale output. Differential pressure is measured by exposing a
diaphragm to the pressure difference, which causes the diaphragm to deflect. The sensor
implements an eddy current measurement system to quantify the deflection and output a
voltage that is linear to the pressure drop.

Additional inputs to the air mass flow rate calculation from the Meriam LFE are
ambient air pressure, temperature, and humidity. The atmospheric pressure in the test
cell is obtained from a Druck RPT 410V barometric pressure sensor. With an operating
range of 59.3 to 110.1 kPa, the transducer has an accuracy of +0.05 kPa. A resonator and
pressure-sensitive digphragm machined from single-crystal silicon form the multi-layer
sensor structure.  Ambient air temperature and relative humidity are measured by a
HX93A Omega transmitter. The sensor provides a temperature-compensated output
signal of 4-20 mA for both temperature and relative humidity measurement. Output
signals are calibrated and scaled 0-100% for relative humidity and -20 to 75°C for
temperature. A thin film polymer capacitor senses relative humidity and is accurate to
within £2.5% at 75°C, while a 100 ohm resistance temperature detector (RTD) measures

temperature to within £0.6°C.

Fuel Flow

A Micro Motion model CMF025 coriolis flow meter is used to measure fuel mass
flow rate values that are independent of fluid temperature or composition. Sensor
capacity is 377.8 g/s with an error resolution of +0.5% of flow rate. It is powered by 24

V DC and outputs a4-20 mA signal that is linear to mass flow rate.
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3.2 Test Cel Systemsand I nstrumentation

The devices and systems used to monitor, control, and evaluate the engine during
testing is known collectively as the test cell. This includes the dynamometer, test cell
control hardware and software, low speed and high speed data acquisition systems, and

emissions measurement equipment. This section will explore these componentsin detail.

3.2.1 Dynamometer

A dynamometer is a device that absorbs the rotational energy from an engine and
determines the output power by measuring the engine's speed and torque. The
dynamometer used in this experimental effort is an AVL ELIN series 100 APA
Asynchronous Dynamometer. Dynamometer performance specifications are shown in
Figure 3.3, as is the dynamometer itself. This dynamometer is especially suited to
perform transient testing, as it has the capability for very rapid changes in torque and has

awide bandwidth over the entire operating speed range.
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Speed Range +8000 rpm
Torque Range -1273 to +1400 N-m
Power (Absorbing) 330 kW
Power (Motoring) 300 kW
Power Consumption 400 Amps @ 400 Volts
Rotational Inertia 2.91 kg-m”
Rotor Mass 271 kg
Total Mass 1750 kg
Torque Response 5ms
Torque Reversal 10 ms (-100% to +100%)
Overload Capacity 25% for 1 minute
Shaft Centerline 0.8m
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Figure 3.3: Dynamometer Specifications and Performance
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3.2.2 Test Cdl Control Software

Control of the dynamometer, engine, measurement, and auxiliary devices is
orchestrated by PUMA Open software from AVL. A schematic of the test cell control

hierarchy is shown in Figure 3.4.

Dynamometer and |(F-FEM Data |( Indicating Data || Concerto | Emissions || Engine || ASAM
Engine Controller || Acquisition [ Acquisition System Bench Ancillary
(EMCON 400) System (Indimaster 671) (CEB Il) || Systems

ISAC 400

Figure 3.4: Test Cell Control Software Hierarchy

At its core, PUMA provides an automation environment where a single operator
can control and monitor all test cell functions. It alows seamless communication
between input/output systems and computation processes with high throughputs, red
time processing for automation and measurement, and data management. A database
management option permits administration of test cell parameters and result data. A test
preparation feature alows the programming and editing of predefined experiments.
While tests can be programmed and run automatically, flexibility remains to operate the
system manually.

Data can be recorded continuously and stored permanently due to the large buffer
and high system throughput. This data can also be accessed real-time in graphical and
tabular form. Multi-level safety monitoring continually observes predefined variables
and their assigned limits (such as oil pressure or coolant temperature) and issues
progressive warnings if these limits are approached or exceeded. A formula calculation
device operates cyclicaly or on demand and contains a formula editor with arithmetic,
logical, and statistical functions and provides continual or on-demand calculation of

important engine metrics.
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Test order, automation functions, process quantities, user dialogues, and system
messages are visualized with the PUMA Operator Interface (POI). This Windows
operating environment includes a complete set of predefined operating windows that can
be customized and modified to meet relevant test requirements.

The PUMA system is housed in the aptly-named PUMA cabinet in the control
room. Next to the cabinet is the operator’s station, where all PUMA and test cell control
functions are monitored and executed. Four 19 inch monitors display the POI, as well as
information from the high speed data acquisition and ETAS systems. This hardware is
shown in Figure 3.5.

INCA Monitor
PUMA
Cabinet
Indicating
Monitor Indicating
Computer
PUMA
Monitors
PUMA
Computer
INCA
Computer

Figure 3.5: PUMA Cabinet and Operator Station

3.2.3 Engine and Dynamometer Control

Manua and automatic control of the engine and dynamometer is achieved
through use of an EMCON 400 controller. This system consists of tunable PID
controllers that govern dynamometer and engine operation. Two controllable metrics

define the dynamometer operation: its rotational speed and the torque it generates.
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Engine operation is defined by three parameters including engine speed, torque, and
pedal position. Control over the engine is exercised only through the pedal position; a
throttle controller inputs a0-5 V signal into the engine wiring harness that corresponds to
0-100% of pedal position. To manage engine speed and torque output, EMCON
modulates the pedal position until the commanded torque or speed value is attained.

An operating mode is defined when one metric from the dynamometer and the
engine are controlled by EMCON. Four operating modes are commonly used. These
four modes can be incorporated into a manual or an automatic testing strategy and are
detailed below.

1. Dynamometer Speed/Engine Pedal—This is the most frequently used mode,

as the speed and pedal position are directly commanded.

2. Dynamometer Speed/Engine Torque—Similar to mode one, but used when a

specific torque output at a determined speed is required.

3. Dynamometer Torque/Engine Speed—This mode is like mode two, but the

engine pedal position will be modulated to try and maintain a particular speed.

4. Dynamometer Torque/Engine Pedal—The dynamometer provides a set

resistance torque and the engine will have a specific pedal position. Engine
speed will adjust depending on its torque curve.

The system also has the capability to operate the engine and dynamometer over a
prescribed transient cycle. This is an especially powerful tool, as engine operation over
any desired driving cycle can be evaluated. When operating in this manner, the controller

also has the capability to control engine subsystems on atransient basis.

3.24 |SAC400

ISAC 400 is an extension of the EMCON 400 that allows for the complete

simulation of drivetrain components, vehicle driver, and the road. This system has



numerous submodels that can be specified by the user to build a virtual vehicle. Models
that exist for the wheel, axle, differential, and drive shaft are combined with a selected
transmission and road simulation to calculate the torque experienced by the engine. The
vehicle driver ssmulation can account for shifting gears, driving hills, and overall driver
behavior.

The ISAC module also has the capability of linking with Matlab to accept user-
defined vehicle, powertrain, and driver models written in Simulink. A large degree of
flexibility in the system alows various combinations of components to be simulated.
Past work [40] through the Automotive Research Center (ARC) at the University of
Michigan has linked an existing vehicle dynamics simulation (VESIM) with the hardware
in the test cell to create a hardware-in-the-loop system,; this configuration is demonstrated
in Figure 3.6. This system functions to allow the engine performance to be evaluated in
definable vehicles with various powertrain arrangements.

VESIM runs in parale as the engine operates and contains submodels for the
driver, driveline, and vehicle. The input to the system is a drive cycle within VESIM,
which contains a user-defined vehicle speed profile. At each time step, the driver
compares the demanded drive cycle speed and the actual vehicle speed and then outputs a
commanded pedal position signal to the engine. The engine responds by making more or
less torque and this signal is passed on to the vehicle dynamics model thus causing a
change in vehicle speed. The engine works against resistance dynamometer’s resistance,
which is determined by VESIM and intended to mimic the road load of the defined
vehicle. Dynamometer speed is also controlled by VESIM and is a direct calculation

from ssmulated vehicle velocity and transmission states.
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Figure 3.6: Engine-in-the-Loop Test Cell Configuration

3.25 F-FEM Data Acquisition System

AVL Fast Front End Modules (F-FEMS) constitute a modular input/output system
for high precision measurement and demand value output and control. They have the
ability to measure temperature signals from thermocouples and RTDs, voltages, currents,
resistances, measuring bridges, and frequencies. All signal conditioning and conversion
to engineering units is done inside the F-FEMs before the data is transferred to PUMA.

Five kinds of F-FEMs are used in the test cell; each is described in Table 3.2.
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Table 3.2: Fast Front End Module Specifications

Number Type Description Channel / Function
1 F-FEM CON | Analog and digital I/0O as well as | 4 analog input channels,
frequency and strain gage 5 kHz data acquisition rate
channels to control engine, 4 analog output channels,
dynamometer and accessories in | 5 kHz data acquisition rate
the test bed 2 counter inputs
2 frequency outputs
4 digital 110
4 F-FEM Al Analog input measurement 16 channels, up to 200 Hz data

device for temperature, voltage, |acquisition rate per channel
current, resistance and
measurement bridges

2 F-FEM DIO | Digital I/O for relays and opto- 16 1/0O channels, 200 Hz data
inputs acquisition rate

1 F-FEM DAC | Analog output for voltage and 4 channels, up to 1 kHz data
current acquisition rate

1 F-FEM CNT | Measurement device for digital 6 channels, 5 kHz data acquisition
signals: speed, period, rate

frequency, duration, TDC, duty
cycle, or ignition point

3.2.6 Indicating Data Acquisition System

An AVL Indimaster Advanced 671 indicating system is used to obtain crank-
angle-resolved signals and perform combustion analysis. The signals include crank
angle, cylinder pressure, needle lift, and injection pressure. Two Micro Indicating Front
End Modules (Micro IFEMs), in conjunction with imbedded piezo and voltage
amplifiers, obtain the signals from the eight cylinder pressure transducers and provide the
conditioned and amplified signals to the IndiCom software. An additional Micro IFEM
has the capability to acquire two more piezo electric signals as well as two multi-purpose
signals. These devices have a 14-bit amplitude resolution with a maximum sampling
frequency of 800 kHz per channel.

IndiCom software operates on a Windows platform, facilitates parameter
management, and provides test specific data and combustion anaysis results. A

graphical assistant presents displays al system parameters, permits hardware set up, and
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allows access to measurement definitions. A graphical formula editor performs real-time
calculation of such combustion metrics as start of combustion, heat release rate, total heat
release, and fuel injection rate allowing visualization of these parameters as experiments
are conducted. The indicating system can be controlled through the PUMA software or it

can operate as a stand-alone program.

3.2.7 ASAM Interface

ASAM is communications protocol developed by a body of automotive
manufacturers who formed an association in Europe in an effort to standardize the
various interfaces made at various levelsto atest bed. U. S. manufacturers are embracing
the standard and are producing products that are ASAM compliant. PUMA uses this
ASAM standard to communicate with non-AVL test cell components.

An ASAM-compliant interface is used between PUMA and the INCA software
that is connected to the PCM. Through this connection, PUMA is able to acquire

specified engine data as well as exert control over engine operating parameters.

3.2.8 Emissions Bench

An AVL Combustion Emissions Bench 11 (CEB-II) is used to sample, condition,
and measure exhaust gas constituents. The cabinet stands in the control room next to the
PUMA cabinet and is shown in Figure 3.7. Analyzersin the cabinet quantify the amount
of CO, CO,, O,, total hydrocarbons (THC), NO and NOy in the exhaust gases and the

CO, levelsin the intake manifold.
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Figure 3.7: CEB-II Emissions Bench

Total Hydrocarbon Analyzer

An ABB Advance Optima Multi-FID 14 EGA is used to measure the tota
hydrocarbon emissions. This flame ionization detector (FID) determines the mass of
carbon in the sample which is converted to a hydrocarbon-mass basis by assuming a
specific carbon to hydrogen ratio. A FID uses a burner to combust a stream of
hydrogen/helium fuel as adiffusion flamein air. The hydrocarbon-containing sample gas
is premixed with the fuel and is also consumed in the burner. Combustion of these
hydrocarbons increases the concentrations of ions within the flame. This increase in
ionization is directly proportional to the mass flow rate of carbon atomsinto the flame. A
DC voltage between the burner tip and a collector electrode, which surrounds the flame,
collects the ions within the flame, causing current to flow through the associated
electronic circuits. This current is measured and associated to the total hydrocarbon

emissions.
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Oxides of Nitrogen Analyzer

NO and NOyx emissions are quantified with an Eco-Physics CLD 700
chemiluminescent detector (CLD). This analyzer can only measure the concentration of
NO, but incorporates a high-efficiency converter to change any NO, present to NO to
determine the total NOx emissions. Light is emitted from the chemiluminescent reaction
of NO and ozone (O3) and when excess Oz is present, the amount of light emitted is
proportional to the concentration of NO. This light is detected by an optical filter-
photomultiplier combination that produces an output that is linear to the concentration of

NO in the sample.

Carbon Monoxide and Carbon Dioxide Analyzers

Two ABB Advance Optima URAS 14 EGA nondispersive infrared (NDIR)
analyzers are used to determine the amount of CO and CO, in the samples. One
measures the amount of CO and CO; in the exhaust gas, while the other measures the
amount of CO; in the intake manifold.

The NDIR analyzers detect the infrared energy absorption differential between
two gas-filled columns. The gas concentration that is to be determined flows through the
sample column while the reference column is filled with a non-absorbing gas such as dry
air. Infrared radiation is passed through the sample and reference columns into a detector
that has two cells which are filled with gas and physically separated by a flexible, metal
diaphragm. The infrared radiation collected by each cell heats up its gas and increases
the cell pressure.

When a sample gas flows through the sample column, some of the infrared energy
is absorbed by the gas and less energy will arrive at the sample cell side of the detector.
This causes a gas in the sample cell side to heat up less and therefore have a lower

pressure than the reference cell. The pressure difference causes a deflection in the metal
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diaphragm, which is used as one plate of a variable plate capacitor in a tuned electric
circuit. Detector output is generated by oscillating the diaphragm and measuring its

amplitude, which is correlated to the amount of CO and CO..

Oxygen Analyzer

An ABB Advance Optima Magnos 16 paramagnetic oxygen analyzer is used to
determine the amount of oxygen in the exhaust gas sample. This instrument operates by
quantifying the magnetic susceptibility of the sample, which can be thought of as a
measure of the ability of a molecule to become a temporary magnet when placed in a
magnetic field. Since oxygen is the only exhaust gas constituent that is strongly
paramagnetic, its quantity is readily obtained by using this method. A dumbbell-shaped
test body mounted on a quartz fiber is suspended in a nonuniform magnetic field. Asthe
partial pressure of oxygen in the gas sample surrounding the test body changes, the body
will rotate. An optical system that senses this rotation causes a voltage to be applied to
the test body to maintain it in a stationary position. This voltage is output signal of the

amplifier circuit, and is then correlated to the oxygen concentration in the gas sample.

3.29 Fast NO Anayzer

Transient NO emissions are measured by a CLD 500 Fast NO anayzer made by
Cambustion, Limited. It is a chemiluminescent detector that is used for measuring NO
and NOx concentration in a sample gas and has a 90%-> 10% response time of less than 2
ms. Thisisachieved by locating the detectors in remote sample heads that are positioned
very close to the sample point in the engine and conveying the sample gas to the detectors
under the influence of a vacuum through narrow heated capillaries. Datafrom this device

is provided every 3 milliseconds. At an engine speed of 3000 rpm, this results in NO
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values updated every 6 crank angle degrees, which gives a good picture of concentrations

during the blowdown process.

3.2.10 Fast Particulate Spectrometer

Temporaly resolved particulate concentrations are provided by a differentia
mobility spectrometer (DMS) 500 manufactured by Cambustion, Limited. This
instrument measures the number of particles and their spectral weighting in the 5 nm to
1000 nm size range with atime response of 200 ms. Data from this device is provided at
10 Hz; at engine speeds over 1200 rpm, this means that the readings are updated less than
once per cycle. Therefore linking particulate emissions to specific cycles is not possible.
This data rate, however, represents the fastest particulate measurements available from
any device on the market.

The instrument provides aerosol size spectral data by using a corona discharge to
place a prescribed charge on each particle. The charged sample is then introduced into a
strong electrical field inside a classifier column as shown in Figure 3.8. This field causes
particles to drift through a sheath flow to the electrometer detectors. Particles are
detected at different points throughout the column depending on their aerodynamic
drag/charge ratio. Outputs from the electrometers are then processed to provide spectral
data and other desired parameters. Conversion of aerosol spectral size data into

particulate mass is performed by using a correlation developed by Park, et. a. [40].
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3.2.12 Fast Sampling Valve System

To permit accurate in-cylinder gas measurements, a Cambustion CSV500 Fast-
Sampling Vave System is used. The system uses rapidly-actuating solenoid valves to
sample gases from the combustion chamber over a well-defined crank-angle window
independent of engine speed. This eliminates the need for transient time corrections and
maintains gas sensor accuracy by providing a constant-pressure sampling environment.

This CSV500 valve system consists of a control computer, a main control unit, a
valve driver unit, and a valve assembly. The control computer runs software that is used
to define and monitor system performance, specifically the crank angle window over
which the sampling takes place. Settings from the control computer are then passed to
the main control unit, which provides timing signals to the valve driver unit, drives for
the heaters, and vacuum levels for the sampling system. Valve timing signals are passed
into the valve driver unit, which develops and sends the appropriate pulses to the
solenoids on the valve assembly that control sample flow.

The valve assembly, shown in Figure 3.9, consists of four components. the
sample line, a sample distribution block, a purge solenoid valve, and a sampling solenoid
valve. The sample line is inserted into the engine and provides access to the cylinder
gases. See Section 4.3 for further details regarding instrumentation of the cylinder. The
sample distribution block directs the in-cylinder gases to either the atmosphere through
the purge valve or into a storage tube, which is plumbed in paralel with the gas anayzer.
The solenoid valves function to control the directional flow of the sampled in-cylinder

gases.



| Sample
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Valve

Distribution
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Figure 3.9: CSV500 Valve Assembly

As atest is being conducted, the gas analyzer draws a sample continuously and
the solenoid valves open and close to change the source of the gas pulled through the
analyzer. When both solenoid valves are closed, the system is sealed and no sample is
taken from the cylinder. Instead, the analyzer draws gas from the open-ended storage
tube, which provides a constant-pressure sampling environment; this is demonstrated in
Figure 3.10(a). When a measurement of in-cylinder gases is made, the purge solenoid
valve opens and cylinder pressure drives the gases in the length of the sample line to
purge to the atmosphere and fills the sample line with fresh in-cylinder gases, as shown
inFigure 3.10(b). This solenoid valve closes and then the valve connected to the gas
analyzer and storage tube opens to allow the fresh sample from in the cylinder to flow
into the storage tube as shown in Figure 3.10(c). Once a sufficient volume of gas has

been provided to the storage tube, the solenoid valve closes to once again seal up the
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cylinder. The gas analyzer then draws the in-cylinder sample from the storage tube to
generate a reading from the configuration displayed in Figure 3.10(a), and the system has

returned to its original state.

56



Sample Valve Closed

Purge

Solenoid
Closed

Solenoid
Open
< N

Gas nlls —>

Analyzer

e

In-Cylinder
Sample

Storage
Tube

(b)

Sample Valve Open

Solenoid
Closed

N

—>

Solenoid Solenoid
Closed Closed
€ >
Gas - | i
Analyzer
In-Cylinder
Sample
Storage
Tube
(@
Solenoid
Open
Gas &
Analyzer.
11
Storage
Tube

T

In-Cylinder
Sample

Figure 3.10: Pneumatic Schematic of CSV500 Fast Sampling Valve
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CHAPTER 4

EXPERIMENTAL TECHNIQUE TO DETERMINE

CYCLE-RESOLVED IN-CYLINDER MIXTURE COMPOSITION

Knowledge of cycleresolved in-cylinder trapped masses is necessary to
understand why and how transient emissions are formed. To facilitate this, an
experimental and analytical technique is developed to determine the mass of fuel, air, and
stoichiometric combustion product gases trapped in the cylinder. This chapter describes
in detail the employed methodology and includes the assumptions, equations, and
implemented iterative procedure. First, in-cylinder conceptualizations before and after
combustion are presented. Next, equations are developed that relate exhaust gas
measurements to pre-combustion in-cylinder composition and establish the need to
perform in-cylinder and exhaust manifold gas measurements. Then cycle-resolved in-
cylinder and exhaust manifold measurement techniques are developed, which is followed
by the determination of cycle-resolved fuel mass. Finaly, an iterative technique that
incorporates the fuel mass and in-cylinder and exhaust manifold gas measurements is

then presented to calculate the trapped air and stoichiometric combustion product mass.

4.1  In-Cylinder Conceptualization

A conceptualization of in-cylinder conditions before and after combustion is

facilitated through use of hydrocarbon combustion equations.
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4.1.1 Governing Equations

The combustion reaction for one mole of atypical hydrocarbon fuel with air [42]
isexpressed in Equation (4.1).

4.1
CHy, + (j)(02 + 3.773N,) - (@)CO; + (b)H,0 + (c)C3Hg + -+ (4.1)

«++ (d)NO + (e)H, + (f)CO + (g)0, + (h)N,
Where: y = Atomic H-C ratio of fuel

() =Molesof constituent per mole of fuel

By assuming complete and stoichiometric combustion, Equation (4.1) becomes

4.2

Now the only unknowns are the concentrations of air, carbon dioxide, water, and
nitrogen. By balancing the atoms of carbon, hydrogen, oxygen, and nitrogen, four
equations are written to solve for the unknowns, and Equation (4.2) is written as

y

CH, + (1 + %) (0, + 3.773N,) - €O, + (%) H,0 + (1 + Z) N, (4.3)

In Equation (4.3), the coefficient in front of the air term represents the number of
moles of air that are needed for stoichiometric combustion, (n4;z)sich- TO develop a
relationship between the number of air moles in stoichiometric and non-stoichiometric

combustion, the equivalence ratio, ¢, isintroduced as

( Myir ) ( Ngir MWy ) (4.4)
_ (A/F)Stoic h _ Mpyel Stoich __ NEyel MWFuel Stoich
(A/F) pctual (M) ( Nair MWy )
Mpyel Actual Nryel MWFuel Actual

Where: ¢ = Equivalence Ratio (-)
(A/F)stpicn = Stoichiometric air/fud ratio (-)
(A/F) getua =Actual air/fue ratio (-)
my;, = Massof air (kg)

Mpye; = Mass of fud (kg)
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Ny = Molesof air (-)

Npyer = Moles of fud (-)

MW,;,, = Molecular weight of air (kg/kmole)
MWy = Molecular weight of fuel (kg/kmole)

When Equation (4.4) is written for one mole of fuel and solved for the moles of

air in the actual combustion process, it simplifiesto

Ny MWy )
NEyel MWFuel

)’) ( MWy, ) (4.5)

=4773(1+~=
( * MWFuel

(A/F)stoich = ( 1

Stoich

Using the terms from the numerator in Equation (4.4) and the coefficients in

Equation (4.3), the stoichiometric air/fuel ratio is calcul ated.

_ (nAir )Stoic h (46)
(nAir)Actual - T

By substituting Equation (4.5) into Equation (4.3) and rewriting the equation with
all the unknowns from Equation (4.1), the combustion reaction becomes

CH, +%(1 + %) (05 + 3.773N,) > (@)CO, + (b)H,0 + (c)C3Hg + -+ 4

«++ (d)NO + (e)H, + (f)CO + (g)0, + (h)N,

For equivalence ratios less than one, excess air is present and the amount of
unburned fuel, nitrogen monoxide, hydrogen, and carbon monoxide are negligible. This
type is typical for direct injection diesel combustion, where the process is typically lean.
Thus Equation (4.7) isrewritten as

1 y (4.8
CH, + 5(1 + Z) (0, + 3.773N,) > (@)CO, + (b)H,0 + ()0, + (RN,

The unknown terms on the right-hand-side of Equation (4.8) can now be written

interms of ¢ by balancing the individual atoms, which yields
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1 4.9
cHy +—(1+ %) (0, + 3.773N,) > (49)

¢
cor+ (0 +(G=1)(1+3) 00+ =

y
. 3 . 7 1+2)N,

4

Rearranging the oxygen and nitrogen on the right-hand-side so that the oxygen

and nitrogen are grouped together in theratio that existsin air, Equation (4.9) becomes

CH, +%(1 + %) (0, +3.773N;) - CO, + (%) Hy0 + - (4.10)
- +3773(1 +%)N2 + (é— 1) (1 +%) 0, +3.773 (%_ 1) (1 +%)1v2

Air

The stoichiometric combustion reaction shown in Equation (4.3) and the lean
combustion reaction in Equation (4.10) are very similar and aid in the formation of an in-
cylinder conceptualization. Because the coefficients of the products in the stoichiometric
reaction match the coefficients of the non-air products in the lean reaction, it follows that
lean combustion produces two distinct components. the products of combustion of a
stoichiometric mixture of air and fuel, and excess air which does not participate in
combustion. Thisdistinction is shown clearly in Equation (4.11).

1,y (4.12)
CH, + 5(1 + Z) (0, + 3.773N,) >

€Oy + (5) H20 +3.773 (14 7) NFE 4+

Stiochiometric Combustion Products

..+<%_1)(1+%)02+3.773<%—1)(1+%)N2

Excess Air

Two important conclusions can be made from Equation (4.11). First, for the
complete combustion of one mole of fuel, the amount of CO,, H,O, and N, from
stoichiometric combustion remains fixed. Therefore, knowledge of the concentration of

one of these three individua components results in knowing the concentrations of all
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three. When these products are recycled into the cylinder in the form of residual gas or
EGR, they act as an inert diluent and are denoted in equations by the SC script.

Second, the proportion of stoichiometric combustion products is independent of
the equivalence ratio. Thus for any combustion event, if the amount of fuel is known, so
is the amount of the stoichiometric combustion products. These conclusions have further
implications which are discussed in the next section, where conceptualizations of in-

cylinder conditions before and after combustion are introduced.

4.1.2 In-Cylinder Conceptualization Prior to Combustion

During the intake process of a four-stroke engine, the piston moves from top dead
center (TDC) to bottom dead center (BDC). As the piston begins to move downward, the
exhaust valve typically remains open for a few crank angles into the intake stroke so that
the maximum amount of exhaust gas from the previous cycle is expelled from the
cylinder. Not al of this exhaust is removed, however, so there is some amount of this
residual gas present in every cycle.

Most of the gas drawn into the cylinder during the intake stroke comes from the
intake manifold through the intake valve. The gas in the intake manifold typically
consists of a mixture of fresh air and EGR. Engines that use externa EGR route the
gases from the exhaust manifold to the intake manifold and generally use a heat
exchanger to cool the gases. Therefore the EGR in the intake manifold is a mixture of
exhaust gases from multiple cylinders and multiple cycles. When the intake stroke is
completed and the intake valve closes, the cylinder charge thus consists of fresh air,
residual gas and EGR. Thisis demonstrated on a molar basisin Equation (4.12) and with

adiagram in Figure 4.1(a).
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Pre—Comb _ — (412)
n = Z Ny =Ny + NEgr + Npeesidual

i
Where:  nPre=Ctomb = Moles prior to combustion and fuel injection
n; = Moles of thei™ gas component
ny; = Molesof ar
nger = Moles of EGR

Npesidual = Moles of residual

As concluded above from Equation (4.11), the products of lean combustion
consist only of excess air and stoichiometric combustion products. While the relative
proportion of these two components is dependent upon the equivalence ratio of the
combustion event in which they were formed, they remain distinct. Because both EGR
and residual gas are the products of lean combustion, they are considered to be made up
of air and the products of stoichiometric combustion. Therefore the terms for the moles
of EGR and residual in Equation (4.12) are changed to moles of air and stoichiometric
combustion products in Equation (4.13). Thisisalso represented in Figure 4.1(b).

(4.13)

nPre—Comb — Z n; =Ny + (Mgiy +15¢) + (Mg + 1gc)
i From EGR  From Residual

Where:  n Pre=Comb = Moles prior to combustion and fuel injection
n; =Molesof thei™ gas component
ny; = Molesof ar

ngc = Moles from stoichiometric combustion

Chemically there is no distinction between fresh air and the air present in exhaust
gases. Likewise, because the ratios of the components of the products of stoichiometric
combustion are fixed and independent of the combustion conditions, there is no chemical
difference between the stoichiometric combustion products from different combustion
cycles. Thus Equation (4.13) is simplified to Equation (4.14), which is represented in
Figure 4.1(c).
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_ 414
nPre Comb _ Z n; =Ny, + Ngc ( )

Once fuel injection has occurred and the fuel has vaporized, the total number of
gas moles changes to account for the additional moles of fuel vapor. Thus the total
number of moles in the cylinder increases, as shown in Equation (4.15), which is written

according to the in-cylinder conceptualization shown in Figure 4.1(d).

Pre—Comb ,F _ — (415)
n = z Ny =Ny + Nge + Npye

i

Where: n Pre=Comb.F = Moles prior to combustion and after fuel injection
n; = Moles of thei™ gas component
ny; = Molesof ar
ngc = Moles from stoichiometric combustion

Npyer = Moles of fuel

4.1.3 In-Cylinder Conceptualization After Combustion

During the combustion process, chemical reactions take place between the
molecules represented in Equation (4.15) and thus the number of moles in the cylinder
change continuously. Once the reactions subside, however, the number of moles in the
cylinder remains fixed. Since the moles from stoichiometric combustion in the cylinder
from EGR and residual do not participate in the combustion reaction, they are carried
through from Equation (4.15). Fuel and air, however, are consumed and new combustion
products are formed; to account for this, the term ngiR ... isintroduced. Therefore the
post-combustion mixture is written as Equation (4.16), which is a'so shown schematically
in Figure 4.2(a).
nfostComt = = s + e 19
i

Where: nPost=Comb = Moles of gas after combustion



n; =Molesof i" gas component

ngER .« = Moles formed from combustion

ngc = Moles from stoichiometric combustion in EGR and residual gas

By referring to Equation (4.11), the products of lean combustion are composed
entirely of the products of stoichiometric combustion and air. Therefore the molecules
represented by the nZfR . term can be replaced by air and stoichiometric combustion
moles. Thus the molecules of gas after combustion can are represented by Equation
(4.17) and Figure 4.2(b).

(4.17)

Post —Comb _ —
n = Z n; = Nyir + Ngc + Ngc

i From Combustion From EGR ;;ld Residual

As in the pre-combustion case, there is no chemical difference between the
stoichiometric combustion moles formed by combustion and those that came from
previous combustion cycles in the form of EGR and residual. Therefore the
conceptualization becomes as shown in Equation (4.18) and Figure 4.2(c).
nPost —Comb _ Zni =Ny + Ngc (418)

The in-cylinder conceptualizations before and after combustion presented in
Equations (4.12) through (4.18) and Figure 4.1 and Figure 4.2 are used when developing

an understanding of gas measurements taken from the cylinder before combustion and the

exhaust manifold after combustion. These are described in further detail in Section 4.3.2.
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Figure 4.1: Pre-Combustion In-Cylinder Conceptualization
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Figure 4.2: Post-Combustion In-Cylinder Conceptualization
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4.2 Exhaust Mass Emissions and Air/Fuel Ratio Deter mination on a Fuel Basis

Exhaust gas measurement techniques have long been recognized as straight-
forward and reliable means to obtain information about combustion processes [43].
When used in conjunction with combustion equations, exhaust gas measurements can
also be used to determine pre-combustion conditions.

In order to determine how much mass of a particular compound an engine is
forming, two parameters are needed: the concentration of that compound in the exhaust
stream and the mass of one component of the exhaust. The mass can be of the air or fuel
prior to combustion, or of the exhaust formed by combustion. Generally fuel flow is used
because it is the most readily and accurately determined. To use fuel flow, however, the
observed exhaust concentrations must be converted to their production on afuel basis.

Once exhaust concentrations are known on afuel basis, combustion equations can
be used to convert the quantities of the products of combustion into quantities of the
reactants prior to combustion on a fuel basis. With knowledge of fuel mass, this

technique can be used to determine the amount of air in the cylinder prior to combustion.

421 Exhaust Mass Emissionson aFuel Basis

To determine exhaust mass emissions on afuel basis, the combustion equation for
one mole of a hydrocarbon fuel is rewritten from Equation (4.1)

(4.19)

<+ (d)NO + (e)H, + (f)CO + (g)0, + (h)N,
Where: y = Atomic H-C ratio of fuel

() =Molesof constituent per mole of fuel

To reduce the number of unknowns, the number of C, H, O, and N atoms in the

reactants and products are balanced. Thus Equation (4.19) becomes
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(4.20)

-+ (d)NO + (%—b —4c)Hy + (1—a—3¢)CO + -

jma=g-5-

+< b d 1—a-3c
2 2 2

d
) 0, + (3.773]' — E) N,
Since the above equation is written for one mole of fuel which is represented on a
C; basis, it follows that only one mole of carbon atoms is present on both sides of the
equation. Therefore, balancing the number of carbon atoms yields

(4.21)
l=a+(1—-a—-6¢c)+3c

By assuming idea gas behavior, the concentration, or mole fraction, is
proportional to the number of moles prescribed in Equation (4.20) and thus when written
in terms of moles and molar concentrations, Equation (4.21) becomes

(4.22)
Npyel = Xco, T Xco + 3XcsHg

Where: ng,,; = Molesof fud
Xco, = Molefraction of CO; in exhaust
Xco = Molefraction of CO in exhaust

Xcsng = Molefraction of CsHg in exhaust

Therefore the number of moles of any component X from Equation (4.20) per
mole of fuel can be represented by Equation (4.23).

ny X (4.23)
Npyel  Xco, ¥ Xco + 3XcsHg
Where: ny = Molesof X

Npyer = Moles of fuel

Xx = Mole fraction of component X in exhaust
Xco, = Molefraction of CO, in exhaust

Xco = Molefraction of CO in exhaust

Xcsng = Molefraction of CsHg in exhaust

69



Using this molar ratio, the mass of any constituent of Equation (4.20) relative to

the mass of fuel is determined via Equation (4.24).

my MWy Xx (4.24)
MEyel B <MWFuel>XC02 + Xco + 3XcsHg
Where: my = Mass of X

Mpye; = Mass of fuel

MWy = Molecular weight of X

MWpg,.; = Molecular weight of fuel

Xx = Molefraction of component X in exhaust

Xco, = Molefraction of CO; in exhaust

Xco = Molefraction of CO in exhaust

Xcsng = Molefraction of CsHg in exhaust

4.2.2 Air/Fuel Ratio Determination from Exhaust Concentration M easurements

Determination of air/fuel ratio from exhaust concentration measurements is
accomplished through a method introduced by Stivender [42]. Using Equation (4.20), he
introduces afud conversion factor, N, which is defined as

N = NExhaust _ 100 (425)
Npyel Xco, ¥ Xco + 3XcyHg
Where: ngypaus: = Moles of exhaust

Npyer = Molesof fuel

Xco, = Molefraction of CO; in exhaust (%)
Xco = Molefraction of CO in exhaust (%)

Xcsng = Molefraction of CsHg in exhaust

Equation (4.20) also provides the molar air to fuel ratio, which is defined as
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Myir (4.26)

= j +3.773] = 4.773]
Nryel

Where: ny;,, =Molesof air

Npyer = Molesof fuel

To determine the number of moles formed from the combustion of one mole of
fuel, the coefficients of the productsin Equation (4.20) are summed together.

N=a+b+c+d+(§—b—4e)+(1—a—36)+--- (4.27)

+<_ b d 1—a—3c>+<3773_ d)
JTAT57) 2 0Ty

By simplifying, rearranging, and assuming that no water is condensed, the number

of exhaust moles ssimplifiesto

1—a—3c> b+y (4.28)
2 2

N=4.773j—3c+< -

Combining Equations (4.26) and (4.28) and solving for the molar air to fuel ratio
yields

Nyir

1—a—3c>+b y (4.29)
2 2

=N3—<
+ 3¢ >

NEyel

In Equation (4.29) the terms ¢, (1 — a — 3c¢), and b represent the coefficients of
unburned fuel, carbon monoxide, and water, respectively, from Equation (4.20). To
express these coefficients in terms of molar percent concentrations, the fuel conversion
factor is used in the identity

ny ny .nExhaust _ Xx N (430)

Npyel NEgxhaust Nryel 100

Thustheindividua termsin Equation (4.29) where the coefficients are present are

replaced with the identity in Equation (4.30), which resultsin

Ny; 3 (4.31)
Air_ _ N+ XC3H8N_XC0N+XH20N_X
NEyel 100 200 200 2
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By grouping terms and multiplying by the ratio of molecular weights of air and
fuel, an equation for the air/fuel ratio based on exhaust gas concentration measurements

isderived.

My _ MWAir [ N <3X 1 1 ) y (432)
C3Hg — 2

- N+ — “ oo 4=
Mpger MW 100 2 Xco T 5 X0

Using the assumptions from the development of Equation (4.11) and the in-
cylinder conceptualizations, lean combustion has negligible levels of hydrocarbon and

CO emissions. Therefore, Equations (4.25) and (4.32) are respectively rewritten as

100 (4.33)
N =

Xco,
May MWy, lloo N 1 (1)( )_ Xl (4.34)
Mpyer  MWryer | Xco,  Xco, \2 H20 2

Furthermore, using the relationships presented in Equation (4.11), for each mole

of fuel burned, the ratio of water and carbon dioxide formed during combustion is fixed

at
(4.35)
XH0 = EXCOZ
By substituting Equation (4.35) into (4.34), the air/fuel ratio becomes
My MWy l 100 Xl (4.36)
Mpyel MWFuel Xélgf 4

The CO, concentration in Equation (4.36), x£5<, represents the amount of CO,
formed from combustion. Therefore if any CO, was present in the cylinder prior to
combustion in the form of residual or EGR, it should not be included in this equation. To
know how much CO, was formed from combustion when EGR and residual are existent,

both the pre- and post-combustion CO, levels must be known. This is accomplished
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through in-cylinder and exhaust manifold measurements, which are detailed in the next

section.

4.3 In-Cylinder and Exhaust Manifold M easurements

This section describes the gas concentration measurements made in the cylinder
and in the exhaust manifold. First, the locations used to sample and measure the
concentration of gases in the cylinder and in the exhaust manifold are described. Then
typical data from these measurements are demonstrated as well as the procedures used to
determine cycle-resolved values. Finaly, equations are presented that link the in-
cylinder and exhaust manifold measurements to the in-cylinder conceptualizations

developed in Section 4.1.

431 Measurement Locations

One cylinder of the engine used in this study is instrumented to permit the
sampling of gases from the combustion chamber. The exhaust manifold adjacent to the
outlet of the cylinder is aso instrumented to allow exhaust gas measurement. The front
right cylinder was chosen because gases measured at this location during the exhaust
stroke almost certainly come from that particular cylinder and engine layout affords easy
access.

In-cylinder measurements are facilitated by an L-shaped port drilled into the head.
The presence of cooling jackets, oil galleries, and valve ports in the head presented
limited options to access the cylinder. This configuration was chosen to minimize the
potential of oil and coolant leaks and to simplify the machining process by excluding any
compound angles. A cross-section of the head demonstrating the relative positioning of
the measurement probe and the piston is shown in Figure 4.3 and a picture of the port

itself as seen from the bottom of the cylinder head is shown in Figure 4.4.
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Figure 4.4: In-Cylinder Measurement Port
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The corresponding location in the exhaust manifold has been instrumented to
allow measurement of exhaust gases. This configuration with al accompanying

instrumentation is shown in Figure 4.5.

Exhaust Manifold
CO, Probe v
-~ N ' 4y
< 1Y%
/| T8 = 5.,
| Exhaust Gas \\ -l i P

d Tem perature

Thermocouple ] |N-Cylinder "

\» CO, Probe [
5 " o

Figure 4 5: Exhaust Manifold Instrumentatlon

Data from the Fast CO/CO, sensor and the Fast NO sensor are obtained on a
crank-angle resolved basis. These data must be distilled down to cycle-resolved values,
which is accomplished with routinesin MATLAB and is described in detail in Appendix
B.
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4.3.2 CO2 Measurement Equations

For this study, an NDIR gas analyzer is used to measure the concentration of
carbon dioxide in the cylinder and in the exhaust manifold. This analyzer measures the
molar fraction of CO, in the mixture, and typically reports its output on a percentage or a
parts-per-million (ppm) basis. The molar fraction of CO,, x¢o,, is given in Equation
(4.37).

_ Moles CO,  nco, (4.37)
XC02 = Total Moles i

Where: ngo, = Molesof CO;,

n; = Moles of i gas constituent

For in-cylinder measurements of CO, made prior to fuel injection, the

conceptualization shown in Figure 4.1(a) is applicable and the reading from the sensor is

given by Equation (4.38).
Pre—Comb . Moles CO, B nco, (4.38)
XCOZ

" Total Moles Nyir + NEgr + NResidual

Where:  yzt¢ ~¢omb = Mole fraction of CO, before combustion
nco, = Molesof CO; prior to combustion

Ny, = Molesof air

nger = Molesof EGR

Npesidual = Moles of residual

When Equation (4.38) is written according to the in-cylinder conceptualization
prior to combustion demonstrated in Figure 4.1(c), the measurement of CO, becomes

nge —Comb — nCOZ (439)
2
Ny + Ngc

Where:  yzoe~¢omb = Mole fraction of CO; before combustion
n¢o, = Moles of CO, prior to combustion and fuel injection

Ny = Molesof air
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ngc = Moles from stoichiometric combustion

The number of moles of CO, in cylinder prior to combustion can aso be thought
of as the sum of the mole fractions of CO, in each component of the gas mixture. Thus
Equation (4.39) isrewritten as
Xé(i)gnAir + ngznsc (4.40)
Ny + Nsc

Where:  yzt¢ ~¢omb = Mole fraction of CO, before combustion

Pre—Comb _

XCOZ

x&5, = Molefraction of COz in air
Ny = Molesof air
X§82= Mole fraction of CO, in gas from stoichiometric combustion

ngc = Moles from stoichiometric combustion

By assuming the mole fraction of CO, in the fresh air is zero, the first term in the
numerator disappears. The mole fraction of CO, in the gas from stoichiometric
combustion is afixed value as demonstrated in Equation (4.11) and is shown in Equation
(4.41).

nCOZ 1 (441)

Nco, + Ny,0 + nﬁi 1+ % +3.773 (1 + %)

Where:  x25,= Molefraction of CO, in gas from stoichiometric combustion

SC _
XCOZ -

nco, = Moles of CO;
ny,o = Moles of HO

ny; = Moles of N, from stoichiometric combustion

Using these simplifications, Equation (4.40) becomes

X 582 Ngc (4.42)

Ny + N

Pre—Comb _

XCOZ

M easurements taken in the exhaust manifold during the exhaust stroke capture the

gas concentrations present after combustion has subsided. The concentration of CO,
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after combustion, ng;t‘c"mb, is written according to the post-combustion, in-cylinder

conceptualization shown in Figure 4.2(a).

Moles CO, (4.43)

Xé’gst—(;'omb — = nCOZ
2 Total Moles nﬁ,fffaust + ngc

Where:  ypgst=Comb = Mole fraction of CO; after combustion
nco, = Molesof CO; after combustion

nafR . =Molesof combustion products

ngc = Moles from stoichiometric combustion

The moles from stoichiometric combustion in Equation (4.43) are the same
number of moles that were present prior to combustion; that is, ng, from Equation (4.42).
The moles of combustion products appear because of the reactions of air and fuel. A
portion of these products is CO,, which represents the amount of CO, formed during
combustion. This is precisely the quantity needed to calculate the air/fuel ratio in
Equation (4.36). By rewriting the number of moles of CO, as the sum of the mole

fractions of the components of the mixture, Equation (4.43) becomes

AFR _ AFR sC
Post —Comb __ XCO3 MExhaust + Xco,Msc (4.44)
Xco, = AFR

Ngxhaust + Nsc
Where:  yggst=Comb = Mole fraction of CO; after combustion

xé68=Molefraction of CO, in combustion products

nafR . =Molesof combustion products

x26,= Molefraction of CO; in products of stoichiometric combustion

ngc = Moles from stoichiometric combustion

Equations (4.42) and (4.44) are used in an iteration technique to calculate in-
cylinder trapped masses of air and inert gases from stoichiometric combustion. These
calculations, however, are predicated on knowledge of the fuel massin the cylinder. The

next section describes the cyclical determination of injected fuel mass.
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4.4 Fud Mass Deter mination

Calculation of the mass of fuel injected into the cylinder on a cyclical basis is
accomplished through use of injector and fuel properties, tabulated steady-state data, and

crank-angle resolved data from an instrumented fuel injector.

441 Governing Equations

Assuming that the fuel flow is inviscid, steady, and incompressible and that the
nozzle holes act as an orifice, the fue velocity through the injector holes can be
approximated by using the Bernoulli equation.

1 (4.45)

1 1 1
ijPCyl +§VCyl2 + ghey = ijPInj +§V1nj2 + ghuy

Where: P, = Cylinder pressure (N/m?)
Pruel = Fuel density (kg/m?)
Vey = Velocity of fuel inside the injector (m/s)
h¢y, = Vertical location of fuel inside the injector (m)
Py,; = Injection pressure (N/m?)
Vinj = Injection velocity (m/s)

hp,; = Vertica location of fuel outlet of injector (m)

By neglecting the effects of gravity and assuming that the area inside the injector
is much greater than the nozzle hole area and solving for the injection velocity, Equation

(4.45) becomes

= \/ 2(Peyt = Pry) (m/s)

(4.46)

Inj
PFuel

Alternatively, by using the conservation of mass during the injection process, the
fuel flow rate can be written as

dMp) (4.47)
dtue = PFuel Alnj Vlnj (kg/S)
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- d ue . :
Where M:D|1‘ferent|a| fuel mass flow rate (kg/s)

Pruet = Fuel density (kg/m°)
A = Flow area of injector (m?)

Vinj = INjection velocity (m/s)

Substituting Equation (4.46) into Equation (4.47) yields

de uel (448)

dt

= Alnj \/zpFuel (PCyl - PInj) (kg/S)

Friction losses during the fuel injection process result in energy dissipation, which
reduces the actual mass flow rate from its theoretical limit. This phenomenon istypically
accounted for by introducing a discharge coefficient, C,;, which is defined as

(dm Fuel (4.49

dt )Actual

(deuel )
dt Theoretical

Cd:

Where: C,; = Discharge coefficient

d ue ; i
<_mF l) = Differential actual fuel massflow rate (kg/s)
dt Actual
d ue i i
<_";’; l) = Differential theoretical fuel massflow rate (kg/s)
Theoretical

When Equation (4.49) is inserted into Equation (4.48), frictiona losses are

accounted for and the fuel flow rate becomes

de uel (450)

dt

= Alnj Cd\/zpFuel (PCyl - Plnj ) (kg/S)

Both cylinder pressure and injection pressure are measured on a crank angle basis,
and therefore the left hand side of Equation (4.48) must be rewritten in terms of crank

angle,

de uel (451)

dCA

= Alnj Cd\/zpFuel (PCyl - Plnj ) (kg/CA)
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By multiplying both sides by dCA and integrating over the crank angle interval
during which thereis fuel flow Equation (4.51) takes the form

T dm s (4.52)
Fuel

f dc}f dCA = f lAInde \/2pm (Peyt — Py ) | dCA (k)

501 SOl

Since fuel density and flow area of the injector do not change as a function of
crank angle, they are moved outside of the integrand. Discharge coefficient, however, is
a strong function of crank angle and its value is dependent upon needle lift height [44],
fuel injection pressure [45], and is very sensitive to cavitation [46]. Start and end of
injection processes when the injector needle is very near its seat are especialy critical and
cause significant changes to the discharge coefficient [47]. To account for the
relationship between discharge coefficient and crank angle, the integral analogue of
Equation (4.49) is written on a crank angle basis and used to introduce an average
discharge coefficient term, C,;, in Equation (4.53).

(4.53)

EOI (AMEy0

fSO[ ( dcA )Actual
EOI (AMpy
fSO[ ( dCA )Theoretical
Where: C,; = Discharge coefficient

(deuel
dCA

<de uel )
dCA Theoretical

B dCA
Cd S

dCA

) = Differential actual fuel massflow rate (kg/CA)
Actual

= Differential theoretical fuel massflow rate (kg/CA)

Using the relationship established in Equation (4.49), Equation (4.53) can be

rewritten as
EOI deuel (454)
C_d = fSOI Cd ( dCA )Theoretical dca
EOI (AMEy
fSOI ( dCA )Theoretical dca
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Equation (4.54) shows that for a particular fuel injection event, the discharge
coefficient essentialy acts as a weighting function to the injected fuel mass.
Furthermore, one value can be used to represent the discharge coefficient for an injection

process. Therefore, Equation (4.52) can be rewritten as

d i (4.55)
MEyel _

f aca “CA = 2prueAm Ca f (Peyt = Pinj ) dCA (kg)

N S01

The term on the right hand side of Equation (4.55) can be computed numerically
with knowledge about fuel and injector properties and by using crank angle-resolved
pressure data. The term on the left hand side is simply the total amount of fuel injected
into each cylinder per cycle, mg,.;. This mass of fuel can be determined experimentally
in the test cell under steady state conditions by using the fuel flow rate measured with the
fuel flow meter and assuming that an equal amount of fuel is distributed to each cylinder.

601y MR (4.56)
MFuel =~ (ko)

Where: mp,,; = Fuel mass (kg)
Mpye; = Mass flow rate of fuel (kg/s)
np = Engine revolutions per power stroke
N = Engine speed (rpm)

n¢ = Number of cylinders

Now the only unknown in Equation (4.55) is C;. Substituting Equation (4.56)
into Equation (4.55) and solving for the average discharge coefficient yields
_ 6010 MR (4.57)

Cd =
EOI
NnC\/ 2pFuel Alnj fgo[ R ’ (PCyl - Plnj ) dCA

Determining C; in this manner with steady state data accounts for any

inaccuracies incurred by approximation and forces the cumulative mass in an injection

event to exactly match the fuel flow rate measured by the flow meter. This essentialy
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tunes the mode for a particular operating condition by finding an average discharge

coefficient that can be used throughout the fuel injection event.

4.4.2 Cyclic Determination of Average Discharge Coefficient

Cyclic determination of average discharge coefficient is accomplished by
interpolation of steady state engine data. Three specific components are necessary:
average discharge coefficients over the entire engine operating envelope, the proper
inputs that will be used to look up each average discharge coefficient, and an appropriate

interpolation method.

Steady State Average Discharge Coefficient

To obtain average discharge coefficients, experimental data was taken that spans
the entire capability of the injection system. Specifically, engine speed, torque and
nominal injection pressure were varied to produce 363 data points. At each condition,
100 cycles of data were used to calculate the average discharge coefficient using

Equation (4.57). A visualization of the generated datais displayed in Figure 4.6.
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Figure 4.6: Experimentally-Obtained Average Discharge Coefficient

Inputs to Determine Cyclic Average Discharge Coeffcient

Analysis of the data and review of literature resulted in two variables that most
directly impact the average discharge coefficient: the length of time during the injection
event and the fuel injection pressure. Injection time is critical because it indicates the
relative impact of the effects the opening and closing of the injector needle. When the
needleis near its seat, C; values are very low; conversely, C,; vaues are the highest when
the needle is fully open. Since motion of the needle is governed by needle spring force
and fuel injection pressure, the time for the needle to open and close is independent of the
overal length of the injection event. Thus the effect of low C; values as the needle is
near its seat is much more prevalent during shorter injections; this is demonstrated in
Figure 4.7. Rather than use injection time directly, engine speed in rpm and injection
duration in crank angle are used because they are directly measured from the engine and

they also take into account the engine operating condition.
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Figure 4.7: Influence of Injection Time on Average Discharge Coefficient

Injection pressure impacts the average discharge coefficient because it governs
fluid velocity through the nozzle and the amount of cavitation. Nomina injection
pressure can be represented in numerous ways, and its value must be accurate on a cycle-
resolved basis and repeatable from cycle to cycle. Three different methods were
considered in this study: the demanded injection pressure from the engine's PCM, the
maximum injection pressure, and the average injection pressure during an injection event.

As engine operation remains steady, the demanded injection pressure from the
engine's PCM provides repeatable values, but is not able to be obtained on a cycle-
resolved basis and does not account for the actual behavior of the injector. The
remaining two options, maximum and average fuel injection pressures, are both obtained
from the instrumented injector. Using the maximum injection pressure, more emphasisis
placed on repeatable cycle-to-cycle maximum pressure values. The average injection
pressure, however, places more importance on consistent injector behavior over the entire
injection event.

To determine which of the two variables best represents nominal injection
pressure, two metrics were considered. First, the coefficient of variation (COV) of both
the maximum and average injection pressure over 100 cycles was determined for each

engine operating condition to determine which was the most repeatable. The average
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CQOV of the maximum injection pressure was 1.78%, while the average COV of the
average injection pressure was 1.89%. Second, another comparison was made to
evauate how these values correlate to the demanded pressure from the engine's PCM.
The metric with the greatest squared correlation coefficient is more precisely controlled
by the engine calibration. The maximum injection pressure values have a squared
correlation coefficient of 0.95, while the average injection pressure values are 0.92.
These results are shown in Figure 4.8. Because the maximum injection pressure values
have lower COV's and are more precisely controlled by the engine' s demanded injection

pressure, it is used as the third input to look up the average discharge coefficients.

2500 e — e —
¢ Maximum Injection Pressure .t%’g 8 2 4
® Average Injection Pressure 3 . 0“3 RZZO 95

2000

1500

1000

500

Maximum and Average Measured
Injection Pressure (bar)

PCM Demand Injection Pressure (bar)
Figure 4.8: Correlation between PCM Demand Injection Pressure and Maximum and
Average Measured Injection Pressure

I nterpol ation Method

Interpolation of the average discharge coefficient data is not trivial because the

data is sparse and multi-dimensional. MATLAB was chosen to perform this task and the
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details of this process are located in Appendix A. First injection pressure, injection
duration, and engine speed are normalized to equalize the influence of each input; a
visualization of the input data is shown in Figure 4.9. Then the delaunay3 function is
used to create tetrahedrons such that the data points are vertices of the tetrahedrons and
no data point is contained within any tetrahedron. Therefore when any combination of
engine speed, maximum injection pressure, and injection duration are used as inputs to be
interpolated, it falls into a particular tetrahedron. The data points that define the vertices

of that tetrahedron are then used to linearly interpolate a value of average discharge

coefficient.
// /\\\\
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Figure 4.9: Normalized Average Discharge Coefficient Data Points

The relative proximity of the point to be interpolated to each one of the verticesis
also accounted for by using a weighting function, which gives closer points a greater
influence over the final value of average discharge coefficient. Figure 4.10 demonstrates
the interpolation scheme within the tetrahedron, while Equation (4.58) is used to calculate

the interpolated average discharge coefficient data.
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Figure 4.10: Interpolation of Average Discharge Coefficient Data

- TG L (4.58)
p —&iz1izdli
Interpolated ?zl Li
Where: C_dm terpolated Interpolated average discharge coefficient
(C,); = Average discharge coefficient of i"" tetrahedron vertex

L; = Distance from point to be interpolated and i tetrahedron vertex

4.4.3 Cyclic Determination of Fuel Mass

When the fuel mass is to be evaluated on a cyclical basis, cylinder pressure,
injection pressure, start of injection, end of injection, and engine speed are measured and
used to calculate the mass of injected fuel. Because cylinder pressure and injection
pressure are known only at discreet points, numerical integration must be used to
approximate the integral in Equation (4.55). The composite trapezoid rule is used to
numerically integrate the term under the integrand and thus the statement becomes as
shown in Equation (4.59) where the term ACA represents the crank angle resolution of the
pressure data.

EOI-1
ACA

Mt =\ Zoruat Ay Ca Y | {(Pert = Py), + (WPt = Py, )| (k) (459)

i=S0I
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The first two terms on the left-hand-side of Equation (4.59) remain constant for
al engine cycles, while the average discharge coefficient is determined via the procedure
developed in Section 4.4.2 using the engine speed, maximum injection pressure, and
injection duration for that cycle. An error and sensitivity anaysis of this technique is

presented in Chapter 5.

45 Iterative Techniqueto Calculate Air and Inert Mass

Using the equations described in this chapter, an iterative technique is devel oped
to calculate the cycle-resolved mass of air and mass of inert gases from stoichiometric
combustion trapped in the cylinder. Iterations are necessary because the mass of air
during combustion is first estimated to calculate other quantities, while successive loops
converge on afinal air massvalue. The steps are as follows.

1. Determine fuel mass using the technique outlined in Section 4.4. Convert the mass of
fuel to moles of fuel with

n — MEyel (460)
Fuel MWFuel

Where: np,,; = Moles of fuel

Mpye; = Mass of fud (kg)
MWorgy.; = Molecular weight of fuel (kg/kmol)

2. Estimate air mass with the flow rate value from the laminar flow element. Use the

mass of fuel and mass of air to calculate an air/fuel ratio with

Myir

A _ (4.61)
( /F)Actual - MEyel

Where: (A/ F) = Actual air/fue ratio

Actual
my; = Massof air (kg)

Mpye; = Mass of fuel (kg)

3. Determine the moles of air by using the air/fuel ratio and the moles of fuel via
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MWFuel

4-62)
= A (
Nyir = Npyel MVVAir ( /1 )Actual

Where: ny;, = Molesof air
Npyer = Moles of fuel
MWrp,.; = Molecular weight of fuel (kg/kmol)
MW,;, = Molecular weight of air (kg/kmol)

A - . .
(“/r) netuqy = ACLUE @ir/fuel ratio

4. Measure the CO; concentration in-cylinder, x¢5°~“™”. This quantity is restated

from Equation (4.42) as
SC
yPre—Comb _ Xco,Nsc (4.63)
2 Ny + Ngc

Where:  y¢7¢ =€ = Mole fraction of CO, before combustion

x26,= Molefraction of CO; in products of stoichiometric combustion
ngc = Moles from stoichiometric combustion

ny; = Molesof air

The mole fraction of CO, in the inert gases from stoichiometric combustion is fixed
and given in Equation (4.41). Therefore the only unknown in Equation (4.63) is the

number of moles of inert; solving for ng. yields

X605 gy (4.64)

2
SC Pre —Comb
XCOZ - XCOZ

Nge =

Calculate the equivalence ratio of the combustion process using the stoichiometric
and actua air/fuel ratios. The stoichiometric air/fuel ratio is taken from Equation

(4.5), while the actual air/fuel ratio is calculated in Equation (4.61).

1) (e (4.65)
)y 771 5) )
A a
( /F)Actual ( /F)Actual
Where: (4/p) croiepy — Stoichiometric air/fuel ratio
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A - . .
(“/r) netuqy = ACLUE @ir/fuel ratio

y = Molar H-Cratio
MW,;, = Molecular weight of air (kg/kmol)
MWorgy.; = Molecular weight of fuel (kg/kmol)

6. Determine the number of moles of products formed from combustion. This is
accomplished by summing the coefficients of the products in Equation (4.9) and then
multiplying by the number of moles of fuel calculated in Equation (4.60).

4.773

y y
né}fﬁaust = Nryel [Z + T (1 + Z)]

Where: nfff .= Moles of exhaust formed during combustion

(4.66)

Npyer = Moles of fuel
y = Molar H-Cratio
¢ = Equivaenceratio
7. Measure the CO; concentration in the exhaust manifold, x¢g5" ~¢°™ . This quantity is

restated from Equation (4.44) as

AFR . AFR sc
Post —Comb . XCOy MExhaust T Xc0o,Msc (4.67)

NExhause T TsC
Where:  yfgst—Comb = Mole fraction of CO; after combustion

xé68=Molefraction of CO, in combustion products

ngER .« = Moles of combustion products
x26,= Molefraction of CO; in gas from stoichiometric combustion

ngc = Moles from stoichiometric combustion

The only unknown term in Equation (4.67) is x£/,, the mole fraction of CO; in the

products of combustion. Rearranging this equation yields

Post —Comb (., AFR SC
AFr _ XCO, (MExhause + Msc) — X2o,Msc

Xco, = nAFR
Exhaust

(4.68)

8. Cadculate the actual air/fuel ratio using Equation (4.36), which is rewritten below
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4 _ MW, [100 y (4.69)
( /F)Actual a MWFuel Xégf _Z

Where: (4/.) = Actual air/fuel ratio

Actual

MWy, = Molecular weight of air (kg/kmole)
MWrg,.; = Molecular weight of fuel (kg/kmole)
xé6F=Molefraction of CO, in combustion products

y = Molar H-Cratio

9. Check for convergence by determining the difference between the air/fuel ratio
calculated in Step 8 and the one determined in Step 2. This is shown in Equation
(4.70). If the difference between the two is less than §, then the process has

converged. For thisstudy, ad of 7£-9is used.

R G I /% @1

Actual Actual
Where: 6 = Small value, 1£-9

Step 8
(4/)"" "= Actual airffuel ratio from Step 8

A Step 2 _ i .
(“/F),,,., = Actud air/fuel ratio from Step 2

10. If the process has converged, calculate the final air mass by rearranging Equation
(4.61) to get

My = Mpyel (A/F) (471)

Actual

11. The mass of inert gases from stoichiometric combustion from EGR and residual is

determined by using aform of Equation (4.64),

— (M Wsc ) X (%Z —Comb oy, (4.72)
T \MWa ) 85, — xpe e

Where: mg = Mass of inert gases from stoichiometric combustion (kg)
MWs- = Molecular weight of inert fraction (kg/lkmole)

MWy, = Molecular weight of air (kg/kmole)
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X6o%~C™P = Mole fraction of CO, before combustion
my;, = Mass of air (kg)

x26,= Molefraction of CO, in gases from stoichiometric combustion

The molecular weight of the gases from stoichiometric combustion is readily

determined because its components are known and occur in afixed ratio.

MW = D MW i MWeo, oo, + MWiy oo + MWy, ng¢ (4.73)
- Lim; Nco, + Mo + nlfli

2 4

1+%+3.773(1 +%)

Where:  MWs = Molecular weight of inert fraction (kg/lkmole)

MWeo, (1) + MWy, (%) + MWy, (3.773 (1+ X))

MW, = Molecular weight i component of inert fraction (kg/kmole)
n; = Number of moles of i component of inert fraction

MW, = Molecular weight of CO, (kg/kmole)

n¢o, = Number of moles of CO,

MWy, = Molecular weight of H,O (kg/kmole)

ny,o = Number of moles of H,O

MWy, = Molecular weight of N2 (kg/lkmole)

ny; = Number of moles of excess N,

If the process has not converged, the air/fuel ratio calculated in Step 8 is passed
back to Step 2 and the quantities from Step 3 through Step 9 are recalculated. This
iteration occurs until the convergence criterion is met. A flow chart representing this
iteration scheme is shown in Figure 4.11. The numbers in the upper left corner of each
box correspond to the steps above. An error and sensitivity analysis of this technique is

also conducted in Chapter 5.
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Figure4.11: Iteration Technique for Air and Inert Mass Determination
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CHAPTER S

VALIDATION OF EXPERIMENTAL TECHNIQUE

This research effort develops and introduces a new technique to quantify the mass
of fuel, air, and stoichiometric combustion products on a cyclic basis over a wide range
of engine operating conditions during transient behavior. To quantify the validity of this
technique three issues are addressed: the degree to which measurements change the
nature of combustion, the error associated with the reported cylinder mass values, and a
comparison of the results of this technique to results obtained with traditiona test cell
instrumentation. This chapter performs an in-depth analysis on the experimental
technique to address the first two topics. First the influence of instrumenting the cylinder
and removing mass during the compression stroke is studied to understand how
combustion is impacted. Then an error and sensitivity analysis on the technique is
performed to generate confidence intervals for the reported masses of fuel, air, and
stoichiometric combustion products. The third topic is addressed by using the technique
and traditional test cell instrumentation to gather data from the engine. This data is then
compared and contrasted. Finally, this chapter wraps up with adiscussion that focuses on
the limitations of the experimental methodology and identifies the engine operating

conditions in which the technique provides information with high levels of uncertainty.
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51 I mpact of Measurementson In-Cylinder Conditions and Engine
Performance

The addition of instrumentation and the sampling of gases from the cylinder and
exhaust manifold impact the combustion process. This section assesses the degree to

which in-cylinder conditions are atered and combustion is affected.

5.1.1 Compression Ratio Decrease

The addition of in-cylinder measurement instrumentation increases the clearance
volume of the cylinder, which reduces the cylinder’s effective compression ratio. Three
specific components contribute to the increased volume: the machined port, the sampling
line, and the valve distribution block.

The machined port that allows access to the combustion chamber is located
directly above the piston bowl and positioned between an intake and exhaust valve to
provide a gas sample that is representative of the entire mixture. A #46 drill bit, which
has a diameter of 2.1 mm, was used to machine the hole to a depth of 6.8 mm. Thus the
total volume of the vertical portion of the port is 23.6 mm?. The sampling line that
carries gas from the cylinder to the valve body has a 1.0 mm diameter and is 150.0 mm
long. This contributes an additional 117.8 mm? to the clearance volume. The valve
distribution block has an internal volume of 50.9 mm?. In total, the instrumentation of
the cylinder adds 0.44% to the clearance volume and lowers the overall compression ratio
by 0.41%. The effect of these three volumes on the cylinder clearance volume and

compression ratio is summarized in Table 5.1.
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Table 5.1: In-Cylinder Instrumentation Impact on Clearance Volume and Compression
Ratio

Original Instrumented
In-Cylinder Clearance Volume 43780.1 mm”® 43780.1 mm”®
Machined Port Volume - 23.6 mm?
Instrument Probe Volume - 117.8 mm?
Valve Distribution Block Volume - 50.9 mm?
Total Clearance Volume 43780.1 mm? 43972.4 mm?
Clearance Volume Change - 0.44%
Compression Ratio 18.00 17.93
Compression Ratio Change - 0.41%

5.1.2 Cylinder Gas Mass Removal

The effect of reduced compression ratio due to in-cylinder gas measurement is
further increased by the removal of mass from the cylinder as the sampling occurs.
While the additional clearance volume introduced by the instrumentation cannot be
avoided, the amount of mass removed during sampling can be minimized through careful
configuration of the sampling system. Thisinvolves two distinct processes: removing the
al of the gas in the CSV probe from the previous combustion cycle but no more, and
directing just enough fresh gas to the analyzer to produce a stable and reliable signal.

CSV settings are dictated by the physical limitations of the system and by gas
flow phenomena. While gas behavior is dependent upon engine operation, the physical
limitations in the CSV system are a characteristic of the device and cannot be changed.
To ensure that the solenoid valves open consistently and reliably, they must have a
commanded opening signal with a duration of at least 0.8 ms. This amount of time
tranglates to 3 degrees of crankshaft rotation at idle (625 rpm) and about 16 degrees at

full engine load (3300 rpm). Thus these values are the minimums that can be used at
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these engine speeds. Considering gas flow, a combination of simulation estimations and
experiments are conducted to arrive at the proper CSV settings that can be used over the
for al the investigated engine operating conditions.

To determine the proper purge valve opening and closing crank angles, a
simulation exercise is conducted by using software from Cambustion that estimates the
gas flows through the system depending on valve configurations and in-cylinder
conditions. This simulation is further explored in Appendix D. Cylinder pressures
measured from engine operation are input to determine the driving potentia of the in-
cylinder gases, and sample line conditions are used to estimate the state of gases as they
are stored in the sampling tube. Because these conditions change significantly with
engine speed and load, they impact the mass stored in the sample tube and the crank
angle window necessary to purge the sample line. The opening of the purge valve, or
beginning of the sampling from the cylinder, was defined to be 45° before combustion
TDC to permit enough time for the cylinder charge to become homogeneously mixed and
to alow all of the sampling to take place prior to fuel injection. The results from the
simulation serve as a starting point for the rest of the configuration procedure.

Two characteristics govern the crank angle duration necessary to purge the
sample line: in-cylinder conditions and engine speed. As cylinder pressures go up, the
driving potential of the cylinder gases to purge the sample line increases, and a shorter
duration is necessary. As engine speed increases, the timescale for a given crank angle
window goes down and a longer duration is required to purge the line. These two
characteristics have a counteracting effect because at lower engine speeds, cylinder
pressures tend to be lower and vice versa. Therefore the crank angle duration necessary
to purge the sample line does not change linearly with engine speed or load. At idling
conditions, the simulation determines that 5 crank angle degrees are necessary to purge
the sample line. At full engine power, 20 degrees are required to empty the line.

Because full engine power conditions cause overpressures in the sampling system, a
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purge valve duration of 15 degrees is used throughout the experiments, as it is the value
necessary at the peak experimental conditions. This value aso falls within the constraints
imposed by the physical limitations of the valve and provides complete and reliable
purging up to 3125 rpm.

Using a purge valve opening of 45° before TDC and closing of 30° before TDC,
engine experiments are conducted to define the crank angle window over which to open
and close the sampling solenoid valve. Opening of the sample valve is set to be 28°
before TDC, which permits a small amount of time between the purging and sampling
process. Determination of the crank angle of sampling valve closing must satisfy two
constraints: the total time the valve is open must be no shorter than 0.8 ms and it must
provide a large enough volume of gas to the CO, anayzer to provide a well-defined
signal.

Because the CO, analyzer typically samples ambient air, its output during the
majority of the cycle is essentially zero. When in-cylinder gases are sampled, the
presence of EGR and residual gas causes a once-per-cycle plateau. The high level of this
plateau is defined as two consecutive data points from the analyzer that are within 5% of
one another. The CO, analyzer provides data every 3 ms, so the shortest time length of a
plateau is 6 ms. Atidle, thistrandates to 22.5 degrees of crankshaft rotation and at 3300
rpm is represents 118.8 degrees of crankshaft rotation.

During the experiment, the duration of the sampling valve is adjusted and the
plateau length is observed and recorded. It is found that at idling conditions, a sample
valve duration of 10 degrees is necessary to provide enough gas to the CO, analyzer to
register a plateau of at least 22.5 degrees. At the upper envelope of investigated points, a
15 degree sample valve duration is required. Therefore to satisfy the physical constraints
of the CSV and CO, anayzer and the gas flow constraints, a sample valve duration of 15

degreesis used throughout the entire engine operation range.
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The conditions measured on the engine with the final purge and sample valve
opening and closing intervals is then re-entered into the simulation code to estimate the
total mass removed from the cylinder. This value is then compared to the
experimentally-obtained in-cylinder mass. Table 5.2 below demonstrates the settings of
the CSV500 at various engine operating conditions and the percentage of mass removed.
The values shown here are the average of the results obtained from 100 engine cycles

operating at each steady-state condition.

Table5.2: Impact of In-Cylinder Sampling on Trapped Mass

Engine Speed and Load Purge Valve Sample Valve Estimated Percentage
Condition Opening Interval Opening Interval of Mass Removal

Idle, 625 rpm -45° to -30° -28° to -23° 1.89%
750 rpm, 1 bar BMEP -45° to -30° -28°to -23° 1.76%
750 rpm, 5.7 bar BMEP -45° to -30° -28°to0 -23° 1.76%
1750 rpm, 1 bar BMEP -45° to -30° -28°to -23° 0.70%
1750 rpm, 10 bar BMEP -45° to -30° -28°to -23° 0.76%
2750 rpm, 1 bar BMEP -45° to -30° -28°to -23° 0.50%
2750 rpm, 9 bar BMEP -45° to -30° -28°to -23° 0.51%

As mentioned earlier, two characteristics govern the mass removed from the
cylinder: the time interval that the valves are open and the pressure differential between
the cylinder and the atmosphere. When using the fixed purge and sample valve timings
shown in Table 5.2, the estimated amount of cylinder mass remova never goes above
1.9%. This condition occurs at engine idle, when engine speed is low and the crank-
angle based valve intervals are the longest on a time basis. As engine speed increases,
the time elapsed during the valve opening and closing goes down, and less mass is

removed on a percentage basis. When speed is held constant and load is increased, the
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higher cylinder pressures cause a greater proportion of mass to be removed. From this
data, it is clear that the valve opening interval has an impact on percentage of mass
removal that is an order of magnitude greater than the influence of cylinder pressure.

Lowering of the cylinder’s effective compression ratio and removal of mass from
the cylinder impact pre-combustion in-cylinder conditions by lowering peak compression
pressures and temperatures. This in turn affects ignition delay and consequently the
entire combustion process. To assess the degree to which the pre-combustion
environment is altered, experimental data from the original and instrumented cylinder at
operating conditions that span the engine' s performance envel ope are examined.

The overall impact of instrumenting the cylinder and removing mass during the
compression stroke is determined by comparing cylinder pressures and bulk gas
temperatures at the beginning of the fuel injection process for both the original and
instrumented cylinder at various operating conditions. Pressures are measured from
experiments, while bulk gas temperatures are determined with the ideal gas law. For the
instrumented cylinder, the amount of mass removed is determined from Table 5.2.
Mixture molecular weights are aso taken to be equivaent for origina and
uninstrumented cases.

Table 5.3 shows the magnitude of change in pre-combustion in-cylinder
conditions for various operating conditions between the origina and instrumented
cylinder. Not surprisingly, those engine operating conditions that had the greatest
proportion of mass removal aso saw the greatest impact on cylinder pressure reduction.
At idle, pre-injection cylinder pressures are reduced by just over five percent, while at
2750 rpm and 9 bar BMEP, pressures are lowered by 1.17%. Pre-injection temperatures
are aso lessened, and the degree to which this occurs is dependent upon the ratio of
pressure loss and mass loss. As pressures are decreased, the calculated temperatures also

go down. With less mass, however, the cylinder temperature goes up for a given pressure

101



level. Calculated pre-injection bulk temperature dropped 3.24% at idle and 0.66% at

2750 rpm, 9 bar BMEP.

Table 5.3: Experimental Comparison of Pre-Injection In-Cylinder Conditions for
Original and Instrumented Cylinder at V arious Engine Operating Conditions with
Optimal Purge Valve and Sample Valve Timings

Original Instrumented
Engine Speed Start of |Pre-Injection|Pre-Injection| Percent Reduction | Percent Reduction
and Load Injection | Pressure |Temperature| of Pre-Injection of Pre-Injection
Condition (°caTDC) (bar) (K) Pressure Temperature
62|‘Z|rpm 2.9 44.09 968.4 5.07% 3.24%
e
750 rpm . i
1 bar BMEP 3 45.25 986.1 4.12% 2.40%
750 rpm . )
5.7 bar BMEP 3.2 47.33 1116.5 2.46% 0.71%
1750 rpm . .
1 bar BMEP 3.7 49.59 1082.8 2.31% 1.62%
1750 rpm . .
10 bar BMEP 45 89.40 1161.1 1.42% 0.67%
2750 rpm . .
1 bar BMEP 2.6 62.42 1228.9 1.52% 0.98%
2750 rpm . .
9 bar BMEP 3.8 106.24 1251.6 1.17% 0.66%

To identify the impact that instrumenting the cylinder has on combustion, heat
release analysis is performed for both the original and instrumented cylinder at various
operating conditions. The results of the average of 100 cycles at each condition are
displayedin Table 5.4. In all cases, use of the CSV lengthens the ignition delay, which is
attributed to the lower cylinder temperatures and pressures at the onset of fuel injection.
At conditions in which more mass is removed and temperatures and pressures are

reduced the most, ignition delays are lengthened the furthest. At idle, the ignition delay
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increases from two to three degrees. Under higher speed and load conditions, however,

ignition delay changes by only 0.1 or 0.2 degrees.

Table 5.4: Comparison of Combustion Parameters for Original and Instrumented
Cylinder at Various Engine Operating Conditions

Original Instrumented
Engine Speed | Start of lanition 10% | 50% | 90% anition 10% | 509% | 90%
and Load | Injection %ela MFB | MFB | MFB %ela VMER | MEB | MEB
Condition | (°aTDC) Y| angle | angle | angle Y| angle | angle | angle
625 rpm 2.9 20 | 12 | 18 | 27 | 30 | 13 | 19 | 27
Idle
750 rpm
1 bar BMEP 3 2.8 15 2.3 4.4 3.8 1.6 2.3 4.2
750 rpm
5.7 bar BMEP 3.2 2.3 1.3 3.0 11.6 2.4 14 3.3 11.9
1750 rpm
Cbarguep | 37 | 83 | 16 | 32 | 92 | 56 | 17 | 32 | 90
1750 rpm
) : : : . . . . 20.0
obarBvep | 45 | 33 | 24 | 98 | 200 | 34 | 24 | 97
2750 rpm
1 bar BMEP -2.6 6.4 2.3 5.2 134 6.6 2.3 5.2 13.6
2750 rpm
9 bar BMEP 3.8 4.4 4.1 13.2 26.0 4.5 4.0 13.0 254

The mass fraction burned angles do not change significantly, and the greatest
variation in any of the values investigated was 0.6 degrees. At a couple of lighter load
conditions (750 rpm, 1 bar BMEP and 1750 rpm, 1 bar BMEP) combustion actualy
progresses more quickly with use of the CSV. These conditions are characterized by
premixed burning, and the longer ignition delay times result in a more pronounced
premixed burn, which promotes more rapid combustion. At the higher load conditions,

the mass fraction burned crank angles are negligibly impacted.
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Engineidleis the condition most significantly impacted. While the overall shape
and burn rate at this condition do not change, combustion occurs so quickly (less than
three degrees) that a one degree change in ignition delay essentially shifts the curve to
later crank angles. This change is clearly seen in Figure 5.1, which is a contrast to the
2750 rpm, 9 bar BMEP case in Figure 5.2 that shows little change in the combustion
process. These figures present singular engine cycles that are representative of the
average heat release curves at these conditions, and are displayed to convey the degree to

which combustion isimpacted at both conditions.
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Figure5.1: Rate of Heat Release at Engine Idle With Original Uninstrumented Engine
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Figure 5.2: Rate of Heat Release at 2750 rpm and 9 Bar BMEP With Original
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5.1.3 Exhaust Manifold Measurements

Sampling exhaust gases from the exhaust manifold reduces the mass flow rate of
the exhaust through the turbocharger turbine. To quantify this effect, the standard engine
exhaust flow rate is determined by converting the measured air and fuel mass flow rates
into volumetric units and compared with total analyzer flow rate. This relationship is
demonstrated for a variety of operating points in Table 5.5. At engine idle, the lightest
speed and load condition tested, about one percent of the total exhaust flow rate is
sampled. As engine speed and load increase, the proportion of exhaust gas sampled goes
down appropriately. At 2750 rpm and 9 bar BMEP, less than two-tenths of one percent is
sampled.

As the exhaust flow through the turbine of the turbocharger decreases, the energy

available for boosting the intake air decreases; this is evidenced by a reduction in boost
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pressure. The maximum observed value is 1.54% the minimum is 0.10%, and the
proportional reduction in boost pressure tends to decrease as engine speed and load
increase.

Table5.5: Exhaust Flow Rate and Gas Analyzer Flow Rate at Various Engine Operating
Conditions

Engine Speed and En%ilne Exhaust | Total Gas Analyzer | Percent of Percen'g
Load Condition ow Rate Flow Rate Exhaust Change in

(Std L/min) (Std L/min) Sampled | Boost Pressure

625 rpm, Idle 1482 15.0 1.01% -0.50%

750 rpm, 1 bar BMEP 1794 15.0 0.84% -0.49%

750 rpm, 5.7 bar BMEP 1823 15.0 0.82% -1.54%

1750 rpm, 1 bar BMEP 3581 15.0 0.42% -0.48%

1750 rpm, 10 bar BMEP 7195 15.0 0.21% -0.11%

2750 rpm, 1 bar BMEP 6354 15.0 0.24% -0.41%

2750 rpm, 9 bar BMEP 11768 15.0 0.13% -0.10%

In summary, the removal of gases from the cylinder and the exhaust manifold has
a dlight, but measureable impact on engine behavior. Sampling gases during the
compression stroke dlightly alters combustion phasing due to lengthened ignition delays,
with lower speeds and |oads impacted more than higher operating conditions. Removing
gases from the exhaust manifold reduces boost pressure, but levels never exceed more
than around 1.5%.

Regardless of the impact on combustion, the measurement technique and the data
gathered with it remain legitimate. All the measurements, both in the cylinder and in the
exhaust manifold, are made on the gases from the instrumented cylinder. Therefore the

effects of any changes in pressures or gas concentrations caused by the instrumentation

106



are measured and the observed trends and relationships due to transient engine operation

arevadid.

5.2 Error and Sensitivity Analysis

An error and sensitivity analysis is conducted to determine the accuracy of the
values obtained by the experimental technique. Errors are incurred through use of the
laboratory instrumentation, the assumptions made to simplify combustion equations, and
the data analysis. The goa of this section is to develop confidence intervals for the
reported cyclic mass of fuel, air, and stoichiometric combustion products. Also examined

isthe influence of these errors on heat release analysis.

5.21 Fud Mass Error

Typicaly fuel flow rate is determined directly from a fuel flow meter. In this
investigation, fuel flow rate is determined though use of crank angle resolved cylinder
pressure and instrumented injector measurements, as well as discharge coefficient data
developed under steady-state conditions. The injected fuel mass for each cycle is given
by Equation (5.1), which is rewritten from Equation (4.59). The portion shown behind
the sigma.is the composite trapezoid rule, which is used to approximate an integral.

EOI-1 ACA (51)

Mpyel = +/ 2pFuel Alnjg z [T{(\/ PCyl - PInj )i + (\/ PCyl - Plnj )i+1}] (kg)

i=S01
Where: mg,,; = Fuel mass (kg)
Pruel = Fuel density (kg/m’)
Apy; = Injector flow area (m?)
C, = Injector flow discharge coefficient (-)
CA = Crank angle (degrees)
P, = Cylinder pressure (N/m?)

Ppnj = Injection pressure (N/m?)
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The discharge coefficient can be rewritten from Equation (4.57) as

_ 6010 MR (5.2

Cd =
Eol
N1y 20puet Amg Js, ,/(PCyl — Ppy,; ) dCA

Where: C, = Injector flow discharge coefficient (-)

Mpye; = Fuel massflow rate (kg/s)

np = Engine revolutions per power stroke (-)
N = Engine speed (rpm)

nc = Number of cylinders (-)

Pruel = Fuel density (kg/m?)

Ay = Injector flow area (m?)

SOI = Start of injection (degrees)

EOI = End of injection (degrees)

Py, = Cylinder pressure (N/m?)

Py,; = Injection pressure (N/m?)

dCA = Crank angle differential

By substituting Equation (5.2) into (5.1) and cancelling terms, the expression for

fuel mass becomes
_1[ACA 53
60ny, . {'5:051011 [T{(\/ PCyl - Plnj)i + (\/ PCyl - Plnj )i+1}] (.3

Mpyer = N?’lC MEyel £o1 (kg)
—= N Jsor /(pcyl — Py,; ) dCA

3

Engine speed is quantified with a crank angle encoder, which uses adisk with 720
evenly-spaced markings to discern rotation and then measures the elapsed time between
the markings. Since the accuracy of speed measurement only limited by the ability to
machine markings in the disk and measure time, engine speed is assumed to be constant.
Therefore the leading term in Equation (5.3), denoted by (1) is a constant term. The
second portion, (2), is the reading from the mass flow meter. Term (3) is the ratio of the

approximation to an integral from numerical integration to the definite value of the same
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integral. When considering Equation (5.3), the estimation of error in fuel mass must take
into account the error from the fuel flow meter, the error from the cylinder pressure and
injection pressure measurements, the error in using the composite trapezoid rule to
approximate the integral in the denominator of term (3), and the fact that these three are
multiplied together. This is accomplished by taking the root sum of the squares of the
individual fractional errors and is represented by Equation (5.4).

(5.4)

erm = epmr? + eap® + ecrr?

Where: ey = Fractiona error in fuel mass (%)
eryr = Fractional error in fuel mass flow rate (%)
eap = Fractional error from pressure differential (%)

ecrr = Fractional error in composite trapezoid rule (%)

The error in the fuel mass flow rate is obtained from the manufacturer of the flow
meter and stated to be 0.5% of the measured value. Thisvalue is defined as egy» and is
readily plugged into Equation (5.4). Fractiona error from the difference in injection and
cylinder pressure is obtained from the manufacturers of the sensors, and both are stated as
0.3% of the measured value. When computing the uncertainty in subtracting the two

pressure values, the relationship in Equation (5.5) is used.

(5.5)
\/(PCyl ePCyl)z + (Plnj epinj )2

PInj _PCyl

éap =
Where: e,p = Fractiona error from pressure differential (%)
Py = Cylinder pressure measurement (bar)
epcyr = Fractiona error in cylinder pressure measurement (%)
Py, = Injection pressure measurement (bar)

epn; = Fractional error in injection pressure measurement (%o)

Considering all of the data obtained in this research effort, the maximum

differential error observed in pressure difference over an entire injection process is
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0.70%. Assuming a normal distribution of the error, 95% of the data has an uncertainty
of less than 0.55%.

Error incurred from the composite trapezoid rule is given by [48] and shown in
Equation (5.6).

—(b—a)-f"(c)-h? (5.6)
Ecrr = 12

Where: E rgp = Error in composite trapezoid rule (kg)
b = Ending point of integration (-)
a = Beginning point of integration (-)
f" (¢) = The second derivative of the function to be integrated at any point ¢
between a and b (-)
h = Step size of integration (-)

The beginning and ending points of integration are ssimply the start and end of
injection. In this case, the step size of integration is the crank angle resolution of the
data. Because the function is only known at discrete data points, the second derivative at
any location cannot be determined. This value can, however, be approximated at each

known point by using the centered difference formula, shown in Equation (5.7).

f,,(c):f(c+h)—2/;l(zc)+f(c—h) (5.7

To determine the amount of error incurred by using the composite trapezoid rule
for each fuel injection process, the second derivative is determined at each point between
SOl and EOI using Equation (5.7) and then the maximum absolute value over the
injection event is used in Equation (5.6). This vaue is then divided by the quantity of
fuel injected to arrive at the fractional error, e-rr, which is plugged directly into Equation
(5.4). Using this method gives a good approximation of the upper bound of integration

error.
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All experimental data taken isinvestigated to determine the level of error incurred
by using the composite trapezoid rule to perform the numerical integration, which
includes thousands of cycles of engine data that encompass the entire operating regime of
the engine. The average level of error in the composite trapezoid rule is -0.03%, the
maximum observed error is -0.05%, and by assuming a normal distribution of the error
about the mean, 95% of the points are within -0.04%. These levels of error are extremely
low and attributed to the fine crank angle resolution (0.1°) of the data.

When combining the levels of fuel flow meter error, pressure differentia
measurement error, and composite trapezoidal numerical integration error, suitable
fractional errors are established for the fuel mass values obtained in this investigation.
Considering the maximum levels of error observed, fuel mass values are within 0.86% of
their actual values. Assuming a normal distribution of the error, 95% of the fuel mass

values are within 0.74% of their true levels.

5.2.2 Error Incurred from Neglecting CO and HC Emissions

Calculating the mass of air and stoichiometric combustion products is
accomplished through use of the carbon balance method outlined in Section 4.2.2. This
procedure functions by keeping track of al of the carbon atoms involved in the
combustion reaction. During the compression stroke, carbon atoms are present in the
burned gases and in the fuel. Carbon atoms exit the cylinder in the form of carbon
dioxide, unburned hydrocarbons, and carbon dioxide. Because the production of carbon
monoxide and hydrocarbons in conventional diesel combustion is typically two orders of
magnitude less than carbon dioxide, they are neglected.

Since carbon dioxide and unburned hydrocarbons contain carbon and a carbon
balance is used to calculate the air/fuel ratio, not accounting for them results in errors

when reporting the measured air/fuel ratio. To account for this error, data from multiple
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driving cycles are considered while using emissions measurements from the CEB ||
emissions bench. Air fuel ratios are determined with realistic values of CO,, CO and HC.
When all three compounds are considered, the air fuel ratio is given by Equation (5.8),

which is rewritten from Equation (4.32).

My MWy, 1 y

[N+ N (3 LIV ) ] (5.8)
mFuel B MWFuel 100 XC3H8 ZXCO 2XH20 2

In this equation, Nis defined as

_ 100 (5.9)
Xco, + Xco + 3XcyHg

and the concentration of water in the exhaust is determined by

Y Xco, T Xco (5.10)
X0 =5 "Feg 4

Xco
~AL0_ 4 q
3'8XC02

The same data is used to caculate the air/fud ratio when carbon monoxide and

unburned hydrocarbons are neglected. Equations (5.8) and (5.9) simplify and combine to

become
Myir _ MWAir 100 _ Xl (511)
Mpyel MWFuel Xélgf 4

Data from atotal of thirteen 20-minute long FTP 75 driving cycles are considered
when comparing air/fuel ratio measurements. These tests are conducted using the
engine-in-the-loop capability with a variety of powertrain configurations, including a
conventional four-speed automatic transmission, a parallel electric hybrid, and a series
hydraulic hybrid. This diverse group of powertrains functioning over a relative
aggressive driving cycle provides a broad range of engine speed and load combinations

that span its operation envelope.
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Neglecting carbon monoxide and unburned hydrocarbons will always over-predict
the air/fuel ratio, so an average value of error can be determined. For al conditions
investigated, the average error in air/fuel ratio calculation is 1.02%. The maximum error
observed is 3.40% and 95% of the investigated data points have an error of less than
2.0%.

5.2.3 Air Mass Error

Air mass for each cycle is determined by multiplying the air/fuel ratio by the fuel
mass and is shown in a manipulated form of Equation (5.11).

(5.12)

MWy, [100 y
Myjr =

— = —m
MWFuel Xélgf 4] Fuel
When calculating the error in the air mass, it is clear from Equation (5.12) that the

error in the fuel mass must be considered. Because this calculation does not take into

account the emissions of carbon monoxide and unburned hydrocarbons, this error must

F

aso be included. Additiona error is incurred through determination of the y45% term,

2
which represents the amount of CO, formed during combustion and stems from
inaccuracy in the measurement of CO, both in the cylinder and the exhaust manifold.

The fractional error in the mass of air in each cycle istherefore written as

- - - (5.13)
eam = |epm” t eq/p” + ec,

Where: ey = Fractiona error in air mass (%)
ery = Fractional error in fuel mass (%)
ey r = Fractional error in air/fuel ratio from neglecting CO and HC emissions

eco, = Fractional error due to CO, measurement

The first two terms are quantified in Section 5.2.1 and Section 5.2.2. To examine

F

the impact of the yA5® term, the equation to determine this quantity is rewritten below

2

from Equation (4.68).
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Post —Comb (., AFR SC
AFR _ XCOZ (nExhaust + nSC) - XCOZnSC

Xco, = nAFR
Exhaust

Where:  y£5R= Mole fraction of CO, in combustion products

(5.14)

xeost—tomb = Mole fraction of CO; after combustion

ngtR .« = Moles of combustion products

ngc = Moles from stoichiometric combustion

x26,= Molefraction of CO; in gas from stoichiometric combustion

The terms in Equation (5.14) are either measured directly from the Fast CO/CO;
sensor or calculated from the readings obtained with the device. Because of this complex
relationship, a sengitivity analysis is conducted to evaluate the impact of CO;
measurement error. To perform this analysis, readings from the device are compared
against the known concentrations of calibration gases. A total of twenty readings are
taken from the manufacturer’s calibration sheet and maximum error of +2.0% and a
relative standard deviation of 0.73% are established. These values serve as the step
increments to the CO, data for the sensitivity analysis.

Data from the seven steady-state load and speed combinations introduced in
Section 5.1 are used since these points encompass a broad range of engine operating
conditions. In-cylinder and exhaust manifold CO, data from these engine experiments
are taken and varied by +2.0% to establish maximum error bounds. The original CO,
data are then varied by twice the relative standard deviation, or 1.45%, to determine the
error levels for the 95™ percentile confidence interval. This analysis results in nine
different scenarios at each error level with low, normal, and high levels of both in-
cylinder and exhaust manifold CO,. Results for engine idle with maximum CO, error
and 95% confidence interval are shown in Table 5.6 and Table 5.7, while results for the
2750 rpm, 9 bar BMEP condition at both error levels are shown in Table 5.8 and Table
5.9.
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Table 5.6: Variancein Air Mass from Maximum Levels of In-Cylinder and Exhaust
Manifold CO, Measurement Error at Engine Idle

In-Cylinder CO; Level
Low Normal High
Air Mass | % Error | Air Mass | % Error | Air Mass | % Error
=D F>J Low 7334 2.06% 733.8 2.12% 734.2 2.18%
j::é 7% i‘: Normal 718.2 | -0.05% 718.6 719.0 0.05%
- = 8 High 703.6 | -2.09% | 703.9 | -2.04% | 704.3 | -1.98%

Table5.7; Variancein Air Mass from 95" Percentile Levels of In-Cylinder and Exhaust
Manifold CO, Measurement Error at Engine Idle

In-Cylinder CO; Level
Low Normal High
Air Mass | % Error | Air Mass | % Error | Air Mass | % Error
=5 F>) Low 729.3 1.49% 729.6 1.53% 729.9 1.57%
CSE “% 5| Normal | 7183 | -0.04% 718.6 718.9 | 0.04%
W= 8 High 707.6 | -1.52% | 707.9 | -1.49% | 708.2 | -1.45%

Table 5.8: Variancein Air Mass from Maximum Levels of In-Cylinder and Exhaust
Manifold CO, Measurement Error at 2750 rpm and 9 Bar BMEP

In-Cylinder CO, Level
Low Normal High
Air Mass | % Error | Air Mass | % Error | Air Mass | % Error
. F>J Low 1273.2 | 2.18% | 1273.9 | 2.23% | 12746 | 2.29%
j::é 7% i‘: Normal | 1245.4 | -0.05% 1246.0 1246.7 | 0.05%
L = 8 High 1218.8 | -2.19% | 1219.3 | -2.14% | 1219.9 | -2.10%
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Table5.9: Variancein Air Mass from 95" Percentile Levels of In-Cylinder and Exhaust
Manifold CO, Measurement Error at 2750 rpm and 9 Bar BMEP

In-Cylinder CO; Level
Low Normal High
Air Mass | % Error | Air Mass | % Error | Air Mass | % Error
=D F>J Low 1265.6 | 1.57% | 1266.1 | 1.61% | 1266.6 | 1.65%
j::“ % i‘: Normal | 1245.6 | -0.04% 1246.0 1246.5 | 0.04%
- = 8 High 1226.1 | -1.60% | 1226.6 | -1.56% | 1227.0 | -1.53%

In general, CO, measurement errors have the same impact on air mass at both
operating conditions. Variances in exhaust manifold CO, change the reported air mass
by the same order of magnitude, with lower levels of CO, resulting in higher values of
air. Errorsinin-cylinder CO, have negligible impact on air mass, as the percentage in air
mass changes are two orders of magnitude less than the error percentage. Maximum
variances in air mass occur when exhaust manifold error causes CO, to be reported low
and in-cylinder values are reported high. Changes, however, remain on the same level as
the error in the exhaust manifold measurement.

Although the results from only two operating conditions are shown, al nine
responded in the same manner. The maximum observed sensitivity to CO, measurement
error is at the 2750 rpm, 1 bar BMEP operating condition. When the exhaust manifold
CO; levels are reported low and the in-cylinder CO, levels are reported high at this
operating condition, the error in the air mass at this condition is 2.55%. When assuming
anormal error distribution, 95% of the data at this condition has an error of 1.84% or

less. These low levels of error demonstrate the low sensitivity of air mass to CO;
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measurement error and give significant confidence to the air mass measurement
technique.

By using Equation (5.13), the total error in air mass is determined. Maximum
levels of error are calculated using the greatest observed error for al three components.
Specifically, these values are 0.86% for the fuel mass, 3.40% for neglecting the presence
of carbon monoxide and unburned hydrocarbons, and £2.55% from error in the in-
cylinder and exhaust manifold CO, measurements. This resultsin amaximum overal air
mass error of +4.34%. The 95™ percentile error values for these components are 0.74%
for the fuel mass, 2.00% for neglecting carbon monoxide and unburned hydrocarbons,
and £1.84% for in-cylinder and exhaust manifold CO, measurements. Therefore 95% of

ar mass values have an error of £2.82% or |ess.

5.2.4 Stoichiometric Combustion Products Mass Error

The mass of stoichiometric combustion products in the cylinder for each cycle

prior to combustion is determined by

N (MWsc) xeo, <" (5.15)
SC — — Al
MWy, ngz —ngi Comb v

Where: mg, = Mass of inert gases from stoichiometric combustion (kg)
MWs- = Molecular weight of inert fraction (kg/lkmole)
MWy, = Molecular weight of air (kg/kmole)
X¢0% ¢ = Mole fraction of CO, before combustion
x26,= Mole fraction of CO; in gases from stoichiometric combustion

my;, = Mass of air (kg)

By substituting the expression for air mass given in Equation (5.12), Equation

(5.15) reducesto

_ ( MWSC ) ngi—(fomb lloo ylm (516)
SC — _ - Fuel
MWruar) 385, — 05, " X2 4"
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This statement is very similar to the expression for air mass given in Equation
(5.12), with the addition of a CO, concentration ratio. Therefore the error in the mass of
stoichiometric combustion products is similarly dependent upon fuel mass measurement
error, the error incurred by neglecting carbon monoxide and unburned hydrocarbon
emissions, and in-cylinder and exhaust manifold CO, concentration error. Thus the

fractional error in the stoichiometric combustion products mass for each cycleis stated as

- - - (5.17)
escpm = _|€pm”° t €qr” + €co,

Where: egcpy = Fractiona error in stoichiometric combustion product mass (%)
ery = Fractional error in fuel mass (%)
eyr = Fractional error in air/fuel ratio from neglecting CO and HC emissions

eco, = Fractional error due to CO, measurement

The presence of the additional CO, ratio indicates a greater degree of dependence
on CO, measurement error. To assess this relationship, the sensitivity analysis outlined
in the discussion of air mass error in Section 5.2.3 is aso conducted for the mass of
stoichiometric combustion products. Nine steady-state points are investigated, with low,
normal, and high levels of CO, measurement for both maximum error levels and the 95™
percentile confidence interval. Results for the sensitivity analysis at engine idle with
maximum error are shown in Table 5.10 and with 95" percentile error levels in Table
5.11. Results for the same error levels at 2750 rpm and 9 bar BMEP are shown in Table
5.12 and Table 5.13.
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Table 5.10: Variance in Stoichiometric Combustion Product Mass from Maximum
Levels of In-Cylinder and Exhaust Manifold CO, Measurement Error at Engine Idle

In-Cylinder CO; Level
Low Normal High
SCP Mass| % Error |[SCP Mass| % Error |SCP Mass| % Error
. EJ Low 2.77 -0.02% 2.83 2.09% 2.89 4.19%
J‘:% 7% i': Normal 2.72 -2.06% 2.77 2.83 2.06%
L = 8 High 2.66 -4.02% 2.72 -2.00% 2.77 0.02%

Table5.11: Variance in Stoichiometric Combustion Product Mass from 95™ Percentile
Levels of In-Cylinder and Exhaust Manifold CO, Measurement Error at Engine Idle

In-Cylinder CO; Level
Low Normal High
SCP Mass| % Error [SCP Mass| % Error |SCP Mass| % Error
=5 ?; Low 2.77 -0.01% 2.82 1.51% 2.86 3.02%
CSE “% S| Normal | 273 | -1.49% 2.77 2.82 | 1.50%
W= 8 High 2.69 -2.93% 2.73 -1.46% 2.77 0.01%

Table5.12: Variance in Stoichiometric Combustion Product Mass from Maximum
Levels of In-Cylinder and Exhaust Manifold CO, Measurement Error at 2750 rpm and 9

Bar BMEP
In-Cylinder CO; Level
Low Normal High
SCP Mass| % Error [SCP Mass| % Error |SCP Mass| % Error
=5 ?; Low 43.51 |-0.08% | 44.45 2.07% 45.39 4.23%
‘SE % ii Normal 42.63 | -2.11% 43.54 44 .47 2.11%
W= 8 High 41.78 |-4.05% | 42.68 | -1.98% 43.58 0.08%

119




Table5.13: Variance in Stoichiometric Combustion Product Mass from 95™ Percentile
Levels of In-Cylinder and Exhaust Manifold CO, Measurement Error at 2750 rpm and 9
Bar BMEP

In-Cylinder CO; Level

Low Normal High

SCP Mass| % Error |SCP Mass| % Error |SCP Mass| % Error

Low 43.52 | -0.06% | 44.20 1.49% | 44.87 3.05%

Normal 42.88 | -1.53% 43.54 44.21 1.53%

Exhaust
Manifold
CO5 Level

High 42.26 | -2.96% | 4291 | -1.45% 43.57 0.06%

Variance in in-cylinder and exhaust manifold CO, concentration has a relatively
linear impact on stoichiometric combustion product mass at both operating conditions.
Thisrelationship is nearly one-to-one, as for every percent change in CO; error, thereisa
one percent change in stoichiometric combustion product mass. High levels of exhaust
manifold CO; result in a reduction of stoichiometric combustion product mass, and vice
versa.  As in-cylinder levels of CO, concentration go up, so does the reported
stoichiometric combustion product mass. Errorsin in-cylinder and exhaust manifold CO,
concentrations are also roughly additive, so that if exhaust manifold CO; is low by 1%
and in-cylinder CO, is high by 1%, the reported stoichiometric combustion mass
increases by about 2%.

All nine operating conditions responded in the same manner as the two conditions
shown. The maximum error for al the speed load combinations is 4.58%, which occurs
at the 2750 rpm, 1 bar BMEP operating condition when the exhaust manifold CO, is low
and the in-cylinder CO, is high. The 95" percentile error in stoichiometric combustion
product mass at this condition is 3.30%.

The extra CO; ratio term in Equation (5.16) results in stoichiometric combustion
product mass to be much more sensitive to in-cylinder CO, concentration than air mass.

Because they are both equally sensitive to exhaust manifold CO, concentration error, the
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errors observed in the mass of stoichiometric combustion products are roughly twice as
high asthosein the air mass. Thisrelationship exists at both error levels investigated.
When considering al the fractional error terms presented in Equation (5.17), the
maximum fuel error is £0.86%, the error from neglecting carbon monoxide and unburned
hydrocarbon emissions is £3.40% and the error incurred from CO, measurement is
+4.58%. This results in a maximum error of +5.77% in stoichiometric combustion
product mass. When 95™ percentile errors are considered, the fuel error is +0.74%, the
error from neglecting carbon monoxide and unburned hydrocarbon emissions is £2.00%
and the error from CO, concentration measurement is +3.30%. Thisresultsin 95% of the

data points having an error of £3.93% or less.

5.25 Measurement Error Impact on Heat Release Analysis

To assess the impact of fuel, air and stoichiometric combustion product mass
errors on combustion analysis, heat release is performed with the maximum levels of
errors. All seven operating conditions are investigated with combinations of high and
low fuel mass, air mass, and stoichiometric combustion product mass to evauate the
impact on combustion characteristics.

Minor variations are observed in the rate of heat release curve and the integrated
heat release curve. While fuel mass variation had virtually no impact, the mass of air and
stoichiometric combustion products had a discernable effect on heat release. The more
air and stoichiometric combustion products in the cylinder, the smaller the amount of
energy required to produce the cylinder pressures measured, and for a given cylinder
pressure curve, the calculated rate of heat release decreases. Over al cases considered,
the most the peak rate of heat release changed with maximum cylinder mass error is
+0.26%. The integrated heat release varied by +0.23% under the same conditions. These

differences occur at the 2750 rpm 9 bar BMEP condition, which are shown in Figure 5.3.
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The graph must be magnified substantially to observe the difference induced by cylinder

Mass errors.
Normal Cylinder Mass ‘
********* High CylinderMass  § ... ... . . A ...}
2000 — — Low Cylnder Mass | ~/ :
1500 ;= e Sy O e e =
2 : ! ! ! !
A
2 2125
© ; ;
F£1000 R A -
= ! /
[}
I 2075 |-
500 R e -
2025
40 45 50 55 60)
0 g o o T [ =
0 10 20 30 40 50 60

Crank Anale (dea)
Figure 5.3: Heat Release Sensitivity to Errorsin Fuel Mass, Air Mass and Stoichiometric

Combustion Product Mass at 2750 rpm, 9 Bar BMEP
For the maximum error levels expected from the techniques used to quantify fuel
mass, air mass, and stoichiometric combustion product mass, the impact on combustion is
negligible. Ignition delays and burn rates remain unchanged for al of the conditions
investigated, indicating that any errors in cylinder mass will not affect the heat release

analysis or conclusions made from heat release results.

5.3  Comparison of Data Obtained with the Experimental Technique and
Traditional Test Cell Instrumentation
Traditional engine test cell instrumentation for measurement of fuel flow, air
flow, and emissions concentrations are very accurate but are unable to respond to rapid
changes in the data they measure. The reasons for this inability to quantify fast variances

are two-fold: the devices are typically located a considerable distance from the engine
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and the measurement principles they incorporate are slow to react. Thus delays arise
from the time it takes for the sampled quantity to reach the device, or transport, and the
time it takes for the instrument to react to the change. These devices are therefore very
well-suited to data collection during steady-state engine operation but they are not able to
provide accurate measurements at cycle-resolved levels.

The primary motivation for developing the proposed experimental technique isto
be able to determine cycle-resolved values of in-cylinder components. To assess the
potential for this methodology to provide unique insight into engine behavior, a
comparison is made between data gathered with traditional test cell instrumentation and
data measured and calculated by the proposed experimental technique.

The comparison is made by gathering data from the engine simultaneously with
the instrumentation for both methods. Data from the traditional test cell instrumentation
is gathered on a 10 Hz basis, but then is interpolated to yield one value per engine cycle.
During the test, the engine is operated as though it is in a vehicle that is performing the
FTP 75 driving cycle. Specifically, attention is focused on an acceleration event where
the vehicle goes from a standing start to 40 km/hr in 10.2 seconds. This event
encompasses engine behavior between cycles 1640 and 1790 of the FTP 75. Engine
command and vehicle velocity for this event are shown in Figure 5.4 and the engine
speed and torque are displayed in Figure 5.5.

Discussion focuses on the differences in the trends of the output produced by
these devices and does not go into detail about why the trends occur themselves. That
anaysisis provided in Chapter 8. It should be noted that the prior to the cycles shown in
this comparison that the engine is not operating at steady-state. Therefore an offset in the
measurements of the investigated metrics is expected at the beginning of the displayed

cycles.
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Figure 5.5: Engine Speed and Engine Torque during Vehicle Acceleration
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5.3.1 Fud Measurement Comparison

The fuel flow meter used in this study is described in detail in Section 3.1.2. Itis
located about 5 meters behind the engine and measures the mass of fuel that flows into a
loop that continuously circulates fuel to the engine. This arrangement results in
measurements that have a significant transport time. The output signal from this device
is grams of fuel per second. By using the engine speed during each cycle and assuming
that fuel is distributed evenly to al eight engine cylinders, this rate value is converted
into a mass value per cycle per cylinder. As described in Section 4.4, fuel mass in the
experimental technique is determined by crank angle resolved injection pressure and
cylinder pressure data, as well as cycle-resolved start and end of injection timings from

the instrumented injector.
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Figure 5.6: Cycle-Resolved Fuel Mass Measurement from Experimental Technique and

Fuel Flow Meter during Cycles 1640-1790 of FTP 75
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Fuel flow results obtained from the coriolis flow meter and the experimental
technique are shown in Figure 5.6. It is clear that an increase in fuel consumption takes
place during these cycles in two separate events as both methods show two rises and falls
in fuel mass. The first encompasses more cycles and has a higher fueling rate. Beyond
this, however, there is very little agreement between the two readings. The reading from
the flow meter shows significant lag and completely misses features of the fuel injection

mass that the experimental technique captures with crisp and clear fidelity.

5.3.2 Air Measurement Comparison

Air flow is determined in the test cell by two methods: through use of the laminar
flow element (LFE) and the emissions bench. While the LFE produces results in grams
per second, the emissions bench uses gas measurements to calculate an emissions-based
air/fuel ratio. By using the fuel flow rate from the fuel flow meter, an air flow rate is
calculated. The LFE islocated directly above the engine and sits approximately 2 meters
upstream of the turbocharger compressor; it is detailed in Section 3.1.2. The emissions
bench, described in Section 3.2.8, samples exhaust gases about 2 meters downstream of
the turbocharger, and the bench itself is another 10 meters away. Transport delays for the
measurements of the emissions analyzers have been quantified and the data is shifted
appropriately. Therefore the only delay in emissions results from the emissions bench
should occur due to the response time of the individual gas analyzers.

Air mass from the experimental technique is determined by calculating the
air/fuel ratio by using cycle-resolved CO, measurements from the exhaust manifold and
inside the cylinder. This value is then multiplied by the fuel massto arrive a air massin
the cylinder prior to combustion. Note should be taken that the air mass calculated from
this technique includes any air that is recycled to the cylinder through EGR or residual,

where the LFE only measures fresh air flow into the engine and the bench assumes that
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al the CO,, CO, and hydrocarbons in the exhaust are generated during combustion,
which resultsin aslight under-estimation of air/fuel ratio.

The results of the determination of air mass from the LFE, emissions bench, and
experimental technique are shown in Figure 5.7. For the first 60 cycle of the transient,
the LFE and experimental technique provide results that agree very well with one
another. After that, the two methods provide similar trends but different absolute values.
Air mass vaues from the emissions bench are significantly lower than the other two
processes near the beginning but much higher near the end. Thisresult’s error and lag is
compounded with the error and lag of the fuel flow meter. All three results capture two
separate increases and decreasesin air flow. There are periods in which the experimental
technique does not provide a reading of air flow; the reason for this is discussed in

Section 5.4.
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Figure5.7: Cycle-Resolved Air Mass Measurement from Experimental Technique, LFE,
and Emissions Bench during Cycles 1640-1790 of FTP 75
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5.3.3 Air/Fud Ratio Calculation Comparison

Air/fud ratio is determined by taking the ratio of air mass to fuel mass. The
emissions bench reports this value directly, while when combined with the data from the
fuel flow meter, the LFE can also provide an air/fuel ratio measurement. Air/fuel ratio
from the experimental technique is calculated by using cycle-resolved CO, measurements

from the exhaust manifold and inside the cylinder. The air/fuel ratio from these three

methods is shown in Figure 5.8.
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Figure 5.8: Cycle-Resolved Air/Fuel Ratio Calculation from Experimental Technique,
LFE, and Emissions Bench during Cycles 1640-1790 of FTP 75

The trends obtained in air/fuel ratio from these three methods are quite different.
While they all start out close to one another and move downward in the fifty cycles, they

do not agree after that. Results from the LFE and emissions bench follow one another

generdly but quantitatively are quite different.
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5.3.4 In-Cylinder/Intake Manifold CO2 Comparison

The concentration of CO, in the intake manifold is measured by the emissions
bench and used to quantify the amount of exhaust gases that the engine is recirculating.
One probe of the fast CO, sensor is mounted in-cylinder to sample gases during the
compression stroke. While these devices will read different absolute values, their
behavior should have relatively similar trends, especially when EGR is flowing. Figure

5.9 demonstrates the signal's obtained from these two devices.
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Figure 5.9: Cycle-Resolved Intake Manifold and In-Cylinder CO, Measurements from
Fast CO, Sensor and Emissions Bench during Cycles 1640-1790 of FTP 75

Results from the sensors are quite different. Intake manifold CO, remains
consistently low during the first 70 cycles which indicates that EGR flow is low and
suggests that the EGR valve is closed. In-cylinder CO, readings during this period

confirm the assumption. Starting around cycle 1690, however, in-cylinder CO, jumps up

by afactor of nearly four. Around 20 cycles later, a pulse in the intake manifold CO, is
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reported and these two waveforms are probably the measurement of the same event as the
EGR valve opens. For the final 50 cycles of the transient, the readings are in general

agreement with one another.

5.3.5 EGR/Stoichiometric Combustion Product Percentage Comparison

The percentage of EGR and stoichiometric combustion products in the cylinder is
not a direct comparison. These two quantities are closely related to one another,
however, as the percentage of EGR is a component of the fraction of stoichiometric

combustion products. Their trends are demonstrated in Figure 5.10.
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Figure 5.10: Cycle-Resolved EGR and Stoichiometric Combustion Product Percentage
during Cycles 1640-1790 of FTP 75

These quantities are derivatives of the signals shown in Figure 5.9, so it follows
that their relationship should follow the one established between the in-cylinder and

intake manifold CO, signals. While EGR rate remains low for the first 70 cycles, the
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stoichiometric combustion product mass hovers above 2%. Around cycle 1690, a large
pulse in the fraction of stoichiometric combustion products forms and this value exceeds
6%. Just as this pulse is ending, the EGR percentage begins rising and peaks at around
5% before falling back down. These two waveforms are likely the same event and
demonstrate that at this condition, the EGR signal lags the stoichiometric combustion

signal by about 30 cycles and does not capture the rapid changes that occur.

5.3.6 Exhaust CO2 Comparison

Measurements of CO; in the exhaust are made by the Fast CO, sensor which is
measuring gases as they exit the exhaust valve. The emissions bench is aso quantifying
the concentration of CO, in the exhaust. Transport time delays for the CO, sensor in the

emissions bench are known and the data is shifted so that the only lag is due to sensor

response
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Figure5.11: Cycle-Resolved Exhaust CO, Measurements from Fast CO, Sensor and
Emissions Bench during Cycles 1640-1790 of FTP 75
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The signals fit each other quite well quantitatively, as the concentrations reported
by the two devices is generally in good agreement. The slow response of the sensor in
the emissions bench is visible; however, as it fails to capture the rapid changes in exhaust
CO,. A good example of thisis considering the signa from the bench CO, sensor around
cycle 1715. While the fast-response device quickly drops and increases again by cycle
1740, the bench sensor reacts slowly and misses both the valley of CO, formation and the
following peak and provides a signal that is somewhere in between the two extremes.
Another factor which contributes to this behavior is mixing of gases from different cycles
during the transport of the sample from the exhaust line to the emissions bench. This
would tend to average out the concentrations of individual cycles and provide a more

averaged gas concentration to the analyzer.

5.3.7 Exhaust NO Comparison

To quantify the amount of NO in the exhaust, one channel of the Fast NO
anayzer is placed in the exhaust manifold near the exhaust valve. Another NO analyzer
is located in the emissions bench. The signals from these two devices are displayed in
Figure 5.12. As in the case of the other anayzers, the transport time is known and
accounted for in thisfigure.

Quantitatively, the devices agree quite well. The poor response time of the
bench’s NO analyzer is evident, however, when examining the figure. The peaks and
valleys that appear in the Fast NO signal are not detected, and the entire waveform is
shifted rightward. Mixing of the sample as it is transported through the 10 meters of
sampling line is undoubtedly occurring, which results in a gas sample that is averaged
and contributes to the bench’s much more smooth output. Discerning NO emissions to

cycle-resolved values is impossible from such asignal.
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Figure 5.12: Cycle-Resolved Exhaust NO Measurements from Fast NO Sensor and
Emissions Bench during Cycles 1640-1790 of FTP 75

5.3.8 Data Comparison Summary

When considering the data gathered from traditional test cell information and the
experimental technique developed in this study, the differences between the two are
distinct. Typica test cell instrumentation cannot resolve engine output to cyclic values.
There are two main reasons for this. First, the devices have relatively long response
times. Second, the design or configuration of the device is such that it cannot measure
the sample medium at the required locations. The fuel flow meter cannot possibly be
located within the injection system to measure fuel flow. The LFE or emissions bench
has no way to account for maldistribution of EGR or air to the cylinders. Since these
devices are located a far distance from the measurement point, any cyclic variance is
erased as the sampleis transported to the instrument.

Conversely, the experimental technique developed and presented in this research

has the capability to measure cycle-resolved values of fuel, air, and stoichiometric

133



combustion products over a wide range of engine operating conditions. The insight it
provides into cycleresolved engine behavior during transient engine operation is
significantly more meaningful than the data provided by traditional test cell

instrumentation.

54  Limitations of Experimental Technique

There are particular engine operating conditions in which the experimental
technique provides results which have a high level of uncertainty. These conditions exist
at the very upper and lower regions of the engine’s performance envelope and impact the

fuel calculation technique and the exhaust manifold CO, measurement.

541 Fud Mass Measurement Uncertainty

At very low-load conditions, especially when the engine is coasting down in
speed, very little fuel isinjected. Typical needle lifts have a magnitude of 0.4 mm, but
when engine coast-down occurs no needle lift may take place at all. In these cases, the
needle lift signa is reduced to nothing but noise and the algorithm that calculates the start
and end of injection timing may report SOI and EOI crank angles that are completely
incorrect which leads to a reported fuel mass that is ssmply not occurring. Figure 5.13
demonstrates a normal needle lift, in which the SOI is-3.6° after TDC and the EOI is 1.0°
after TDC. It aso shows the needle lift for an event of non-combustion. In this cycle,
the agorithm reports a SOI of -7.1° after TDC and an EOI of 13.5° after TDC. By
inspection, this injection event is obviously not occurring. Evauation of the data is
therefore necessary during engine coast-down to ensure that the reported fuel mass values

are reasonable.
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Fuel mass data from engine conditions that have fueling rates of less than 5.5
mg/cycle must be examined very carefully, as thisis the fuel consumption during engine
idle. In the tests conducted for this study, any injection event that reports a fuel mass less
than this value is ignored, and the mass of fuel, air, and stoichiometric combustion
products for that cycle are not calculated. This is evident when considering some of the
figures in this document, especialy in Chapter 8 where engine behavior experiences
frequent and significant periods of engine coast-down.

Under certain operating conditions at low loads and speeds, the fuel injector
experiences a significant proportion of needle bounce. This behavior is also captured in
the measurement of fuel injection pressure, and suggests that fuel is injected both in the
true needle lift event and the bounce as well. The algorithm that determines the end of
injection may define EOI after the needle closes for the first time or after the first bounce.

This significantly impacts the overall duration of injection, which plays a major role in
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calculating the mass of injected fuel. Figure 5.14 demonstrates the needle lift and

injection pressure in such a condition.
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Figure5.14: Needle Lift and Injection Pressure at 755 rpm, 2.1 Bar BMEP

Using the shorter EOI results in a calculated fuel mass of 10.9 mg, and with the
longer EOI the reported fuel mass is 17.9 mg. The actua fuel mass probably falls
somewhere between the two. It is less than the value reported with the longer EOI
because the action of the closing and reopening of the needle results in an actual average
discharge coefficient that isless than it would be in anormal injection event. Most likely
the actual fuel mass is greater than the amount calculated with the shorter EOI because
fuel isinjected during the needle bounce.

Errors in the fuel measurement under such conditions propagate through the
experimental technique, as the determination of air mass and stoichiometric combustion
product mass are calculated using fuel mass. Fortunately such conditions only occur at

very light engine loads when emissions formation is very low and engine behavior is less
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critical. Needle lift at engine conditions below 1000 rpm and under 2 Bar BMEP must be
scrutinized to identify the presence and degree of injector needle bounce and to assess the

impact on the reported mass of injected fuel.

5.4.2 Exhaust Manifold CO2 Measurement Uncertai nty

Under very low load conditions when the engine is coasting down, the
concentration of CO. in the exhaust falls to levels near zero. In such situations, the
blowdown process is very weak and may not even exist; a typical CO, signa from such
an exhaust event is shown in Figure 5.15 aong with a CO, trace from a normal
combustion event. Therefore the algorithm to locate the crank angle at which blowdown
begins may completely misinterpret the data, which results in an error in the amount of
CO; in the exhaust manifold. Absolute values of CO, are very low at such conditions,
and small absolute errors at such a condition results in large relative error. Additionaly,
these conditions occur when fuel flow is also very low and the technique to determine the
amount of fuel mass reports values with a high level of uncertainty. These errors
propagate through to the mass of air and stoichiometric combustion products. Thus CO,
concentrations that are reported from engine coast-downs are typically ignored and for
these cycles no air or stoichiometric combustion product masses are calculated. Thisis
evident in a number of figures in Chapter 8, where the engine experiences numerous

periods of coasting-down.
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Figure 5.15: Exhaust Manifold CO, Measurement during a Normal Combustion Cycle

and during Engine Coast-Down

Under very high engine loads, the pressures in the exhaust manifold climb to
levels that are greater than the chamber pressure in the Fast CO, exhaust probe in the
exhaust manifold. The output of this device is very sensitive to pressure, and increasing
the chamber pressure above the pressure that is used to calibrate the device results in
erroneous readings. Fortunately these conditions only exist when the engine is
generating exhaust manifold pressures in excess of 200 kPa, which occurs only when the
engine is producing high levels of power. During the driving cycle investigated in this
study and examined in Chapter 8, such conditions are only experienced very briefly and
therefore this type of error does not significantly impact the results presented in this
study. Care must be taken, however, when using the Fast CO, sensor to ensure that it is

able to maintain a consistent chamber pressure throughout the test.
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5.5  Validation of Experimental Technique Summary

This chapter explores the impact of the experimental technique on the combustion
process and establishes confidence intervals on the measured values of the mass of fuel,
air, and stoichiometric combustion products. Adding volume to the combustion chamber
and removing mass from the cylinder during the compression stroke affect combustion by
lowering cylinder temperatures and pressures and prior to fuel injection, thereby
increasing the ignition delay. The effect is noticeable at lower engine operating
conditions but negligible at higher engine speeds and loads. At engine idle, ignition
delay increases from 2.0 to 3.0 degrees, while at 1750 rpm 1 bar BMEP, the ignition
delay goes up by 0.3 degrees. Burn rates, however, remain unchanged and those
conditions that experience a larger increase in ignition delay have burn rate curves that
are essentially shifted to the right by the increment in ignition delay.

Analysis of errorsin the instrumentation used in the experiments, the assumptions
made to ssimplify calculations, and the techniques implemented to determine cylinder
charge component masses revea high confidence in the data. Error levels are
consistently low over the full range of engine operating conditions examined. Using a
95% confidence interval, fuel mass is determined to within 0.74%, air mass is known to
within £2.82%, and the mass of stoichiometric combustion products is measured to
within £3.93%. These error values are very low and demonstrate the robustness of the
experimental technique.

This technique incorporates instrumentation that has a fast enough response time
to respond to cycle-resolved changes in the engine. Traditional test cell instrumentation
cannot provide data at this high level of fidelity due to slow instrument response times,
transport delays, and the mixing that occurs during the transport period.

Engine operation at the outer edges of its performance envelope creates

conditions in which the technique provides results with high levels of uncertainty. Thisis
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especialy true as the engine transitions from a high-load condition to a low-load point.
During such behavior, no fuel is injected and very little, if any, CO, is measured in the
exhaust. With no fuel injection, the needle lift signal is erroneously interpreted into
bogus SOI and EOI values, which are then used to calculate an injected fuel mass that
does not exist. Extremely low values of CO; in the exhaust amplify the impact of
measurement errors, and when combined with the error incurred by the fuel flow
calculation, the results develop a very high level of uncertainty. Errors are aso incurred
during low-speed low-load conditions in which the fuel injector exhibits needle bounce.
This results in injection durations that are too long or short and directly impacts the fuel
mass caculation. Under extremely high-load conditions, exhaust manifold pressures
overwhelm the ability of the fast CO, sensor to maintain a constant internal chamber
pressure, which results in sensor inaccuracies. Fortunately these conditions are not

encountered frequently in the investigated driving cycles.
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CHAPTER 6

CYCLE-RESOLVED MEASUREMENTSDURING

STEADY STATE ENGINE OPERATION

To examine the insight provided by the experimental technique, data is taken
while the engine is operating at steady state conditions. Because al inputs to the engine
are fixed, data taken while the engine is operating constantly will reveal cycle-to-cycle
variances in in-cylinder trapped masses and the influence on these variances in emissions.
First the experimental procedure is described, followed by a discussion of engine
behavior at both of the investigated operating conditions. Finaly a summary of the
steady-state datais presented.

6.1  Steady-State Experimental Procedure

Three different operating conditions are evaluated while the engine operates at
steady state. Mid-speed low-load behavior is examined at 2000 rpm, 1 bar BMEP. Mid-
speed mid-load conditions are studied at 2000 rpm, 9 bar BMEP. During the testing
process in both cases, the engine is operated using the standard calibration from the PCM
and dynamometer speed and engine command are held constant. If any of the inputs to
combustion change: injection timing, injection pressure, fueling rate, EGR valve position,
or VGT vane position, it is because the engine’s controller is making the variations. This

arrangement most closely mimics steady-state operation in avehicle.
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6.2 2000 rpm, 1 bar BMEP

At the 2000 rpm, 1 bar BMEP operating condition, the engine is experiencing a
light load condition. Fuel injection quantities, and therefore injection durations are
relatively small, boost pressure is negligible, and the EGR valve is opened for NOx
emissions control. To establish the true steadiness of this operation condition, Figure 6.1
shows the variance of PCM-controlled engine parameters, including the desired fuel
injection mass, the fuel injection timing, the fuel injection pressure, the EGR valve
position and the VGT vane position. ) o

--------- PCM Start of Injection (deg aTDC)
— — PCM Fuel Injection Pressure (MPa)

EGR Valve Position
--------- VGT Vane Position

N S S S i
/-."-r\v',- ~ v‘u\"‘l\r\" \" '\,\/\/n AN VAN

(mg/cycl/cyl),(deg aTDC),(MPa),(-),(-)

R T T T g g g e g = g = e g = e =y ‘r'\-- b L L

-4 \ -
0 50 100 150 200 250
Cycle Number
Figure 6.1: PCM Desired Fuel Injection Mass, Start of Injection, Injection Pressure,

EGR Valve Position, and VGT Vane Position at 2000 rpm, 1 Bar BMEP

While the desired fuel injection mass seems to vary the most in Figure 6.1, it
actually does not when considering variance on arelative basis. A more fair comparison

of these input values is given in Table 6.1. All engine-controlled inputs have a COV of
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less than 5% except for the EGR valve position, indicating the setpoints of these variables
remain quite constant. Variances between the maximum and minimum values of these
variables are aso displayed and demonstrate that significantly different engine operating

conditions might well be encountered during so-called steady-state operation.

Table6.1: Mean Value, Coefficient of Variance, and Percent Difference Between the
Maximum and Minimum Values of PCM-Controlled Engine Inputs at 2000 rpm, 1 Bar
BMEP

. Coefficient Of Percent Difference Between
Variable Mean Value . . O
Variance Maximum and Minimum Values

Fuel Injection Mass 11.7 mg 2.8% 10.8%
Fuel Injection Timing -3.5°aTDC 1.3% 2.8%
Fuel Injection Pressure 6.99 MPa 3.1% 12.7%
EGR Valve Position 0.27 8.5% 41.0%
VGT Vane Position 0.43 1.2% 7.1%

6.2.1 Fud Injection Mass

Actual fuel injection mass is during steady-state operation is shown in Figure 6.2.
It is readily evident that this value has much more variance than the demanded fuel
injection mass by the PCM shown in Figure 6.1. The COV for the measured fuel
injection mass is 6.4% and the percent difference between the maximum and minimum
values is 40.0%; these values are 2.3 and 3.7 times greater than their counterparts for the
demanded fuel injection mass. These differences are attributed to the inability of the
injection to perform identical injection events. This is confirmed by evaluation of the
CQV of the injection duration and injection pressure, which are on the order of the COV
of the measured fuel injection mass. At this condition, fueling rates are relatively low

and engine speeds are high, resulting in anarrow window (5.3°) for fuel injectionin
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Figure 6.2: Cycle-Resolved Fuel Mass at 2000 rpm, 1 Bar BMEP
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Figure 6.3: Cycle-Resolved Exhaust Manifold and In-Cylinder CO, Concentrations at

2000 rpm, 1 Bar BMEP
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terms of crank angle degrees. Thus a fuel injection event that lasts one-half of a degree

longer results in amuch greater mass of injected fuel mass.

6.2.2 CO2 Measurements

Cycle-resolved vaues for in-cylinder and exhaust manifold CO, are shown in
Figure 6.3. COQV for the in-cylinder CO, is 5.9% and for the exhaust manifold CO, is
3.4%. The percent differences between the maximum and minimum values are 29.8%
and 21.0%, indicating significant differences in combustion cycles as the engine operates.
These values are put through the iterative technique to determine cycle-resolved air and

stoichiometric combustion product masses, which are shown in Figure 6.4.
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Figure 6.4: Cycle-Resolved Air and Stoichiometric Combustion Product Mass at 2000
rom, 1 Bar BMEP

145



0.35 | | | | 60
: 2
S T
'Q : : : : QzJ
o . . . . V)]
o 02251 R & o | S o R R 145 @
= : : : : 3
© ©
= g
o (@]
< o

| i i —>
0.1 | ‘ ‘ - Y30
0 50 100 150 200 250

Cycle Number
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Figure 6.6: Manifold Pressure Ratio During Vave Overlap Period and Stoichiometric
Combustion Product Mass at 2000 rpm, 1 Bar BMEP
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6.2.3 Stoichiometric Combustion Products Mass

The variation of stoichiometric combustion product mass trapped in the cylinder
is a function of three things: the pressure ratio between the exhaust manifold and the
intake manifold during the valve overlap process, the opening of the EGR valve, and the
degree to which fresh air and the EGR are mixed in the intake manifold. Figure 6.5
displays EGR valve position and stoi chiometric combustion product mass.

Analysis of the relationship between EGR valve position and stoichiometric
combustion product mass in Figure 6.5 reveals that the variation in SCP mass is not due
to the motion of the EGR valve. The ratio of exhaust manifold pressure to intake
manifold pressure during the valve overlap period is also not related to the variation in
stoichiometric combustion product mass as demonstrated in Figure 6.6. Therefore
variations in the trapped mass of stoichiometric combustion products in the cylinder must

occur because of poor mixing of air and EGR in the intake manifold.

6.2.4 Air Mass

Trapped air mass is a function of boost level, manifold pressure ratios during the
valve overlap period, and flow dynamics in the intake manifold. Figure 6.7 demonstrates
the relationship between air mass and the average intake manifold pressure during the
valve overlap period. While they do not track together perfectly, there is a correlation in
how they change during the investigated 250 cycles. Turbocharger surging at this
condition could certainly be taking place, as air flow rates and boost pressures are
relatively low. Investigation of manifold pressure ratios are inconclusive and do not
demonstrate a marked relationship to air flow rate. Intake manifold dynamics could
definitely contribute to the variation in air flow rates. The unsteady rate of stoichiometric
combustion products shown in Figure 6.4 and the fact that air mass roughly tracks with it

support this possibility.
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2000 rpm, 1 Bar BMEP
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Figure 6.8: Cycle-Resolved Air/Fuel Ratio at 2000 rpm, 1 Bar BMEP
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6.2.5 Air/Fuel Ratio

Air/fud ratio variations during the test are shown in Figure 6.8. The COV of the
air/fuel ratio for the test is 4.2% and the percent difference between the maximum and
minimum values is 24.4%. These deviations are due to cyclical changesin fuel mass and

alr mass.

6.2.6 Combustion Anaysis

Rate of heat release anadysis is conducted on the data to establish an
understanding of the cyclic consistency of the combustion process. The results are
summarized in Table 6.2. The COV for the ignition delay is quite low at 3.2%. The
COVs for the mass fraction burned crank angle duration begins above 11% for the 0-5%
MFB and then goes below 5% for the tota 0-90% MFB. This indicates that the
beginning portion of combustion has larger variances than the end. The percent
differences in the maximum and minimum values follow the same trend and go from a

value of 59.8% for 0-5% MFB to 27.7% for 0-90% MFB.

Table6.2: Mean Value, Coefficient of Variance, and Percent Difference Between
Maximum and Minimum Values for Combustion Characteristics at 2000 rpm, 1 Bar
BMEP

Variable Mean Value Coeffi_cient of Percent Differe.n(.:e Between
Variance Maximum and Minimum Values
Ignition Delay 5.7° 3.2% 19.3%
0-5% MFB Duration 1.2° 11.2% 59.8%
0-10% MFB Duration 1.6° 9.6% 57.8%
0-50% MFB Duration 3.3° 4.9% 30.5%
0-90% MFB Duration 9.8° 4.7% 27.7%
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6.2.7 NO Emissions

NO emissions trends at this steady-state condition are a function of a number of
factors that fall into one of three categories: injection parameters, the proportion of fresh
air and stoichiometric combustion products in the cylinder, and the variation of the first
two. A number of these causes are considered, and the trend that most clearly impacts
NO emissions is injection pressure. Higher injection pressures produce higher NO
emissions, and vice versa. Individua cycles where injection pressures are far above or
below the mean produce NO emissions that are also markedly high or low. Charge
composition, especially the mole fraction of O, before combustion also impacts NO

emissions, but its influence is much less pronounced than injection pressure

6.2.8 Particulate Emissions

As with NO emissions, a number of different factors contribute to the amount of
particulates formed. Considering al of the engine electronics and in-cylinder charge
constituents, the one most likely influencing particulate emissions is the combustion
duration. The relationship between these two is shown in Figure 6.10. As the
combustion is lengthened, fuel burned near the end of the process does so at much cooler
temperatures which reduces particulate oxidation rates and contributes to overall higher

particulate formation.

150



110 585
100 575
_ =
£ 90 565 &
= o
1) >
c T
-8 80 | 1555 @
[7)]
2 %)
g S
L o
o 70 545 &
< 2
60 - f 535
50 525
250
Cycle Number
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Figure 6.10: Particulate Emissions and Combustion Duration at 2000 rpm, 1 Bar BMEP
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6.3  2000rpm, 9 bar BMEP

The 2000 rpm, 9 bar BMEP condition represents a mid-range load and speed

point for this engine. Fuel injection quantities are relatively high, as are boost pressures.

For NOy mitigation, the EGR valve is opened just slightly. To establish the consistency

of the engine-controlled electronics, Figure 6.11 presents the PCM demanded fuel

injection mass, start of injection, injection pressure, EGR valve position and VGT vane

position.
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Figure 6.11: PCM-Controlled Start of Injection, Fuel Injection Mass, Fuel Injection
Pressure, VGT Vane Position and EGR Valve Position a 2000 rpm, 9 Bar BMEP
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Table 6.3: Mean Value, Coefficient of Variance, and Percent Difference Between
Maximum and Minimum Values of Engine-Controlled Parameters at 2000 rpm, 9 Bar
BMEP

. Coefficient Of Percent Difference Between
Variable Mean Value . . L
Variance Maximum and Minimum Values

Fuel Injection Mass 48.2 mg 0.9% 4.0%
Fuel Injection Timing 3.5°aTbhC 1.4% 2.9%
Fuel Injection Pressure 13.7 MPa 3.9% 13.8%
EGR Valve Position 0.07 21.7% 93.6%
VGT Vane Position 0.52 0.9% 3.8%

The quantities shown in Figure 6.11 seem to remain quite constant, but to give a
fair comparison of how these terms deviate the coefficient of variance and the percent
difference between maximum and minimum values are summarized in Table 6.3. All
metrics have a COV below 4% except for the EGR valve position, which is over 20%.
The relative spread of the data for the fuel injection mass, injection timing and VGT vane
position is very narrow, as the percent difference between the maximum and minimum
valuesis less than 4%. Fuel injection pressure is around 14%, while there is over a 90%
difference between the maximum and minimum values of EGR position. Part of thisis
because the EGR valve is nearly closed, with an average duty position of 7%. Thus any
small change on an absolute basis is amplified on a relative basis. The excellent
consistency of the demand fuel injection mass, fuel injection timing, VGT vane position
and the respectable consistency of the fuel injection pressure indicate that the engine
might very well be operating at steady-state, with any variations able to be attributed to

flow dynamics or EGR valve position.
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6.3.1 Fud Injection Mass

Both the demanded fuel mass from the PCM and the measured fuel injection mass
at this operating condition are shown in Figure 6.12. Absolute differences in these two
lines are irrelevant, but deviations in the relative shapes demonstrate that injector
behavior does not necessarily follow what is demanded of it. Every fifty cyclesor so, the
injector seems to experience some higher-order level of resonance. Any impact that this
has on combustion or emissionsiis discussed below. It should be noted, however, that the
percent difference between the maximum and minimum values for the injected fuel mass
is less than 8%, and narrow window used in Figure 6.12 might be suggesting deviant

behavior when noneisrealy present.
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Figure 6.12: PCM-Demanded Fuel Injection Mass and Measured Fuel Injection Mass at
2000 rpm, 9 Bar BMEP
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BMEP

6.3.2 CO2 Measurements

In-cylinder and exhaust manifold CO, concentration is shown in Figure 6.13.
COV for the exhaust manifold CO, is 2.7%, indicating a reasonable level of consistency
in combustion cycles. COV of the in-cylinder CO,, however, is 20.8% and demonstrates
a large amount of cyclic variability. These trends have a marked impact on cycle-
resolved air and stoichiometric combustion product mass, which are shown in Figure
6.14. The behavior of air mass is essentialy the inverse of the exhaust manifold CO,
curve in Figure 6.13, while the stoichiometric combustion product mass very closely

resembles the in-cylinder CO; trace in Figure 6.13.
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Figure 6.14: Air Mass and Stoichiometric Combustion Product Mass at 2000 rpm, 9 Bar
BMEP

6.3.3 Stoichiometric Combustion Product Mass

As mentioned in the previous section, the amount of stoichiometric combustion
products in the cylinder is a function of EGR valve position, manifold pressure ratio
during the valve overlap period, and the degree of mixing of fresh air and exhaust gas in
the intake manifold. The relationship between manifold pressure ratio and stoichiometric
combustion product is inconclusive. EGR valve position and stoichiometric combustion
product mass is shown in Figure 6.15. This graph demonstrates that while these two
values change at about the same frequency, the stoichiometric combustion product mass
is not being driven by EGR valve position. The EGR valve is sometimes more closed
with high levels of stoichiometric combustion product mass and sometimes more open.
Therefore poor mixing in the intake manifold is most likely the cause of the large

oscillations in the stoichiometric combustion product mass.
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6.3.4 Air Mass

Air mass behavior is a function of boost levels, manifold pressure ratios during
the valve overlap process, and intake manifold dynamics. Investigation of boost
pressures and manifold pressure ratios are inconclusive and do not track with air mass.
Thus variation in trapped air mass is most likely due to poor mixing in the intake

manifold and flow dynamics.
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Figure 6.15: EGR Valve Position and Stoichiometric Combustion Product Mass at 2000
rom, 1 Bar BMEP

—
6.3.5 Air/Fued Ratio

Air/fud ratios at this condition are shown in Figure 6.16; the shape of thiscurveis
governed by the air mass flow, as they follow the same trend. COV for the air/fuel ratio

is 2.8%, indicating relative consistency throughout the test.
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Figure 6.16: Air/Fuel Ratio at 2000 rpm, 9 Bar BMEP

6.3.6 Combustion Analysis

Rate of heat release analysis is conducted on the individual cycles at the 2000
rom, 9 bar BMEP operating condition to assess the consistency of the combustion
process. The results are summarized in Table 6.4. Theignition delay at this condition is
quite consistent, with a COV of 2.6% and less than 15% separating the overall maximum
and minimum values. MFB crank angle durations also demonstrate little variability, as
the COV for every span is less than 4%, and these values tend to get lower for the 0-50%
and 0-90% durations. The same trend is observed when considering the percent
differences between the maximum and minimum values. As the MFB duration gets

longer, the difference between the extreme values gets lower.

158



Table 6.4: Mean Value, Coefficient of Variance, and Percent Difference Between
Maximum and Minimum Values for Combustion Characteristics at 2000 rpm, 9 Bar

BMEP
Variable Mean Value Coeffi_cient of Percent Differe.n(.:e Between
Variance Maximum and Minimum Values
Ignition Delay 4.4° 2.6% 14.8%
0-5% MFB Duration 1.7° 3.9% 17.3%
0-10% MFB Duration 2.5° 3.3% 20.3%
0-50% MFB Duration 10.2° 1.9% 10.8%
0-90% MFB Duration 21.8° 2.1% 11.0%

6.3.7 NO Emissions

NO emissions during this steady-state test are typically governed by: injection

parameters, charge composition, and the variance of these two. When considering NO

production as awhole, as shown in Figure 6.17, two characteristics stand out. First isthat

NO emissions oscillate at a high frequency and vary by a significant amount.

The

smallest NO value is 171 ppm and the largest is 346 ppm; a percentage difference of

67.9%. Second is that there is no higher-order trend with NO emissions. The cycle-

resolved values move up and down frequently but the mean of the curve stays very

constant.
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Figure 6.17: NO Emissions at 2000 rpm, 9 Bar BMEP
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Figure 6.18: NO Emissions and In-Cylinder Pre-Combustion O, Concentration at 2000
rpm, 9 Bar BMEP
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Examination of the NO datarevealsthat it is very closely related to the amount of
oxygen in the cylinder prior to combustion. Pre-combustion O, is the most accurate
method of determining the degree to which fresh air has been diluted by EGR and
residual gases and also accounts for the individual gas components in the EGR and
residual. Figure 6.18 reveals that for combustion cycles in which higher levels of O, are
present (less EGR and residual) higher NO emissions are formed. Conversely, for those
cycles in which O, levels are lower (more EGR and residual) lower NO emissions are
produced. This trend is no surprise, but the frequency at which in-cylinder O,

concentration changes and the impact that it has on NO emissions is significant.

6.3.8 Particulate Emissions

Particulate emissions data gathered during this test are consistently very low. The
signals obtained were so little, in fact, that the readings were below the noise level of the
DMS 500. Therefore the only conclusion that can be made from the data is that the
particulate produced at this condition is consistently lower than what the instrument can

accurately measure.

6.4  Steady-State M easurement Summary

Steady-state engine operating conditions at 2000 rpm, 1 and 9 bar BMEP are
investigated using cycle-resolved measurements to determine pre-combustion in-cylinder
gas composition and the emissions that form from these cycles. The degree to which the
engine operates in a consistent manner is evaluated by calculating the COV for each
engine-controlled combustion input, and the maximum deviations in these values relative
to their mean are quantified by determining the percent difference between their largest

and smallest measured values. Engine operation is found to be more consistent at the 9
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bar BMEP condition, as COV'’s for injection parameters and VGT vane position are
much more steady. EGR valve changes, however, are relatively larger at this condition.

The consistency of the injection parameters and VGT vane position at the 9 bar
BMEP condition result in injected fuel masses and trapped air masses that have a much
smaller deviance from their mean than those same quantities at the 1 bar BMEP
condition. The COV for fuel and air mass a 9 bar BMEP is 2.0% and 2.9%, respectively,
while a the 1 bar BMEP condition these values are 6.4% and 5.1%. The COV of
stoichiometric combustion product mass at the 9 bar BMEP condition is nearly 2.5 times
higher than the COV at the 1 bar BMEP condition. This difference is attributed to
mixing inconsistencies in the intake manifold and EGR valve position fluctuation.

The variation in the crank angle duration of mass fraction burned points was
much lower a 9 bar BMEP than at the 1 bar BMEP condition. COV levels and the
percent difference between maximum and minimum values at 9 bar BMEP are roughly
half of those observed at 1 bar BMEP. This demonstrates that the combustion processes
themselves are more repeatabl e when the inputs to combustion are more consistent.

Significant variationsin NO emissions are observed on a cycle-resolved basis. At
the 1 bar BMEP condition, this is attributed to fuel injection parameters. Fueling rates
are very low at this point and small absolute deviations in fuel injection pressures cause
large relative changes in combustion which directly impact NO formation. At the 9 bar
BMEP condition, fuel injection is more consistent and gas composition changes more
strongly influence NO production. In-cylinder pre-combustion oxygen concentration is
found to be the dominating determinant of NO formation, as a change of O,
concentration by 0.5% can cut NO emissions by half. Such changes are observed
frequently and occur in the span of consecutive cycles.

Particulate emissions results are less conclusive, as the relatively low levels of
emissions make it difficult to reasonably conclude that observed trends are physical or

noise in the device. This situation is encountered at the 9 bar BMEP condition. At 1 bar
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BMEP, particul ate production levels are higher, and variations here are most likely due to
combustion variations that are caused by in-cylinder mass deviations that |ead to differing
combustion characteristics, such as combustion duration.

The technique presented in this work gives unique insight into engine behavior
during so-called steady-state conditions. Traditional test cell instrumentation is unable to
capture the cycle-resolved differences that occur in fuel mass, air mass, and
stoichiometric combustion product mass or the emissions that are formed during these
combustion processes. Manifold flow dynamics and poor fresh air and EGR mixing are
found to be the primary culprits to these variations. NO emissions are observed to be
especialy sensitive to the in-cylinder fluctuations of charge composition on a cyclic
level. The experimental technique presented by this research makes this behavior

measureable and facilitates its understanding.
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CHAPTER 7

CYCLE-RESOLVED MEASUREMENTSDURING

CONSTANT-SPEED LOAD SWEEPS

The experimental technique presented in this study is used to analyze engine
behavior during constant speed load sweeps. These sweeps are transient in nature, as the
inputs to the engine (engine command) and outputs from the engine (torque and
emissions) are changing with time. By keeping speed constant, however, these transients
are more well-controlled and simplified because time scales are fixed. This chapter is
broken into three sections. a description of the experimental procedure, a discussion of

the results, and presentation of the summary.

7.1  Constant-Speed Load Sweep Experimental Procedure

During this series of tests, engine speed is held constant at 2000 rpm while engine
command changes so that the engine experiences a load increase from 1 bar to 9 bar
BMEP. The amount of time over which engine command changesis also swept, and five
different times are tested: 0 seconds (instantaneous), 1, 2, 3, and 5 seconds. Engine
command for these conditions changes from a nominal value of 17% to 40%. The engine
command input for this series of tests is shown in Figure 7.1 and reveals the only
variation from case to case is the amount of time it takes the engine command to change

from its minimum to maximum value. Anaysis of the results considered data from all
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five cases, but only results from the 0, 2, and 5 second cases are examined in detail to

simplify graphs and streamline analysis.
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Figure 7.1: Engine Command for Transient Load Sweep from 1 to 9 Bar BMEP at 2000

rpm

7.2  Constant-Speed L oad Sweep Results

7.2.1 Torgue Response

Engine torque for the 0, 2, and 5 second engine command change is shown in
Figure 7.2. Response for the engine in the 2 and 5 second cases is quite linear and torque
is generated nearly as quickly asit is demanded. For the O second case, however, thereis
a noticeable kink in the torque response curve. Thisis not a limitation of the engine's

capability to produce torque; rather, it is the result of afueling rate limiter imposed by the
PCM.
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Figure 7.2: Engine Torque during Transient Load Sweep from 1 to 9 bar BMEP at 2000
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Figure 7.3: Measured and Desired Fuel Injection Mass during Transient Load Sweep
from 1 to 9 Bar BMEP at 2000 rpm
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7.2.2 Measured and Desired Fud Injection Rate

The presence of the fueling rate limiter is evident when considering Figure 7.3,
which demonstrates the desired and measured fuel injection masses during the load
sweep. The 2 and 5 second cases show a very linear transition from the lower fueling
rate to the higher one, but the 0 second case displays a marked flattening of the curve
halfway through the load increase process.

Another noticeable aspect of Figure 7.3 is the measured overshoot of fuel massin
the 0 second load sweep condition. Closer examination of the data revea that this
overshoot involves a step change in fuel rate from 9.7 mg to 46.8 mg in consecutive
cycles and then a gradual reduction in fueling rate for three cycles to match the desired
fuel injection mass. The overshoot occurs because the injection duration makes a step
change from 5.6 crank angle degrees to 16.0 crank angle degrees and the maximum fuel
injection pressures increase from 546 bar to 1284 bar. In the ensuing cycles over which
the fuel injection mass is decreased, injection pressures remain relatively constant, while

injection duration goes down.

7.2.3 In-Cylinder CO2 Measurement

In-cylinder CO, concentration is dependent upon the quantity of EGR and internal
residual trapped in the cylinder, as well as the CO, concentrations in those gases. Figure
7.4 displays the in-cylinder CO, values gathered during this study and demonstrates that
the three cases behaved very differently. The causes of these differences are discussed in
Section 7.2.5, so only shapes of the curves are examined here. In al cases, in-cylinder
CO;, values before the transient are about 0.7% and after the transient average around

0.8%. During the transient, however, very different behavior is observed.
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For the 0 Second case, in-cylinder CO, first drops immediately down to 0.25%
before moving back up to 0.5% by cycle 25. From there, the value gradualy moves
upward to the steady-state value and achieves that value of 0.8% by about cycle 75.

At the onset of the transient in the 2 Second case, in-cylinder CO, moves up to
0.95% during the first 10 cycles and then for the next 10 cycles goes down to 0.55%.
After cycle 25, the in-cylinder CO, begins to move towards the steady-state value of
0.8% and reaches this level around cycle 75, the same time as the 0 Second case.

The 5 Second condition moves gradually upward at the beginning of the transient
to avalue of around 1.3% by cycle 30. It stays above 1% until about cycle 75, at which
time it gradualy transitions to the steady-state value of 0.8% by cycle 100.
Understanding the behavior of in-cylinder CO, is necessary when examining the

measurements of exhaust manifold CO,, which is discussed in the following section.
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Figure 7.4: In-Cylinder CO, Measurements during Transient Load Sweep from 1t0 9
Bar BMEP at 2000 rpm
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7.2.4 Exhaust Manifold CO2 Measurement

Carbon dioxide in the exhaust manifold has two origins. the CO2 that is in the
cylinder prior to combustion, and the CO, generated from the previous cycle's
combustion. Therefore when interpreting exhaust manifold CO, data, both the amount of
fuel combusted and the pre-combustion CO, level must be considered. The CO,

measured during the transient load sweepsis shown in Figure 7.5.

0 Second Exhaust CO2 Concentration

The shapes of these curves are very similar to the measured fuel mass curves in
Figure 7.3, demonstrating the influence of the quantity of fuel combusted on CO;
formation. The 0 Second case experiences a very rapid spike in CO, concentration
immediately after the onset of the transient from the overshoot of fuel injection. As the
fuel injection mass falls back down to the demand value, so does the exhaust CO,
concentration. Another peak is present when the engine reaches its full fueling rate at
cycle 11. CO, concentrations fall again after cycle 11 because at this state, the
contribution of CO, from pre-combustion is small (see Figure 7.4) and the turbocharger
boost pressure increasing rapidly, as shown in Figure 7.6, which results in lower CO;
concentrations. This trend continues until around cycle 25, at which time in-cylinder
CO, concentrations begin rising and add to the CO, generated from combustion. CO,
concentrations continue to rise to their steady-state value of 10.5%, which is reached

around cycle 125.
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Figure 7.5: Exhaust Manifold CO, Measurement during Transient Load Sweep from 1 to
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Figure 7.6: Intake Manifold Pressure during Transient Load Sweep from 1 to 9 Bar

BMEP at 2000 rpm
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2 Second Exhaust CO2 Concentration

The 2 Second case moves upward gradually from its origina steady-state
condition of around 3.4% and the trend follows the fuel mass injection until it reaches a
peak around cycle 32. At this point, fuel injection mass has reached a maximum and, as
in the O Second case, the turbocharger is not yet providing full boost, which causes CO;
concentrations to be above their steady-state value. During cycles 32-50, the turbo
catches up and provides more air to the cylinder, causing CO, concentrations to fall
below 10%. At about the same time, in-cylinder CO, concentrations are rising and after
cycle 50, contribute to overall exhaust CO, readings such that the values increase to their

final steady state levels of 10.5%.

5 Second Exhaust CO2 Concentration

Unlike the other conditions, the CO, concentrations during the 5 Second sweep
transition gradually throughout the transient process. Boost levels track quite well with
the fuel injection quantity, resulting in CO, measurements that do not overshoot or
undershoot the final steady state value. Additionaly, the effect of in-cylinder pre-
combustion CO, is ever present, eliminating the increase in exhaust CO, concentration

that occurs in the other two cases after cycle 50.

7.2.5 Stoichiometric Combustion Product Mass

The presence of stoichiometric combustion product gases in the cylinder is
guantified by the concentration of CO, in-cylinder prior to combustion and originates
from either external EGR, interna residual, or a combination of the two. Strongly
influencing the quantity of internal residual is the ratio of the exhaust manifold pressure
to the intake manifold pressure during the valve overlap period. During the crank angles

near exhaust TDC, both intake and exhaust valves are open. If higher pressures arein the
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exhaust manifold, gases will backflow from the exhaust manifold into the cylinder and
intake manifold. When the exhaust valves close, the gases that have backflowed are
trapped in the cylinder. External EGR is facilitated by the opening of the EGR valve and
the cycle-averaged exhaust manifold-to-intake manifold pressure ratio, which provides
the pressure differential to flow EGR.

The mass of stoichiometric combustion products trapped in the cylinder for al
three cases is shown in Figure 7.7. Since each case behaves differently, each one is

discussed separately.
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Figure 7.7: Percentage of Stoichiometric Combustion Product Mass during Transient
Load Sweep from 1 to 9 Bar BMEP at 2000 rpm

0 Second Stoichiometric Combustion Product Mass

This condition is denoted by the black linein Figure 7.7. Prior to the load sweep,

the quantity of stoichiometric combustion product in the cylinder before combustion is
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roughly 5% of the trapped cylinder mass. When engine command increases
instantaneously, the EGR valve begins to close immediately, and takes about 10 cycles
(or 0.6 seconds) to close. This behavior, along with the EGR position for the other two
cases, is demonstrated in Figure 7.8. Closing of the EGR valve causes stoichiometric
combustion product mass to fall immediately, and as quickly as the valve is closed, the
stoichiometric combustion product mass reaches a minimum. This value does not go to
zero, however, due to the presence of internal residual. Although the manifold pressure
ratio during the valve overlap period is very high at this condition, as shown in Figure
7.9, the stoichiometric combustion product mass remains low.

Once the engine begins to stabilize its operation around cycle 25, the EGR valve
begins to open gradually until it reaches its steady-state condition at about cycle 75. The
stoichiometric combustion product mass increases in value as well to its steady-state
condition, but its value oscillates cyclically to values £50% of the mean. The average
value of the stoichiometric combustion product mass at the final steady state condition is

about 6.5% of the total trapped mass.

2 Second Stoichiometric Combustion Product M ass

The stoichiometric combustion product mass for the 2 Second case is the medium
gray linein Figure 7.7. When this transient begins, the engine conditions are practically
identical to the conditions in the O Second load sweep. But when the load is increased,
the EGR valve remains open and even increases its opening for 8 cycles. During this
period, the driving potential of EGR increases rapidly, as exhaust manifold pressures are
rising much more quickly than intake manifold pressures. This trend is observable in
Figure 7.10. Exhaust backpressure is aso increasing the amount of internal residual and
when combined with the EGR behavior, stoichiometric combustion product mass

increases by nearly 50% on an absolute basis over thefirst 8 cycles.
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Figure 7.8: EGR Valve Position during Transient Load Sweep from 1 to 9 Bar BMEP at
2000 rpm
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Figure 7.9: Manifold Pressure Ratio throughout the Valve Overlap Period during
Transient Load Sweep from 1 to 9 Bar BMEP at 2000 rpm
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Figure 7.10: Average Manifold Pressure Ratio during Transient Load Sweep from 1t0 9
Bar BMEP at 2000 rpm
After cycle 8, however, the EGR valve begins to close quickly, and by cycle 40
the valve reaches its minimum position before settling to steady state around cycle 75.
Stoichiometric combustion product mass behaves similarly during this period and

decreases dightly as the EGR valve closes before settling upward to its steady state value

of 6.5%.

5 Second Stoichiometric Combustion Product M ass

The lightest line in Figure 7.7 represents the stoichiometric combustion product
mass for the 5 Second load sweep case. Upon the onset of the load change, the EGR
valve opens up further than its original position and remains at or above this level until
cycle 30. During this period the relative value of the stoichiometric combustion products
rises until it reaches around 10% at cycle 30. The EGR valve then gradually closes until

it reaches its steady state value around cycle 100.
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While the EGR valve flow area is decreasing from cycles 30-75, the driving
potential of the EGR and the manifold pressure ratio during the overlap period reach their
peak values, which contribute to keep stoichiometric combustion products around 10% of
the trapped mass during this period. After cycle 75, intake manifold pressures rise as the
turbo begins building boost and the manifold pressure ratios decrease, dropping EGR
driving potential and also internal residual. These factors, in addition to the smaler EGR
valve flow area, cause the relative stoichiometric combustion gas mass to drop to its final

steady-state value of around 6.5% by cycle 100.

7.2.6 Air Mass

Air mass trapped in the cylinder is a function of a number of factors such as:
intake manifold pressure, EGR flow, the makeup of the EGR, and the manifold pressure
ratio during the valve overlap period. The net influence of these factors is shown in
Figure 7.11, which demonstrates the air mass for the three load sweeps.

As the load increases for each case, the air flow goes up. This is strongly a
function of intake manifold pressure, shown in Figure 7.6, and as the turbocharger creates
boost, more air flows into the cylinder when the intake valves are open. For both the O
Second and 2 Second cases, air flow increases gradually to a maximum; this occurs at
about cycle 40 and cycle 55, respectively. After thistime, the EGR valve opens back up,
introducing hot exhaust gases with relatively high levels of CO, into the intake manifold.
This EGR displaces some of the air that could flow into the cylinder, and the trapped air
mass decreases gradually until it reaches its steady-state value around cycle 150. This
behavior agrees well with EGR valve motion and stoichiometric combustion product
mass numbers.

The air mass flow trend observed in the 5 Second load sweep case, however, acts

differently than the other two cases. At the onset of the transient, its air mass increases,
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but does so faster than in the 2 Second case. When considering the intake manifold
pressures aone between cycles 0-20, this fact seems to defy logic, as the intake manifold
pressure in the 2 Second sweep is 14% greater than in the 5 Second sweep at cycle 20.
Following cycle 20, the 5 Second sweep air mass decreases until cycle 35, after which it
increases in accordance with intake manifold pressure until it reaches its steady state

value around cycle 100.
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Figure 7.11: Air Massduring Transient Load Sweep from 1 to 9 Bar BMEP at 2000 rpm

To understand why more air istrapped in the cylinder in the 5 Second case than in
the 2 Second case during the first 25 cycles of the transient, further investigation into the
datais necessary. In the 2 Second sweep, the EGR valve first opens for 8 cycles but then
closes rapidly. The net result of this movement is that the overal proportion of
stoichiometric combustion mass remains relatively unchanged during the first 25 cycles.
During the 5 Second sweep, the EGR valve opens during the first 25 cycles, essentially

doubling the proportion of stoichiometric combustion products. The gases recycled into
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the cylinder during this period come from combustion cycles that are very lean; therefore
these gases are mostly air—see Equation (4.11). Since the trapped air mass shown in
Figure 7.11 consists of both fresh air and air that comes from the recycled exhaust gases
and residual, better understanding of the trends is obtained by calculating these two
components separately. This is done by first approximating that the exhaust gases in the
cylinder and the exhaust manifold have equal ratios of air and stoichiometric combustion
products. Therefore the CO;, in the cylinder prior to combustion is assumed to be a
diluted form of the exhaust gases. For this exercise, this approximation is a reasonable
one considering that CO, concentrations in the exhaust do not change drastically cycle-
to-cycle. Using this relationship, it is possible to know the ratio of the mass of air and
mass of stoichiometric combustion products in the exhaust gases, which is presented in
Equation (7.1).

. (7.1)

mi:
A" — [0, Dilution Ratio] [
Mgc

i [

MWsc 1 Lng:

Where:  mj% = Mass of air from stoichiometric combustion
mg. = Mass of stoichiometric combustion products
MW,;,, = Molecular weight of air
MWs = Molecular weight of stoichiometric combustion products
Ny = Number of moles of air

ngc = Number of moles of stoichiometric combustion products

The ratio of air moles to stoichiometric combustion product moles (Equation
(7.2)) is determined by first dividing the numerator and denominator by the total number
of moles of exhaust (Equation (7.2)). Theseterms are re-written as the molar fractions of
air and stoichiometric combustion products in the exhaust (Equation (7.2)). According to
the conceptualization of in-cylinder constituents after combustion presented in Figure 4.2,

diesel exhaust consists entirely of air and the products of stoichiometric combustion.
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Therefore the mole fraction of air in the exhaust can be re-written as one minus the mole

fraction of stoichiometric combustion products in the exhaust (Equation (7.2)).

Nyir
[nAir] | nExn | _ )(Air] _ [1 —Xsc]
= |5 = =
Ngc —sC_ Xsc Xsc
a NEgxh c d
N———

b
Where:  ny;, = Number of moles of air

ngc = Number of moles of stoichiometric combustion products

ng,n = Number of moles of exhaust

Xair = Molefraction of air in the exhaust

Xsc = Molefraction of stoichiometric combustion products in the exhaust

(7.2)

The makeup of the stoichiometric combustion products is first stated in Equation

(4.11). Each mole of stoichiometric combustion products consists of one mole of CO,,
y/2 moles of H,O and 3.773(1 + %) moles of N,. Substitution of this relationship into

Equations (7.2), expansion of the ratios in Equation (7.1) , and solving for the mass of air

in the stoichiometric combustion products results in

sC
My, = [mgc]

In—Cyl Yy Yy Exh
Ko 7 1-{1+5+3773(1+3)} 285
C0,

Exh | [ MW, {1 + % + 3.773 (1 + %)}ngs

Where:  m;% = Massof air from stoichiometric combustion

mg. = Mass of stoichiometric combustion products

In—Cyl

Xco, ~ = Percentage of CO, inthe cylinder

Xéor = Percentage of CO; in the exhaust manifold

MWy, = Molecular weight of air

MWs- = Molecular weight of stoichiometric combustion products

y =C-H ratioin fuel
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All of the terms on the right hand side of Equation (7.3) are known, making the
quantity of air that comes from residual and EGR gases straightforward. By taking the
total quantity of ingested air and subtracting off the air that comes from EGR and

residual, the fresh air is calculated. The results of this effort are shown in Figure 7.12.
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Figure 7.12: Total Air Mass, Fresh Air Mass, Air Mass From Exhaust Gases during Load
Sweep from 1 to 9 Bar BMEP at 2000 rpm

Considering only the flow of fresh air into the cylinder, represented by the fine
dashed lines, the trend exhibited during the load sweep demonstrates that the flow of
fresh air is controlled by the intake manifold pressure for both the 2 Second and 5 Second
load sweeps. This behavior isin accordance with expectations.

The observed behavior of the air that is ingested from EGR and residual gases
also behaves as expected and is displayed as the coarsely dashed lines in Figure 7.12.
During the steady-state portion 50 cycles prior to the transient, the amount of air in the

cylinder that comes from recycled gases is about 13% of all the air trapped in the
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cylinder. When the transient begins, the EGR valve closes in the 2 Second case, which
causes the air from the recycled gases to go to near zero. In the 5 Second sweep,
however, this value remains constant until the EGR valve begins closing around cycle 25.
This confirms that the bulge in air flow observed in the 5 second case from the beginning
of the transient to cycle 25 is due to the high rates of EGR and residua that are mostly
made up of air.

After cycle 100 in the tests, as the engine settles to its new steady-state operating
point at 9 bar BMEP, the EGR valve is open and approximately 6.5% of the trapped mass
consists of stoichiometric combustion products. Combustion conditions at this state,
however, are producing exhaust with CO, concentrations of around 10.5%, and the
exhaust contains very little air. Thisis demonstrated by the near-zero values of air from

stoichiometric combustion products in Figure 7.12 after cycle 100.

7.2.7 Air/Fuel Ratio

Now that the trends of fuel mass and air mass have been explored separately, the
air/fuel ratio is examined because this value typically has a large influence on emissions
production. Air/fuel ratio for 0, 2, and 5 second load sweeps are shown in Figure 7.13.
For all cases observed, the air/fuel ratio begins at around 75 prior to the transient and
ends around 20 after the load sweep. What happens in between, however, is very

different for each case.

0 Second Air/Fudl Ratio

As expected, the mass of fuel overshoot in the O Second sweep causes a very low
dip in the air/fuel ratio. The value goes down to 14.8, which is essentidly a
stoichiometric combustion event and represents a much richer mixture than the engine

would ever produce at steady-state. In fact, the lowest air/fuel ratio achievable with the
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engine's standard calibration is 18.4 a 750 rpm and 7.9 bar BMEP, which is the

maximum engine torque at this speed.
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Figure 7.13: Air/Fuel Ratio during Transient Load Sweep from 1 to 9 Bar BMEP at 2000
rpm

This extremely low air/fuel ratio is the result of how the engine responds to a
sudden load demand from the driver. When the engine command increases, the fuel
injection system responds by immediately injecting more fuel into the cylinder. This
takes place into a mixture of air, EGR, and residual that is unchanged from the previous
combustion event. The result is a step change in air/fuel ratio because the components
that control the amount of air in the cylinder (the turbocharger and EGR system) have not
yet responded to the change in engine command.

After the cycle with the lowest air/fuel ratio, two more cycles take place that are

below the final steady state value. From there, air/fuel ratio behavior tends to mirror the
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trends observed with the measured mass of injected fuel. By cycle 50, the air/fuel ratio in

the 0 Second sweep has settled to within 5% of its final steady-state value.

2 Second Air/Fudl Ratio

In the 2 Second load sweep, the air fuel ratio moves downward at the onset of the
transient, but much less sharply than in the O Second case. The minimum air/fuel ratio
experienced is 17.7, which occurs at cycle 32, atime in which fueling rates are maximum
and air flow rate is low due to turbocharger lag. By cycle 50, however, air/fuel ratios

have settled down to the steady-state level.

5 Second Air/Fudl Ratio

The 5 Second load sweep experiences a very gradual drop in air/fuel ratio from
the initial value to the final value. In fact, by cycle 83, the cycle in which the engine
command reachesits final position, the air/fuel ratio has also attained its fina steady-state
value. This demonstrates that in this load sweep, the air charging system can respond

quickly enough to provide the demanded amount of air for each cycle.

7.2.8 Combustion Analysis

To better characterize the combustion events that occur during the constant-speed
load sweeps, rate of heat release analysis is conducted on each one of the cycles. Since
all three sweeps begin and end at the equivalent operating conditions, the rate of heat
release curves for cycles before and after the transient load sweep are equivalent. Figure
7.14 demonstrates two rate of heat release curves that are representative of combustion
cycles before and after the transient load sweep.

At the initial condition of the transient, the combustion is completely premixed.

The ignition delay at this point is 5.8°, and the combustion duration is 9.6°. At the final
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operating point of the transient, the rate of heat release curve exhibits both premixed and

diffusion burning. Theignition delay is4.0° and the combustion duration is 22.0°.
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Figure 7.14: Typical Rate of Heat Release Curves at 1 Bar and 9 Bar BMEP, 2000 rpm
The previous sections examine very carefully the differences in trapped masses of
fuel, air, and stoichiometric combustion product and explain why these variances are
observed. To understand how the combustion process itself develops during the transient

sweep, a number of figures are presented.

0 Second Rate of Heat Release Analysis

To visualize how the combustion events evolve during the O Second case, two
graphs are used because as the transient proceeds, the combustion process first retards
and increases in premixed combustion intensity and then advances and develops into a

premixed and diffusion burn process. Figure 7.15 shows the first portion of this process;
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rate of heat release curves are shown for every five cycles, and the third curve from the
left represents the cycle with the very low air/fuel ratio. Prior to the transient, the
combustion is entirely premixed, and during the first 17 cycles of the transient, the
intensity of the premixed spike doubles and its crank angle location retards 7°. By cycle

17, the presence of some diffusion burning is detectable.
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Figure 7.15. Rate of Heat Release for Initial Portion of O Second Transient Load Sweep
from 1 Bar to 9 Bar BMEP at 2000 rpm

Figure 7.16 shows how the combustion progresses after cycle 17 until the engine
has reached steady-state operation at cycle 147, which is represented by a medium gray
line. As seen on the previous graph, cycle 17 consists aimost entirely of premixed
combustion with very little diffusion burning. As the engine settles toward steady-state
operation, the intensity of the premixed spike decreases and the amount of energy
released as diffusion burning increases. The start of combustion also advances dlightly,

as does the overall combustion phasing.
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Figure 7.16: Rate of Heat Release for Cycles 17-147 during O Second Transient Load
Sweep from 1 Bar to 9 Bar BMEP at 2000 rpm

Two factors are controlling the trends observed in the phasing and the type of
combustion processes observed in Figure 7.15 and Figure 7.16: the injection timing and
in-cylinder conditions. The start of injection for al three load sweeps is shown in Figure
7.17. At the beginning of the transient, the start of injection is around -2.7° after TDC.
By cycle 17, the injection timing has retarded to 3.6° after TDC, and is the main cause for
the retarding of the location of the premixed spike observed in Figure 7.15. The time
elapsed for these cycles to occur is about one second, and in that time, the temperature in
the combustion chamber remains relatively unchanged. Therefore the later injection
timings result in longer ignition delays and more intense premixed combustion. Thisis
evidenced by considering the ignition delay, as shown in Figure 7.18. During the first 17
cycles of the transient, the ignition delay goes from 5.7° before the transient to a

maximum of 6.6° at cycle 3 back down to 5.4° by cycle 17.
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Figure 7.17: Measured Start of Injection Timing during Transient Load Sweep from 1 to
9 Bar BMEP at 2000 rpm
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Figure 7.18: Ignition Delay during Transient Load Sweep from 1 to 9 Bar BMEP at 2000
rpm
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After cycle 17, the ignition delay keeps reducing without any change in injection
timing. By this time, cylinder temperatures are beginning to rise from higher air flow
rates and more energy being released from greater volumes of fuel. Therefore the time
necessary for the injected fuel to atomize, vaporize, and become entrained with the air in
the cylinder reduces and ignition delays decrease. This reduces the amount of energy
released during the premixed spike and shifts more combustion to be diffusion in nature.
This is evident when studying the evolution of combustion after cycle 17 as shown in
Figure 7.16.

Combustion phasing during the O Second case is evaluated by considering the
mass fraction burned curves and the crank angle occurrence duration of the 0-5%, 0-50%
and 0-90% burn intervals, the latter is aso known as the combustion duration. The 0-5%
duration changes very little; thisis because is amount of energy is typically encompassed
by the initial portion of the premixed spike. The degree of change in the 0-50% duration
IS more pronounced, as a step change occurs at cycle 2 that doubles the crank angles
necessary to burn the fuel. This only makes sense, as the quantity of fuel consumed is
also increased greatly. From this point, as the intensity of the premixed spike increases,
the 0-50% MFB duration decreases. As the combustion transitions so that more energy is
released as diffusion combustion, the 0-50% MFB duration lengthens to its final steady-
state value. Combustion duration also experiences significant change. Prior to the
transient, the combustion duration is around 10°. When the transient sweep begins, a step
change in the duration of combustion at cycle 2 increases the length of combustion by a
factor of 2.5. As the engine stabilizes, the combustion duration settles to a length of
about 22°.
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Figure 7.19: Mass Fraction Burn Durations. 0-5%, 0-50%, and 0-90% during O Second
Transient Load Sweep from 1 to 9 Bar BMEP at 2000 rpm

2 Second Rate of Heat Release Analysis

As in the 0 Second transient, the 2 second transient undergoes an evolution of
combustion. Thistransition is represented in Figure 7.20, which shows 12 cycles of heat
release during the 2 Second sweep. Black lines represent the heat release as it is
increasing in premixed intensity and retarding in timing. The premixed combustion
reaches its maximum level at cycle 33. From that point, the start of combustion begins
advancing and the combustion begins to transition to less premixed burning and more
diffusion burning. Thisisrepresented by the light gray linesin Figure 7.20. The medium
gray lineis cycle 142, and represents the combustion in its steady-state form.

The transitions in combustion observed during the 2 Second sweep occur for the
same reasons the same transitions occurred in the O Second case. Retarded injection

timing (see Figure 7.17) after the transient begins intensifies premixed combustion. As
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the cylinder begins to get hotter, the ignition delay decreases (see Figure 7.18) and
diminishes the intensity of premixed combustion, causing more fuel to burn in a

diffusion-controlled manner.
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Figure 7.20: Rate of Heat Release for Cycles-12-142 during 2 Second Transient Load
Sweep from 1 to 9 Bar BMEP at 2000 rpm

Combustion phasing for the 2 Second case is studied by examining the crank
angle durations to necessary to achieve 0-5% MFB, 0-50% MFB, and 0-90% MFB.
These trends are displayed in Figure 7.21. For al mass fraction burned durations, a

gradua transition from one steady state condition to another is demonstrated. This

indicates that combustion is changed incrementally during this transient.
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Figure 7.21: Mass Fraction Burn Durations. 0-5%, 0-50%, and 0-90% during 2 Second
Transient Load Sweep from 1 to 9 Bar BMEP at 2000 rpm

5 Second Rate of Heat Release Analysis

Heat release curves for the 5 Second sweep are shown in Figure 7.22. Asin the
other two cases, a transition is made between combustion that is completely premixed
and that which has both premixed and diffusion combustion. The transient takes place
the most slowly in this case, as dictated by the engine command. Upon the onset of the
load sweep, the premixed burning becomes more intense and becomes slightly more
retarded. By cycle 42, however, it becomes apparent that the combustion is no longer
purely premixed, as diffusion combustion is present. Unlike the other two load sweeps,
this one takes place with a significant amount of EGR and residual in the cylinder, which
acts to lengthen ignition delays and slow down combustion. Presence of these
stoichiometric combustion products in the cylinder are most likely the cause of the slower

combustion rates and diffusion combustion.
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Figure 7.22: Rate of Heat Release for Cycles-12-142 during 5 Second Transient Load
Sweep from 1 to 9 Bar BMEP at 2000 rpm
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Figure 7.23: Mass Fraction Burn Durations: 0-5%, 0-50%, and 0-90% during 5 Second
Transient Load Sweep from 1 to 9 Bar BMEP at 2000 rpm
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As the premixed spike grows in intensity, its located relative to TDC becomes
more retarded due to more late fuel injections, as shown in Figure 7.17. This contributes
to the growth of the premixed combustion, and by cycle 81 has reached a maximum.
From this point forward, the combustion process gradually becomes more advanced with
less premixed burning and more diffusion burning.

Combustion phasing for the 5 Second sweep is shown in Figure 7.23. This plot
shows that the durations for combustion transition very smoothly and gently from their
initial conditions to their final ones. Therefore consecutive cycles have very little

difference in combustion rates.

7.29 NO Emissions

NO emissions are formed in localized areas of the combustion chamber where the
temperatures are high and plenty of oxygen is available. Temperatures are typicaly
highest during combustion where the air/fuel ratio is near the stoichiometric value. Even
though spatially-resolved in-cylinder data is not available, a wealth of information about
in-cylinder conditions is known and is used to understand NO emissions trends. The
factors that contribute to NO formation are divided into four major categories: injection
parameters, in-cylinder gas composition, combustion characteristics, and localized in-
cylinder conditions.

The NO emissions measured during the transient load sweeps are shown in Figure
7.24, and there are some similarities and some marked differences between the three
cases. All three cases begin the load sweep with a very constant NO concentration of
around 90 ppm. After the transient sweeps take place, the NO concentration for all three
conditions averages about 260 ppm, but is fluctuating £70 ppm of the mean. The
differences in the three cases occur during the transition from one steady-state condition

to the other.
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The 0 Second case experiences a large burst in NO emissions to concentrations
above 400 ppm during the first 25 cycles of the sweep, while the other two cases exhibit a

more gradual change in NO emissions throughout the sweep.
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Figure 7.24: NO Emissions during Transient Load Sweep from 1 to 9 Bar BMEP at 2000
rpm

NO Emissions and |njection Parameters

The injection parameters that impact NO emissions are injection timing and
injection pressure. Injection timing during the sweeps for all three cases is presented
above in Figure 7.17. For all three cases, the injection timing retards as the load sweep
occurs. Retarding of the injection timing typically leads to lower NO emissions [49, 50],
so theinjection timing is not the cause of the discrepancies.

The maximum injection pressure for each cycleis shown in Figure 7.25. Itiswell

accepted that higher injection pressures typically lead to higher NO emissions [51, 52].
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While these pressures spike upwards quickly for the O Second case, they do not exceed
the injection pressures experienced by the other operating conditions. Therefore it is
unlikely that injection pressure is the cause for the higher NO emissions. These high fuel
injection pressures in the 0 Second sweep do occur, however, when cylinder pressures
and temperatures are lower than in the other cases, which would enhance fuel jet

penetration.

1800

[EEY

(o2}

o

o
\

[EEY

N

o

o
\

=

N

o

o
\

[EEY

o

o

o
\

800 | T L e o -

Maximum Injection Pressure (bar)

600 0 Seconds

2 Seconds

400 | | |
-50 0 50 100 150
Cycle Number
Figure 7.25: Maximum Injection Pressure during Transient Load Sweep from 1to 9 Bar

BMEP at 2000 rpm

NO Emissions and In-Cylinder Gas Composition

In Section 6.3 it is demonstrated that the quantity of oxygen in the cylinder prior
to combustion has a significant impact on the steady-state emissions formed. This
quantity is shown in Figure 7.26 for al three load sweeps. It is apparent that the O

Second case experiences in-cylinder O, concentrations that are quite different than the
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other two conditions. The most significant variances occur at cycles 2 and 3, which have
less oxygen than the other two cases. NO emissions for these cycles are actually right
around the final steady-state value. Since these combustion cycles are relatively rich, the
amount of O, in the cylinder is greatly reduced. Another variance occurs between cycles
18 and 75, in which the 0 Second case has more O, than the other two sweeps. These
deviations could lead to the higher NO emissions measured between cycles 18 and 25,

but does not explain why NO emissions are at maximum values between cycles 4-18.

19.5
0 Seconds
‘ ‘ 2 Seconds
19 ,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,,,,,,, 5 Seconds |
S
~ 185N R Y
@)
o
©
£
B O
(.) 18
£
175 | | S - L
17 \ \ \
-50 0 50 100 150

Cycle Number
Figure 7.26: In-Cylinder Pre-Combustion O, Concentration during Transient Load
Sweep from 1 to 9 Bar BMEP at 2000 rpm

NO Emissions and Combustion Characteristics

Rate of heat release curves are analyzed to understand how combustion
characteristics differ for the three investigated transient load sweep cases. Figure 7.27

displays four rate of heat release curves for each of the three cases during the cycles in
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which the 0 Second case produces a burst of NO emissions. All three cycles are
exhibiting combustion that is primarily premixed in nature, and the O Second cases have
premixed spikes that are much more intense than the other two sweeps. This type of
combustion produces higher temperatures in the cylinder, as larger quantities of heat are
released in a narrow crank angle window. These higher temperatures generated during
stronger premixed spikes tend to produce higher levels of NO [53, 54]. Beyond the
cycles shown here, the 2 Second and 5 Second sweeps do increase in premixed intensity.
Their peak levels are much lower, however, and they occur when there is significantly

less oxygen in the cylinder, which leads to lower NO emissions.

Cycle 2
Cycle 7 |
Cycle 12
Cycle 17
Cycle 2
Cycle 7
Cycle 12
Cycle 17
! Cycle 2
Cycle 7
5$econds Cycle 12

100 RVIVCY  ININ S WU\ T Cycle 17

200

0 Seconds

150

2 Seconds

a1
o

Rate of Heat Release (J/deg)

Crank Angle (deg)

Figure 7.27: Rate of Heat Release for Four Cycles Near Beginning of 0 Second, 2
Second, and 5 Second Transient Load Sweeps from 1 to 9 Bar BMEP at 2000 rpm
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NO Emissions and Localized In-Cylinder Conditions

The influence of spatially-resolved in-cylinder conditions undoubtedly has alarge
impact on NO emissions. Changing fuel injection parameters, in-cylinder gas
constituents, and combustion characteristics will significantly influence how combustion
proceeds in the cylinder. This experimental technique has no way to account for spatial
resolution in the cylinder, and further simulation work is necessary to quantify its effect

on NO production.

7.2.10 Particulate Emissions

Particulate values are provided at 10 Hz by a device that has a response time of
200 ms, which is on the order of 3 engine cycles at 2000 rpm. This adds a significant lag
to the instrument and alows mixing of the sample, which distorts the reading enough so
that it isimpossible to link a particular particulate measurement to a specific cycle. The
data can be analyzed, however, to understand the trends of particulate emissions that
occur during atransient load sweep.

Particulate formation is a very complicated process that is highly dependent upon
spatialy-resolved in-cylinder conditions. While these variations cannot be quantified
with the experimental technique, a number of different metrics are measured that
significantly influence particulate emissions, such as: injection parameters, air/fuel ratio,
the quantity of stoichiometric combustion products, and combustion characteristics.

Figure 7.28 shows the particulate emissions for all three sweeps. Particulate
concentrations before and after the transient load sweep are very similar for al three
cases. Large variances occur during the transient load sweep, however. A significant
spike in particulates is measured upon the onset of the transient in the 0 Second case.
The magnitude of the peak concentration is roughly 30 times greater than the initial

steady-state particulate level. At the beginning of the O Second sweep, the injection
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pressure increases sharply, as shown in Figure 7.25. This tends to decrease particulate
emissions [55, 56]. Some particulates may be formed, however, if the increased injection

pressureis causing liquid fugl Impingement on tpe piston surface. ‘

0 Seconds

120 be oo ,,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,,,,,,, 2 Seconds ||

(0]
o
I
|

N
o
\

\

Particulate Emissions (mg/m°)

-50 0 50 100 150
Cycle Number

Figure 7.28: Particulate Measurement during Transient Load Sweep from 1 to 9 Bar
BMEP at 2000 rpm

The 0 Second load sweep experiences a few extremely low air/fuel ratios, as
shown in Figure 7.13, at the onset of the transient due to an overshoot in the fueling rate.
One cycle in particular has an air/fuel ratio of 14.8, alevel that is so near stoichiometric
that it undoubtedly produces a significant level of particulate.

Excessively high manifold pressure ratios could also contribute to particulate
formation if internal residual levels are high. The manifold pressure ratios throughout the
sweeps are shown in Figure 7.9. In the 0 Second sweep, the manifold pressure ratio
during the valve overlap period increases from 1.08 to over 1.8 in just five cycles. But
considering that the percentage of stoichiometric combustion products trapped in the

cylinder goes down upon the onset of the transient as shown in Figure 7.7, the effect of
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increased interna residual is minimal and does not impact particulate formation during
this transient process.

Combustion prior to the 0 Second sweep is purely premixed. When the load
sweep begins, the premixed combustion becomes more intense. It is during this period of
the sweep that the large spike in particulate emissions occurs. Premixed combustion does
not produce such large levels of particulate and therefore the combustion characteristics

do not contribute to this burst of particulate.
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Figure 7.29: Rate of Heat Release for Five Cycles at the Beginning of the 0 Second
Transient Load Sweep from 1 to 9 Bar BMEP at 2000 rpm

The heat release process for cycle 2, the richest combustion cycle, is examined
carefully because it differs so significantly from the other cyclesin thisload sweep. The
heat release for this cycle (black line), as well as the two preceding and following it, is
shown in Figure 7.29. The injection for cycle 2 is 10 degrees longer than the cycles that

precede it and has a combustion duration of 26.5°, which is 5 degrees longer than any
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other cycle. When coupled with the low air/fuel ratio of 14.8, these three characteristics
suggest that this combustion cycle very likely produces alarge amount of particulate.

The 2 Second transient experiences a 25.4 mg/m® hump in particulate emissions
that begins around cycle 25 in Figure 7.28. Fuel injection pressures and timings near this
point do not act in ways that would produce this hump. The percentage of stoichiometric
combustion products during this part of the transient are not changing significantly and
probably do not cause the particulate hump. Combustion during this part of the transient
is aimost completely premixed and does not exhibit the characteristics of a combustion
cycle that produces significant amounts of particulate. Of the metrics quantified by this
experimental technique, the only one that is changing in ways that contribute to larger
particulate emissions is air/fuel ratio. The lowest air/fuel ratio experienced in this sweep
is17.7 at cycle 32 and is probably be the root cause of the particulate hump.

A small 14.6 mg/m® hump is present in the 5 Second case around cycle 50 is
discernable. Examination of the fuel injection parameters at this point in the load sweep
reveals no characteristics that would cause larger particulate emissions. Combustion
events around this cycle are mostly premixed with a small proportion of diffusion
burning, and probably do not contribute to the particulate hump. The air/fuel ratios fall
gradually throughout the transient sweep, and around this point are around 30; alone this
is not a condition that would produce significant particulates. During this same period,
however, the proportion of stoichiometric combustion products reaches around 10% of
the cylinder mass, as shown in Figure 7.7. The combination of the falling air/fuel ratios
and the high mass percentage of stoichiometric combustion products probably are the

cause of the small particulate hump in the 5 second case.
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7.3  Constant-Speed Load Sweep Summary

Significant differences are observed when the engine experiences constant-speed
load sweeps with different rates of change of engine command. The variance that causes
by far the largest impact is the overshooting of the mass of fuel injected in the 0 Second
load sweep. The presence of this one cycle significantly impacts the combustion and
emissions process throughout the sweep. The 2 Second and 5 Second sweeps
experienced no such phenomenon and fuel injection masses behave as the engine desires.

The quantity of stoichiometric combustion products trapped in the cylinder in the
0 Second case goes to very low levels because of the closing of the EGR valve at the
onset of the load sweep, before opening back up later in the transient. The 2 Second case
also closes the EGR valve, but not nearly as quickly or as far asin the 0 Second sweep.
The net result is that the proportion of stoichiometric combustion products remains
relatively constant throughout the 2 Second sweep. In the 5 Second case, the EGR valve
opens at the onset of the transient, causing the percentage of stoichiometric combustion
products to double before settling down to the final steady-state value.

Air mass trapped in the cylinder is governed by the intake manifold pressure and
the behavior of the EGR valve. In the O Second and 2 Second sweeps, intake manifold
pressure dominates the first part of the transient as air masses increase, but then EGR
valve opening displaces fresh air flow and reduces the trapped air masses by the end of
the sweep. In the 5 Second sweep, air ingested from the lean exhaust gases through the
open EGR valve augments the amount of total trapped air during the first part of the
cycle. Once the EGR valve begins to close, trapped air masses decrease and are then
controlled by intake manifold pressures.

Air/fue ratios in the 0 Second sweep plunge sharply at the beginning of the
transient to levels far below what is normally observed due to the excessive mass of fuel

injected. As the turbocharger builds boost and the fuel injection system follows demand
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values, the air/fuel ratio settles to its final value. Air/fuel ratios in the 2 Second case fall
more gradually, with only asmall dip in air/fuel ratio below the final value that is present
due to turbocharger lag. The 5 Second sweep air/fud ratio falls smoothly from its initial
value to its final value, demonstrating that the air charging system is able to provide the
proper amount of air for each cycle.

Combustion events transition significantly throughout the transient sweep.
Initially the engine is experiencing completely premixed combustion. At the end, a
combination of premixed and diffusion burning is present. The 0 Second sweep makes
the transition the quickest, with the premixed spike doubling in intensity and retarding in
timing due to later injection timings and relatively cool in-cylinder conditions. Slowly as
the chamber begins to warm, ignition delays decrease, the intensity of the premixed spike
decreases, and diffusion burning grows in strength. The same type of transition occurs
during the 2 Second sweep, but over more cycles and with less intense premixed
combustion. During the 5 Second sweep, the strength of the premixed burn increases
dlightly for afew cycles, and then simultaneously diffusion burning appears and growsin
intensity from cycleto cycle.

The 0 Second sweep experiences about 25 cycles with abnormally high NO
emissions. Intense premixed combustion, coupled with a combustion chamber devoid of
stoichiometric combustion products and flush with oxygen contribute to the high levels of
NO. Both the 2 Second and 5 Second cases transitioned smoothly from one condition to
another, with the amount of NO produced strongly a function of the amount of
stoichiometric combustion products in the cylinder.

Particulate emissions during the O Second sweep experienced a large spike about
30 times greater than the steady-state condition. The presence of this burst of particulate
is attributed to a few, maybe even one, cycle of combustion with near-stoichiometric
air/fuel ratios and lengthened combustion durations. The 2 Second case produces a

particulate hump that is one-fifth the size of the O Second spike. Low air/fuel ratios are
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probably the cause. The 5 Second sweep produces a very small hump of particulates that
occur probably because of lower air/fuel ratios and the presence of a significant amount

of stoichiometric combustion products.
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CHAPTER 8

CYCLE-RESOLVED MEASUREMENTSDURING

IN-VEHICLE TRANSIENT OPERATION

The experimental technique presented in this study is used to analyze engine
behavior during redlistic in-vehicle transients. This is accomplished by using the test
cell’ s engine-in-the-loop capability, where a vehicle model and a driver model are linked
to the test cell and run in parallel with the system. The engine therefore experiences
equivaent driver inputs and speed and load combinations to what it encounters when
operating in an actua vehicle. This chapter is broken into three sections: a description of

the experimental procedure, a discussion of the results, and presentation of the summary.

8.1 In-Vehicle Transient Operation Experimental Procedure

The engine is able to be tested as though it isin a vehicle by using the engine-in-
the-loop capability [40]. The vehicle model used simulates an AM General High-
Mobility Multipurpose Wheeled Vehicle (HMMWYV) 1097 A2 4x4. Known as the
Hummer, this vehicle has been used by the United States Military for personnel and light
cargo transport for over 20 years. The transmission is a four-speed automatic with a
lockup torque converter. Vehicle mass is 5112 kg, which represents a fully-loaded

condition. Frontal areais 3.5 m? and the aerodynamic drag coefficient is 0.7.
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This vehicle is operated over an FTP 75 driving cycle, which simulates an urban
route with frequent stops. The average speed for the driving cycle is 31.5 km/hr and the
maximum speed during the cycleis 91.2 km/hr. Thiscycleis used by the US EPA for the
emissions certification of light-duty vehicles. Figure 8.1 demonstrates the first 1370
seconds of the FTP 75. The portion of the test not shown involves repeating the speed

profiles from the first 505 seconds.
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Figure 8.1: First 1370 Seconds of FTP 75 Driving Cycle

8.2 In-Vehicle Transient Operation Experimental Results

While data has been collected and analyzed over the entire cycle, the discussion
addresses the engine behavior over the first two velocity profiles of the FTP 75. These
profiles encompass the first 340 seconds of the driving cycle and contain the most
aggressive portions of the cycle. The data is further broken down into sections that

represent a specific kind of vehicle behavior, namely accelerations. Since steady-state
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engine operation is discussed at length in Chapter 6, the portions of the drive cycle that
exhibit near steady-state conditions are not discussed in this document unless unexpected
behavior is observed. Vehicle decelerations are not examined in this document because
fueling rates and emissions go to near-zero values.

The discussed accelerations are divided into three categories: 1. Accelerations
from zero vehicle velocity, 2. Accelerations from moderate vehicle velocity, and 3.
Accelerations from high vehicle velocity. Two accelerations from zero vehicle velocity
are identified and discussed: between cycles 160-310 and between cycles 1640-1790.
Two accelerations that begin at a moderate vehicle velocity are aso identified; one that
encompasses cycles 540-1340 and another that spans cycles 1920-2320. One
acceleration that begins at high vehicle velocity is studied and it occurs between cycles

2350 and 2950. These periodsin the driving cycle are demonstrated in Figure 8.2.
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Figure 8.2: Portions of Accelerations during FTP 75 that are Examined in Results
Discussion
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To fully characterize the accelerations, more information about engine and
vehicle behavior prior to the event is necessary. The accelerations from zero velocity are
essentially standing starts to a moderate speed beginning with the vehicle in gear.
Therefore prior to acceleration the engine is near idle speeds and has aload on it from the
drag of the torque converter. The acceleration between cycles 160-310 has an average
intensity of 3.4 km/hr/s and the one between cycles 1640-1790 has an average intensity
of 4.4 km/hr/s. The two accelerations from a moderate vehicle velocity occur after a
vehicle deceleration; therefore the beginning engine speed is low and the initial load is
zero. Thiskind of acceleration simulates the transition of a vehicle from coasting-down
at residential speeds to speeding-up to near highway speeds. One of the accelerations is
very mild as the vehicle speeds up at arate of 0.36 km/hr/s; the second is more aggressive
a 2.1 km/hr/s. The final acceleration investigated replicates acceleration at highway
speeds. Initial engine speeds and loads are mid-range, and the overall acceleration rate is

0.43 km/hr/s.

Table 8.1: Characteristics of Investigated FTP 75 Accelerations

Venicle Velocity Vehicle Velocity Imt'.al Initial
(km/hr) ; Engine Elapsed
Cycles Change Prior to Load (bar .
. Speed Time (s)
. . Acceleration BMEP)
Initial Final (rpm)
160-310 0 34 None, Vehicle is 750 2.1 10.0
Stationary
1640-1790 0 44 None, Vehicle is 749 2.2 10.2
Stationary
540-1340 28 50 Decreasing 774 0 60.9
1920-2320 32 76 Decreasing 935 0 21.4
None, Vehicle is
2350-2950 76 91 Moving at Constant 1799 4.5 34.6
Velocity
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To reduce the number of graphs presented, data from similar accelerations are
consolidated onto one graph. Specifically, the accelerations from zero velocity and are
placed on one graph and referred to in the text and on the graphs as, “ Low-Intensity from
Zero Vehicle Velocity” between cycles 160-310 and “High-Intensity from Zero Vehicle
Velocity” between cycles 1640-1790. Data from the remaining three accelerations are
placed on one graph and the accelerations between cycles 540-1340 is referred to as
“Low-Intensity from Moderate Vehicle Velocity”, between cycles 1920-2320 is called
“High-Intensity from Moderate Vehicle Velocity”, and between cycles 2350-2950 is
denoted “Low-Intensity from High Vehicle Velocity”. These three final accelerations all
encompass a different number of cycles, and are graphed together with the same x-axis.
For the two accelerations that encompass a fewer number of cycles, no data is reported

for the cycles after which the defined accel erations have ended.

8.2.1 Engine Command

Engine command quantifies the driver demand for vehicle velocity change.
Figure 8.3 shows the engine command for the accelerations from zero vehicle velocity.
The engine command for the high-intensity acceleration from zero goes from 14% to
100% in the span of 15 cycles and remains wide-open for 30 cycles. From this point, the
engine command drops gradually down to zero by the end of the acceleration. Engine
command for the low-intensity acceleration from zero goes from the initial value of 14%
up to about 60% at cycle 180 before dropping off to 0% around cycle 250 before rising
up to 100% and back down to 0% by the end of the acceleration.

Figure 8.4 demonstrates the engine command for the accelerations when the
vehicle is initially moving. The two accelerations from moderate velocity both jump
from 10% to 100% in the span of 12 cycles and remain there for about 22 cycles. From

there, the low-intensity acceleration drops to average around 20% for the remainder of
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the event and the high-intensity acceleration decreases to average 50% for the rest of the
speed increase. The engine command for the low-intensity acceleration from high initial
vehicle velocity begins at 30% and moves gradualy upward to around 55% before

dropping down to average about 40% until the acceleration is over.

8.2.2 Engine Speed, Torque, and Power

The engine responds to changes in command by generating torque and changing
speed, and the combination of these two is engine power. The speed, torque, and power
response of the engine during the accelerations from zero vehicle velocity are displayed
in Figure 8.5, Figure 8.6, and Figure 8.7, respectively. Engine speed and torque for the
two cases move up gradually together for the first 40 cycles of the accelerations. From
there, the two lines diverge, as the high-intensity acceleration experiences higher speeds
and torgues due to the larger engine command. The behavior of the engine power output
is generally a greater function of engine torque output, as these two graphs are nearly
identical in the relative motion of the two lines with some magnitude variations occurring
due to the influence of engine speed.

Figure 8.8, Figure 8.9, and Figure 8.10 demonstrate the engine speed, torque, and
power during the accelerations that occur from moderate and high velocities. During the
first portion of the accelerations from moderate velocities, the first 80 cycles are nearly
identical. Engine speed spikes up immediately, but torque remains low for about 20
cycles asthe engine' s speed increases to that of the transmission. After thisinitia period,
the lines diverge as the more intense acceleration experiences speeds, torques, and
powers that are much higher than the low-intensity acceleration. The acceleration at high
speeds experiences consi stently-high engine speeds, torques, and powers throughout. As
with the accelerations from zero, power trends are more closely associated with torque

behavior and in general rise and fall with the engine command.
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8.2.3 Fud Injection Timing

Fuel injection timings and engine command for the accelerations from zero
vehicle velocity are shown in Figure 8.11. The injection timings are equivaent during
the periods where the engine command is increasing rapidly. This is especialy evident
during the first 40 cycles and between the 90 and 110™ cycles. In general, the injection
timing tends to be a function of engine command, and high levels of engine command
have more retarded timings. The most advanced timings are around 6° before TDC and
the most retarded timings are about 4° after TDC.

Behavior of the injection timing during the accelerations that occur when the
vehicle is aready in motion is similar to what it is during the accelerations from zero
vehicle velocity. This relationship is shown in Figure 8.12, where higher engine

commands have more retarded timings and vice versa.
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Figure 8.11: Fuel Injection Timing and Engine Command for Accelerations from Zero
Vehicle Velocity during FTP 75
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8.2.4 Fud Injection Pressure

Fuel injection pressure and engine command for the accelerations from zero
vehicle velocity are shown in Figure 8.13 and for the accelerations from moderate and
high vehicle velocities are displayed in Figure 8.14. High engine commands result in
high fuel injection pressures and vice versa; this relationship is evident in both graphs.
Under intense accelerations, the injection pressure does not move up as quickly as the
engine command. This is visible during the beginning of the low-intensity acceleration
from zero, where engine command rises from around 14% up to 100% in about 15 cycles,
but fuel injection pressure takes more than 50 cycles to reach its maximum value. The
shape of this injection pressure curve very closely resembles the behavior of the power
curve as shown in Figure 8.7. Injection pressure is therefore governed by the amount of

engine command, but its rate of increase is subject to the engine’s power level.

216



2500

100
2000
) m
k] 55
® 1500 =1
5 D
0 Q)
é :
& 50 3
< 1000 D
S 3
ks 3
= S
500 25

Black = Low-Intensity from Zero
Gray = High Intensity from Zero

) — e — N, 0
160 210 260 310
1640 1690 1740 1790

Cycle Number
Figure 8.13: Fuel Injection Pressure and Engine Command for Accelerations from Zero
Vehicle Velocity during FTP 75

2500 :
Black = Low-Intensity from Moderate
%\ Dk Gray = High Intensity from Moderate
£ 2000 [
g
S
")
%)
O 1500111
(o
c
R
© 1000—4F- 4
2 m
£ =
Q
500 ‘ 100 (SD
! 5 3 @)
: } 3 o
o[ \ /o A\ASLAR R o 50 3
W 3 3 2
; - ‘ S
I ; P 2
i \ i 0 9
540 740 940 1140 1340 =
1920 2120 2320

Cycle Number
Figure 8.14: Fuel Injection Pressure and Engine Command for Accelerations from
Moderate and High Vehicle Ve ocities during FTP 75

217



8.25 EGR Valve Position

EGR valve behavior during the accelerations from zero is shown in Figure 8.15.
During the most intense portions of the accelerations, the EGR valve remains completely
closed. As the engine command reduces, the EGR valve opens. As engine command
drops moderately, the valve only cracks open, as in cycles 210-235 of the low-intensity
acceleration from zero vehicle velocity. During this stage of relatively constant engine
command, the EGR valve opens progressively. When the engine command is falling
drastically, asin cycles 1690-1715 and 1760-1780 of the high-intensity acceleration from
zero, the valve opens significantly.

The EGR valve position and the engine command during the accelerations from
moderate and high vehicle velocities are shown in Figure 8.16. Valve behavior at these
conditions are similar to those observed in Figure 8.15; with EGR valve openings taking
place anytime that the engine command is reduced. The valve openings, however, are
much larger during these decelerations, as the valve opens up fully on more than one
occasion. The degree to which the valve opens seems to correlate well with the engine
power being produced at that time. As engine power levels increase, so too does the
amount that the EGR valve opens when the engine command is reduced. Periods of
extended cycles when the EGR valve remains open are present during the latter portions
of the low-intensity acceleration from moderate vehicle velocity and the low-intensity
acceleration from high vehicle velocity. During these conditions, engine command is
relatively constant, and engine behavior is more similar to steady-state. Any time asmall

increase in engine command is experienced, however, the EGR valve moves closed.
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8.2.6 VGT Vane Position

VGT vane position and engine command for the accelerations from zero vehicle
velocity are shown in Figure 8.17. At the beginning of these intense accelerations, the
VGT vanes close immediately to spin the turbocharger up faster in order to build boost.
As the engine increases in speed and load, the VGT vanes gradually open up to regulate
turbocharger speed and to increase its flow capacity. When engine command drops
drastically and engine speed and load are relatively high, asin cycles 235, 1745, and 295
the VGT vanes open even further to reduce the back pressure on the cylinder.

Behavior of the VGT during accelerations from moderate and high vehicle
velocities is similar to those described above, which is demonstrated in Figure 8.18.
Higher engine speeds and torques, however, lead to closing and opening values that are

more extreme than those observed in Figure 8.17
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Figure8.17: VGT Vane Position and Engine Command for Accelerations from Zero
Vehicle Velocity during FTP 75
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8.2.7 Intake Manifold Pressure

Intake manifold pressure for the accelerations from zero vehicle velocity is shown
in Figure 8.19 and the accelerations from moderate and high vehicle velocities is
displayed in Figure 8.20. Increases in engine command cause intake manifold pressures
to go up and vice versa. In high power cases, such as in cycles 2010-2045 of the high-
intensity acceleration from a moderate velocity, intake manifold pressure gets high
enough to saturate the pressure transducer. The engine power during these cycles is
around 150 kW. Also observed is the noticeable lag that exists between engine command
and intake manifold pressure, which is present in both figures, but especialy predominant
in Figure 8.19. The behavior of the intake manifold pressure tracks very well with engine

power, as higher engine speeds and |oads have the capacity to produce more boost.
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8.2.8 Measured and Desired Fuel Mass

Fuel mass injected for each cycle is determined via the technique described in
Section 4.4. This quantity, along with the mass of fuel desired by the engine’'s PCM is
graphed in Figure 8.21 for the accelerations from zero vehicle velocity. The measured
value of injected fuel agrees very well with the demanded mass of fuel except during
rapid increases or decreases in the engine command.

If engine command increases by a large amount over a short period of cycles, the
measured fuel injection mass will overshoot the demand value for a cycle or two. This
behavior is evident when considering the onset of the accelerations from zero vehicle
velocity as shown in greater detail in Figure 8.22, which displays the first 20 cycles of
both accelerations. Under these conditions, the measured mass of injected fuel
overshoots the desired mass by 135% for the low-intensity acceleration and 100% for the
high-intensity acceleration. For both cases, this occurs because the injection duration is
lengthened by a factor of 4.3 for the low-intensity acceleration and 2.6 for the high-
intensity acceleration over the span of consecutive cycles. Injection pressures during this
period remain unchanged. Some fuel overshoot is present in the accelerations around
cycles 260 and 1740, but these are not nearly aslarge. At these cycles, engine speeds and
torques are elevated and overall fuel injection mass is much higher. This suggests that
this particular fuel injection system is more controllable at higher fueling rates.

Measured and desired fuel injection mass for the accel erations from moderate and
high vehicle velocities are shown in Figure 8.23. Aside from some discrepancies that
occur in absolute values, the agreement between the measured and desired fuel massesis
much better during these accelerations than in those that take place from zero vehicle
velocity. Detailled examination of the initial portion of the accelerations, displayed in
Figure 8.24, shows that while some overshoot in fuel massis present, the measured value

isonly 50% more than the desired value.
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8.2.9 In-Cylinder CO2 Measurements

Carbon dioxide in the cylinder prior to combustion comes from residual gases
trapped from the previous combustion cycle and from the presence of EGR. The
concentration of CO, present is dependent upon the mass of residual and EGR trapped as
well as the proportion of CO, in these gases. This section discusses the in-cylinder CO,
trends observed but does not explain why these differences occur. These trends are
explained in Section 8.2.11, which explores the mass of stoichiometric combustion
products trapped in the cylinder prior to combustion.

Figure 8.25 shows the amount of CO, in-cylinder and engine command during the
accelerations from zero vehicle velocity. These two metrics are closely related and their
relationship is similar for both accelerations. When engine command levels are
increasing and above 50%, in-cylinder CO, levels are low. As engine command
decreases or falls below around 50%, the in-cylinder CO, levelsincrease. The maximum
observed values are around 0.9% and occur during periods when engine command is
dropping rapidly. The lowest values of in-cylinder CO, are observed when engine
command reaches a minimum of around 10%.

Figure 8.26 displays in-cylinder CO, concentration and engine command during
the accelerations from moderate and high vehicle velocities. Asin the previous case, in-
cylinder CO, values are low during increases in engine command and high when engine
command is decreasing. For the latter part of the low-intensity acceleration from
moderate vehicle velocity and the entire portion of the low-intensity acceleration from
high vehicle velocity, engine command remains elevated but below 50%. During these
periods, in-cylinder CO, levels remain relatively high and only decrease when engine
command increases. The peak value for in-cylinder CO, is around 2.2% and is observed
in the latter portion of the high-intensity acceleration when engine command is constant,

engine speed is around 2500 rpm, and engine load is around 9 bar BMEP.
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8.2.10 Exhaust Manifold CO2 M easurements

Carbon dioxide measured in the exhaust manifold has two origins. CO; that is
generated during combustion, and CO, that comes from the stoichiometric combustion
products that are trapped in the cylinder prior to combustion. Exhaust manifold CO,
concentration measurements during the accelerations from zero vehicle velocity are
shown in Figure 8.27. Prior to the accelerations CO, levels are quite low, but once
engine command begins to increase, exhaust manifold CO, concentrations spike upward
immediately, drop down for a few cycles and then continue moving upward until engine
command drops off. As engine command modulates up and down, so does the CO;
concentration. In-cylinder CO, concentrations prior to combustion are generally so low
that their influence is difficult to identify when examining the exhaust manifold CO,
concentrations. When engine command drops to its lowest levels and the engine is not
generating any torque, as in cycles 250-255, no virtually no CO; in the exhaust manifold
is detected, indicating lack of combustion. In conditions such as this, the engineisin a
free-wheeling coast-down period, which occurs frequently during the FTP 75. The
highest observed CO, levels are over 12% and occur during the large increase in engine
command around cycles 260 and 1740.

Figure 8.28 demonstrates CO, measurements in the exhaust manifold during the
accelerations from moderate and high vehicle velocities. Much of the behavior here is
similar to that observed in the accelerations from zero vehicle velocity. As engine
command increases, the amount of CO, goes up, and as engine command goes down,
CO, fals—sometimes to levels near enough to zero to indicate that no combustion is
occurring. For cases in which engine command is elevated and relatively constant, as it
is in the later portions of the low-intensity acceleration from moderate vehicle velocity
and the low-intensity acceleration from high vehicle velocity, CO, concentrations aso

remain elevated and relatively high.
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8.2.11 Stoichiometric Combustion Product Mass Percentage

The mass percentage of stoichiometric combustion products in the cylinder prior
to combustion is a direct calculation from the in-cylinder CO, concentration. Therefore
the trends in the stoichiometric combustion product mass are the same as those observed
in the in-cylinder CO, concentration. These behaviors were explored in Section 8.2.9, so
they are not repeated here. This section focuses on why the stoichiometric combustion
product mass fluctuates as it does. The presence of stoichiometric combustion product in
the cylinder prior to combustion is due to residua trapped from the previous combustion
cycle and EGR. Three main factors contribute to the amount of residua and EGR: the
ratio of exhaust manifold pressure to intake manifold pressure, which serves to cause
more residual to be trapped and provides the pressure differential to drive EGR flow, the
opening of the EGR valve, and the CO, concentration in the exhaust.

Figure 8.29 demonstrates the proportion of stoichiometric combustion products in
the cylinder for accelerations from zero vehicle velocity. Maximum values experienced
in these cases are around 7% of the total trapped mass. The regions in which the
stoichiometric combustion product mass goes to zero represent those cycles where fuel
injection mass and exhaust manifold CO, concentrations are so low that inaccurate values
are reported. Air and stoichiometric combustion product masses are not calculated, so
the percentage of stoichiometric combustion product mass goes to zero. These conditions
were discussed in Section 5.4. Figure 8.30 shows the proportion of stoichiometric
combustion products in the cylinder for accelerations from moderate and high vehicle
velocities. The maximum and overall levels of stoichiometric combustion products are
higher during these accel erations than the accel erations from zero.

To fully examine why each acceleration’s stoichiometric combustion mass
behaves as it does, individua graphs are made for each condition with information about

the EGR valve position, the manifold pressure ratio, and the exhaust CO, concentration.

230



Black = Low-Intensity from Zero
Gray = High Intensity from Zero

©
o
\

,,,,,,,,,,,,,,,,, — 100

(o))
o
I
—
i
~
a1

Stoichiometric Combustion Product Percentage

S
\

) —=

—————

2%
|
a1
o
(9%) puewwo) aulbug

N
o
!
—
> =
'
-—
|
N
o1

0.0 i w Ann | ()
160 210 260 310

1640 1690 1740 1790
Cycle Number

Figure 8.29: Stoichiometric Combustion Product Mass Percentage and Engine Command
for Accelerations from Zero Vehicle Veocity during FTP 75

N
o

Black = Low-Intensity from Moderate
Dk Gray = High Intensity from Moderate

15

Q

o)

8

c

)

I~

)

(o

g

3 10

e

o o

c

S s~ S T o O

7 1 1 m

i S el el 100 3

2 % S

5 A s I N lso 3
| : —

2 ‘ A w 2

< ' i o

[S] ' ‘ ~

5 \ 0 3

0 540 740 940 1140 1340 ~

1920 2120 2320

Cycle Number
Figure 8.30: Stoichiometric Combustion Product Mass Percentage and Engine Command
for Accelerations from Moderate and High Vehicle Velocities during FTP 75
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Low-Intensity Acceleration from Zero Vehicle Velocity, Cycles 160-310

The trapped mass percentage of stoichiometric combustion products, exhaust
manifold CO, concentration, EGR valve position, and manifold pressure ratio during the
low-intensity acceleration from zero vehicle velocity is shown in Figure 8.31. During
cycles 160-205, the EGR valve is completely closed and CO; in the cylinder prior to
combustion is afunction of manifold pressure ratio and CO, concentration in the exhaust
manifold. Around cycle 205, the EGR vave opens, causing the percentage of
stoichiometric combustion products to triple. This behavior continues until around cycle
243, when the concentration of CO, in the exhaust decreases drastically to near-zero and
manifold pressure ratio drops as a response to the engine free-wheeling during a vehicle
deceleration. As engine command increases for the second portion of the acceleration,
CO; levels in the exhaust manifold and manifold pressure ratios jump up, resulting in a

larger proportion of stoichiometric combustion productsin the cylinder.
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Figure 8.31: Stoichiometric Combustion Product Percentage, Exhaust CO,
Concentration, EGR Valve Position, and Manifold Pressure Ratio for Low-Intensity
Acceleration from Zero Vehicle Vel ocity, Cycles 160-310 of FTP 75
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High-Intensity Acceleration from Zero Vehicle Ve ocity, Cycles 1640-1790

Figure 8.32 displays the stoichiometric combustion product percentage, exhaust
CO, concentration, EGR valve position, and manifold pressure ratio during the high-
intensity acceleration from zero vehicle velocity. During the initial and most intense part
of the acceleration, the EGR valve remains closed and all the CO2 in the cylinder is due
to trapped residual and the influence of manifold pressure ratio and exhaust CO2
percentage. Around cycle 1695, the EGR valve begins to open slightly, and the presence
of EGR doubles the percentage of stoichiometric combustion product in the cylinder.
During the deceleration around cycle 1710, the EGR valve opens even more fully, but the
amount of CO2 in the exhaust is very low; therefore the exhaust is mostly air. The same
kind of behavior is observed for the EGR valve, manifold pressure ratio, and exhaust

CO2 concentration during cycles 1740-1790, the second portion of the acceleration.
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Figure 8.32: Stoichiometric Combustion Product Percentage, Exhaust CO,

Concentration, EGR Valve Position, and Manifold Pressure Ratio for High-Intensity
Acceleration from Zero Vehicle Velocity, Cycles 1640-1790 of FTP 75
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Low-Intensity Acceleration from Moderate Vehicle Ve ocity, Cycles 540-1340

The percentage of stoichiometric combustion products, exhaust CO;
concentration, EGR valve position, and manifold pressure ratio for the low-intensity
acceleration from moderate vehicle velocity is displayed in Figure 8.33. This figure
demonstrates that the engine behavior during this acceleration is composed of one strong
acceleration at the beginning followed by many shorter low-intensity accelerations. Each
time engine power increases, CO; in the exhaust and manifold pressure ratio increases
and the EGR valve closes. During these portions, the proportion of stoichiometric
combustion products in the cylinder is purely a function of CO, concentration in the
exhaust and manifold pressure ratio. The result is stoichiometric combustion product
proportions that are rather low—typically below 3%. During more steady engine
operation or decelerations, the EGR valve opens up, raising stoichiometric combustion

product percentages to values above 3% and in some cases over 12%.
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Figure 8.33: Stoichiometric Combustion Product Percentage, Exhaust CO,
Concentration, EGR Valve Position, and Manifold Pressure Ratio for Low-Intensity
Acceleration from Moderate Vehicle Ve ocity, Cycles 540-1340 of FTP 75

()u

234



High-Intensity Acceleration from Moderate Vehicle Ve ocity, Cycles 1920-2320

Figure 8.34 demonstrates the percentage of stoichiometric combustion products,
exhaust CO, concentration, EGR valve position, and manifold pressure ratio for the high-
intensity acceleration from moderate vehicle velocity. This event consists of sustained
periods of high-intensity accelerations interspersed with a few periods of decelerations.
During the cycles in which the accelerations are occurring, the EGR valve remains closed
and the proportion of stoichiometric combustion products remains low. In the instances
where the EGR valve does open during these high engine loads, such as around cycle
2200, the amount of stoichiometric combustion products can exceed 15%. During rapid
decelerations, such as around cycles 1990 and 2230, the EGR valve opens significantly,
but low manifold pressure ratios have little potential to drive EGR and residua flow.
Any exhaust gases that are trapped in the cylinder, however, come from very lean

combustion events that have very small concentrations of COs.
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Figure 8.34: Stoichiometric Combustion Product Percentage, Exhaust CO,
Concentration, EGR Valve Position, and Manifold Pressure Ratio for High-Intensity
Acceleration from Moderate Vehicle Ve ocity, Cycles 1920-2320 of FTP 75
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Low-Intensity Acceleration from High Vehicle Ve ocity, Cycles 2350-2950

Figure 8.35 displays the percentage of stoichiometric combustion products,
exhaust CO, concentration, EGR valve position, and manifold pressure ratio for the low-
intensity acceleration from high vehicle velocity. Engine behavior during thistransient is
characterized by steady increases in engine power with one significant deceleration
around cycle 2560. The EGR valve is open during most of the acceleration, resulting in
overall much higher proportions of stoichiometric combustion products. Prior to cycle
2550, about 10-12% of the trapped mass in the cylinder consists of stoichiometric
combustion products. Around cycle 2560, however, the EGR valve closes, the manifold
pressure ratio decreases, and the concentration of CO, in the exhaust manifold goes
down. These three al work to reduce the stoichiometric combustion product fraction to
one-fourth of its origina value. As the acceleration continues, conditions return to their

previous orientations and the SCP percentage rises back to around 9%.

SCP Mass Percentage EGR Valve Positon
Exhaust CO2 Concentration
2.0

[EN
N

©
=
ol

=
o
(-) uonisod anfeA 493/(-) oirey 8inssald p|ojiuE

o
ol

Stoichiometric Combustion Product (%)
(o)

0 | 0.0
2350 2550 2750 2950
Cycle Number

Figure 8.35: Stoichiometric Combustion Product Percentage, Exhaust CO,
Concentration, EGR Valve Position, and Manifold Pressure Ratio for Low-Intensity
Acceleration from High Vehicle Velocity, Cycles 2350-2950 of FTP 75
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Stoichiometric Combustion Product M ass Percentage Summary

Five separate accelerations are analyzed to understand the factors that drive the
proportion of stoichiometric combustion products trapped in the cylinder during realistic
engine behavior. While al of these accelerations are very different when studied from a
higher level, closer examination reveals consistent behavior of engine systems that
produce the observed fraction of stoichiometric combustion products.

During any time at which engine command is increasing and more power is being
demanded from the engine, the EGR valve closes and the amount of stoichiometric
combustion products is governed solely by the manifold pressure ratio and the
concentration of CO; in the exhaust gases. During these periods of acceleration, CO,
concentrations are high and manifold pressure ratios are at their highest. But in this
engine, compression ratios are quite high (18.0:1), clearance volumes are quite low (5.6%
of total volume), and the valve overlap period is relatively short (13.4°) leaving little
room for trapped residual. Typica stoichiometric combustion products mass fractions
are around 3% during these conditions.

When engine behavior is steadier and engine power is neither increasing nor
decreasing rapidly, the EGR valve begins to open, which greatly increases the proportion
of stoichiometric combustion products trapped in the cylinder. Under such conditions,
the ratio of stoichiometric combustion products can be anywhere between 3-17%
depending on engine operating conditions.

During conditions in which the engine command is decreasing rapidly, the EGR
valve opens, the manifold pressure ratio drops, and the concentration of CO, in the
exhaust falls to near zero. Any exhaust gases trapped in the cylinder consist mostly of
air, resulting in very small proportions of stoichiometric combustion products in the

cylinder.
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8.2.12 Air Mass

The calculated trapped air mass and engine command for each combustion cycle
during the accelerations from zero vehicle velocity is shown in Figure 8.36. During the
beginning portions of these accelerations, the mass of air trapped in the cylinder is
equivalent. This is no surprise, as al other engine metrics investigated confirm that
engine behavior during these initial 40 cycles is very similar. From this point, air mass
during the high-intensity acceleration continues to climb, while the air mass for the low-

intensity acceleration remains relatively unchanged.
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Figure 8.36: Air Mass and Engine Command for Accelerations from Zero Vehicle
Velocity during FTP 75

This discrepancy is due to two factors. the intake manifold pressure and the
engine speed. Asintake manifold pressure increases, the amount of air that flows into the
cylinder during the intake stroke increases. Conversely, as engine speed goes up, the

amount of time available for air to enter the cylinder goes down and air mass decreases.
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Thus the net result of the mass of air trapped in the cylinder is the outcome of
these two counter-acting factors. To understand this interaction during the accelerations
from zero vehicle velocity, the air mass is graphed with engine speed and intake manifold
pressure in Figure 8.37. During the first 40 cycles of the transient, engine speed and
intake manifold pressure are equivalent for both accelerations. After this, the two
accelerations diverge, with the higher intensity case continuing to increase in engine
speed and intake manifold pressure. While the intake manifold pressure is much higher
and contributes to greater trapped air mass, its influence is tempered by the increase in
engine speed. The net result of these two factors dictate trapped air mass for the
remainder of the accelerations. For cycles in which the technique produces meaningless

ar mass results, datais omitted.

Low-Intensity from Zero Air Mass

High-Intensity from Zero Air Mass | | === Low-Intensity from Zero IM Pressure
Low-Intensity from Zero Engine Speed § | --------- High-Intensity from Zero IM Pressure
High-Intensity from Zero Engine Speed

2500 2

N
o
o
o

=
al
o
o

=
o
o
o

500¢"

-
(sqe'\jeq) 2INssald plojiuey axelu|

Air Mass (mg)/Engine Speed (rpm)

0::::::=:==:- i i 1

160 210 260 310
1640 1690 1740 1790

Cycle Number
Figure 8.37: Air Mass, Engine Speed, and Intake Manifold Pressure for Accelerations
from Zero Vehicle Veocity during FTP 75

239



Air mass and engine command for the accelerations from moderate and high
vehicle velocities are displayed in Figure 8.38. As in the case of the accelerations from
zero vehicle velocity, the amount of air ingested into the cylinder is a function of intake
manifold pressure and the engine speed. Higher engine speeds and loads produce more
turbocharger boost, and increase the amount of air trapped in the cylinder. This is
especialy apparent when considering the level of engine power produced, as the
conditions in which the engine is producing the most power are also those which have the
greatest mass of trapped air.

There are a few regions in which the experimenta technique provides erroneous
data due to extremely low fuel injection mass and exhaust manifold CO, concentrations.
They occur during portions of the cycle in which the engine is free-wheeling so that
virtualy no fud is injected and combustion is negligible. In Figure 8.38, these regions

occur around cycles 570, 590, and 1950.
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8.2.13 Air/Fuel Ratio

The air/fuel ratio is the ratio of the air mass to the fuel massin the cylinder and is
an important metric when studying engine behavior. Figure 8.39 showsthe air/fuel ratios
and engine command during the accelerations from zero vehicle velocity. Most notable
is the extremely low air/fuel ratios that are encountered during the initial stages of the
accelerations. During these cycles, engine speed and torque are near idling conditions
and in the span of one cycle, alarge increase in the mass of injected fuel occurs into a
cylinder with air and stoichiometric combustion product masses that are unchanged from
previous cycles. Absolute values for the mass of air and fuel during these cycles are
contained in Figure 8.22 and Figure 8.36. This causes adrastic drop in air fuel ratio, and
the lowest values are 12.5 in the low-intensity case and 10.3 in the high-intensity
acceleration. These values are below the level of stoichiometric combustion and indicate
that the air/fuel mixture is actually rich for these cycles.

When the second portions of the transients occur around cycles 260 and 1740, air
fuel ratio plunges again, but the levels are not as low as the values near the beginning of
the accelerations. The lowest values are 14.2 in the low-intensity case and 15.7 in the
high-intensity acceleration. This is because the magnitude of the amount of fuel
overshoot is much less in these conditions than in the initial cycles of the accelerations.
The remainder of the air/fuel ratios experienced throughout the acceleration are well
within expected values.

Figure 8.40 displays the air/fuel ratios and engine command during the
accelerations from moderate and high vehicle velocities. At the beginning of the high-
intensity acceleration from moderate vehicle velocity, one cycle occurs when the air/fuel
ratio is 13.4 and is due to fuel overshoot. All other cycles, however, experience air/fuel

ratios that are well within the range expected values.
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Figure 8.39: Air/Fuel Ratio and Engine Command for Accelerations from Zero Vehicle
Veocity during FTP 75
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Figure 8.40: Air/Fuel Ratio and Engine Command for Accelerations from Moderate and
High Vehicle Velocities during FTP 75
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8.2.14 Combustion Analysis

To better understand the nature of combustion during transient engine behavior,
rate of heat release analysisis conducted for every cycle during the FTP 75. To minimize
redundancy, detailed discussions of three of the five accelerations are included: the high-
intensity acceleration from zero vehicle velocity, the high-intensity acceleration from

moderate vehicle velocity, and the low-intensity acceleration from high vehicle velocity.

High-Intensity Acceleration from Zero Vehicle Ve ocity, Cycles 1640-1790

The combustion evolution during this acceleration process is broken into sections
to permit more detailed analysis of specific engine behavior, and these sections are
marked by the divisions shown in Figure 8.41. Cycles 1642-1708 are grouped together
because they encompass the very intense acceleration at the onset of the transient. The
period of decreasing engine command and fueling rate following the initial acceleration is
contained in cycles 1708-1730, and the period of increasing and then decreasing engine

command and fuel massis grouped together during cycles 1735-1778.
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Figure 8.41: Engine Command, Fuel Mass, and Divisions Created for Heat Release
Analysisin Cycles 1640-1790 of High-Intensity Acceleration from Zero Vehicle Ve ocity
during FTP 75
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Figure 8.42 displays heat release curves from the initial portion of acceleration
when engine command and fueling rates are increasing. Combustion prior to the
acceleration is represented by cycles 1642 and 1647 which show conditions of
completely premixed combustion. There is a step change in fuelling rate in cycle 1648,
as the fuel mass in this cycle is nearly five times the fuel mass of cycle 1647 and over
twice the amount of fuel as cycle 1649. The combustion in cycle 1648 has a huge spike
in premixed combustion which is 1.7 times the value observed in cycle 1647, and is
nearly two times higher than any other premixed spike observed during any steady-state
engine operation. After the premixed spike, the presence of some weak diffusion
combustion is detectable. Since the premixed spike is completed by 10° after TDC and
the fuel injection event for this cycle lasts until 13.7° after TDC, the fuel injected later
must combust in a diffusive manner. The following cycle, 1649, has a much shorter
injection duration, and the combustion for this cycle returns back to being completely
premixed.

Following cycle 1649, the combustion modes transition from being fully
premixed to having both premixed and diffusion aspects. Thisisfirst discernable around
cycle 1668. By cycle 1708, the cycle at the zenith of the fueling rate and engine power,
the heat release has a relatively mild premixed component and is strongly diffusive in
nature.

From cycle 1647 to 1648, the start of injection timing advances by 2.2°, as seen in
Figure 8.43, but the ignition delay remains the same, as shown in Figure 8.44. During
the period following cycle 1649, the engine retards engine timing back to the original
setting of around 4° after TDC, which contributes to the retarding location of the
premixed spike as the acceleration takes place. Also playing a role is changing
timescales. As the engine speed increases, the time elapsed for each crank angle goes
down, resulting in longer combustion events on a crank angle basis. This is also

noticeable when considering the trend of ignition delay between cycles 1640-1680. The
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injection timing remains relatively unchanged through the remainder of this portion of the
load increase. During the cycles following 1685, decreased ignition delays and an
advance in the combustion timing is observed and is most likely due to hotter in-cylinder
conditions prior to combustion which accelerate the time necessary to prepare fuel for

combustion.
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Figure 8.42: Rate of Heat Release Curves for Cycles 1642-1708 of High-Intensity
Acceleration from Zero Vehicle Velocity during FTP 75

The mass fraction burned durations for the high-intensity acceleration from zero
vehicle velocity is shown in Figure 8.45. As the fuelling step occurs, all three displayed
durations increase, as the number of crank angles to release the energy goes up. Asthe
engine speeds up, injects more fuel, and transitions into combustion that has both
premixed and diffusion portions, the burn durations increase significantly. In fact, the
number of crank angles required to reach 50% MFB and 90% MFB, aso known as the

combustion duration, goes up by a factor of five.
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Figure 8.43: Start of Fuel Injection Timing for High-Intensity Acceleration from Zero
Vehicle Velocity during FTP 75
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Figure 8.44: Ignition Delay for High-Intensity Acceleration from Zero Vehicle Velocity
during FTP 75
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Figure 8.45. Mass Fraction Burned Durations for High-Intensity Acceleration from Zero
Vehicle Velocity during FTP 75

Behavior of the combustion process during the fall in engine command, injected
fuel mass, and power during cycles 1708-1730 is shown in Figure 8.46. In cycle 1712, as
load begins to fall from the levels of cycle 1708, the premixed spike remains unchanged,
but the quantity of diffusion combustion is reduced. Cycle 1717 demonstrates heat
release that is much lower in intensity, but retains the relative proportions of premixed
and diffusion burning as the previous cycles. The blip in engine command and fuel mass
during the deceleration causes an increase in heat release, and this is visible in cycle
1722. Continued reduction in the engine command and fueling rate lead to weaker and
weaker combustion events, as demonstrated by cycles 1727 and 1730, and the heat
release is transitioning back into purely premixed combustion. Injection timings during
the period advances and ignition delay remains constant, resulting in more advanced
combustion as the engine reaches lower speeds and loads. Crank angle durations for

MFB points also become shorter, reflecting the presence of premixed combustion.
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Acceleration from Zero Vehicle Velocity during FTP 75
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Figure 8.47. Rate of Heat Release Curves for Cycles 1735-1778 of High-Intensity
Acceleration from Zero Vehicle Velocity during FTP 75

248



For the final period of this high-intensity acceleration from zero vehicle velocity
during cycles 1735-1778, engine load first increases and then decreases. Thisis reflected
in the rate of heat release curves from this period shown in Figure 8.47. As engine load
increases, the combustion goes from completely premixed in cycle 1735 to a combination
of premixed and diffusion combustion by cycle 1740. Cycle 1745 occurs very near the
peak fueling levels and the rate of heat release reaches highest premixed and diffusion
levels as well. As engine load decreases in cycles 1750-1765, the strength of diffusion
combustion goes down until it completely disappears by cycle 1775. The combustion
process returns to its original state by cycle 1778, which is completely premixed.

Prior to the beginning of thisfinal period of increasing engine command, injection
timings are quite advanced at 4° before TDC. Once the load begins increasing, the start
of injection retards to near 4° after TDC within the span of afew cycles. This causes the
significant rightward shift of the location of the premixed combustion spike seen in
cycles 1335-1745. Ignition delay is increased during this period; partly due to the later
injection timings and partly due to the reduced timescales from higher engine speeds.
Injection timings remain at this retarded state until engine command is decreased around
cycle 1760, when they move back to their advanced condition.

Mass fraction burned curves behave as expected, with longer combustion
durations under higher engine load and speed. The presence of a significant portion of
diffusion combustion contributes to the amount crank angles necessary to consume the
fuel. Asthe engine command decreases and combustion shifts back to a purely premixed
phase, combustion duration, as well as the 0-5% MFB and 0-50% MFB durations

decrease.

249



High-Intensity Acceleration from Moderate Vehicle Ve ocity, Cycles 1920-2320

This acceleration is broken into sections of cycles to facilitate a clearer
understanding of combustion evolution. Three major divisions are made and are similar
to the partitions made in the high-intensity acceleration from zero vehicle velocity; they
are represented in Figure 8.48. Cycles 1935-1973 encompass the cycles during the initial
portion of the acceleration, where engine speeds and torques go from very low
moderately high values. Cycles 1973-1985 contain combustion events while the engine
command, fueling rate, and power are decreasing. Finaly, cycles 1995-2040 are
analyzed to evaluate combustion as the engine undergoes acceleration to a high-power
condition. Rate of heat release analysis is conducted on cycles within these regions, and
the transitions from one operating state to another are scrutinized to understand how

combustion evolves during such engine behavior.
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Figure 8.48: Engine Command, Fuel Mass, and Divisions Created for Heat Release
Analysisin Cycles 1920-2320 of High-Intensity Acceleration from Moderate Vehicle
Ve ocity during FTP 75
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Heat release curves for cycles 1935-1973 are displayed in Figure 8.49. Three
consecutive cycles from 1935-1937 are plotted to demonstrate how combustion evolves
during this rapid increase in engine command. Cycle 1935 represents combustion
behavior prior to the increase in load, and is fully premixed in nature. Heat release from
cycle 1936 is the result of a step change in fuel mass which is 8.2 times greater than cycle
1935. The combustion is mainly premixed, and the intensity of the premixed burn spike
increases by a factor of 1.5. Some diffusion combustion is present in this combustion
event as well. Cycle 1937 fuel mass is dlightly lower, but the strong intensity of the
premixed spike and the presence of diffusion burning remains. Cycle 1942 is almost
completely premixed in nature, and the intensity of the spike is equivalent to cycle 1937.
After cycle 1942, the combustion modes transition smoothly to a combination of
premixed and diffusion combustion. By cycle 1973 at the end of the increasing fueling

rates, the combustion is characterized as predominantly diffusive.
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Figure 8.49: Rate of Heat Release Curves for Cycles 1935-1973 of High-Intensity
Acceleration from Moderate Vehicle Vel ocity during FTP 75
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Injection timing during cycles 1935-1973 retards about 1° overall, as displayed in
Figure 8.50. Cycles 1936 and 1937 have injection timings right around 2° after TDC,
which is earlier than the cycles around them and contributes to these cycles being more
advanced than others. As the acceleration progresses, the phasing of cycle 1942 and
others following is later than previous cycles due to higher engine speeds and longer
crank angle-based ignition delays as shown in Figure 8.51. By cycle 1960, the ignition
delay climbs to over 6°. As more heat is generated from the more intense combustion,
though, ignition delay begins to shorten and by cycle 1973 it dropsto 4.4°.

Mass fraction burned trends for this acceleration are shown in Figure 8.52. Asin
the previous case, the onset of the acceleration lengthens the crank angle burn durations.
The transition from purely premixed combustion to a mixture of premixed and diffusion

contributes to this, as does the shortening timescal es with higher engine speed.
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Figure 8.50: Start of Fuel Injection Timing for High-Intensity Acceleration from
Moderate Vehicle Velocity during FTP 75
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Figure 8.51: Ignition Delay for High-Intensity Acceleration from Moderate Vehicle

Velocity during FTP 75
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Figure 8.52: Mass Fraction Burned Durations for High-Intensity Acceleration from

Moderate Vehicle Velocity during FTP 75
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Rate of heat release curves for the cycles 1973-1985, in which engine command
and fueling rate are falling, are shown in Figure 8.53. Fuel mass rates are falling
progressively and lead to the continual reduction in the area enclosed by these curves.
During this period, combustion begins as a combination of premixed and diffusion
combustion. Transitioning from cycles 1973 to 1981 there is a significant retardation in
injection timing from 2.1° after TDC to 5.3° after TDC, which lengthens ignition delay
and consequently increases the relative proportion of premixed combustion and decreases
the relative amount of diffusion combustion. From cycles 1981 to 1985, the injection
timing advances back to around 2° after TDC, which shortens the ignition delay and
advances the combustion phasing. By this stage, little fuel is injected and premixed
burning dominates the combustion process.

Figure 8.54 demonstrates the evolution of combustion during cycles 1995-2040,
in which the engine transitions from a low speed and load condition to a high power
operating point. Cycle 1995 is completely premixed, but in the span of 10 cycles, the
engine smoothly transitions into premixed and diffusion burning. During these cycles,
the injection timing changes from -3.3° to 3.5° after TDC, the ignition delay increases on
acrank angle basis, and the engine speed goes up. These contribute to the progressively
later combustion from cycles 1995 to 2005. Combustion remains relatively unchanged
between cycles 2005 and 2020. After this, the injection timing begins to advance,
reducing the ignition delay and the time required to prepare the fuel and air for
combustion. Combustion starts earlier in the cycle when less fuel is present, which
results in much more mild premixed combustion and increases the proportion of diffusion
combustion. This is evident when observing the progress of the rate of heat release
curves from cycle 2015-2040. By cycle 2040, the combustion appears to have very little
premixed behavior and is mostly diffusion combustion. This transition to more diffusion
combustion is evident from the lengthening mass fraction burned durations in Figure 8.52

during these cycles.
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Acceleration from Moderate Vehicle Velocity during FTP 75
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Low-Intensity Acceleration from High Vehicle Ve ocity, Cycles 2350-2950

The period of vehicle acceleration between cycles 2350-2950 is characterized by
constant engine behavior that is quite smooth when compared to the other accelerations.
Because of this, only two divisions are made during this acceleration, and these regions
are denoted in Figure 8.55. Cycles 2350-2581 encompass a period in which engine
command and fuel mass arerising steadily. Between cycles 2581-2931, engine command
falls gradually and then gradually goes up and down again before ending the accel eration

with engine command and fuel mass at relatively constant levels.
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Figure 8.55: Engine Command, Fuel Mass, and Divisions Created for Heat Release

Analysisin Cycles 2350-2950 of High-Intensity Acceleration from Moderate Vehicle
Velocity during FTP 75
Rate of heat release curves are shown for cycles 2350-2581 in Figure 8.56. At the
onset of the acceleration at cycle 2350, combustion consists of combustion that has

premixed and diffusion burning characteristics. Between cycles 2350 and 2482,

combustion becomes steadily more intense, with significant growth in the proportion of
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diffusion combustion. The premixed portion of combustion is quantitatively unchanged
during this period. Combustion phasing does retard steadily during this period, and is
attributed to the later injection timings that occur during these cycles and relatively
unchanged values of ignition delay. The start of fuel injection is shown in Figure 8.57
and demonstrates that from cycle 2350 to 2482, the injection timing retards from -2.5° to
2.2° after TDC. During this same period, ignition delay does not change significantly, as

shown in Figure 8.58.
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Figure 8.56: Rate of Heat Release Curves for Cycles 2350-2581 of Low-Intensity
Acceleration from High Vehicle Velocity during FTP 75
Cycles 2515 and 2548 experience a proportionately higher level of premixed
combustion, which is most likely due to the longer ignition delays at this condition.
Injection timings here are more retarded than in previous cycles (3.7° and 3.6° after TDC)

and the proportion of stoichiometric combustion products is over 10%, both of which

contribute to longer times necessary to begin combustion. Cycle 2581, the event with the
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largest amount of heat release in this acceleration, has an injection timing that is very late
at 4° after TDC. The ignition delay for this cycle, however, is less than in cycles 2515
and 2548, resulting in a premixed spike that is similar in size to cycles 2350-2482. The
most likely reason for this shorter ignition delay is the lower concentration of
stoichiometric combustion products in the cylinder at this condition. The diffusion
portion of cycle 2581 is quite large, which reflects the large quantity of energy released
during this combustion event.

Mass fraction burned durations are shown in Figure 8.59. During the transition
from cycle 2350 to 2581, the increasing mass of fuel, growing proportion of diffusion
combustion, and increasing engine speed al contribute to the lengthening of the
combustion duration on a crank angle basis. Thisis especially evident after cycle 2550,

where the added fuel greatly contributes to the larger fraction of diffusion combustion.

Injection Timing (deg aTDC)
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Figure 8.57: Start of Fuel Injection Timing for Low-Intensity Acceleration from High

Vehicle Velocity during FTP 75
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Figure 8.60: Rate of Heat Release Curves for Cycles 2581-2931 of Low-Intensity
Acceleration from High Vehicle Velocity during FTP 75

Rate of heat release curves for the remainder of the low-intensity acceleration
from high speed are shown in Figure 8.60. The starting cycle in this figure is 2581,
which represents the cycle with the greatest quantity of heat release in this acceleration.
Between cycles 2581 and 2681, the fuel mass drops by a factor of 2.4 and the injection
timing advances by 5.6°, resulting in combustion that is completely premixed in nature
and occurs at a much earlier crank angle. From there, engine command gradually
increases. As it does, injection timing retards and the quantity of fuel mass increases,
resulting in the heat release observed in cycles 2731 and 2781, which have higher levels
of both premixed and diffusion combustion. Reductions in engine command and fueling
rate, coupled with more advanced injection timings, produce the heat release curves for
cycles 2831, 2881, and 2931, which are primarily premixed in nature. Mass fraction burn
duration curves demonstrate that those combustion events that occur under higher load

last longer; thisis due to greater fractions of diffusion combustion.
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Combustion Analysis Summary

Combustion analysis is performed on all the cycles contained within three
accelerations. high-intensity from zero vehicle velocity, high-intensity from moderate
vehicle velocity and low-intensity from high vehicle velocity. It is observed that the
transitions that take place from cycle-to-cycle are very similar in al three cases when
investigated at this level. Under low-load conditions, engine combustion is primarily
premixed. As engine command is increased and the amount of fuel injected goes up, the
intensity of the premixed spike increases. The degree to which this occurs is
commensurate with the mass of fuel added.

For cases in which a large step change in fuel mass is made from one cycle to
another, such as in cycle 1648 or 1936, the intensity of the premixed spike is nearly two
times greater than ever observed during steady state conditions. During such cycles, the
large amount of injected fuel is typically facilitated by extra-long injection durations
which exceed the burn duration of the premixed spike. Therefore the additional fuel
burnsin aweak form of diffusion combustion.

If engine command is increased in such a manner that the fuel mass change from
cycle-to-cycle does not involve an overshoot in the fuel mass, the level of premixed
combustion grows first. Diffusion combustion development is secondary. The faster the
rate at which fuel energy is added, the greater the extent of premixed growth before the
appearance of diffusion combustion. Slower rates of fuel energy addition experience
simultaneous growth in premixed and diffusion combustion. If enough fuel energy is
added and enough time is permitted, the proportion of diffusion combustion can grow
larger than the fraction of premixed combustion.

When the engine is operating at a high load condition, combustion consists of

both premixed and diffusion burning. When engine command is increased under such
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conditions and all other inputs remain the same, the level of diffusion burn grows larger
and the premixed portion remains unchanged.

A decrease in engine command from a high-load condition results first in a
reduction in the intensity of diffusion combustion, followed by a decrease in the
premixed spike. If the amount of fuel injected reduces to the point where the combustion
is completely premixed, then the level of the premixed combustion may either be lower

or higher than the premixed intensity prior to the reduction in engine command.

8.2.15 NO Emissions

The formation of NO during constant-speed load sweeps is discussed in Section
7.2.9. Results of these experiments reveal that NO formation is strongly a function of in-
cylinder composition, combustion mode, and localized in-cylinder conditions. While this
work cannot quantify the influence of spatially-resolved in-cylinder variations, it can

assess the impact of in-cylinder composition and combustion mode on NO production.

Accelerations from Zero Vehicle Ve ocity

The NO emissions for the accelerations from zero vehicle velocity are shown in
Figure 8.61and Figure 8.62. Also displayed are the engine command and concentration
of Oy in the cylinder prior to combustion. It is apparent from these graphs that NO
concentrations are closely tied to engine command. Any time the engine command
increases, the concentration of NO jumps upward. Conversely, falling rates of engine
command result in areduction of NO emissions.

The cycles with the highest NO concentrations observed during the FTP 75 occur
during the onset of acceleration from zero vehicle velocity. Initialy, engine speed is near
idle and load is present but small. Thefirst few cycles of the transient are relatively rich,

asthe fuel system injects an excess amount of fuel. This causesthe O,
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concentration in these cycles to be very low, as evidenced by data from cycles 167 and
1648. NO emissionsin these cycles are quite low and remain practically unchanged from
the values prior to the acceleration. After a few cycles, however, in-cylinder O, levels
rise, and NO emissions spike upwards. During these cycles, the combustion mode is
intensely premixed (see Figure 8.42), which resultsin very high localized temperaturesin
the cylinder. The combination of this premixed combustion and relatively high levels of
O, in the cylinder contribute to the high NO levels observed a few cycles into the
acceleration from zero vehicle velocity.

In the periods following the first few cycles after the beginning of the
acceleration, NO levels trend downward gradually as the combustion transitions to more
premixed and less diffusion burning. The amount of stoichiometric combustion products
in the cylinder also plays arole, as NO tends to be reduced with lower levels of O, in the
cylinder.

The transitions observed around cycle 250 and 1730 begin with essentially zero-
combustion cycles as the engine coasts down in speed and load. When engine command
is increased, combustion begins again and transitions quickly into a combination of
premixed and diffusion combustion as shown in Figure 8.47. This tempers the amount of
NO formed during the transition, and as NO spikes upwards it does not reach the levels

observed in thefirst portions of the accelerations.

Accdlerations from Moderate Vehicle Ve ocity

Figure 8.63 and Figure 8.64 demonstrate NO emissions trends, along with engine
command and in-cylinder O, concentration prior to combustion for the accelerations from
moderate vehicle velocity. When considered at a fundamental level, much of the engine
behavior in these accelerations mimics those that occur in the accelerations from zero

vehicle velocity. The low-intensity acceleration from moderate vehicle velocity consists
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essentialy of one strong engine command increase, followed by a drop to near zero and
then a series of minor undulations in engine command. The high-intensity acceleration
from moderate vehicle velocity is nearly identical, except that the series of repeating
engine command oscillations are more intense and less frequent. This has a significant
impact on NO emissions, as engine command and NO formation are so closdly linked.

The first portion of these accelerations is similar to the conditions observed in the
second part of the accelerations from zero vehicle velocity. Combustion transitions
gradually from premixed combustion to premixed-diffusion burning, tempering the NO
emissions of the initial cycles, and O, concentration in the cylinder dictates NO
production in the latter part of the engine command increase. As engine command drops
such that the engine is coasting down, lack of fuel injection results in cycles where
combustion and NO formation do not occur.

The remainder of the accelerations follow this same trend, with engine command
either increasing or decreasing and NO formation mimicking the behavior. Rapid
increases in engine command result in high levels of in-cylinder O, and NO emissions, as
shown around cycle 860. Slower increases in engine command have stoichiometric
combustion products present throughout, resulting in lower in-cylinder O, levels and
reduced NO emissions, as displayed near cycle 720.

One period during these accelerations experiences a relatively constant engine
command for a number of cycles. Just prior to cycle 2200, engine speed is increasing
gently while load remains relatively constant. At this condition, the EGR valve opens
significantly and floods the intake manifold with a large quantity of stoichiometric
combustion products. This results in much lower levels of in-cylinder O, prior to

combustion and a marked reduction in NO emissions.
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Accdlerations from High Vehicle Ve ocity

The acceleration from high vehicle velocity is much different from the other

accelerations studied because the engine command changes much more slowly. Rather

than oscillating up and down frequently, it gently trends upward and downward through

throughout the acceleration event.

Figure 8.65 demonstrates the NO emissions, the

engine command, and in-cylinder O, prior to combustion for this accel eration.
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Figure 8.65: NO Emissions, Engine Command, and In-Cylinder O, Concentration for
Low-Intensity Acceleration from High Vehicle Velocity, Cycles 2350-2950 of FTP 75

NO production during this acceleration is governed by the presence of

stoichiometric combustion products in the cylinder. Through most of the acceleration,

the EGR valve remains open and the mass fraction of stoichiometric combustion products

in the cylinder is above 6%, and NO emissions are under 200 ppm. The only times the

EGR valve closes are around cycles 2400, 2580, and 2700. During these periods, the

fraction of stoichiometric combustion products falls by a factor of 3, the amount of O, in
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the cylinder rises, and NO emissions go up by afactor of 2.5. Following the EGR vave
closure in cycle 2580, the engine begins a gentle deceleration that spans cycles 2600-
2700. During the first part of this period the EGR valve reopens, but O, levels in the
cylinder are not affected due to falling exhaust CO, levels (see Figure 8.28) and small
manifold pressure ratios. Despite of this, NO emissions fal; this is attributed to a
reduction in injected fuel mass during this period of reducing engine command. This

trend continues until the engine command increases again round cycle 2700.

8.2.16 Particulate Emissions

Particulates generated during the investigated accelerations are shown in Figure
8.66 and Figure 8.67. Production of particulates follows a very repeatable pattern: any
time there is a large change in engine command in terms of both magnitude and rate that
cause air/fuel ratios to fall below 20, particulate bursts are formed. The largest spikesin
terms of concentration are observed at the beginning of the accelerations from zero
vehicle velocity. For the low-intensity case, cycles 167 and 168 have air/fuel ratios of
12.5 and 19.4 and the highest particulate concentration is 97.2 mg/m®. For the high-
intensity case, cycles 1648 1649 have air/fud ratios of 10.3 and 19.3 and a peak
particulate spike of 432.0 mg/m®. These extremely low air/fuel ratios are undoubtedly
the cause of the huge bursts of particulate at these conditions. Overshooting of the
desired fuel injection mass for just a cycle or two results in these low air/fuel ratios.
During cycles 260-300, the engine undergoes an intense acceleration, and air/fuel ratios
are consistently below 18 and cause an extended period of high particulate emissions.

Similar results are observed when considering the particulates from the
accelerations from moderate vehicle velocities. Particulates reach their highest levels
near the beginning of the accelerations, when engine command goes from minimum to

maximum values in the span of afew cycles, causing air/fuel fuel ratios to remain around
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twenty or less. Little fuel overshoot is present in these cycles, as the engine transitions
more smoothly in these cases. After the large initial engine command increases, the level
of particulate production is proportional to the absolute value and degree of change of the
engine command. The high-intensity acceleration experiences numerous particulate
spikes of moderate intensity due to engine command changes that are more drastic and a
baseline air/fuel ratio right around 20. Conversely, the low-intensity acceleration
experiences very few particulate spikes, as its changes in engine command are relatively
smoother and occur at air/fuel ratios of about 30.

The low-intensity acceleration at high speed experiences a constant particulate
concentration throughout. This is due to the smooth behavior of engine command and
the average air/fuel ratio of 30. The peak level of particulate during this acceleration
occurs right around cycle 2580, where the air/fuel ratio reaches its minimum value of just

below 20.

8.2.17 Emissions Insight

Deeper insight into emissions formation is obtained when closely considering the
fuel injection events and rate of heat release curves that occur during the beginning of an
intense vehicle acceleration. Figure 8.68 shows such data from three cycles: one before
the onset of the transient, the cycle in which the overfuelling occurs, and the cycle
following it.

The excess amount of fuel in cycle 1648 is caused by an elongated injection
event. Fuel injection pressure in this case is relatively low and unchanged from previous
cycles. Thisresultsin afuel injection that has poor penetration, atomization, entrainment
and mixing. A huge premixed combustion spike occurs, but the lengthened fuel injection
event continues until well after the premixed combustion is concluded and the remainder

of the fuel combusts in aweak diffusion burn.
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With a global equivalence ratio of 1.4, the overal cylinder conditions are
extremely rich and therefore the availability of oxygen in the cylinder is reduced. When
combined with the poor mixing from the low injection pressures, the result is a
combustion event with lower localized temperatures and higher localized equivalence
ratios. Additionaly, the fuel injection takes place through the duration of the premixed
burn and lasts well into the weak diffusion burn. Such an environment is ideal for

particulate production and the antithesis of particulate oxidation.
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The cycles that serve asideal for particulate production are not conductive to NO
formation. Lack of oxygen and excess fuel lead to lower in-cylinder temperatures and
more rich combustion, which are conditions not suitable for NO production. Indeed,
examination of the NO emissions from cycles 1647 and 1648 reveal a negligible change

in NO emissions.
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Following the cycle with an excess of injected fuel, however, NO emissions
quickly rise to roughly triple their original value. Cycle 1649 is the beginning of this
trend. In this cycle, the equivalence ratio has fallen to 0.75 and the combustion is purely
premixed in nature. The oxygen concentration has aso risen from 17.2% to 18.4%. The
conditions result in higher localized temperatures with more available oxygen, which is
perfect for NO formation. For cycles 1650-1655, the mixture conditions in the cylinder
remain unchanged, but fuel injection pressures are increasing which enhances the mixing
and entrainment processes. During the same period, the intensity of the premixed
combustion is reducing but remains very strong. The net result of all of these trends are
extremely high NO concentrations. As the engine transitions into combustion with both
premixed and diffusion burning with lower overall oxygen concentrations, NO emissions

are reduced.

8.3 In-Vehicle Transient Operation Summary

This chapter closely examines engine behavior over an FTP 75 driving cycle. The
experimental technique presented in Chapter 4 is used to quantify the fuel mass, air mass,
and stoichiometric combustion product mass for every combustion cycle. Cycle-resolved
NO emissions are also measured, as is particulate concentration at arate of 10 Hz. These
data are then analyzed to create a link between the inputs to combustion and the outputs
from combustion. The discussion focuses on five specific portions of the driving cycle,
al of them accelerations. two from zero initial vehicle velocity, two from a moderate
initial vehicle velocity, and one from ahigh initial vehicle velocity.

Engine command is found to be a very important metric when analyzing engine
behavior over a transient driving cycle. It represents what is being demanded of the
engine and its level and rate of change significantly impact engine operation. All

accelerations investigated have continuously-increasing vehicle velocities. The engine,
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however, experiences frequent loading and unloading. For accelerations that are more
aggressive, the engine command increases and decreases at rapid rates, but does so at a
low frequency. Less aggressive accelerations often put the engine through the same
initial engine command increase as a more severe acceleration, but then the engine
experiences periods of relatively high-frequency transitions between increasing and
decreasing engine command. The frequency and intensity of the engine's transitions
from speed and load conditions to higher ones is a significant driving force in the
production of emissions.

Performance of the fuel injection system has a significant impact on engine
operation. When transitioning from a low-load condition to a high one, the engine
generates more torgue by increasing the mass of fuel injected. For accelerations that take
place from zero vehicle velocity, this often involves an overshoot in the amount of fuel
mass, where the first cycle of the acceleration has much more fuel than the cycle before
or after it. For the cases studied, one overshoot cycle had 4.2 times the fuel mass of the
cycle before it and 1.5 times the fuel mass of the cycle after it. These factors were 5.0
and 2.1 for the other acceleration from zero. When an acceleration takes place while the
vehicle is dready in motion, the fuel injection system does not have such a severe
overshoot in the fuel mass.

The trapped mass of stoichiometric combustion products is governed by the
behavior of the EGR valve, the manifold pressure ratio, and the concentration of CO; in
the exhaust. During periods in which the engine command is increasing at a substantial
rate, the EGR valve remains closed, and the only CO; in the cylinder comes from
residual. Under such conditions, the proportion of stoichiometric combustion products in
the cylinder is less than 3%. When engine command is relatively constant under
moderate load, the EGR valve opens and greatly increases the amount of stoichiometric
combustion products. Depending on engine operation, this proportion spans anywhere

from 3-17%. During periods of decreasing engine command, the EGR vave opens,

273



permitting the flow of exhaust gases into the intake manifold. Under such conditions,
however, manifold pressure ratios are typically small and CO, concentrations in the
exhaust are low, resulting in very small proportions of stoichiometric combustion
products in the cylinder during periods of decreasing engine command.

Air flow into the cylinder is dictated by intake manifold pressure and engine
speed. As engine speed and load increase the amount of turbocharger boost goes up,
which increases intake manifold pressure. At the same time, the time during which air
can flow into the cylinder is decreased due to increasing engine speeds. Therefore the
amount of air in the cylinder generally trends with intake manifold pressure, but its value
istempered by the influence of engine speed.

Air/fue ratios are naturally the outcome of the behavior of the two independent
systems that provide fuel and air to the cylinder. This ratio is an important metric when
studying combustion and emissions formation. The most significant air/fuel ratio vaues
found in this portion of the study occur during the onset of an aggressive transient. In
these cases, the amount of fuel increases drasticaly with no change in air mass. The
result is a cycle or two with extremely low ratios—the lowest observed is 10.3, which
represents a combustion event with an equivalence ratio of 1.4. Aside from these
conditions where the engine injects an excess of fuel, air/fuel ratios are well within the
range of those observed during steady-state operation.

Combustion analysis is conducted to assess how the transitions from one
operating state to another occur. Under light-load conditions, the combustion is purely
premixed. If engine command is increased, the intensity of the premixed combustion
grows and diffusion combustion appears. The faster the transition, the greater the extent
to which the premixed combustion grows before the appearance of diffusion burning. A
very slow transition results in the gradual appearance in diffusion combustion and
simultaneous growth in the intensity of both phases. As load is increased from an

operating condition that consists of both premixed and diffusion combustion, the
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diffusion combustion grows in intensity while the premixed combustion remains
unchanged. Reduction of load from premixed and diffusion combustion resultsin first a
decrease in diffusion combustion, followed by a decrease in premixed combustion.
During the cycles in which an excess amount of fuel is injected, premixed combustion
occurs such that the intensity of the premixed spike is nearly two times larger than any
observed during steady-state operation. Any remaining fuel that is not burned at the end
of the premixed phase is consumed by aweak form of diffusion combustion.

NO emissions are found to be strongly a function of the amount of injected fuel,
and in general, the higher the fueling rate, the greater the NO emissions. The highest NO
concentrations measured are over 600 ppm and occur 3-4 cycles after the onset of an
acceleration from zero vehicle velocity. Intense premixed combustion during these
cycles cause high localized temperatures within the cylinder, and when coupled with
relatively high in-cylinder O, levels prior to combustion, they provide an environment
very conductive to NO formation. If engine command vaues remain steady for long
enough periods, the EGR valve opens and increases the proportion of stoichiometric
combustion products in the cylinder, which reduces NO emissions.

Particulate emissions experience a burst in concentration whenever engine
command increases a significant amount at a fast rate. Study of the particulate spikes
reveals that if engine command changes by over 30% at a rate of 30% per second, the
likelihood of forming particulate in excess of 50 mg/m® (Bosch 1.3) is very high. If the
air/fud ratio is below 25, engine command changes in excess of 10% at a rate of 20% per
second will likely produce particulate spikes. Causes of these particul ate bursts are most
likely the few cycles that occur with extremely low air/fuel ratios and rate of heat release
curves that exhibit a strong premixed spike followed by weak diffusion burning. Outside
of changes in engine command that exceed the rough boundaries presented here,
particul ates throughout the remainder of the FTP 75 were present but at a very low value

overal.
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CHAPTER 9

SUMMARY AND CONCLUSIONS

An experimental technique to determine cycle-resolved in-cylinder composition
prior to combustion is introduced in this study. This chapter first summarizes the
motivations for this work and reiterates its objectives. The technique itself is then
reviewed and the validity of its results is discussed. Major findings from application of
the technique to steady-state and transient engine behavior are presented, followed by the

conclusions of the study. Finally, recommendations for future work are suggested.

9.1  Motivation and Objectives

Increasingly stringent emissions standards are forcing diesel engine manufacturers
to produce cleaner engines. Many methods are being evaluated to achieve these ends.
One such approach is the reduction of emissions that arise from transient engine
operation, which constitute a significant portion of total vehicle emissions. Transient
engine behavior is characterized by a transition between operating states such that
guantities of in-cylinder components and their mixing processes are not well-controlled.

Currently not much is known about transient emissions and why they form. This
is due to two reasons. First, diesedl combustion is incredibly complex and involves
turbulent mixing, three-dimensional heterogeneity, and unsteadiness.  Therefore
modeling the physics and developing the equations that describe emissions formation is

extremely difficult. Current physics-based models that accurately predict emissions
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formation in during realistic engine operation do not exist. Second, typical test cell
instrumentation does not possess the capability to quantify engine behavior during
transient engine operation. These devices do not respond quickly enough to the changes
that occur within the engine. By using traditional test cell measurement techniques, it is
impossible to understand why and how emissions are formed during transient engine
behavior.

Thus there is a need to establish a better understanding of why and how emissions
are formed during transient engine operation. In order to do this experimentaly,
knowledge of the inputs and outputs of each combustion process is vital. Such methods,
however, do not exist. It is therefore the goal of this work to develop an experimentad
technique to aid in the understanding of emissions formation during transient engine
operation. The objectives of this study are four-fold:

1. To develop an experimental technique that can quantify the amount of fuel,
air, EGR, and residual trapped for each combustion cycle and to measure
cycle-resolved NO and particul ate emissions during realistic engine behavior.

2. To validate the experimenta technique by performing a comprehensive error
and sensitivity analysis and by comparing its results to those obtained with
traditional test cell instrumentation.

3. To apply the technique by using it to investigate transient engine behavior in
which high concentrations of emissions are formed and explain why these
occur in light of knowledge of the amount of fuel, air, EGR, and residua that
went into each cycle.

4. To provide insight into how to manage the engine during transients to reduce

emissions production.
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9.2 Experimental Technique Development

Fuel mass in the cylinder is quantified by first assuming that fuel behaves
according to the Bernoulli equation as it flows through the injector into the cylinder. The
problem thus simplifies to the equation for fluid flow through an orifice. To calculate
fuel flow the cylinder pressure, fuel injection pressure, crank angle location of the
beginning and ending of injection must be known. These values are all tractable through
use of an instrumented fuel injector and a cylinder pressure transducer. Discharge
coefficient is determined through use of alookup table that is generated by steady-state
data

Air/fud ratio is determined through use of a carbon-balance across the cylinder,
which is made possible by quantifying of the amount of CO, generated during each
combustion process. To accomplish this, fast-responding CO, probes are inserted into
the engine so that one probe measures in-cylinder CO, during the compression stroke and
the other samples exhaust CO,. The air mass is calculated via the fuel mass and the
air/fuel ratio. Knowledge of the concentration of in-cylinder CO, prior to combustion
leads to the determination of the mass of stoichiometric combustion products, which
consist of any CO,, H,0, and excess N that is recycled into the cylinder through EGR or

residual gases.
9.3 Experimental Technique Validation

Validation of the experimental technique is conducted by four methods: assessing
how it impacts combustion, performing an error and sensitivity analysis to establish 95™
percentile confidence intervals on the data it reports, comparing typical results to those
obtained with traditional test cell instrumentation, and examining those engine conditions

in which the technique produces results with high levels of uncertainty.
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Instrumentation of the cylinder to permit the sampling of gases adds volume and
thereby decreases compression ratio by 0.41%. This acts to reduce pre-combustion
temperatures and pressures, and its impact is compounded by the removal of mass for the
measurement of CO, concentration during the compression stroke. The maximum
amount of mass removed from the cylinder is estimated to be 1.9% at engine idle. The
influence of instrumenting the cylinder and removing mass on combustion is assessed by
performing rate of heat release analysis. Of all engine operating conditions investigated,
idle is affected the most, as ignition delay is increased from 2° to 3°. At this condition,
the rate of heat release curve does not change shape but is shifted to occur one crank
angle degree later. At other engine operating conditions, combustion does not change
significantly. As speed and load increase, the impact of the measurement technique goes
down.

Sampling of exhaust gases prior to the turbocharger reduces exhaust flow and
impacts boost pressure. The greatest percentage of exhaust volume sampled is 1.0% at
engineidle. Boost pressures are reduced the most at high engine loads and low speeds; at
750 rpm and 5.7 bar BMEP, the removal of the exhaust gases reduces boost pressures by
1.5%.

An eror and sengitivity anaysis is performed to assess the accuracy of the
reported masses of fuel, air, and stoichiometric combustion products from this
experimental technique. Error in the fuel mass is incurred from two sources:
determination of the value of the discharge coefficient and the use of the composite
trapezoid rule to approximate an integral. When considering al the factors involved,
95% of the reported fuel mass values have an error of less than £0.74%.

In the development of the method to determine the mass of air and stoichiometric
combustion products from emissions measurements, the emissions of carbon monoxide
and unburned hydrocarbons is neglected. This assumption incurs error in the calculation

of air/fuel ratio and is quantified by assessing engine data from transient driving cycles.
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The emissions from these realistic conditions are used to calculate two air/fuel ratios. one
by using and the other by neglecting CO and HC emissions to establish a standard
deviation of error in the air/fuel ratio. It isfound that by ignoring CO and HC emissions,
the reported air/fuel ratio has an error of +2.0% with a 95™ percentile confidence interval.

Error in air mass and the stoichiometric combustion product mass is incurred
through fuel mass error, neglecting the presence of CO and HC in the exhaust, and the
impact of errors in the in-cylinder and exhaust manifold CO, measurements. The errors
in the first two factors have already been developed, but the relationship of air mass and
stoichiometric combustion product mass to CO, error is more complex. Therefore a
sensitivity analysis is conducted to assess how errors CO, measurements impact the air
mass and stoichiometric combustion product mass. Of all engine operating conditions
investigated, the highest sensitivity CO, measurements is found at high-speed and low-
load conditions. At such points, a simultaneous 95" percentile error in both in-cylinder
and exhaust manifold CO; results in an air mass that deviates +1.84% and stoichiometric
combustion product mass that varies +£3.30% from the true values. When combined with
the other sources of error, the mass of air is reported with an error of +2.82% and the
mass of stoichiometric combustion product mass is determined to have error of £3.93%,
both with a 95" percentile confidence interval.

Data from transient engine operation is obtained simultaneously using both the
developed experimental technique and traditional test cell instrumentation. The
traditional test cell instrumentation is unable to quantify data variation at the cyclic level
due to slow device response times, transport delay, and the loss of resolution that occurs
because of mixing during the transport delay. The proposed experimental technique,
however, is capable of capturing cycle-resolved values of the inputs to and outputs from
combustion over a broad range of engine operation.

The information provided by the technique has high levels of uncertainty at

engine operation near the outer edges of its performance envelope. As the engine is
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coasting down in speed so that no power is being generated, the needle lift signd
disappears, causing errors in the reported start and end of injection timings. This leads to
erroneous fuel mass values. The amount of CO, in the exhaust during engine coast down
practically zero, and small absolute errors in CO, concentration lead to large relative
errors in air and stoichiometric combustion product mass calculations. Under certain
low-speed low-load conditions, the fuel injector needle has a significant amount of
bounce when it closes. This makes the determination of the end of injection difficult,
which strongly impacts the fuel mass calculation. Such coast-down periods and low-
speed, low-load conditions occur frequently during the FTP 75 driving cycle used to test
the engine. But because little to no fuel is being consumed at these conditions, the
formation of emissions due to transient engine behavior is not present and the data from
such conditions are neglected.

As engine loads increase such that the exhaust manifold pressure exceeds about
200 kPa absolute, the exhaust manifold Fast CO, probe is unable to maintain a constant
chamber pressure. When these chamber pressures fluctuate to values other than the value
used during calibration, errors are created in CO, measurement, which propagate through
to air and stoichiometric combustion product masses. Fortunately, during the FTP 75
driving cycle used to test the engine in this study, such high-load conditions are
experienced infrequently. Therefore these inaccuracies have little to no bearing on the

results obtained.

9.4  Resultsfrom Application of Experimental Technique

The experimental technique proposed in this study is used to analyze engine
behavior during steady-state conditions, constant-speed load sweeps, and during realistic
engine behavior during an FTP 75 driving cycle. Mgor findings from these three

investigations are summarized separately in the following sections.
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9.4.1 Steady-State Engine Operation

Two operating conditions are investigated to analyze engine behavior at steady-
state conditions. Engine speed and engine command are held constant at 2000 rpm, 1 bar
BMEP and 2000 rpm, 9 bar BMEP. Electronically-controlled engine parameters, such as
start of injection, injection pressure, mass of injected fuel, EGR valve position, and VGT
vane position perform according to the engine's standard calibration. Findings from this
portion of the study are summarized below.

e When the engine operates at a steady speed with a constant engine command
signal, the injection timing, injection pressure, EGR valve position, and VGT vane
position are not constant. These inconsistencies result in larger relative variances in
the trapped mass of fuel, air, stoichiometric combustion products.

e Thefud injection system performs more consistently when nominal fuel injection
pressures are higher and fuel injection events are longer.

e The engine experiences a high level of heterogeneity in the intake manifold due to
poor mixing of EGR and fresh air, as evidenced by significant cycle-to-cycle
variations in the mass of stoichiometric combustion products.

e Larger variances in the mass of fudl, air, and stoichiometric combustion products
lead to greater inconsistencies in combustion processes.

e NO emissionson acyclic level are strongly afunction of injection parameters and
oxygen concentration in the cylinder. At the lighter load condition, injection
parameters have a larger influence. At the higher load condition, cyclic fluctuations
in pre-combustion in-cylinder O, result in cyclic changes in NO formation, with
higher levels of O, corresponding to higher values of NO.

e Instrumentation limitations prevent resolution of particulate emissions into cyclic

values.
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9.4.2 Constant-Speed Load Sweeps

Transient load sweeps are conducted from 1 bar BMEP to 9 bar BMEP a a
constant speed of 2000 rpm. The time elapsed during the increase of engine command is
varied to simulate accelerations of different intensities. The investigated time sweeps
over which the engine command increases last 0, 1, 2, 3, and 5 seconds. While the results
of all five cases are analyzed, only the results of the 0, 2, and 5 second cases are included
in the discussion. Magjor findings of this portion of the study are summarized below.

e Rate of engine command significantly impacts engine behavior during transient
operation.

e In the first cycle in which the engine responds to a change in engine command
during the O Second load sweep, the amount of fuel injected overshoots the desired
value by a factor of 2.4. The result is a combustion event with an air/fuel ratio of
14.8, or an equivalence ratio of 0.98, which is 25% more rich than any observed
standard calibration operating point. Three more cycles of fuel overshoot take place
before the amount of injected fuel agrees with the desired value. All other cyclesin
all other sweeps did not experience this fuel mass overshooting behavior.

e The proportion of stoichiometric combustion product mass during the transient
sweeps is governed by EGR valve position. Manifold pressure ratio also plays arole,
but itsinfluence is secondary.

e EGR valve behavior during the load sweeps is different in all investigated cases
and significantly impacts the mass of stoichiometric combustion products trapped in
the cylinder during the transition. The more rapid the rate of engine command
increase, the more the EGR valve closes, which causes a reduction in the mass of
stoichiometric combustion products.

e Air mass during constant-speed transients is controlled by intake manifold

pressure and EGR valve position.
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e During these transients, combustion transitions from purely premixed to a
combination of premixed and diffusion burning. The load sweeps that take place the
quickest initially experience a significant growth in the magnitude of premixed
combustion. Diffusion burning appears later as the engine approaches steady-state
conditions. As the pace of the load sweep slows, the premixed burning does not
reach such high levels, but diffusion burning appears sooner. For the slowest sweep,
diffusion burning appears just afew cyclesinto the transition.

e NO emissions formed during the load sweep are highly-dependent on the rate of
change of the engine command. Faster changes in engine command results in larger
spikesin NO concentration. Intense premixed combustion near TDC causes high in-
cylinder temperatures and when coupled with a combustion chamber devoid of
stoichiometric combustion products and flush with oxygen, an environment ideal for
NO production is created. Slower engine command increases occur with higher
levels of stoichiometric combustion products in the cylinder, which causes the
combustion rates to slow and transition to diffusion burning more quickly. Thus
cylinder temperatures are lower, O, concentration is reduced, and NO production is
smaller.

e Particulate emissions are strongly related to the rate of change of engine
command at the onset of the transient. The few cycles near the beginning of the O
Second engine command sweep that had very high levels of fueling and low air/fuel
ratios are most likely the cause of the large spike in particulate emissions observed at
the start of the load sweep. Slower engine command transitions experience
particulate response, and are most likely due to a combination of the presence of
stoichiometric combustion products and low air/fuel ratios. These levels of

particulates, however, are an order of magnitude lower than the spike in the O Second

sweep.
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9.4.3 In-Vehicle Transient Operation

Using the engine-in-the-loop capability of the test cell, the engine is operated as
though it isin a U. S. Military Humvee over the FTP 75 driving cycle. The proposed
experimental technique is used to assess engine behavior throughout the cycle and used
to identify those conditions in which high levels of emissions are formed. Discussion
focuses on five specific acceleration procedures. two from zero initial vehicle velocity,
two from a moderate initial vehicle velocity, and one from a high vehicle velocity. The
results of this investigation are summarized below.

e Behavior of engine command during in-vehicle operation is the single largest
determiner of engine behavior. Vehicle velocities and accelerations that are very
different from one another can result in engine behavior that is very similar and
therefore vehicle behavior alone is not sufficient to characterize engine operation.

e Rate of change of engine command during the first few cycles of a vehicle
acceleration largely determines the degree to which excess emissions are formed.

e The operation of the fuel injection system has a significant impact on engine
performance. Fuel mass overshoots that occur for only one cycle are observed in the
accelerations from zero vehicle velocity. In the most intense acceleration from zero
vehicle velocity, this cycle has 3.1 times the mass of injected fuel that the engine
commands. This cycle has an air/fuel ratio of 10.3, which corresponds to an
equivalence ratio of 1.4; this cycle is 79% more rich than any cycle observed at
steady-state conditions. When accelerations occur while the vehicle is aready in
motion, fuel overshoots do take place, but not to the levels observed when the
accelerations take place from zero vehicle velocity.

e Cycles in which excess fuelling occurs is caused by injection events that have
much longer durations than other cycles. Injection pressures remain similar to

adjacent engine cycles.
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e The mass of stoichiometric combustion products in the cylinder during vehicle
accelerations is a function of EGR valve position, manifold pressure ratio, and the
concentration of CO, in the exhaust products. EGR valve position has the most
significant impact. Under intense accelerations, the EGR valve remains closed and
internal residual levels result in stoichiometric combustion product fractions to
remain below 3%. As engine command increases become less severe, the EGR valve
remains partially open, and the proportion of stoichiometric combustion products
ranges from 6-17% depending on engine operation.

e Trapped ar mass is proportional to intake manifold pressure and inversely
proportional to engine speed.

e Air/fue ratios during accelerations are only outside engine calibration limitations
during the first few cycles of engine command increase. The degree to which this
occurs is a function of the level of fuel mass overshoot. All other air/fuel ratios
observed during the driving cycle tests are above the values observed during steady-
state engine operation.

e During an acceleration, the mode of combustion transitions from being
completely premixed to a combination of premixed and diffusion burning. Asengine
speed and load increase, the intensity of the premixed combustion grows and
diffusion burning appears gradually. The more aggressive the engine command
change, the greater the intensity of the premixed spike and the later the appearance of
diffusion combustion. More moderate changes in engine command result in lower
overall premixed intensity and a more rapid appearance of diffusion combustion.

e During cycles in which an excess amount of fuel in injected, the heat release is
intensely premixed followed by weak diffusion burning. The strength of the
premixed combustion can exceed 400 Jdeg, which is over twice the value typically
seen a any steady-state condition. The diffusion burn occurs because of extended

injection events that last longer than the duration of the premixed burning. Cycles
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that follow such events transition back to purely premixed, as fuel rates are much
lower. The intensity of the premixed combustion during these cycles remains above
the strength of premixed combustion observed at steady state conditions.

e NO emissions typically are governed by the mass of injected fuel, and larger fuel
masses lead to higher NO concentrations.

e The highest NO concentrations occur during the accelerations from zero vehicle
velocity and begin 3-4 cycles after the fueling rate begins to increase. At these
conditions, in-cylinder O, levels are high and the combustion is intensely premixed,
which resultsin high cylinder temperatures and conditions ideal for NO formation.

e NO concentrations are high during the beginning of an acceleration while the
vehicle is moving, but do not reach the levels of NO observed in the accelerations
from zero vehicle velocity. In general, these cases have lower levels of in-cylinder O,
and less intense premixed combustion, and therefore are not as favorable for NO
formation.

e High concentrations of particulate are formed whenever an engine command
increases by a large amount at a rapid rate. For this engine, this condition can be
summarized as an absol ute change in engine command that exceeds 30% and lasts for
one second or longer. The closer the engine is to an air/fuel ratio of 20 or below, the
less engine command has to change to form a particul ate burst.

e The highest concentrations of particulate are observed during the beginning of an
acceleration from zero vehicle velocity. These most likely occur due to the existence
of one combustion cycle that has an equivalence ratio that exceeds one and then
exhibits weak diffusion combustion. This is an environment that is ideal for soot

formation and awful for soot oxidation.
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9.5  Accomplishmentsand Conclusions

The accomplishments of this research effort to develop and validate a new engine
experimental technique and the conclusions drawn from the application of the technique
to steady-state and transient engine operation are summarized in the list below.

e An experimenta technique is developed in this study that quantifies cycle-
resolved values of fuel mass, air mass, and stoichiometric combustion product mass
over abroad range of engine operation.

e Engine modifications that permit the necessary instrumentation are non-invasive
and the devices during data acquisition are configured in a manner such that the
combustion events of the instrumented cylinder are minimally impacted. Therefore
the data acquired is representative of engine operation from an uninstrumented
cylinder.

e Errors in the mass of fuel, air and stoichiometric combustion products are very
low over a broad range of engine operating conditions and provide high levels of
confidence in the results obtained by the experimental technique.

e The technique provides information about fuel, air, and stoichiometric
combustion product masses that cannot be obtained with traditional test cell
instrumentation and methodol ogies.

e Knowledge of the cycleresolved behavior of the mass of fud, ar, and
stoichiometric combustion products provides unique insight into the causes of
emissions formation due to transient engine operation.

e Large increases in engine command from low-speed low-load operating
conditions cause the fuel injection system to inject an excess amount of fuel in one or
two cycles. These cycles can have equivalence ratios over one and exhibit

combustion modes that are significantly different from those observed at steady state.
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e Abnormally-high concentrations of NO are produced after 3-4 cycles of a large
increase in engine command because the cylinder is flush with oxygen and the
combustion mode is intensely premixed. This leads to high localized in-cylinder
temperatures and provides ideal conditions for NO formation.

e Particulate bursts are created whenever a large increase in engine command
occurs over a sustained period of time. This most likely results due to the first few
combustion cycles that occur immediately after the engine command begins
increasing. The lower the air/fuel ratios encountered, the higher the concentration of
particulate formed. Cycles in which the mass of fuel greatly exceeds the desired
amount have ultra-low air/fuel ratios and cause the largest observed concentrations in
particulate emissions.

e To reduce the formation of both NO and particulate during transient engine
operation, the fuel injection system must be able to precisely control injection
pressure as well as the start and end of injection for every cycle. These fuel injection
events must be accurate and repeatable at every possible engine operating condition.

e NO emissions produced during transient engine operation can be mitigated
through introduction of stoichiometric combustion products into the cylinder during

periods of increasing engine command.

9.6 Recommendations for Future Work

This research effort introduces an experimental technique and demonstrates how
it can be used to better explain engine behavior during transient operation. There exist a
number of ways to improve the technique and to apply it to new topics. Suggestions for

future research are provided in the following list.
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e Perform simulation studies with KIVA to better understand how and why NO and
particulate form as they do and identify the role of loca in-cylinder conditions in
transient emissions formation.

e Acquire or develop the hardware and software necessary to control injection
parameters, EGR valve, and VGT vane position during transient engine operation.
This permits the development of engine control strategies to mitigate the emissions
formed due to transient phenomenon.

e Incorporate Fast CO and Fast HC measurements in the exhaust manifold into the
technique in order to assess the extent to which these emissions are formed during the
combustion cycles with excessive fueling.

e Improve the fuel injection system so that fuel mass overshoot does not occur
during the most aggressive transient engine behavior.

e Develop an advanced algorithm for the EGR valve position such that the
concentration of exhaust CO, and manifold pressure ratio are used as inputs to better
control the mass of stoichiometric combustion products trapped in the cylinder.

e Use data obtained with this experimental technique to aid in the development of
physics-based and phenomenological models of transient engine behavior, especialy
those that focus on emissions formation.

e |Investigate how multiple injections can be used during transient engine operation
to maintain driveability but avoid excessive emissions.

e Develop a method to use in-cylinder CO, measurements during the compression

stroke in conjunction with cylinder pressure to create a closed-loop engine control

strategy.
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APPENDIX A

MATLAB PROGRAM TO POST-PROCESS DATA

The data obtained in this investigation to determine cycle-resolved in-cylinder
composition is done so on a crank-angle basis, and tests that last any longer than a few
seconds generate enough data to warrant a post-processing routine. MATLAB is chosen
to perform these calculations because of its flexibility and functionality. This section
serves to explain the algorithms used to process the data, as well as the structure of the

codeitsalf.

A.1 Code Structure

The algorithm is broken into subroutines to simplify modification and
interpretation. The main program is called Transient_Calculations and serves to input
data, call subroutines, and output the data. Fuel mass is then determined with fuel
injector data, cylinder pressure, and engine speed by the aptly-named Fuel _Mass routine
and its subroutines. Then the fuel mass and in-cylinder and exhaust manifold CO,
measurements are used to determine the air mass and mass of stoichiometric combustion
products in the cylinder prior to combustion in the Air_and_Inert_Mass subroutine. Heat
release is then performed with the outputs of the preceding routines and the
Heat Release Call subroutine. A schematic of the code structure is shown in Figure A.1.
In this figure, code hierarchy is represented by nested rectangles, while order of
execution represented by vertical orientation. The specifics of each of these subroutines

are explored in the following sections.
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Normalized Exhaust_Flow

Cd_Matrix_Generation

Cd_Lookup

Heat Release

Figure A.1: Structure of MATLAB Program Used to Post-Process Crank Angle
Resolved Data

A.2  Subroutine Functions

While earlier chapters focus on development of the assumptions, methods, and
equations necessary to determine the mass of fuel, air, and stoichiometric combustion
products for each engine cycle, this section presents a higher-level overview of raw and

processed data as it flows through the cal culation routines.

A.21 Transient Calculations

The first task of this parent routine is to load all of the raw data and place it into
appropriate variables. Crank angle resolved cylinder pressure, intake and exhaust

manifold pressure, and injection pressure are each assigned their own variable name and
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then divided into 720-degree increments which are written into consecutive columns so
that the n™ column of a particular variable represents the n™ cycle of the data. In asimilar
fashion, cycle-resolved data, such as the start and end of injection, are transposed so that
each column represents data from a different cycle. For cycle-resolved data, however,
thereis only one piece of information per cycle and n cycles of datais represented by a 1-
by-n matrix.

Cylinder pressure and fuel injection pressure are then filtered with a 2™ order low
pass Butterworth filter to remove noise from these signals. The cutoff frequency used is
afunction of engine speed, as higher engine speeds result in a greater sampling frequency
and require a stronger filter to remove an equivalent amount of noise. This filter is
applied using MATLAB's filtfilt command, which first filters the data in a forward
direction and then backwards, which results in output data with zero phase shift.

At this point, the data pre-processing is completed and then the subroutines shown
in Figure A.1 are called in the order presented. Once these values have been determined
and all outputs have been generated, the Transient_Calculations routine then organizes
the data into alogical order with appropriate units before generating arrays that are user-
friendly and able to be saved. Eighty-four pieces of cycle-resolved data, some measured
and some calculated, are saved in an Excel format. Selected crank-angle resolved data,
such as rate of heat release and integrated heat release, are saved in individua text files

because of the sheer volume of data involved.

A.2.2 Emissions Determination

This subroutine is called to interpret the crank angle resolved in-cylinder CO,
data, exhaust manifold CO, data, and exhaust manifold NO data and trandlate it into
cycle-resolved data. This data is first broken into 720-degree sections so that each

increment contains the data from one cycle. Algorithms are then used to locate the
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beginning of the blowdown process for the exhaust manifold measurements. The average
cycle-resolved value of exhaust CO, and NO are determined through use of an exhaust
flow model that serves as a weighting function to the measured concentrations. In-
cylinder concentrations are determined by finding an average around the peak value of

the signal for each cycle. Details of these algorithms are explored further in Appendix B.

A.2.3 Fuel_Mass

Injector and cylinder pressure data, as well as fuel properties are then used to
calculate the mass of fuel injected for each cycle in the Fuel_Mass subroutine. The first
part of this process is accomplished by calling the Cd_Matrix_Generation routine which
uses steady-state engine speed, peak injection pressure, and injection duration, to create a
three-dimensional matrix that has an injector discharge coefficient value at each data
point. To equalize the weighting of engine speed, peak injection pressure, and injection
duration, these values are first normalized relative to the peak values the engine can
produce. Therefore these values al range from zero to one. Once the matrix is created,
the delaunay3 function is used to take this three-dimensional, sparse, non-uniform data
and divide it into tetrahedrons such that the vertices of each tetrahedron consist of the
steady-state data points and no other data point is contained within any tetrahedron. A
visualization of this process is shown in Figure A.2 and A.3, which demonstrate how the
interpolation space looks before and after the tetrahedrons are created.

After the injector discharge coefficient is created, the Cd_Lookup subroutine is
called to interpolate the cyclic engine data. For each engine cycle, an engine speed,
maximum injection pressure, and injection duration are specified. These values are first
normalized and then used in the tsearch function that determines the indices of the

tetrahedron in which the datais contained and the relative proximity to each vertex. The
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discharge coefficient of that point is the weighted average of the coefficients of the
tetrahedron’ s vertices in which it is contained.

Once the injector discharge coefficient is interpolated, the calculation of fuel mass
is completed by the Fuel _Mass subroutine. It uses injection pressure and cylinder
pressure, aong with fuel density and the interpolated discharge coefficient to calculate
the fuel injection velocity and then the instantaneous fuel flow rate. This value is then
integrated with the trapz function to yield the overal injected fuel mass. The equations
used in this scheme are fully developed in Section 4.4.

A.2.4 Air and lnert Mass

Once the fuel mass and in-cylinder and exhaust manifold CO, concentrations are
calculated, the Air_and_Inert_ Mass subroutine is called to determine the mass of air and
stoichiometric combustion products trapped in the cylinder prior to combustion by
executing the iterative steps described in Section 4.5. When the mass of air and
stoichiometric combustion products prior to combustion are calculated, all the
components of the cylinder charge are known. The routine then determines the mixture
molar and mass fractions of each compound before and after combustion, including:

oxygen, nitrogen, carbon dioxide, water, and fuel.

A.2.4 Heat Release Call

Now that the amount of fuel, air, and stoichiometric combustion products in each
cycle are known, the Heat_Release Call subroutine is used to prepare input data and call
the heat release code. Three distinct steps are taken here: defining the proper inputs,
calling the code, and post-processing the heat rel ease data.

Inputs to the heat release code are broken into two categories. those that are

independent of engine operating condition, and those that are dependent on engine
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operating conditions. First defined are those that remain fixed; these values include
engine geometry and specifications about which assumptions or models the code uses.
Then a loop is constructed for each engine cycle, and the variables that change with
engine operation (speed, mass flows, and cylinder pressure) are assigned. These values
are then used to write atext file that is used as an input to the heat rel ease code.

The heat release code itself, which exists in a MATLAB-created subroutine, is
then called. Its outputs are written to another text file, which are immediately read in by
the MATLAB code where they are post-processed. Rate of heat release, integrated heat
release, rate of work, rate of heat transfer, rate of internal energy, and bulk gas
temperature are all important heat release outputs that are recorded in this anaysis.

These outputs are then used to determine important combustion characteristics,
such as start of combustion, mass fraction burned curves, and combustion duration. Once
these have been determined, they are sent back to the main Transient_Calculations
routine to be saved with the rest of the output data. Further details about the heat release

code and how combustion characteristics are defined are explored in Appendix C.
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APPENDIX B

DETERMINATION OF CYCLE-RESOLVED EMISSIONSVALUES

Data from both channels of the Fast CO/CO, analyzer and the Fast NO analyzer
are recorded continuously on a crank-angle basis. These data must be interpreted to yield
asingle value of in-cylinder CO,, exhaust manifold CO,, and exhaust NO for each cycle.
This section demonstrates representative in-cylinder and exhaust manifold data and

describes the procedures employed to calcul ate cycle-resolved emissions val ues.

B.1 In-Cylinder CO2

Operation of the CSV500 and how it provides an in-cylinder sample to a channel
of the Fast CO, sensor was described in detail in Section 3.2.12. Because this channel of
the Fast CO, analyzer typically samples ambient air, its output during the majority of the
cycle is essentialy zero. When in-cylinder gases are sampled, the presence of EGR and
residual gas causes a once-per-cycle plateau. Sensor response time dictates that enough
in-cylinder gas be provided to the analyzer to produce an accurate reading of the true
concentration of CO, in the sample. This is accomplished through careful tuning of the
CSV, which was described in Section 5.1.2.

A typical trace of in-cylinder CO, measurement with appropriate CSV settings is
shown in Figure B.1. The Fast CO, sensor updates its output signal every 3 ms;
IndiCom, however, records the output of the sensor every crank angle. These in-between

points that are recorded by IndiCom are a result of signa modulation by the integrated
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RC circuit in the analyzer, and are manifested in the hooks in the curve that are evident in

Figure B.1.

0.7

2

In-Cylinder CO_ (%)

Crank Anale (deq)
Figure B.1: Crank-Angle Resolved In-Cylinder CO, Data

The vaue of this curve that matters is the peak level of the plateau, which is

defined by two consecutive data points from the analyzer that are within 5% of one

another.

In the particular example shown here, the engine speed is 2000 rpm, which

trandates to the analyzer providing data every 36 degrees of crankshaft rotation and a

plateau that is at least 72 crank angle degrees long. Because the settings of the CSV are

appropriate for the operating condition, the plateau shown contains two distinct data

points.

To interpret these data and provide a single in-cylinder CO, concentration for

each cycle, a MATLAB code is developed that divides the data into segments that are

each 720 crank angle degrees long. Within each segment is contained one CO, plateau
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for each cycle. Transport delay within the system skews the data with respect to crank
angle and varies as a function of speed and load, which dictates careful examination of
the data to ensure that one plateau is contained in each segment for all operating
conditions.

Once the data is segmented, the maximum CO, concentration in each division is
located and any point within 5% of that value is used to average the signal. In this

particular case, the in-cylinder concentration is cal culated to be 0.66%.

B.2 Exhaust Manifold Emissions M easur ements

Both CO, and NO are sampled in the exhaust manifold near the exhaust valves of
the instrumented cylinder and recorded on a crank angle basis. These signals must be
interpreted to yield a single cycle-resolved concentration for CO, and NO. Because
thousands of non-uniform cycles must be evaluated, a MATLAB code is developed to
perform this calculation. The process of interpreting these data is equivalent for both
sensors, and from henceforth the discussion will focus on the example of the CO, signal.
Figure B.2 demonstrates three cycles of typical CO, concentration signal taken from the
exhaust manifold. Two distinct tasks must be completed: locating the beginning of the
each exhaust process, and then interpreting the signals from EVO to TDC to yield a

single concentration value for each combustion cycle.
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Figure B.2: Crank-Angle Resolved Exhaust Manifold CO, Datafor Three Consecutive

Engine Cycles

B.2.1 Determination of the Beginning of the Exhaust Process

Emissions concentration data is obtained on a crank angle basis and the first step
of interpreting the data is to break it into 720 degree increments that represent each cycle.
Care must be taken to ensure that the data is divided so that each increment contains the
start of blowdown and the end of the exhaust process for one cycle over the entire range
of engine operating conditions. One such division is shown in Figure B.3, which is the

first cycle from Figure B.2.
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Figure B.3: Crank-Angle Resolved Exhaust Manifold CO, Datafor One Engine Cycle

As engine speed and load change, so too does the exhaust gas flow rate and the
backpressure in the exhaust manifold. This results in varying transport times of exhaust
gas to the emissions sensors and consequently differing times at which the blowdown
process is detected. Therefore the data from onset of the blowdown will occur at a wide
range of crank angles. Fortunately, the presence of exhaust blowdown is readily
identifiable, and is marked by a drastic change in concentration.

Considering the data shown in Figure B.3, the CO, level between -360° and -240°
is relatively unchanged. At about -220°, however, the concentration of CO, increases
significantly, which denotes the beginning of the exhaust process. Since the exhaust
valve opens at 134.9° aTDC, the data shown in Figure B.3 actualy represents the CO,
signal that was generated from the previous combustion cycle and indicates that at this
load and speed (2000 rpm and 9 bar bmep) the transport and sensor delay result in a
signal shift of 445°.
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To locate the beginning of blowdown, the MATLAB code first locates the
maximum concentration in each segment and then the minimum concentration between
the beginning of the segment and the maximum. For this particular cycle, the maximum
CO2 concentration is 10.42% and is found at -107°. The minimum between the
beginning of the segment and the maximum is 8.45% at -260°. Then 5% of the
difference between these two values is computed and added to the minimum, which is
8.55%. The code then starts looking backwards from the maximum toward the minimum
for the crank angle at which this value occurs. For this cycle, that value occurs at
-218.2°, and this crank angle is considered to be the beginning of the exhaust process.

Figure B.4 demonstrates this process.
Maximum: 10.42% @ '1070%
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Figure B.4: Demonstration of Technique to Locate Beginning of Exhaust Process

304



B.2.2 Cycle-Resolved Emissions Results

Determination of cycle-averaged values from the exhaust manifold is complicated
by the variation of exhaust mass flow and exhaust properties throughout the exhaust
process. While the concentration of CO, is measured directly, the amount of mass
flowing through the exhaust associated with each concentration is not known. To
account for these variations, a blowdown-displacement model introduced by Heywood
[43] is used to assume an exhaust mass flow profile over the exhaust process.

The blowdown-displacement exhaust flow model breaks the exhaust process into
two distinct components. blowdown, which is governed by pressure differential across
the exhaust valve and uses orifice flow equations, and displacement, which assumes that
the gas is incompressible as the piston pushes it out of the cylinder during the exhaust
stroke.

During blowdown, the flow is assumed to be compressible and is maximum when
the gas velocity at the minimum flow area equals the velocity of sound. To determine if
the flow has reached this critical point, the following criterion is evaluated: if

(B.1)

¥

Peyn - ( 2 )y—l

PCyl Yy + 1

Where:  Pg,;, = Exhaust manifold pressure (kPa)
Py, = Cylinder pressure (kPa)

y = Ratio of specific heats (-)

then the flow is choked. Cylinder pressure and exhaust manifold pressure are both
measured on a crank angle basis and used here. The ratio of specific heats is dependent
upon gas composition and is determined with heat release. If the flow is choked, the
exhaust flow rate is calculated by evaluating

r+1 B.2
CdATPCyl\/?( 2 )Z(V_l) ( )

Mexnp =
* JRTo g, ¥ +1
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Where: i, p = Exhaust mass flow rate from blowdown (kg/s)
C,Ar = Effective flow area of exhaust valves (m?)
Py = Cylinder pressure (kPa)
y = Ratio of specific heats (-)
R = Gas constant (KJkg/K)
To gxn, = Stagnation temperature of the exhaust flow (K)

If Equation (B.1) is not satisfied, then the flow is not choked and the blowdown

flow is given by

(B.3)

1
CaAr Py (PExh>y ( 2y )

Mexnp =
* VRTo gxn \FPeyi y—1

y-1
1— (PExh> 14
PCyl

The effective flow area of the exhaust valves is a function of valve lift and is

obtained from tabulated engine data provided by the engine manufacturer. The gas
constant is a function of mixture molecular weight and is determined by heat release.
The stagnation temperature of the exhaust flow is estimated by using the heat release-
derived temperature at exhaust valve opening and then expanding the gas isentropically

from the cylinder pressure to the exhaust manifold pressure and is calculated with

y=1 (B.4)

PCyl )
PExh
Where: T, g,,= Stagnation temperature of the exhaust flow (K)

To gxn = Tgvo (

Tryo= Temperature at exhaust valve opening (K)
Py, = Cylinder pressure (kPa)
Pg,.,= Exhaust manifold pressure (kPa)
y = Ratio of specific heats (-)
Once the blowdown process has subsided, the exhaust is assumed to be
incompressible and the flowrate of the exhaust is governed by the motion of the piston

and is given by
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, dVey: (B.5)
MEgxh,D = PExh dt
Where: g, p= Exhaust mass flow rate (kg/s)

pexn= Exhaust gas density (kg/m?)

dVey

e Rate of cylinder volume change (m®/s)

Density of the exhaust gas is determined with the ideal gaslaw and is defined as

Dy = Peyi (B.6)
Fch RTo gxn

The values of cylinder pressure, gas constant, and temperature are the same as
those defined above. Rate of change of the cylinder volume is a function of crank angle

and is directly calculated via engine geometry and engine speed with

B.7
[ cos 0 ] &7
14 j

\/(2?1)2 — sin?0

Where: d‘;—iﬂ = Rate of cylinder volume change (m*/s)

dVey  B*m?SN 0
dt 240 "

B =Bore (m)

S = Stroke (m)

N = Engine speed (rpm)

[ = Connecting rod length (m)
6 = Crank angle (deg)

When using the displacement-blowdown model, exhaust flow at each crank angle
step is calculated using both the blowdown approximation and the displacement model.
When estimating the blowdown flow the critical ratio in Equation (B.1) is checked first to
determine whether Equation (B.2) or (B.3) should be used to calculate blowdown flow.
Displacement flow is approximated by Equation (B.5), and then the larger of the

displacement flow and blowdown flow is used to determine the exhaust flow. Once the
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exhaust flow has been calculated for each crank angle step, the concentration of CO, at
the corresponding points are used to determine a mass-averaged CO, concentration using
ZiXCOZi * Mpyp; (B.9)

Zi mExhi

Where:  xco, = Mass averaged concentration of CO,

Xco, =

Xco,, = Concentration of COz in i™ crank angle step

Mgy, = Massflow rate of exhaust in i™ crank angle step

Figure B.5 demonstrates typical results from the blowdown-displacement flow
model. Both crank angle and cycle-resolved values of CO, are shown, as are flow rate
estimations from the model for three consecutive cycles. At this engine condition, the
flow during the blowdown period is roughly 50% greater than the peak flow during the
displacement phase. Over the entire exhaust event, the blowdown typically accounts for
about 30% of the total mass flow. These results are in good qualitative agreement with

the data shown in Heywood. [43].
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Figure B.5: Measured CO, Concentration from Exhaust Manifold and Approximated

Exhaust Mass Flow Rate from Blowdown-Displacement Model
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A number of different simplifications are used in the blowdown-displacement
exhaust flow model that serve to decrease its accuracy. The effects of heat transfer and
unsteady flow are completely neglected, and the inaccuracy of pressure measurements
greatly alter estimated flow rates. But because the exhaust flow rate is used to weight the
values of CO, concentration, it is irrelevant if the absolute values of the calculated flow
rates are correct on an absolute basis. What matters is that the flow profiles accurately
represent the relative flow of exhaust gas throughout the exhaust process.

To assess the influence of using the blowdown-displacement exhaust flow model
to weight the CO, concentration curve, a comparison is made between using it and a
straight average. Considering all of the data obtained, the largest deviation between the
two cases is 3.4%. It is important to note, however, that in all cases the use of the
blowdown-displacement model results in a cycle-resolved CO, values that are greater
than those obtained with a straight average. Figure B.6 shows a sample of 30 cycles of
weighted and unweighted CO, data during a load transition from 1 to 9 bar BMEP at
2000 rpm. The largest deviation occurred during the cycle in which the largest load
transition occurred. At steady-state conditions, however, deviations are typically below

2%.
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Figure B.6: Cycle-Resolved CO,: Weighted Average with Exhaust Flow, Straight
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A comparison of weighted and unweighted NO in the exhaust manifold for the
same 30 cycles as in the previous figure is shown in Figure B.7. Unlike CO,, NO the
exhaust flow-weighted values are sometimes lower than the unweighted averages.
Typicaly, though, by using the exhaust flow model to weight the cycle-resolved
concentration, NO values are increased above the straight average. Maximum deviations
between the methods of averaging in all casesis 6.0%. Similar to the CO, case, the NO

averages are in closer agreement during steady-state engine operation.
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APPENDIX C

HEAT RELEASE

When evaluating the performance of an internal combustion engine, numerous
metrics are considered: power, fuel economy, exhaust gas pollutant formation, and noise.
In order to fully characterize engine performance, simply measuring the amount of each
output produced is insufficient; an understanding of in-cylinder processes is necessary.
Much of this knowledge is facilitated through study of the amount of energy released by
the fuel. This so-called heat release anaysis involves quantifying the fuel heat release

rate and total amount of heat release at each crank angle increment.

C.1 Heat Release Overview

Heat release cannot be directly obtained; it must be calculated from other
measured parameters. The most critical measured component of heat release anaysisis
the cylinder pressure at each crank angle. Engine geometry, engine operating conditions,
and cylinder charge properties al so influence the heat release calculation.

To caculate the heat release from cylinder pressure data, the First Law of

Thermodynamics is written in differential form on a per crank angle basis for the engine

cylinder.
dQcp _ dUcy ~ dWey + dQur + Z [h dmOut] (C.1)
d6 ~ do do do Ut dg

Where: % = Rate of heat release from fuel during combustion (kJ/CA)
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dUcy
de

aw cy
daoe

dQur
daoe

ho.: = Enthapy of crevice flows and blowby (kJ/kg)

= Rate of internal energy change (kJ/CA)
= Rate of work done on the piston (kJ/CA)

= Rate of heat transfer into the cylinder (kJ/CA)

dm gye

TR Rate of mass |oss via crevice flow and blowby (kg/CA)

This equation essentially states that the energy released from the fuel is divided
amongst: heating up the gases in the cylinder, boundary work through piston motion, heat
transfer through the combustion chamber walls and the piston, and mass losses past the
piston rings.

To accurately determine the amount of heat release from the fuel, each of the four
terms on the right hand side must be accounted for. The complex and unsteady nature of
these components requires that numerical methods or models of physical processes be
used to approximate them. Thus the heat release calculation itself is an approximation
and highly dependent upon the assumptions made. Numerous authors have investigated

accurate calculation methods of hesat release [43, 49-67].

C.1.2 Internal Enerqgy

The internal energy of a system is related to its degree of molecular activity and
its molecular structure; this involves both the kinetic and potential energies of the
molecules. Any motion of a molecule relative to itself or its surroundings is included in
molecular kinetic energy. Trandation, rotation, and vibration are al types of molecular
motion that contribute to molecular kinetic energy. Molecular internal energy consists of
binding forces between individual molecules, between the atoms of one molecule, and

between the particles within an atom and its nucleus.

313



The amount of internal energy contained within a control volume of molecules is
dependent upon the total mass present. Thus the internal energy, U.y is an extensive

property and can be written as

Uey = mucy (C.2)
Where: m = Mass of the system (kg)
ucy = Internal energy (kJ/kg)
Differentiating Equation (C.2) with respect to crank angle gives
dUCV _ duCV dm
a6 Mg TMvgg (€3)

Generdly, cylinder gas components are modeled as an idea gas that behaves

according to the ideal gas law, given by

PV = mRT (C4)
Where: P = Cylinder pressure (kPa)

V = Cylinder volume (m°)

m = Mass of the system (k)

R = Specific gas constant (kJ/kg-K)

T = Temperature (K)

It has been shown experimentally and demonstrated mathematically that internal

energy isafunction only of temperature for an ideal gas (u = u(T)) and therefore

duCV _ dr c
a0~ “do (€9
Where: ¢, = Constant-volume specific heat (kJ/kg-K)
Substituting Equation (C.5) into Equation (C.3) yields
a6~ "ag T M qg (€6)
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The temperature profile of the mixture is derived through use of the ideal gas law
shown in Equation (C.4), along with the measured cylinder gas pressure, volume, trapped
mass, and gas constant. Volume is determined by knowing the crank angle and engine
geometry. The trapped mass and gas constant are accounted for by using the mass flow
rates of air, fuel, residual, and EGR into the cylinder. This calculated temperature is a
bulk value for the entire cylinder contents. Previous work [43,61] has shown that this
single temperature value is close to the mass-averaged temperature of all cylinder gas
components because burned and unburned molecular weights are nearly the same.
Therefore using a single temperature to characterize the cylinder charge is a reasonable
approximation.

The constant volume specific heat of a mixture is a function of its temperature,
pressure, and composition. As the combustion process occurs, the temperature and
pressure fluctuate and the mixture composition varies continuously making the
computation of the actual mixture specific heat very difficult. Therefore, numerous
methods have been suggested to approximate the ¢, of a mixture [49,58,61,65,68]. The
simplest is to assume that ¢, is constant throughout the combustion process. Greater
accuracy is obtained by defining ¢, as a function of temperature. More sophisticated
approximations determine the concentrations of the individual species and incorporate
temperature-dependant specific heat correlations for each component [69,70].

The constant volume specific heat of a mixture can be written in terms of the gas

constant as

Cy = Cp — R (C7)
Where:  ¢p = Constant-pressure specific heat (kJ/kg-K)

No simplification is made here because cp is adso dependant on mixture

temperature, pressure, and composition. But by defining the ratio of specific heats, y, as

315



Cp

V—CV

(C.8)

and combining this relationship with Equation (C.7), the constant volume specific
heat can be written as

R

Cy = yTl (C.9

It has been found experimentally that the ratio of specific heats is easier to relate
to temperature and composition than ¢, or cp. Thus ¢, can be defined by fixing R and
using a correlation for y [58,59,61].

The complex nature of the combustion process and the reliance of critical
parameters on continually-changing values of mixture temperature, pressure, and
composition make the internal energy estimation difficult. Different engines will require

various levels of approximation sophistication to yield sufficiently accurate results.

C.1.3 Work

The second term on the right hand side of Equation (C.1) accounts for the energy
transferred into piston motion. Thisform of work is known as boundary work because of

achanging volume and is expressed as

dWey p dv
d9 —  de

Where: d'j;% = Rate of work done on the piston (kJ/CA)

P = Cylinder pressure (kPa)

dv

i Rate of change of cylinder volume (m%/CA)

(C.10)

The cylinder pressure is measured directly with the cylinder pressure transducer.
Cylinder volume is calculated through engine geometry, where the volume at any crank

angleis given by Equation (C.11) from Heywood [43].
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1 l
- “(r —1)|=— _ S i Y )
V() =Vs<1+ > (r.—1) 55 +1—cos6 \/(25) sin-0 (C11)

Where:  V(6) = Cylinder volume at any given crank angle (m°)
V. = Cylinder clearance volume (m®)
rc = Compression ratio (-)
[ = Connecting rod length (m)
S = Engine stroke (m)

6 = Crank angle

Compression ratio is determined by

Ve+Vp
e = 7 (C.12
Where: V), = Cylinder displaced volume (m°)
Displaced cylinder volume is calculated by
nB?
v, = - S (C.13)

Where: B = Cylinder bore (m)
S = Cylinder stroke (m)

Work calculation in this manner is very accurate because of the direct
measurements of cylinder pressure and cylinder volume. It is therefore widely used to

determine the amount of work that the piston extracts from the cylinder components.

C.14 Heat Transfer

Energy flow due to a temperature gradient is known as heat transfer. In an
engine, large temperature differences exist between the cylinder gases and the
combustion chamber walls. Two forms of heat transfer are prevalent within the

combustion chamber: convection and radiation. These phenomena are quantified by
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dQ dA
dgT = [h(T = T,) + b (T* = T,,*)] d(;

Where: dg% = Rate of heat transfer into the cylinder (kJ/JCA)

(C.14)

h. = Convective heat transfer coefficient (kJ/m®-K)
h, = Radiative heat transfer coefficient (kJ/m*K*)
T = Cylinder gas temperature (K)

T,, = Wall temperature of combustion chamber (K)

% = Rate of change of surface areafor heat transfer (m?/CA)

The surface areais a function of engine geometry and is given by Equation (C.15)

which is obtained from Heywood [43].

nBS

AS(G) = ACylhd + APstn + T

! N
— 11— — (=) —gin2
55 +1—cos 6 \/(25> sin 9‘ (C.15)

Where:  Ag(8) = Cylinder surface area at any given crank angle (m?)
Acyina = Cylinder head area (m°)
Apg:n, = Piston crown area (m?)
B = Cylinder bore (m)
S = Engine stroke (m)
[ = Connecting rod length (m)
6 = Crank angle

The determination and use of h, and h, has been investigated by several authors
[68,71-84]. These coefficients must account for numerous complex phenomena
including charge motion, changing cylinder gas composition, and fluctuating cylinder
conditions. Consequently, the suggested correlations are highly empirical and very
specific to engine geometry and operating condition. For spark ignition engines h, is
generally neglected, while in diesel engines the heat transfer due to radiation is

significant due to the luminous, radiating flame.
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Wall temperatures include the temperatures of the surfaces of the cylinder head,
piston crown, and cylinder walls that are indirect contact with the cylinder gases. These
temperatures fluctuate both temporally and spatially due to heterogeneity in the
combustion process and cooling passages around the cylinder. Cylinder-to-cylinder
variation will aso occur because the coolant itself changes temperature as it flows

through the block and heads.

C.1.5 Blowby and Crevice Flow

The final term on the right hand side of Equation (C.1) accounts for crevice flow
and blowby effects. As the combustion process occurs, high pressures are generated
which force some cylinder gas components into the region of or past the piston rings.
This phenomenon reduces the overall mass trapped in the cylinder and therefore the heat
release calculation. Numerous researchers have examined crevice flow and blowby and

have devel oped modelsto predict its impact on engine heat rel ease.

C.2  University of Michigan Heat Release Code

From the above discussion, it is evident that heat release analysis is not an exact
science. The use of numerous approximations to physical processes and sensitivity of
correlations to engine geometry and operating conditions can lead to significant
inaccuraciesin heat release values. To perform proper analysis, the models used for each
component of the right hand side of Equation (C.1) must be selected and implemented
carefully.

Members of the W.E. Lay Automotive Laboratory at the University of Michigan
have developed a computer program to aid researchers in heat release anaysis. The

program alows the user to define engine geometrical parameters, input a cylinder
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pressure curve, select the appropriate thermodynamic and heat transfer models, and

evaluate the impact of these models on the heat release calculation.

C.2.1 Program Description (Adapted from [85])

The University of Michigan Heat Release (UMHR) Program contains two distinct
components. the Graphical User Interface (GUI) written in Visual C++ and the heat
release code itself written in FORTRAN. The GUI serves as a straight-forward means by
which the user inputs data, selects the operation parameters, and views the program
output. Once the user has defined the desired inputs to the program, the GUI will call the
heat release code just as a computer program will call a subroutine. All of the
computation work is done by the FORTRAN portion of the program and when the fina
results have been calculated, they are sent back to the GUI to be reported to the user. The
FORTRAN portion of the code is stand-alone, and can be run by various means. This
characteristic of the code givesit the flexibility to adapt to the needs of avariety of users.
The GUI was selected as the interface between the user and heat release code because of
itssimplicity and familiarity as it uses Windows-based menus, commands, and graphics.

The FORTRAN heat release code has a modular structure and the bulk of the
main program consists of subroutine call commands. Most of the computation in the
UMHR code takes place in the subroutines. This architecture allows the code to be
understood and modified easily by future contributors. The flowchart shown in Figure
C.1 represents how the UMHR code functions. Each box represents a subroutine that is
called by the main program. To initidize a heat release calculation, the operational
parameters must be defined through the Input/Output Parameters window. Here, the
location of the source data (pressure versus crank angle) is identified, as well as the
destination of the UMHR output. Crank angle resolution and the number of pointsin the

input file are also defined. The subroutines that are first called by the main program are
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used to either prepare the input data for calculation or to determine important parameters
that are used in the heat release calculation. Once these parameters have been calcul ated,
the cylinder heat transfer, work, and internal energy are determined and then summed
together to arrive at the heat release. Additional subroutines compute the mass fraction
burned (MFB), mass of fuel burned, and equivalence ratio.

The UMHR program uses iteration methods to converge on fina heat release
values. To initialize the procedure, constant gas propertiesy, R, cp, ¢y are assumed to
generate values for MFB at each step of crank angle resolution. Once the initial values
are obtained, the program then uses either the MIXTURE subroutine (using chemical
equilibrium) or the SMPLPROP subroutine (using empirical equations) to account for
variable working fluid properties if so specified. The program then recal culates the MFB
at each crank angle and then checks the MFB at exhaust valve opening (EVO) with the
MFB at EVO from the previous iteration. If the difference between the two is greater
than some user-defined value of epsilon, the program will go through the process again.
However, if the new MFB vaue is within epsilon of the old MFB value, the program

ceases to iterate and the final output is reported.
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Figure C.1: Origina UMHR Architecture

322



C.3 UMHR Program Modifications

Inits original form the UMHR program was intended to be used for one cycle a a
time, and the user would enter in new data for every case investigated. For this study,
thousands of cycles of data need to be processed, so a routine is developed to call the
program recursively. Fortunately, the code was written in a modular and flexible manner
to permit straight-forward modification. Also, because additional inputs are known due
to the cycle-resolved measurements, some calculations within the heat release code are
either altered or removed atogether.

Significant changes are made to the MASS subroutine. Since the cycle-resolved
measurement of in-cylinder and exhaust manifold CO, results in knowledge of exactly
how much fuel, air, and stoichiometric combustion products are in the cylinder prior to
combustion, trapped cylinder mass does not need to be calculated. In accordance with
this change, heat release does not use EGR rate as an input. Additionally, the MIXTURE
and SMPLPROP subroutines are used only as weighting functions to calculate the
cylinder’ s thermodynamic properties. Equilibrium routines are no longer needed because
the cylinder contents are known.

To permit recursive caling of the UMHR program, the FORTRAN code is
transformed using the MEX command in MATLAB. This command compiles and links
source files into a MEX-file, which is executable in MATLAB. Essentialy, the
FORTRAN code and all its support files are compiled in a once-and-for-all manner such
that in order to run the code, the inputs must be defined and then the executable is called
from the MATLAB command window. When placed inside of a loop structure, this
executableis called recursively.

To reduce the degree to which the code is atered, most subroutines and
input/output data processes remain unchanged. The UMHR till reads in a *.txt datafile

and outputsitsinformation in a*.csv format. When placed inside of aloop, however, the
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inputs are first defined for a particular cycle and then the proper HR_Input.txt file is
written. The input parameters selected when running the modified UMHR code strongly
influence the output rate of heat release values. They must be chosen carefully to
guarantee meaningful results. Table C.1 shows the settings and values used as inputs to

the modified code. These settings are used throughout this investigation.

Table C.1: Input Parameters to Heat Release Code

Order of Differentiation 4
Data Smoothing None
Number of Data Points 7200

Flow Rate Specification

All flows defined by user

Gas Constant Determination

Based on mixture molecular weight

Specific Heat Determination

Based on mixture

Constant Volume Specific Heat Calculation

From Gas Constant and Ratio of Specific

Heats
Maximum Number of Iterations 100
Use of Equilibrium Routines N/A
Fuel Specification Diesel

Crank Angle Resolution

One Tenth Degree

Bore (m) 0.095
Stroke (m) 0.105
Compression Ratio 18
Connecting Rod Length (m) 0.176
Cylinder Head Surface Area (mz) 0.00708822
Piston Crown Surface Area (m?) 0.0104197

Engine Speed (rpm)

Cycle-Dependent

Air Flow Rate (mg/cycle)

Cycle-Dependent

Fuel Flow Rate (mg/cycle)

Cycle-Dependent

Mass of Stoichiometric Combustion Products

Cycle-Dependent

(mg/cycle)
Wall Temperature (K) 460
Intake Valve Closing (deg aTDC) -145.3
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Initial Guess for Gas Constant (J/kg/K) 300
Initial Guess for Ratio of Specific Heats (-) 1.3
Stoichiometric Air/Fuel Ratio (-) 14.4855
Lower Heating Value of Fuel (kJ/kg) 42657
Heat Transfer Correlation Hohenberg
Convergence Criterion 0.0001
Exhaust Valve Opening (deg aTDC) 134.9
Mole Fraction of Oxygen in Air 0.21
Mole Fraction of Nitrogen in Air 0.79
Mole Fraction of Argon in Air 0
Mole Fraction of Carbon Dioxide in Air 0
Moles of Carbon in Fuel 14.4
Moles of Hydrogen in Fuel 25.8048
Moles of Oxygen in Fuel 0
Moles of Nitrogen in Fuel 0
Start of Injection (deg aTDC) Cycle-Dependent

After the UMHR code is executed, it writes all of its outputs to a HR_Output.csv
file. Thisfileisthen read into MATLAB, where important metrics, such as rate of heat
release, integrated heat release, bulk gas temperature, rate of work, rate of heat transfer,
and rate of internal energy are recorded. The rate of heat release curve is then interpreted
to yield important combustion characteristics, like start of combustion and the mass

fraction burned curves. A typical rate of heat release curve is shown in Figure C.2.
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Figure C.2: Typica Rate of Heat Release Curve at 2000 rpm and 9 Bar BMEP

After fuel injection has begun and before combustion begins, the high
temperatures in the cylinder vaporize the injected fuel. This phenomenon is evidenced by
negative rates of heat release. As combustion begins, fuel energy is released and the rate
of heat release becomes positive. Because the exact point of beginning of combustion is
difficult to locate, a common convention is to define combustion start as the crank angle
a which the rate of heat release curve becomes positive [43]. These features are
demonstrated in Figure C.2.

The total quantity of energy released in this analysis is determined by considering
the heat release curve, which is the integral of the rate of heat release and shown in
Figure C.3. Thismetric, also known as the mass fraction burned curve, is used to analyze
the relative speed and duration of the combustion process. The difference between the
minimum heat release value (at the start of combustion) and the maximum heat release

value is total amount of fuel energy released. The crank angles at which 10%, 50%, and
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90% of this difference occur give important insight about the rate of combustion. End of
combustion is defined to occur a 90% mass fraction burned. This definition is used
because the 90% MFB crank angle is much more consistent than the 100% MFB crank
angle. Combustion duration is therefore defined as the elapsed crank angle from the start

of combustion to the 90% MFB crank angle.
\
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Figure C.3: Typica Heat Release Curve at 2000 rpm and 9 Bar BMEP
Incorporating cycle-resolved emissions measurements and a recursive heat release
program permits the detailed study of combustion during transient engine processes.
This is unique because the masses of fuel, air, and stoichiometric combustion products is
known for each cycle, and the researcher can evauate how combustion evolves over
realistic engine operation. Typical results are shown in Figure C.4, which displays

twenty consecutive rate of heat release curves during constant-speed load step.
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APPENDIX D

SIMUATION CODE TO MODEL FLOW THROUGH CSV

Cambustion, Incorporated, the manufacturer of the CSV 500, has developed a
simulation code the models flow through the CSV with the goal of guiding researchers as
they configure the CSV to suit their needs. Assumptions used to model the gas flow
through the system and into the analyzers, as well as the equations incorporated into the
code have graciously been provided by Cambustion. Equations that are used in the
simulation are presented and not rigorously devel oped.

Four separate components are modeled in the simulation: the sample line, the
orifice valves, the storage tube, and the analyzer tube. The sample line is treated with a
one-dimensional isothermal compressible flow. From here the gases pass through either
the sample or purge valve, and their behavior is approximated by conventional orifice
flow equations that are isentropic up to the throat. The storage tube flow is modeled by
using one-dimensional isothermal incompressible equations. As with the sample line, the
analyzer tube is treated with one-dimensional isothermal compressible flow assumptions.
To make nomenclature more clear, a schematic of the CSV 500 that demonstrates the

locations of the modeled componentsis shown in Figure D.1.
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The driving force behind the gas flow through the system is cylinder pressure,
which isinput by the user. Also required are the physical characteristics of the sampling
system, including line and tube lengths and diameters. The pressures in the storage tube
and at the outlet of the purge solenoid valve are both set to be atmospheric. Temperature
in the sample line is defined to be fixed at 500 K as recommended by Cambustion. Gas
anayzer information, such as sample rate, analyzer tube length and diameter, and
temperature and pressure are also estimated. Opening and closing crank angles of the
purge solenoid valve and sampling solenoid valve are input and define the crank angles
over which sample flows through the system.

For the sample line, storage tube, and the analyzer tube, the flow is modeled as
Fanno flow, which is isothermal and may be either compressible or incompressible. The
first step using this model is to assume that the flow is not choked and then to calculate a

mass flow using the relationship shown in Equation D.1.

o) =1 (D.1)

m\’  (pi2 = p.?)
( ) arTf L

Where: m = Massflow rate of gas (kg/s)
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A = Flow cross-sectional area (m?)

p; = Pressure at the inlet of the line (N/m?)
p. = Pressure at the exit of the line (N/m?)
R = Gas constant (Jkg/K)

T = Temperature (K)

f = Friction factor (-)

L = Linelength (m)

d = Line diameter (m)

The value of the friction factor, f, is dependent upon whether the flow is laminar
or turbulent. If the Reynolds number is greater than 4000, the flow is considered

turbulent. For the laminar case, the value of the friction factor is

_1le D.2
f_Re (62

Where: f = Friction factor (-)
Re = Reynolds Number

If the flow is turbulent, the friction factor is given by

1 D.3
f =0.079Re % (0-3)

The Reynolds Number for flow in aduct is given by
Re = ’Z_Z (D.4)
Where: Re = Reynolds Number (-)
m = Mass flow rate of gas (kg/s)
d = Flow diameter (m)
A = Flow cross-sectional area (m?)

1 = Gas dynamic viscosity (N-s/m?)
If the flow islaminar, then Equation D.2 simplifiesto

(m) _ (p* —p.?)d? (D.5)

A 64RTLu
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Iterations are then used with Equations D.1-D.5 to determine if the flow is
laminar or turbulent and to calculate a final mass flow rate. The value obtained is then
used to check if the flow is choked or not by using

_ VRT (D.6)
° Ape
Where: M, = Mach Number at the exit of theline (-)

m = Mass flow rate of gas (kg/s)
R = Gas constant (Jkg/K)

T = Temperature (K)

A = Flow cross-sectional area (m?)

p. = Pressure at the exit of the line (N/m?)

If the value of Equation D.6 is greater than one, then the flow is choked and the
mass flow must be recalculated using choked flow equations. If the flow is laminar and

choked, then the relationship between the inlet and exit pressuresis given by

_ —k +\k? + 4p;?
B 2

Pe

Or (D.7)

pi = Ve (k +p.)

Where: 64Lu\RT
k=——7—
dZ
Equation D.5 can then be used to calculate the laminar flow choked mass. If the
flow isturbulent, then the friction factor is constant and the relationship between the inlet
and outlet pressuresis

p;

Pe ="T—7 — (D.8)
4)/fa +1
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With this relationship, Equation D.1 is then used to calculate flow rate.

Conditions at any axia position along the length of the tube can also be determined. The

pressure at any axia location in the lineis given by

X
Dx = \/piz _Z(piz —Pe?) (D.9)

Where:

p, = Pressure at axial location x (N/m?)

p; = Pressure at the inlet of the line (N/m?)
p. = Pressure at the exit of the line (N/m?)
x = Axid location (m)

L = Length of line (m)

The velocity at any axia location in the lineis given by

RTd

u, =

2
4 L(L_f)
f piz_pez L

Where:

(D.10)

u, = Velocity at axial location x (m/s)

R = Gas constant (Jkg/K)

T = Temperature (K)

d = Flow diameter (m)

f = Friction factor (-)

L = Length of line (m)

p; = Pressure at the inlet of the line (N/m?)
p. = Pressure at the exit of the line (N/m?)

x = Axia location (m)
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The mass in an isothermal tubeis given by

3_ .3

m = 2AL(p;° — pe°) (D.11)
3RT(pi2 - pez)

Where: m = Mass contained in tube (kg)

A = Flow cross-sectional area (m?)

L = Length of line (m)

p; = Pressure at the inlet of the line (N/m?)
p. = Pressure at the exit of the line (N/m?)
R = Gas constant (Jkg/K)

T = Temperature (K)

For an axial distance along the length of the tube, the cumulative massiis stated as

2AL
m =
3RT(pi2 - pez)

3
p® - <pi2 —%(piz E pez)ﬂ (D.12)

Where: m = Mass contained in tube (kg)
A = Flow cross-sectional area (m?)
L = Length of line (m)
R = Gas constant (Jkg/K)
T = Temperature (K)
p; = Pressure at the inlet of the line (N/m?)
p. = Pressure at the exit of the line (N/m?)

x = Axia location (m)

Next flow through the solenoid valves must be simulated, which is accomplished
with conventional orifice flow equation with a discharge coefficient of 0.6 and by
assuming that the flow is isentropic. First the pressure ratio across the orifice is

determined by checking the following relationship.
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Pu (L)H (D.13)

Where: p,, = Upstream pressure of orifice (N/m?)
py = Downstream pressure of orifice (N/m?)
v = Ratio of specific heats (-)

If this statement is false and the pressure ratio is less than the term on the right

hand side, then the flow is unchoked and mass flow rate through the orifice is given by

1 y—1
. _ Cadpy (W)? 2y (Pd)T (D.14)
m= —_— —_— —_ —
VRT \pu/ |y —1 Pu

Where: m = Massflow rate of gas (kg/s)
C, = 0.6, Orifice discharge coefficient (-)
A = Orifice cross-sectional area (m?)
p,, = Pressure upstream of the orifice (N/m?)
pq = Pressure downstream of the orifice (N/m?)
R = Gas constant (Jkg/K)
T = Temperature (K)
v = Ratio of specific heats (-)

If the statement in Equation D.9 istrue, then the flow is choked and the mass flow

rate through the orificeis stated as

_y+1l
CdApu \/_< >z(y—1) (D.15)
y+1

Where. m = Mass flow rate of gas (kg/s)

C, = 0.6, Orifice discharge coefficient (-)

A = Orifice cross-sectional area (m?)

p,, = Pressure upstream of the orifice (N/m?)
R = Gas constant (Jkg/K)
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T = Temperature (K)
¥ = Ratio of specific heats (-)

Flow dynamics and unsteadiness during the operation of the CSV are accounted

for by considering transit times and time constants. The transit timeis given by

[ —pY? (D.16)
t T JORTA(Z = p.>)?

Where: 1, = Time constant (-)
L = Length of line (m)
f = Friction factor (-)
p; = Pressure at the inlet of the line (N/m?)
p. = Pressure at the exit of the line (N/m?)
R = Gas constant (Jkg/K)
T = Temperature (K)

d = Flow diameter (m)

When the flow is laminar, the friction coefficient is given by Equation D.2 and

Equation D.16 simplifiesto

T, = 128L%u(p;® — p.°) (D.17)
3d?(pi* — p.?)
Where: 7, = Time constant (-)
L = Length of line (m)
u = Friction factor (-)
p; = Pressure at the inlet of the line (N/m?)
p. = Pressure at the exit of the line (N/m?)

1 = Gas dynamic viscosity (N-s/m?)
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The laminar time constant for the flow is given by

B \/1.54L2(pi2 +p,2) (D.18)
le —

RT(p;? — pe®)

Where: ;. = Laminar time constant (-)
L = Length of line (m)
p; = Pressure at the inlet of the line (N/m?)
p. = Pressure at the exit of the line (N/m?)
R = Gas constant (Jkg/K)
T = Temperature (K)

The turbulent time constant is stated as

RT (p;* — p.?)
Where: .. = Turbulent time constant (-)

3
~ \/66.2f7L2(pi2 +p,2) (D.19)
tc —

f = Friction factor (-)

L = Length of line (m)

p; = Pressure at the inlet of the line (N/m?)
p. = Pressure at the exit of the line (N/m?)
R = Gas constant (Jkg/K)

T = Temperature (K)
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