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1. INTRODUCTION

1.1 The Need for this Investigation

Internal combustion engines have more than a century of history going back
to the spark-ignition engine of Otto (1876) and the compression-ignition engine of
Diesel (1892) [1]. Because of their simplicity, ruggedness and high power to weight
ratio, these two types of engine have found wide application in land, sea, and air
transportation as well as for stationary power generation. During the past three
decades. new forces for change have become important and now significantly affect
engine design and operation. The three most important forces are the need to control
the automotive contribution to urban air pollution, the need to reduce automotive
fuel consumption, and the need to compete in the global marketplace.

For the last half century, the diesel engine has been a popular choice for heavy-
and medium-duty applications due to its proven superiority in fuel economy over the
spark-ignition engine. In addition, most diesel engines have lower levels of unburned
hydrocarbons and carbon monoxide emitted from their exhaust than comparable
sized spark-ignition engines without after-treatment. The two types of engines emit
comparable levels of nitrogen oxides. However, diesel engines emit a much greater
quantity of particulate matter than spark-ignition engines.

Emission standards for passenger cars, trucks, and buses were introduced first in
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(‘alifornia. then nationwide in the United States, starting in the early 1960s. Partic-
ulate emission control was first proposed in 1975 primarily for health and aesthetic
reasons. The Environmental Protection Agency (EPA) started regulating diesel ex-
haust particulate matter from light duty vehicles in 1987. Since then. the amount
of particulate matter emission permitted by the EPA has been regularly reduced.
C'urrent regulations allow 0.335 ,t;;l:ik\-"t"-lu'1 (0.25 ,-g;,."bhp-hr)2 of particulate matter
emission both for urban bus and truck engines until 1993. The 1993 and 1994 urban
bus particulate standards are 0.134 g/ bkW-hr (0.10 g/bhp-hr) and 0.067 g/ bkW-hr
(0.05 g/bhp-hr) respectively. For trucks, the proposed 1994 particulate standards
are 0,134 g/bkW-hr (0.10 g/bhp-hr) 2|. To determine whether or not the engines
meet the EPA standard, they are run over an EPA transient cycle while particulate
matter is collected from the exhaust gas. The EPA transient cycle is a prescribed
series of engine speeds and torques that simulates the driving conditions in both the
New York and Los Angeles areas. The EPA also specifies that the temperature of
the diluted exhaust gas should be lower than 325 K |3| when it enters the collection
filter. This regulation ensures the diesel exhaust has been sufficiently mixed with air
and that the actual exhaust-atmospheric air mixing process is simulated.

The future diesel emission standards for heavy-duty buses and trucks are a
formidable challenge for engine manufacturers. Across a broad front of interrelated
technical areas, a number of potential emission reduction strategies must be investi-
gated within the regulatory time limits. These include: fuel quality, lubricant modi-

fications, turbocharger response, turbocharger matching, transient response, control

lg/ka-hr stands for grams per brake kilowatt-hour.
2g;’bhp-hr stands for grams per brake horsepower-hour.



of the diesel combustion process, electronic engine control, heat rejection, catalytic
converters, and particulate traps. In addition, the economic impact of all these engi-
neering frontiers has to be considered.

To run a transient cycle. it is necessary to have a computer-controlled engine
dynamometer and a sophisticated electronic control system. Since the diluted exhaust
gas must be lower than 325 K, the dilution system becomes very large and the size of
the equipment directly affects the cost. It is clear that conducting the EPA transient
test is very expensive.

(C'omputer models provide one option for evaluating engine particulate emission
over the transient cycle without having to run expensive tests. Since the amount
of particulate matter emission from a diesel engine depends mainly on fuel to air
ratio and speed, steady-state measurements could be used to develop a functional
relationship between the particulate emission and these engine operating parameters.
If this were combined with a computer model which could predict the instantaneous
engine fuel-air ratio over the transient cycle, the total amount of particulate matter
emitted over the EPA transient cycle could be estimated.

A model of this type would rely on particulate emission data collected during
steady-state tests, but it has the advantage of easily predicting the particulate emis-
sions over different transient cycles. The flexibility of the model is beneficial for un-
derstanding the engine’s transient response and controlling the particulate emission.
Also, conducting the steady-state tests is much simpler than running the transient
test. No sophisticated engine dynamometer is required and the engine speed and
torque can be manually controlled at desired settings. The steady-state tests also do

not require an exhaust sampling system capable of handling the full engine exhaust



flow. A dilution mini-tunnel which processes only a fraction of the engine exhaust can
be used for steady-state particulate measurements [4, 5, 6, 7/. This type of model,
combined with the steady-state tests, could provide an economic way to predict the

particulate emission for transient cycles.

1.2 Research Goals

Very few attempts have been made to provide models for predicting diesel engine
particulate emission during transient cycles. The objective of this study was to
develop such a model.

The goals of the research were to:

1. develop an engine model to predict the instantaneous engine fuel-to-air

ratios over a transient cycle:

2. predict the engine particulate emission for different transient cycles, based
on the model-predicted engine fuel to air ratio and measured steady-state

particulate emission data; and

3. verify the model using experimental data obtained from transient testing.

1.3 Dissertation Organization

The organization of this dissertation is given as follows. Chapter 1 provides a
general introduction to the problem of predicting diesel engine particulate emissions.
Chapter 2 provides a literature review on diesel engine combustion and particulate
emission, on particulate measurements, and on models predicting particulate emis-

sion. Chapter 3 is devoted to the development of the computer model, which consists



of a quasi-steady-state engine combustion model, a dynamic turbocharger model.
and a dynamic engine model. The experimental set-up for the tests is presented in
(‘hapter 4. Chapter 5 covers the procedures for the steady-state tests, the transient
tests, and discrete transient cycle tests. Chapter 6 discusses comparisons between
model predictions and experimental data. The conclusions are summarized in C'hap-
ter 7. Appendices provide additional details on the important differential equations

for the model. the design of the experimental apparatus, and the calibration of the

equipment.



2. LITERATURE REVIEW

This literature review is divided into three sections. The first section is a re-
view of diesel combustion and emission processes. The second section is a review of
particulate measurements and the last section is a review of recent diesel particulate

emission modeling.

2.1 Combustion and Emissions in Diesel Engines

2.1.1 Combustion

The diesel combustion process is an extremely complex phenomenon. It is an un-
steady, heterogeneous, three-dimensional combustion process. It involves the burning
of a liquid fuel spray under transient operating conditions [8]. Although an adequate
conceptual understanding of diesel engine combustion has been developed. to date a
quantitative evaluation for the process is still lacking [1].

The fuel and air are not premixed initially in the compression-ignition or diesel
engine. In the diesel engine, air alone is compressed and raised to a high temperature
and pressure on the compression stroke. One or more jets of fuel, usually at high
velocity, are introduced into the combustion chamber toward the end of the compres-
sion stroke, just before the desired start of combustion. The fuel vaporizes, mixes

with the high-temperature and high-pressure turbulent air, and undergoes chemical
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pre-combustion reactions. The fuel does not ignite immediately. There is a time
period called the ignition delay. during which the fuel undergoes heating, vaporiza-
tion, mixing and the pre-reactions. The duration of this delay depends on the engine
design and the fuel type 9.

After the delay period. usually a few degrees of crankshaft rotation. sponta-
neous ignition will occur at regions where the mixture has fuel-air ratios close to
stoichiometric. The cylinder pressure and temperature are increased due to the rapid
combustion of the physically and chemically prepared charge. The resulting com-
pression of the unburned portion of the fuel-air mixture shortens the delay for that
mixture. The rate for the subsequent combustion depends on how fast the air is

entrained into the fuel rich zones and a combustible mixture formed (10, 11, 12, 13].

2.1.2 Diesel emissions

In the diesel engine, the pollutants come from three sources: the exhaust pipe,
the crankcase breather, and the fuel tank breather. The exhaust pipe is the primary
source with from 65 to 85 percent of the diesel engine’s pollutants passing through
it.

The ideal exhaust gas should contain only nitrogen, oxygen, water vapor, and
carbon dioxide. Due to the nature of the diesel combustion discussed in Section 2.1.1,
the exhaust gas also contains particulates of solid carbon, unburned hydrocarbons,
oxides of nitrogen, carbon dioxide, carbon monoxide and traces of alcohols, aldehydes,
ketones, phenols, acids, esters, ethers, epoxides, peroxides, and other oxygenates.
C'urrently, there are only four regulated exhaust constituents. These pollutants are

oxides of nitrogen (NOz), unburned hydrocarbons (HC'), carbon monoxide (C'O),



and particulate matter (P M) which includes soot. or solid carbon. sulfates. and
condensed hydrocarbons, sometimes called the soluble organic fraction (SOF) 3.
The nature of the mixing controlled combustion process is important in under-
standing the sources of the air pollutants. In the diesel engine, the fuel is injected into
the combustion chamber just before the end of the compression stroke, so throughout
most of the critical parts of the cycle the fuel distribution is nonuniform. The pollu-
tant formation processes are strongly dependent on the fuel distribution and how that
distribution changes with time due to mixing. The fuel spray and air entrainment
region is divided into the fuel-rich zone, where soot formation occurs, the intense
reaction zone, which is responsible for the heat release and NO, formation, and the
lean outer zone, which is the source of most of the unburned hydrocarbon formation
due to flame quenching and in which most of the soot oxidation takes place. Since
this dissertation is primarily concerned with diesel particulate emission, the sources
of NOp. HC', and ('O emissions will not be discussed here. Further information on

these species is provided in reference [1].

2.1.3 Particulate matter

Particulate matter is defined by the EPA as any diesel exhaust substance other
than water that can be collected by filtering the diluted exhaust at or below 325 K (3.
The material collected on the filter is generally classified into three parts: solid carbon
material or soot, sulfate, and the soluble organic fraction (SOF) that is composed of
unburned fuel and lubrication oil, and their partial oxidation products [14]. Needham
et al. [15] presented measurements of the particulate composition from 16 heavy-duty

turbocharged diesel engines in their literature review. They found that soot makes



up 41.0% of the total particulate emission, unburned oil is 25.0%. sulfate and water
are 14.0%. unburned fuel is 7.0%. and unaccounted for substances are 13.0%.

This section discusses the particulate formation processes including soot forma-
tion, soot oxidation, and adsorption and condensation of hydrocarbons. Most of the
information available on the fundamentals of soot formation in combustion comes
from studies in simple premixed and diffusion flames. stirred reactors, shock tubes,
and constant-volume combustion bombs. However, these studies are not able to ex-
plain the soot formation process in diesel engines due to the unique characteristics of
diesel combustion—the high gas temperatures and pressures, the complex fuel com-
position, the dominance of turbulent mixing, the unsteady nature of the process, and
the three-dimensional geometry. Therefore, soot formation in the diesel engine is
poorly and incompletely understood.

The following conclusions are primarily derived from a review of the technical
literature written by Haynes and Wagner [16|. Figure 2.1 shows the processes in-
volved in particulate formation. Soot formation takes place in the diesel combustion
environment at temperatures between about 1000 and 2800 K, at pressures of 50 to
100 bar, and with sufficient air overall to fully burn the fuel. Equilibrium consider-
ations indicate that soot formation should occur when the carbon/oxygen ratio in
the fuel-oxidizer mixture exceeds unity. However, it is generally recognized that soot
formation is a nonequilibrium process. Experimentally observed critical ('/O ratios
range from about 0.5 to 0.8. The time available for the formation of solid soot par-
ticles from a fraction of the fuel (containing 12 to 22 carbon atoms) is on the order
of milliseconds.

The production of diesel particulates can be divided into two stages: particle
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formation and particle growth. These two stages are described as follows.

1.

Particle formation: The particle formation process is also called nucleation.
During this stage, the first condensed-phase material arises from the oxidation
and/or pyrolysis products of fuel molecules. These products typically include
various unsaturated hydrocarbons, particularly acetylene and its higher ana-
logues (("9,, Hy). and polycyclic aromatic hydrocarbons. These two types of
molecules are considered the most likely precursors of soot in flames. Nucle-
ation produces a large number of very small particles with an insignificant

amount of soot in terms of weight.

Particle growth: This process includes surface growth, coagulation, and aggre-
gation. The bulk of the solid-phase material is generated by surface growth,
which involves the gas-phase deposition of hydrocarbon intermediates on the
surfaces of the spherules that develop from the nuclei. Surface growth reac-
tions lead to an increase in the amount of soot but the number of particles
remains unchanged. Soot can be produced by all normally used hydrocarbon
fuels burned at sufficiently rich stoichiometry [19]. Coagulation involves par-
ticle collisions and coalescence, which decreases the number of particles and
increases their size with the amount of soot staying constant [20, 21|. Then the
particles are aggregated into chains and clusters by collision of larger particles

[22].

In the overall soot formation process, oxidation of soot at the precursor, nuclei,

and particle stages can occur. A large fraction of the soot formed is oxidized within

the cylinder before the exhaust process commences. The soot oxidation process in
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the diesel cylinder is kinetically controlled since particle sizes are in the 0.01 to 1.0
pum diameter range 21/. There are many species in or near the flame that could
oxidize the soot such as Oy, O, OH, ('Oy. The eventual emission of soot from the
engine will depend on the balance between the processes of formation and burn-out
(17, 16, 23].

The final process in the particulate formation sequence is adsorption and con-
densation of hydrocarbons. This occurs primarily after the cylinder gases have been
exhausted from the engine, as these exhaust gases are diluted with air (24|. In the
standard particulate mass emission measurement process this occurs in a dilution
tunnel which simulates the actual atmospheric dilution process. The measurement
involves filtering a diluted exhaust gas sample to remove the particulate. After equili-
brating the filter at temperature and humidity controlled conditions to remove water,
the particulate mass is obtained by weighing. In the prescribed EPA procedure, the
filter temperature must not exceed 325 K.

The total particulate mass is partitioned into the insoluble organic fraction
(IOF), the soluble organic fraction (SOF). and the sulfate. The IOF consists
mainly of carbon soot generated during combustion and is not affected by the di-
lution process. The SOF is controlled by both adsorption and condensation. which
occur during the dilution process. Adsorption involves the adherence of molecules of
unburned hydrocarbons to the surfaces of the soot particles by chemical or physical
forces. This depends on the fraction of the available particle surface area occupied
by hydrocarbons and on the partial pressure of the gaseous hydrocarbons that drives
the adsorption process. Condensation will occur whenever the vapor pressure of the

gaseous hydrocarbon exceeds its saturated vapor pressure. High exhaust concentra-
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tions of hydrocarbons are the conditions where condensation is likely to be most
significant. and the hydrocarbons most likely to condense are those of low volatil-
ity. Sources of low-volatility hydrocarbons are the high-boiling-point fraction of the
fuel, unburned hydrocarbons that have been pyrolyzed but not consumed in the
combustion process, and the lubricating oil [17]. The adsorbed and condensed high
molecular weight organic compounds include: unburned hydrocarbons, oxygenated
hydrocarbons(ketones, esters. ethers, organic acids), and polynuclear aromatic hy-
drocarbons. The condensed material also includes inorganic species such as sulfur
dioxide, nitrogen dioxide, and sulfuric acids (sulfates) (17, 18]

Both soxhlet and sonification methods are used to extract the organic frac-
tion from particulate samples. Two commonly used solvents are methylene chloride
(dichloromethane) and a benzene-ethanol mixture. Typically 15 to 30 mass percent
is extractable, though the range of observations is much larger (approximately 25 to
75 percent) (25|. Thermogravimetric analysis (weighing the sample as it is heated)

produces comparable results [14].

2.2 Particulate Emission Measurements

The future of diesel engines. while brightened by significant fuel economy advan-
tages over gasoline engines, is partly clouded by their higher particulate emissions.
Increased attention to this problem has led to appreciable reductions in particulate
emissions. As emission levels are further reduced there is a need to determine the
origin of the remaining particulate emissions in terms of engine operating mode. This
section presents the methods used to measure soot and particulate emissions, both

in-cylinder and in the exhaust.
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2.2.1 In-cylinder measurements of particulate

Starting from the middle of the 1970s, researchers have developed numerous
methods to measure soot emission from an engine cylinder. These methods can be
divided into two categories: the direct sampling method and optical methods. Direct
sampling means the combustion products are directly sampled from the cylinder.
Optical methods have been applied to measure the radiation properties of the com-
bustion products in order to study the formation and the oxidation processes of soot
particles.

The direct sampling method has been extensively used at the University of Min-
nesota [26. 27, 21, 28, 29, 30]. Direct sampling experiments, which are also called
blowdown or dumping experiments, were used to sample the entire contents of the
cylinder during combustion. The method allows the contents of the cylinder to rush
out into a sample bag where they are quenched and diluted. Then they were analyzed
for chemical composition or aerosol properties.

Norris-Jones et al. 31| used a direct sampling method to study the formation
of particulates in the cylinder of a direct injection diesel engine in combination with
a high speed combustion photography technique. The direction and location of a
sampling probe could be changed so that a comprehensive map of in-cylinder par-
ticulate formation could be established. The products of combustion were sampled
through a glass fiber filter and the particulate density in the cylinder was determined
by thermogravimetric analysis. Lida and Sato [32] applied a direct sampling method
combined with a freezing technique to study particulate shape, structure, and size
distribution in the diesel cylinder. Sampled gas was introduced to a freezing dilution

mini-tunnel and cooled rapidly to the temperature of about 343 K with low temper-
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ature air at 153 K. which had evaporated from liquid air. By the thermophoresis
effect. the particulates in the diluted gas were caught on a frozen sampling mesh,
kept at or below 153 K. located downstream of the freezing dilution mini-tunnel.
This method was expected to preserve the original chemical and physical properties
of the particulates in the combustion chamber.

Although the direct sampling techniques provide useful information, they have
several defects such as disturbing the flow field when sampling probes are used,
difficulties in measuring the soot concentration near the piston surface except at
around top dead center. and giving poor time resolution due to a rather long valve
opening duration. To eliminate these problems, researchers have applied optical
methods to investigate in-cylinder soot characteristics. The Two-Color Method was
used by Matsui et al. [33, 34| and Yan et al. [35]. The method determines the flame
temperature and the emissivity of the luminous flame by measuring radiation emitted
by soot particles at two wavelengths. The soot concentration in the cylinder can be
expressed as a function of the KL factor, where K is the absorption coefficient and L
is the flame thickness along the optical path. K and L can be determined from the
experiments. The soot concentration in the combustion chamber can be converted
into a concentration under atmospheric conditions. Other optical methods such as

extinction and scattering were used by Wersborg and Haynes|36, 37, 38].

2.2.2 Measurement of particulate matter

According to the specifications in the Code of Federal Regulations, the par-
ticulate matter should be measured with a full-scale EPA-specified system [3]. A

schematic diagram of this system is shown in Figure 2.2. This system is called a pos-
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itive displacement pump-constant volume sampler (PDP-CVS). PDP-CVS systems
maintain constant mass flow through the measurement system even when the engine
exhaust flow rate and temperature change. They do this by using a heat exchanger to
maintain a constant temperature and pressure through a positive displacement pump.
The total volume flow is measured by counting the pump revolutions. Proportional
sampling is achieved by sampling at a constant flow rate. The positive displacement
pump, located at the exit of the system, draws ambient air through a filter into a
dilution tunnel where it mixes with the exhaust of the engine being tested. Since the
entire exhaust flow of the engine is introduced into the tunnel. the tunnel is termed
a “full-flow™ dilution tunnel.

The objective of a C'VS system is to draw a constant mass flow rate of diluted
exhaust through the dilution tunnel. The constant mass flow rate can be achieved
by the heat exchanger upstream of the positive displacement pump because the tem-
perature and volume flow rate downstream of the heat exchanger are constant. By
the conservation of mass. if the mass flow rate downstream of the heat exchanger is
constant, the mass flow rate upstream of the heat exchanger should also be constant
even though the volume flow rate there is not constant.

The purpose of the dilution tunnel measurement is to simulate the atmospheric
dilution process which occurs when exhaust from an engine leaves a stack and mixes
with the surrounding air. As the exhaust gas mixes with the atmosphere and cools,
some of the unburned hydrocarbons will adsorb and condense onto the surface of
the particulate. The total mass of adsorbed and condensed hydrocarbons is the
soluble organic fraction (SOF) of the particulates. The dilution tunnel is intended

to collect and measure any particulate material, either solid or liquid. which would
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be present following such a dilution process. Any material collected on a filter under
these conditions is defined as “particulate.” Sometimes a secondary dilution tunnel is
used to achieve the correct temperature reduction and increase the length of mixing
process.

The particulate sample is collected by passing a portion of the diluted exhaust
through a filter. The best filters have been determined through experience to be
Teflon-coated fiberglass (40, 41/. The flow rate of diluted exhaust passing through
the filter must be a constant mass fraction of the total diluted exhaust flow rate so
that the amount and type of particulate emitted by the engine during the test will be
accurately represented on the filter. The particulate sample must be taken upstream
of the heat exchanger otherwise a large amount of the particulate matter would be
lost on the surfaces of the heat exchanger and the hydrocarbons would be condensed
and deposited before sufficiently mixed with atmospheric air.

[t is clear that a PDP-C'VS system is very expensive. They can not always be
built in a given engine laboratory because of its needs, size, and budget. Hence,
researchers have often simplified the EPA dilution tunnels and developed their own
dilution tunnel systems for their purposes.

Harrington and Yetter built a particulate measurement system suitable for steady-
state tests on small, single cylinder engines [5|. A fraction of the engine exhaust was
admitted to a dilution mini-tube. The tube flow rate could be held constant for
a five minute steady-state test. The experimental results showed that the dilution
mini-tube design could provide particulate mass measurements that agree to within
10% of those made with a full-flow dilution tunnel. Thus, this simplified dilution

tunnel design meets the needs of its designers for much less money and space than
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a complete full-low EPA-type system. Cornetti et al. 7] used a similar dilution
mini-tunnel for tests of the European 13-mode cycle. Their repeatability test results
showed that an average coefficient of variation (the standard deviation divided by
the mean) was equal to or less than five percent. Comparing both the mini-tunnel
system and the EPA system on a mode to mode basis, there were no significant
differences for total particulate and volatiles. However, these dilution mini-tunnel
systems were not adequate for transient tests because the system could not maintain
a constant sampling fraction from the engine exhaust.

Suzuki et al. (6] set up a dilution mini-tunnel for particulate measurements
during transient operating cycles. A fraction of the total exhaust gas was drawn into
the tunnel by an air ejector. The system was capable of drawing a roughly constant
fraction of the total exhaust into the tunnel. Thus, transient tests could be performed
with this system. Statistical analysis has shown that the mini-tunnel measurements
were directly proportional to the full-flow tunnel measurements with a correlation
coefficient of 0.998. The particulate matter measured in the mini-tunnel was about
10% lower than that measured in the full-flow tunnel. The system retained many
of the features of the EPA system but with smaller size and lower cost. Hirakouchi
et al. (42| developed a multi-tube type of dilution mini-tunnel to measure exhaust
emissions for both steady-state and transient mode operating conditions. The size of
their mini-tunnel was reduced to approximately 20% of the full-flow dilution tunnel.
The correlation coefficient for particulate measurements from the two tunnels was
greater than 0.97.

The dilution tunnel built in the ISU engine laboratory is a full-flow dilution tun-

nel. The tunnel was originally designed to investigate the effect of alcohol fumigation
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on diesel engine emissions. The present research was to use the tunnel to measure the
particulate matter from both steady-state and transient tests. The nominal dilution
ratio was kept the same for both tests at the same operating conditions because the
dilution air flow rate was constant. The particulate sampling flow rate was also con-
stant. Since the objective for both cases was not to try to determine whether or not
the engine met the EPA emission standards, an EPA-type system was not essential.
In addition, the design of the tunnel was greatly constrained by factors of cost and

space. The details of the design appear in Section 4.2,

2.3 Modeling Particulate Emission

As discussed in Section 2.1.3, the processes leading to the net production of
diesel particulates include nucleation, surface growth, and agglomeration, which take
place in the engine cylinder, and adsorption and condensation of hydrocarbons in the
dilution tunnel. The oxidation of soot can occur simultaneously with the first three
processes. Although researchers have developed numerous mathematical models to
predict particulate emission, the mechanisms of particulate production are still far
from being understood.

This section presents: (1) the models which simulate the processes of soot forma-
tion and soot oxidation; (2) the models which predict transient particulate emission;

and (3) the models which predict engine performance parameters.

2.3.1 Modeling steady particulate emission

Khan and Greeves modeled the overall soot production process, including the

formation and oxidation of soot precursors, nucleation, and heterogeneous particle



21

growth, by an Arrhenius exponential expression 43. 44|. Following formation. the
particles were assumed to undergo coagulation or agglomeration in accordance with
the Whytlaw-Gray equation 45 . The surface oxidation process alone could be ex-
pressed according to global kinetic equations (43, 44, 46/,

Mehta et al. (47 developed a sophisticated computer model. which simulated
both soot formation and soot oxidation processes, for predicting in-cylinder and
exhaust soot emissions from direct injection engines. The authors used a two-
dimensional, multi-zone, phenomenological spray mixing combustion model to predict
flame temperature, equivalence ratio, and engine cylinder pressure. The equivalence
ratio here is defined as the ratio of the actual fuel-to-air ratio to the stoichiometric
fuel-to-air ratio. Compared with the experimental measurements which came from
three sources at various engine design and operating conditions. the model predicted
the in-cylinder and exhaust soot concentration reasonably well. The effects of injec-
tion timing, fueling rate, and swirl ratio on the soot emissions were also investigated
by the model.

These models predict the soot emission without running the engine and can be
used to investigate the effects of engine design parameters and fuel and oil properties
on the particulate emissions for steady-state conditions. However, these models are
so complex that they can not be used to predict the particulate emissions during
transient cycles. They would require excessive computer time if applied over large

numbers of engine cycle events.
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2.3.2 Modeling transient particulate emission

C'allahan et al. 48] have developed an empirically-based model which can predict
particulate and gaseous emissions during transient cycles. The model can be broken
up into two components. The first component consists of the average effect, the
emission level due to an average speed and torque. The second component reflects
deviations from the average effect due to the rate of speed and torque changes. The
model was developed in such a way that the emission level predicted by the model for
a transient segment results from the combination of two terms. The first component
is based on the average and the second effect contains rate of change information.
A regression analysis was performed to determine the effects of changes in speed
and torque and the rate of change of speed and torque on the emissions, which were
sampled for discrete segments of 27 transient cycles. For each transient cycle, there
were four distinct segments. The first segment was a transient portion in which
torque and speed varied. Then, the torque and the speed were held constant in the
second segment. The third segment was another transient, followed by the fourth
segment, a steady-state segment. The coefficients of determination for the prediction
of emission values by the model were 0.9611 for NOgz, 0.9152 for HC', 0.9081 for C'O,
and 0.8090 for particulates.

Callahan and co-workers [49] continued their research and developed another
version of the model. The differences from the previous work were as follows. First
of all, the test matrix was modified so that it represented 120 individual discrete
segments of transient cycles. Second, the effects of the independent variables were
better defined and normalized. Third, the relative error between the reference work

and the actual work from the engine was considered, which resulted in a total of 15
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independent variables. With the new model. the coefficients of determination were
changed into 0.9656 for NO, 0.8964 for HC', 0.8387 for ('O, and 0.9123 for particu-
lates. The capability of predicting particulate matter by the model was considerably
improved.

Abe et al. [50] investigated the particulate emissions from two diesel powered
passenger cars by calculation and experiment. The estimation of the particulate
emissions was based on the assumption that the exhaust gas particulate concentra-
tion is determined by the engine speed and the vehicle traction force. The exhaust
particulate concentration was expressed as a function of the engine speed and trac-
tion force, which was developed from steady-state tests. There were three weighting
factors applied to three zones of the engine load: loads below 20%. loads between
20% and 80%, and loads greater than 80% of the rated load. The objective was to
apply particulate emission characteristics obtained during steady engine operation to
transient engine operation. The total particulate matter emission in a given distance
of a driving pattern was estimated relatively well by the model although no statistical
information was provided.

The effect of engine load on the particulate emissions has been considered for the
models mentioned above. However, the load is not as useful as the equivalence ratio
for predicting the particulate emission. The key is that there exists a turbocharger
“lag” when the rack position of the engine fuel pump quickly changes to increase
the engine torque. The increase in fuel supply to the engine does not result in an
instantaneous response of the turbocharger. due to its inertia and the compressibility
of the exhaust gas line from the engine. The air mass flow rate initially remains

constant, resulting in a rich fuel-air ratio. Too rich a mixture causes poor combustion,
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high soot and H(' emissions. and a slow increase in engine torque output. Hence, in
some cases the engine has the same torque output but different equivalence ratios.
It is appropriate to investigate the effect of the engine equivalence ratio rather than
the engine load on the particulate emission because the engine load is too ambiguous
to be used in this case. In view of this fact, the computer model developed in this

study considers the effects of equivalence ratio and speed on particulate emission.

2.3.3 Modeling engine performance

Since the instantaneous equivalence ratio is extremely difficult to measure ac-
curately under transient conditions. researchers have been working for decades to
develop models to predict the transient response of a turbocharged diesel engine.
The existing models can be classified as linear, quasi-linear, and non-linear models.

The linear models are based on either continuous control (51 or sampled-data
concepts 52|. But the models generally cannot represent the true non-linearity of
the engines. Benson et al. (53 developed a quasi-linear model which linked steady-
speed experimental data representing engine thermodynamics and gas flow with dy-
namic models for the mechanical components. The major disadvantage of quasi-linear
models is their heavy reliance on experimental data. Watson and Marzouk [54] de-
veloped their non-linear mathematical model to predict the transient response of a
turbocharged diesel engine by using the quasi-steady “filling and emptying” concept.
The model was capable of continuously evaluating the dynamic interactions of engine
components. Good agreement between predicted and measured engine performance
was obtained.

Although the non-linear models are capable of accurate performance prediction
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under both steady and transient conditions, the computing time and cost for running
the simulations are significant. Diesel engine manufacturers still prefer to use quasi-
linear models. Tsai and Goyal 55! used their improved quasi-linear model for control
analysis and design. The improved model had the capability of predicting engine
transient response over a broad operating range. The engine combustion model was
based on Borman [56] and McAulay et al. [57]. The mass rate of burning was obtained
using a semi-empirical equation. The performance of the compressor and the turbine
were derived from steady-state performance charts. The turbocharger dynamics dealt
with turbocharger speed, acceleration, and deceleration. Srivastava's model 58| was
used to calculate the turbocharger speed at the next time step. The engine load was
both speed and time-dependent. The governor dynamics were represented by a second
order differential equation based on a single mass, single degree of freedom system
including centrifugal forces. Finally, the fueling rate was interpolated using the two-
dimensional coordinates, the engine speed and the rack position. Tsai and Goyal
compared their quasi-linear model to a non-linear model and found good agreement
of the computational results.

Despite the fact that the transient models have been reported in the literature,
there is a scarcity of models that predict engine performance over the EPA transient
cycle. It would be impractical to run most of the existing models over a 1,200 second
cycle because of excessive computation time. During the development of the author’s

model, both simplicity and accuracy were emphasized.



3. DEVELOPMENT OF THE ENGINE MODEL

This chapter covers the development of the overall engine model. The chapter is
divided into six sections. The first section gives an introduction to the engine model.
Models for the engine energy and mass flows are presented in the second section.
The turbocharger model and the dynamic engine model are discussed in the third
and fourth sections. The fifth section shows how particulate emission is calculated

over a transient cycle. Finally, the sixth section gives a summary of the model.

3.1 Introduction

3.1.1 Overview of the engine model

The purpose of developing an engine model was to predict particulate emission
during transient cycles. As discussed in Sections 1.1 and 2.3.3, the particulate emis-
sion primarily depends on the overall equivalence ratio and the engine speed. The
relationship between the particulate emission and the overall equivalence ratio and
speed can be established. The term overall equivalence ratio is defined as the equiv-
alence ratio based on the fuel and air flow rates into the engine. Thus, to predict
particulate emission, the model must have the capability of predicting instantaneous
overall equivalence ratio during a transient cycle.

Since the overall equivalence ratio is determined by the rates of actual fuel and



air flow to the engine. the model must have the ability to predict these quanti-
ties. The amount of fuel that enters the engine combustion chamber depends on
the torque required for a testing schedule such as the EPA transient cycle. The
turbocharger characteristics determine the amount of air entering the engine. Since
it is the hot. pressurized exhaust gas that drives the turbocharger. the combustion
process affects the operating conditions of the turbocharger. Hence, it is essential for
the engine model to have a sub-model to simulate the engine combustion processes
combined with a sub-model for the turbocharger characteristics. In addition, in order
to simulate transient operation, the model must properly account for the engine and
turbocharger dynamics.

The engine and turbocharger to be simulated is shown in Figure 3.1. The number
of stations and the symbols are defined as follows:

1 = the compressor inlet,

2 = the compressor outlet,

3 = the turbine inlet,

4 = the turbine outlet,

C' = the compressor,

T = the turbine,

mg=the rate of air flow entering the engine,

rhf:the rate of fuel flow entering the engine,

m gyt =the rate of the exhaust gas exit the engine, which is equal to the sum of

mq and n'rf if minor losses are neglected,

/L

sha ft —the power output from the engine shaft, and

Q=the heat transfer between the engine and the surroundings.
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Figure 3.1: Schematic of engine and turbocharger
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3.1.2 Strategies of the engine model

Figure 3.2 shows the flow chart of the engine model. It can be seen that the
engine model is composed of the turbocharger performance maps. the sub-model for
the engine processes, the dynamic engine model, the dynamic turbocharger model,
and the particulate calculations. The inputs to the overall engine model are the
EPA specified transient cycle speed and torque schedule and the ambient pressure
and temperature. The output from the model is the total particulate emission over
the transient cycle. The key assumption for the engine model is that there is no
time delay for the engine processes to respond to the changes in torque and speed
over the transient cycle. For this reason the model for the engine thermodynamics
is called a quasi-steady-state model. Benson et al. [53] and Watson et al. [54] also
used a quasi-steady-state model to simulate transient responses of a turbocharged
diesel engine. Although these models rely on experimental data, they are capable
of continuous interaction with engine dynamic components and can provide results
which agree with measured engine performance. In addition, computer time can be
saved by using these methods.

Figure 3.2 also illustrates the initial values for the overall engine model, the
inputs and outputs to and from each individual model, and the loops for iterations
each individual model. It is noted that the initial value for the dynamic turbocharger
model was wq, which is the turbocharger angular velocity when the engine is run at
the first data point specified by the testing schedule. For this study, wy was deter-
mined from an experimental measurement. The following discussion of Figure 3.2
describes the flow path of the model computation.

To start the engine model, initial estimates for the air and fuel flow rates are as-
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sumed and input to the simulation. With the inputs of the atmospheric pressure p;.
the ambient temperature T, the assumed air flow rate mg . and the turbocharger
speed wy, the compressor performance map generates the outputs of the boost pres-
sure py and temperature T5. The turbine performance map generates an output of
the engine back-pressure pg with an assumed value of the fuel flow rate in addition to
the inputs for the compressor map. The outputs from the turbocharger maps enter
the quasi-steady-state engine combustion model. According to the EPA transient
cycle schedule, the instantaneous engine speed NV from the dynamic engine model is
input to the engine combustion model as well. The quasi-steady-state engine com-
bustion model then gives the outputs of the air flow rate mg and the torque 7p. At
this stage, the assumed air flow rate mg ¢ is compared with the predicted air flow rate
mq from the quasi-steady-state engine combustion model. If the difference between
ma.c and mg does not meet a prescribed error criterion. a new mg ¢ is assumed by
using a secant method. The calculation is started over again. The iteration will stop
when the error criterion is satisfied. This iteration is called the first iteration for
the air flow in the engine model. If the first iteration is past, the second iteration
follows to determine an accurate fuel flow rate. In the second iteration, the engine
torque Tcyl calculated from the dynamic engine model is compared with the brake
torque 7 predicted from the quasi-steady-state engine combustion model, based on
the assumed fuel flow rate n'fzf. If the difference between Tcyl and 7y is beyond the
error limits, the second iteration will be started, which is similar to the first iteration
for the air flow rate. It was found in practical that the air flow rate was not sensitive
to the change in fuel flow rate. Therefore, to reduce computation time, the first

iteration is not redone when the second iteration starts. However, to finish either
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the first or the second iteration, the quasi-steady-state engine model will be called as
many times as needed to meet the specified error criteria set for the air flow rate and
the torque. The final air and fuel flow rates, which come from the quasi-steady-state
engine model, are used to calculate the instantaneous overall equivalence ratio, o.

The particulate emission is calculated with the provided values of the engine
equivalence ratio and speed. Using steady-state tests. a function was developed
to calculate the particulate emission with the independent variables of equivalence
ratio and engine speed. If the instantaneous engine speed and equivalence ratio are
known, the function can be used to calculate the instantaneous particulate emission.
The total particulate emission is then obtained by integration over the period of the
transient cycles.

After finishing the two iterations, the pressures and temperatures at the four
stations denoted by 1, 2, 3. and 4 are known. Also the air and fuel flow rates have
been determined. The new turbocharger speed w(f + 1) can be determined by the
dynamic turbocharger model. Up to now, one time step has been completed. Then
the time is advanced and the computer program continues. The simulation will be
terminated when the transient cycle schedule is over.

The following are detailed discussions of the sub-models of the engine model.

3.2 Models for the Engine Processes

Generally speaking, the engine processes are extremely complex and difficult
to model. The processes produce property variations in both space and time. Re-
searchers usually simplify the processes with reasonable assumptions for their partic-

ular purposes. This section presents a model for the thermodynamic processes in the
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engine cylinder. a model for the intake and exhaust flows which relate to the thermo-
dynamic processes, and a model for calculating the engine friction to which part of
the work generated during the thermodynamic processes goes. The most important
parameter output from the model for this study is the engine overall equivalence
ratio, which is one of the independent variables to determine the particulate emis-
sion from the engine. A single-zone thermodynamic model was used to simulate the
in-cylinder processes. The entire mass in the cylinder was characterized by a single
temperature, pressure, density, and equivalence ratio. For the purpose of predicting
the equivalence ratio, it is not required to have a sophisticated multi-zone model,
which require large amounts of computer time. Although the single-zone model is

simple, it can accurately predict engine performance parameters.

3.2.1 Model for thermodynamic processes in the cylinder

Single-zone models such as that proposed by Krieger and Borman (59 have been
widely used for studying diesel combustion processes. They are based with empirical
relations to quantify the individual processes that occur in an engine. Based on Van
Gerpen’s report [60], this section presents the governing equations for a single-zone
model for the diesel engine thermodynamic processes.

The equations are developed from the control volume illustrated schematically in
Figure 3.3. The model considers the four processes of the four stroke cycle including
exhaust, intake, compression, and expansion. The calculation begins at the time
when the exhaust valve is opened. To finish a complete cycle, the time advances by
an amount corresponding to 7207 of crankshaft rotation. In most analyses involving

engine processes it is convenient to use crank angle as the independent variable in
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CONTROL —*=—
VOLUME
BOUNDARY

Figure 3.3: Control volume for engine analysis

place of time, although they are related through the engine speed. No blow-by losses
are considered in the present analysis.
Neglecting kinetic and potential energy effects, the rate form of the first law of

thermodynamics with respect to the change in crank angle can be written as

dU .
e '—H"-—m’fhf—-mfnh,-n "’"z)uthouf (3.1)

where

["=the total internal energy of the mass contained within the control volume.

Q' =the net rate of heat transfer into the control volume,
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I/ =the rate that work is done by the gas mixture in the control volume on the
piston,

m‘}:lhe fuel injection rate into the combustion chamber.

hle.he specific enthalpy on a mass basis of the fuel.

/

m; =the flow rates of the gas entering the control volume through the intake

valve,

m:mt=the flow rates of the gas exiting from the control volume through the
exhaust valve,

h;,=the specific enthalpy of the inlet gas.

h .t =the specific enthalpy of the outlet gas, and

fi=the crank angle.

[ can be expressed as mu, where m is the total amount of mass in the control

volume and u is the specific internal energy of the mass. Thus, the term dU a1 be
8) q6

written as

dir du ) 3.9
E'g——fn(d—g) - um ("‘)

A mass balance on the cylinder yields the following equation.

dm ' / /
—7 = Min T M =My

3.3
where m is the total mass contained in the cylinder.
Also, the work term W' can be expressed as the product of the pressure p and

the differential rate of change in cylinder volume p%%;

. Here, dg‘ai is only a function
of the geometry of the cylinder, the crank, and the connecting rod mechanism [61].

Hence, Eq. 3.1 becomes

du dV
(d&) +um' = Q (d9 ) - mfhf mmhm - m’outhout (3.4)
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This equation can be solved to obtain the pressure. temperature. and equivalence
ratio in the cylinder at all times during the cycle. This allows the engine power and
efficiency to be determined. Because this equation has many unknowns, additional
equations are required before it can be solved.

The widely used Annand correlation [62] was employed with appropriate wall
temperatures to calculate the heat transfer rate. The Annand heat transfer correla-

tion was incorporated in the form

Q' 1 ko o o0 4 4 5
= é?) 0.49=(Re)T(T = Tw) + H(T* - T ?) (3.5)

where

A=surface area of heat transfer,

B=cylinder bore,

k=thermal conductivity of the cylinder gas,

T'=bulk cylinder temperature,

Ty =cylinder wall temperature,

b=3.267 x 10~3 Watts/m? — K4,

N =engine speed, rpm, and

Re=Reynolds number based on the cylinder diameter.

The surface area for heat transfer was divided into three regions, and each region
was assigned a characteristic temperature. The three regions were the head surface,
the piston surface, and the cylinder sleeve. The head and piston surface areas are
constant, but the sleeve area depends on the piston position.

The state of the gas in the control volume is dependent on the pressure p, tem-
perature 7', and equivalence ratio . The thermodynamic properties, such as the

gas constant R and the specific internal energy u, are fixed by p, T, and ¢. Thus,
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differentiating R and u with respect to crank angle vields

d" = did_p_ r_ﬁﬁ*f)‘l{f_fa (3'6}

and

dR _ORdp ORdT 0ORdo 2
46~ Opdd 9T 8~ Bodb (3-1)

The partial derivatives of R and u with respect to p, T, and ¢ are thermodynamic
properties and can be calculated at the instantaneous state.
Another independent relation is provided by differentiating the ideal gas equation
as follows
dV .dp dT dR dm

A S A (O 3,
S e R TR B8

The equivalence ratio in the cylinder changes because of the addition of air
from the intake manifold, fuel from the fuel injector, and back-flow from the exhaust

manifold. The derivative of the equivalence ratio can be expressed as [63]

!
i f . - = m
d_ﬂ":l fso ol _Pin @ _m’ut Pout —¢ | f (3.9)
de m i 1 + f.sOI'n 2 1 + fsc’out fS

where

fs=the stoichiometric fuel to air ratio on a mass basis,

@;,=the inlet gas equivalence ratio, and

®out =the outlet gas equivalence ratio.

fs was found by solving a stoichiometric reaction equation. The stoichiometric
reaction is defined such that the only combustion products are carbon dioxide, water,
and nitrogen. The fuel used for this study was (13 78 Ho4 96 [64]. The reaction is

represented by the chemical reaction:

eC13.78 Hoq 26 + (0.2109 + 0.T9N3) — v1CO0g + voHyO + v3Ny (3.10)



Solving Eq. 3.10 vields fs=0.06940.

The model assumes that fuel burns instantaneously to equilibrium combustion
products as soon as it enters the cylinder. This means that the fuel injection rate. m}.
really corresponds to an apparent fuel mass burning rate. This assumption has been
used by Krieger and Borman (59 and Van Gerpen and Shapiro 60. Watson et al.
65 developed a function for the apparent mass burning rate based on experimental
data. This function was modified slightly and uses five constants, ('} through ('3
6.

For # = ('y:

m’f = m ¢ [C1 PR(6) + (1 — C1)DI(8)] (3.11)

where
mf=the total fuel injected over a cycle,
PR(f#)=the premixed portion of the burning rate, and
DI(#)=the diffusion portion of the burning rate.

PR(#) is defined as

5 f . 1114999
PR(8) = ’g(;o(q +1)yC4 [1 E y(f-ﬁl)] (3.12)

and DI(#) is expressed as

i W 1 - e d (("*ﬁ'l)
DI(&):%(C{-,H}J-) [exp 6.9076y" > l (3.13)

Here, y is defined as

8 —C9

= 3.14

The values of the five constants determine the particular characteristics of the

mass burning rate function as follows. The values of the parameters used in the
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model are shown in parentheses.

('} =the fraction of fuel burned in premixed portion (0.20).

('y=the parameter for specifying start of combustion (7157),

('3=the parameter for specifying duration of combustion (557,

('y=the shape parameter for premixed burning (0.35), and

('s=the shape parameter for diffusion burning (1.0).

After manipulating the governing equations, six ordinary differential equations
were developed. The equations involve fuel burning rate, cylinder mass, the rate of
heat transfer, and the rates of the changes in equivalence ratio, cylinder pressure,
and cylinder temperature. These equations are presented in Appendix A.

Following the assumption that the contents of the engine cylinder are at equi-
librium at all times, the gas properties used in the model were determined from a
version of the FORTRAN subroutine PER developed by Olikara and Borman (67 .
However, in a time study of the diesel simulation it was determined that the simu-
lation program was spending about 80% of its time calculating the properties 60 .
Therefore, the program was modified to reduce the amount of time spent in prop-
erty evaluation. A new property routine, PEREZ, was developed that assumes the
combustion products consist of oxygen, nitrogen, carbon dioxide, and water vapor
under lean conditions and oxygen, nitrogen, carbon dioxide, carbon monoxide and
hydrogen under rich conditions.

The differential equations of the model were integrated by using the subrou-
tine LSODE. LSODE uses a very efficient implicit numerical procedure [68]. The
combined program was run on a DEC 3100 work-station.

The inputs for the thermodynamic model are intake manifold temperature 75,
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intake manifold pressure py. exhaust manifold pressure p3, engine speed V. and as-
sumed fuel flow rate m . The outputs from the model are air flow rate, equivalence
ratio. the indicated work W; generated during the compression and expansion pro-
cesses, and the pumping work 1’y required for accomplishing the exhaust and intake

processes.

3.2.2 Model for the intake and exhaust flows

The model for the intake and exhaust flows assumes that the mass leaving a
system has the same properties as the system. For example, the mass leaving the
cylinder has the same properties as the mass in the cylinder. This assumption im-
plies that the contents of the system are always perfectly mixed. According to this
assumption, the mass leaving the intake manifold entering the cylinder has the prop-
erties of air, But if there is back-flow from the exhaust manifold to the cylinder. the
equivalence ratio of the mixture entering the cylinder is assumed to be that based
on the total fuel and air flow rates into the engine. which is the exhaust equivalence
ratio.

It is possible that a back flow in the system can occur during either the intake
of exhaust processes. The back-flow is checked by comparing the pressure differences
across the valves. If the pressure in the intake manifold is less than that in the
cylinder, the gas in the cylinder flows back into the intake manifold. If the pressure
in the exhaust manifold is greater than that in the cylinder, the gas in the exhaust
manifold returns to the cylinder. Both of these cases are considered to be back-flows.

The intake and exhaust valve flow areas were tabulated according to data from

the engine manufacturer. There were 28 and 32 data points for the intake and
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exhaust valve flow areas, respectively. A cubic spline was fit to these data to allow
interpolation between tabulated values 69. 70].

After determining the gas flow direction and the flow area, the rate of the mass
flow entering or leaving the cylinder can be calculated. If the flow is choked. the
flow rate depends only on the upstream conditions. Otherwise, the flow rate depends
on both the upstream and downstream conditions. A subroutine was developed to
calculate the temperature, velocity, and Mach number of the exit flow by assuming
constant specific heats and an isentropic process. The inputs to the subroutine are the
temperature, pressure, and equivalence ratio of the entering flow and the pressure of
the exit flow. The subroutine also determines the temperature, pressure. and velocity
at the section where the Mach number is 1.0. A discharge coefficient for the flow was
assumed to be a constant of 0.7. Thus, the actual flow rate is the product of the

discharge coefficient and the isentropic flow. The outputs from the subroutine are

!

out Which enter the engine thermodynamic model as

the intake flow rate m:-n and m

discussed in Section 3.2.1.

3.2.3 Engine friction model

The engine friction model was developed to predict the friction of the power
generated from the combustion which is not available at the engine output shaft. As
discussed in Section 3.2.1, the engine indicated work W; and pumping work W3 could
be determined from the engine thermodynamic model for the given inputs. The sum
of the work done by the gas on the piston during the compression and expansion

cycle, W; and the work done during the intake and exhaust cycle, W must be equal
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to the sum of the brake work, ”-b and the work to overcome friction. Il‘f,
W; ~ Il'p =Wy + H-'f (3.15)

Engine brake work output I can be calculated with Eq. 3.15 if the friction
work ”‘f during the processes is known.

The engine brake, or output, torque can be calculated using the equation 11 =
Ty/(47). Ty is the torque required to obtain the engine shaft torque Tshf? which is
specified by a test schedule. If the engine is run at a steady-state condition, Ty is
equal to Tshft’ If there is a speed transition, either acceleration or deceleration, Tj,
is either larger than Tshft of less than T.shff‘ The reason for this is explained in
Section 3.4.

Van Gerpen 60| used an empirical equation for calculating the friction mean

effective pressure FM E P, which is defined as

-

d

where V;; is the cylinder displacement volume.

”.f
FMEP = Vo (3.16)

The empirical equation for F M E P was found to be
FMEP = ¢y + ¢ Vp + co V2 (3.17)

where

F M E P=friction mean effective pressure, Pa,

f},=mean piston speed, m/sec, and

¢ps €1, and cy=coefficients from experiment.

cps €1, and cy were chosen to be 8.93936 x 104, 0.10674, and 1.16501 x 105,
The FMEP’s calculation with Eq. 3.17 were validated by experimental results and

the differences were within 4% of the experimental values of FMEP.
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If the calculated FMEP is known, the value of ”-f can be determined from
Eq. 3.16. Hence, W} in Eq 3.15 can be calculated. The inputs for the model are
engine speed. engine bore and stroke. The output from the model is the friction

mean effective pressure.

3.3 Turbocharger Model

Since the engine was turbocharged, it was necessary to have a turbocharger
model to predict the performance characteristics of the turbocharger. such as flow
rates, pressure ratio, angular velocity, and efficiency. This section is divided into two
parts. The first part presents the compressor and turbine performance maps and the

second part covers the dynamic turbocharger model.

3.3.1 Turbocharger performance maps

As discussed later in Section 5.1, a series of steady-state tests were conducted
to determine the turbocharger characteristics. This section shows how turbocharger

performance maps were generated from the tests.

3.3.1.1 Compressor performance map During the steady-state engine
tests, air flow rate, turbocharger speed, and temperatures and pressures at com-

pressor inlet and outlet were measured. The data were grouped into four variables,

- 'Ir_—_'____-
minvlTI/Tref )
corrected mass flow rate . , pressure ratio , corrected compressor
P1 /Pref P1
speed —\LC—, and efficiency 7o, which will be discussed in Section 5.5. X,
P \/W yn te
1/ *ref

denotes the turbocharger speed. T} is the compressor inlet temperature. p; and po
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are the compressor inlet and outlet pressures. The reference temperature Tﬁ:’f and
pressure p,. ¢ were chosen to be 298 A and 1 bar. Calculations for the variables
were straight-forward except for .. The efficiency of a compressor can be defined
as the work required for isentropic compression divided by the actual work required
to achieve the same pressure ratio. 5. is calculated from the following equation by

assuming constant specific heats.

(3.18)

where

y=the ratio of constant pressure specific heat to constant volume specific heat,
C'p/C'y, and

Ty=the compressor outlet temperature.

As discussed later in Section 5.5, the mass flow rate and compressor speed were
selected as independent variables and the other parameters became dependent vari-
ables. In other words, the pressure ratio is a function of the mass flow rate and the
turbocharger speed and so is the efficiency. The reason for this is as follows. The
mass flow rate is the variable which must match the rate given by the engine thermo-
dynamic model. If it was chosen as an independent variable, computer time could be
reduced. Choosing the turbocharger speed as an independent variable was necessary
because it is an initial value input to the model.

Figure 3.4 shows the compressor performance map generated by the Research
Division of Garrett Automotive. It is believed that the turbocharger was tested on a
test stand because the turbocharger on the engine used for this study only operated

over a very limited region of the performance map given in Figure 3.4. Figure 3.5
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shows the operating range of the compressor used for this study. If the data in
Figure 3.5 were plotted on Figure 3.4. they would only be shown in the lower left
corner. To verify if the experimental data match the data shown on Figure 3.4, a
series of tests were performed by keeping the corrected compressor speed constant at
750 and 1,150 rev/sec. These data are shown on the Figure 3.4. It can be seen that
the experimental data agreed fairly well with those given by the manufacturer. Since
the performance map given by the manufacturer had a wider range. it was used for
the study but the map was extended further towards the lower left corner by adding
the experimental data.

Another observation from the experiments was that the corrected compressor
speed did not exceed 1,400 rev/sec for all the tests performed. Thus, the manufac-
turer’s data were chopped off beyond 1,400 rev/sec. The data from Figure 3.4 were
manually extracted and combined with the experimental data. These data were then
fitted to three dimensional surfaces by using the IMSL subroutine SURF 71 . The
purpose of using SURF was to generate a fine mesh and improve the accuracy of the
compressor performance map. SURF initially needs the inputs of three dimensional
data, Then, the subroutine can be used to predict the third value based on inputs
of the other two known values. For example, if the corrected mass flow rate and
speed input are the independent variables, then the pressure ratio or efliciency can
be predicted. By setting the corrected compressor speed at 12 different values, 12
sets of data were generated and fitted to 12 second order polynomials to calculate

the pressure ratio. The pressure ratio can be calculated using Eq. 3.19 as follows.

| %)

B ag + aymeor + agrh;m,. (3.19)

P1

where
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Table 3.1:  Polynomial coefficients for compressor pressure ratio and efficiency

Corrected P2/ Py e
Speecl ' 00 i t.12
rps 1/(kg/sec) l-(!’\'g-sec}z _
400.0 ' 1.0325 -0.1038 0.2167 | 0.1667
450.0 | 1.0527 -0.3645 1.2722 | 0.2083
500.0 ' 1.0700 -0.4381 1.2240 | 0.2917
550.0 | 1.0810 -0.4174 1.7713 | 0.3333
650.0  1.0796 0.3922 -2.0725 | 0.4167
750.0 | 1.2571 -1.4461 2.4175 | 0.4583
900.0 ' 1.3911 -2.4880 8.3353 | 0.4650
950.0 | 1.4399 -2.3969 7.8738 | 0.4833
1000.0 | 1.4384 -1.6483 4.9576 | 0.4875
1100.0 | 1.3763 0.6078 -2.2513 | 0.5000
1150.0 | 1.4749 0.0151 -0.4469 | 0.5167
1400.0 | 1.4777 6.9002 -33.368 | 0.5250

me. cor =the corrected compressor mass flow rate, kg/sec, and

ag, ay, and ag=the polynomial constants listed in Table 3.1.

The coefficients of the polynomials are listed in Table 3.1 and the curves are
shown in Figure 3.6. The 12 corrected speeds were, from the bottom to the top
of the figure, 400, 450, 500, 550, 650, 750, 900, 950, 1000, 1100, 1150, and 1400
rev/sec. If the speed was between these speeds, an interpolation technique was used
to calculate the pressure ratio.

It can be seen that the shape of the top curve in Figure 3.6 is different from
those of the others. The reason for this is that the data for the top curve was
exclusively extracted from Figure 3.4, while the data for the other curves were the
combinations from Figure 3.4 and Figure 3.5. The compressor efficiency was found

to be independent of the corrected compressor mass flow rate and only varied with



PRESSURE RATIO

20
1.9
1.8 |
1.7
i
1.6 =
| =
1.4 |-
Legend
- B———£1 400 rps
1.3 O—€ 450 rps
i A————A 500 rps
- —© 550 rps
I = +——+ 650 rps
1.2 I H"“---.. === 7b0%ps
s = T Y— 900 rps
——
WM H—kK 950 rps
—
e V——V% 1000 rps
B—=K 1100 rps
- tSAAAX YO | eemem————— 1150 rps
i &——— 1400 rps
1.0 i 1 1 1 i i | 5 L L i || " A i A I A
0.00 0.05 0.10 0.15 0.20 02
CORRECTED AIR FLOW RATE, kg/sec
Figure 3.6: Combined compressor performance map



30

changes in the corrected compressor speed as shown in Table 3.1.

At low pressure ratios, the exit temperature measurement on the turbocharger
is very difficult because the temperature change across the compressor is so small.
Occasionally, the measured data can give impossible efficiencies. To avoid this, it was
assumed that the minimum compressor efficiency is 0.16. Considering the capacity
and the surge limit of the compressor. the maximum and the minimum corrected
mass flow rates were determined to be 0.20 Ag/sec and 0.01 kg/sec by referring to
Figure 3.4, These limits were used in the program to insure that when the secant
method was used to estimate new values of the air flow rate from one iteration to the
next the estimated values were not outside the flow range of the compressor.

The inputs for the compressor model were the atmospheric temperature 77,
the atmospheric pressure pj. the air flow rate m;,. and the turbocharger angular
velocity w which was calculated from the dynamic turbocharger model discussed in
Section 3.3.2. The outputs from the compressor model were the boost pressure py
and the efficiency 5. The air flow rate m;, ., used for these calculations, was an
assumed value. After the boost pressure py was determined from the compressor
model, it was input to the engine thermodynamic model which also gave an estimate
of the air flow rate. Then the two air flow rates were compared. If the difference did
not satisfy an error criterion, another air flow rate input to the compressor model
was assumed. With the new ps output from the compressor model, a new air flow
rate from the engine model was determined. The iteration would continue until the
accuracy criterion on the air flow rate was met. The compressor efficiency 7. was

then used to calculate the boost temperature Ty with Eq. 3.18.
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3.3.1.2 Turbine performance map The turbine performance map was

generated using the same technique as that employed for setting up the compressor

l"i']uur V T3 T-"Ff
P3/ Pref .

pressure ratio 3 corrected turbine speed ——\E— and efficiency ny. Ty is the
p4 V.f' T:?' / Tpgf ¥ 4

turbine inlet temperature. p3 and py are the compressor inlet and outlet pressures.

performance map. The four parameters were corrected mass flow rate

The definition of the turbine efficiency is the ratio of the actual work output to the
work which could be obtained from an isentropic expansion between the same inlet
and outlet pressures of the turbine. The equation used to calculate 7; is as follows.
T
-
3

(%)7—1;7 L

0 (3.20)

where

Ty=the turbine outlet temperature, and

y=the ratio of constant pressure to constant volume specific heats, C'p/C'y.

Figure 3.7 shows the turbine performance map generated by the Research Divi-
sion of Garrett Automotive. The figure was directly used for the model. The main
reason for this was that the range of the experimental data was too narrow to he
used to generate an accurate performance map. Additionally, the temperature mea-
surement for the turbine is even more difficult than that for the compressor. The
turbine inlet temperature varies with time and spatial location within the turbine
inlet scroll.

It can be seen from Figure 3.7 that the pressure ratio and the corrected mass

: N
flow rate can be expressed as functions of the corrected turbine speed —-—1‘3—
V’ T3fTref
(rev/min). Third order polynomials were fit to data extracted from the map. They
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are given by Eq. 3.21 for the pressure ratio and Eq. 3.22 for the corrected mass flow.

The units for the corrected turbine speed and the corrected flow rate were rev/min

and kg/sec.

P3/py = 5529217377 % 107 Ny op +8.5850 < 107N . —6.0909 x 10~ N3
(3.21)

where Ny ., is the corrected turbine speed _\LC_____— rev/min.
V T3/ Tr'ef

g cor = 0.5199—~4.0918x 1070V, ., +1.6783 %10~ 10..-\-',_{C0r+0.8928 10703

(3.22)
Moyt V Y Tref

PSpref
[n the computer model, the known values for determining the characteristics of

where my ., is the corrected turbine mass flow rate . kg/sec.
the turbine are an actual turbocharger speed and an actual mass flow rate. To find
out the pressure p3 and the temperature 73, an iteration method was used. With
an assumed T3, the corrected turbocharger speed was calculated first. Then, the
pressure ratio and the corrected mass flow rate were determined by using Eqgs. 3.21
and 3.22. Consequently, the actual mass flow rate was calculated. If the difference
between the calculated and the given mass flow rates did not meet an error criterion,
a new T3, generated by the secant method, was assumed. The procedures above
were repeated until the error criterion was satisfied. Usually, it took less than five
iterations to converge.

The turbine efficiency was assumed to be a constant value of 65%, which is the
average of that shown on Figure 3.7.

The inputs for the turbine model were the atmospheric pressure py which is equal
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to py. the mass flow rate m, 4, and the angular velocity of the turbocharger w. The
outputs from the turbine model were the back pressure py. the exhaust temperature
before the turbine T3, and the turbine efficiency ny. The back pressure p3 was useed
as an input to the engine combustion model. Eq. 3.20 needs n; to calculate the gas

temperature Ty at the outlet of the turbine.

3.3.2 Dynamic turbocharger model

The moment of inertia of the turbocharger should be considered when the en-
gine is run through a transient cycle, which has been discussed in Section 2.3.3. A
differential equation was developed for the dynamic turbocharger model according to
Newton's second law and conservation of energy.

Applying Newton’s second law and neglecting friction, the derivative of the tur-

bocharger angular velocity is expressed as

dw

J,g(,g—:i =T =T (3.23)

where
Ji.=turbocharger moment of inertia, kg — m.2,
w=turbocharger angular velocity, rad/sec,
t=time over a transient cycle, sec.
7;=torque applied on the turbine, N — m, and
T.=torque applied on the compressor, N — m.
The moment of inertia was experimentally determined by Garrett Automotive

and is given in Table 4.1. The 7. and 7; are calculated according to the inlet and

outlet conditions of the compressor and turbine. Based on the energy balances, they
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are given as follows.

Tow = min”"} ‘hl] (3.24)
Tyw = mgyplhg — hy) (3.25)
where
m;, =rate of mass flow entering the engine cylinder, kg/sec.

Moyt =rate of mass flow leaving the engine cylinder, kg/sec,

h|=enthalpy of the gas in the compressor inlet, J/ kg,

ho=enthalpy of the gas in the compressor outlet, J/kg,

ha=enthalpy of the gas in the turbine inlet, J/kg, and

hy=enthalpy of the gas in the turbine outlet, J/kg.

The properties of hy, ho, hg, and hy can be calculated from the subroutine
PEREZ with the inputs of temperature, pressure, and equivalence ratio.

The initial value for Eq. 3.23 is the speed at which the turbocharger shaft is
turning when the engine is operated at its idle condition. The reason for this is
that the first point of the EPA transient cycle is the idling condition. Eq. 3.23 was

integrated by using subroutine LSODE [68].

3.4 Dynamic Engine Model

The overall model also includes a dynamic engine model that accounts for the
effect of the engine moment of inertia when the engine is operated over a transient
cycle. Due to the moment of inertia, more power is needed for the engine to accelerate
from a lower speed to a higher speed. compared with the power required for the engine
to run at the steady-state condition at the final speed. The engine’s moment of inertia

involves the piston and connecting-rod assembly, the crankshaft, and the flywheel.



56

The value used, shown in Table 4.1, was given by the engine manufacturer. One
question which was brought up during the model development was whether or not
the moment of inertia of the electric dynamometer should be included into the model.
This inertia was not included because the torque quantity of interest to the EPA is
that measured at the flywheel of the engine.

A differential equation was developed for the dynamic engine model as follows.

Applying Newton's second law, the derivative of the engine speed is expressed as

dN
27.}5 _(E' = 71.9." = T‘Shff [3..).6)

where
Je=engine moment of inertia,
N =engine speed,
t=time,
'Tcyl:nel torque produced by cylinder gas minus the friction torque, and
Tshfi‘ =engine shaft torque.
When the engine is operated at steady-state, then dg} is zero. Hence, Tcyi and

Tshft are identical. But if the engine is in transition from one speed to another, then

715

eyl will be different from Tshft' For acceleration, Tcy! is greater than Tshft'

The engine speed trajectory is shown in Figure 5.1 for the EPA specified transient
cycle. The values of d?fty could be found by fitting a cubic spline to the data from the
cycle. Due to the nature of the dynamometer control, it takes about 0.4 seconds for
the engine to transit from one speed to another regardless of how big the change is.
Also, there exists a time delay period of between 0.30 to 0.50 seconds for the engine
to respond to the speed input. Figure 3.8 shows the engine response to step changes

in the engine speed command. Figure 3.8 (a) is for a speed change from 1250 to 1350
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rpm and (b) is for a speed change from 1250 to 1300 rpm.

The engine speed control operated in a manner such that the engine speed
changed to its new setting in 0.40 seconds and then held that for 0.60 seconds before
responding to the next speed dictated by the EPA cycle. The time delay period
does not affect the dynamic model because it is a sample time offset. In the dynamic

dN

engine model, =l and the instantaneous engine speed .V(¢;) are expressed as follows.

For t < t; < (t — 0.40) seconds

AN N(t+1) - N(t)

e 0.10 (3.27)
N(t;) = e _01-]40_ 'W'u,- — ) (3.28)
For (t +0.40) < t; = (¢t — 1) seconds
’f_\ - 0.0 (3.29)
dt
N(t;) = N(t +1) (3.30)

The inputs to the dynamic engine model were the engine speed .V and the engine
shaft torque Tshft‘ both of which were specified by the EPA at one second intervals.
The outputs from the dynamic engine model were the instantaneous engine speed
N(t;) and engine torque Tcyi‘ The engine thermodynamic model can predict the
torque output 7 from the engine corresponding to the assumed fuel flow rate using
the relationship of 7y = E.],",-',? Because the fuel flow rate was only an estimated
quantity, 7 usually did not agree with Tcyl‘ So. a second iteration on the fuel flow
rate was necessary. The secant method was employed to automatically generate the

new value of the fuel flow rate. The iteration stopped when the difference between

T}, and Tcyl was within the specified error tolerance for the given fuel flow rate.
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3.5 Particulate Calculation

A series of steady-state tests were conducted to determine the particulate emis-
sion as a function of the engine equivalence ratio and speed. The equivalence ratio
ranged from about 0.10 to 1.10. The high equivalence ratios were obtained by re-
stricting the air flow to the engine. This restriction was accomplished by running
the engine without the turbocharger and installing an orifice upstream of the intake
manifold to further reduce the air flow rate. Polynomial expressions were fit to the
measured particulate emissions on a rate basis for six different engine speeds, 1200,
1300, 1500, 1700, 1900, and 2100 rpm. Regression analysis was performed on the fit
curves to determine the coefficients of determination. Eq. 3.31 is the general form

for calculating the rate of particulate emission.
Prate = 4y + a1 + agd® + azd® + ays (3.31)

where

P, .tc=the rate of particulate emission, gm/hr,

o=overall equivalence ratio in the cylinder, and

agp, ay, as, and ag=the polynomial coefficients listed in Table 3.2.

Table 3.2 shows the polynomial coefficients and the coefficients of determination.
Except for 1200 rpm, the equivalence ratio range for the polynomial was divided into
two parts and separate polynomials were fit for each region. The point of intersection
of the two polynomials was the upper limit of the lower range and the lower limit of
the higher range for the equivalence ratio.

If the engine speed and the computer calculated equivalence ratio are available,

the instantaneous particulate emission rate can be calculated by using Table 3.2
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at that time during a transient cycle. [t was assumed that the engine speed and
equivalence were constant over a period of one second. The particulate emission over
the period is the product of the particulate emission rate times one second. The
total particulate emission was obtained by integration over a whole transient cycle
period, which is 1,199 seconds for the EPA transient cycle. Brake specific particulate
emission was calculated by dividing the total particulate emission by the total work
output from the engine during the cycle.

Obviously. the inputs for the particulate calculation subroutine were the in-
stantaneous equivalence ratio and speed. The output from the subroutine was the

particulate emission rate at a particular time.

3.6 Summary

The overall engine model consists of a model for calculations of engine thermody-
namics and fluid mechanics, a model for calculations of turbocharger characteristics,
a model for calculations of engine dyvnamics, and a model to calculate particulate
emission. The basic input to the model is a transient cycle testing schedule. that
is. torque and speed trajectories, and the output is the total particulate emission
over the cycle. One call to the engine thermodynamic model takes 144 steps of main
calculations over crank angles of 720 at an interval of 5 . So most of the computer
time is spent on this kind of calculations. There are 1.199 data points for an EPA
transient cycle. It took about 15 hours for the computer to complete the integration

of the EPA transient cycle on a DEC' 3100 work-station.



4. EXPERIMENTAL APPARATUS

The objectives of the experiments were: (1) to measure the engine’s particulate
emissions during steady-state tests and over transient cycles, (2) to obtain engine
performance parameters such as equivalence ratio, engine torque. engine speed, air
and fuel flow rates, and the turbocharger characteristics, and (3) to verify the ability
of the computer model to predict engine performance parameters and diesel partic-
ulate emission during transient cycles. The equipment discussed in this chapter was
essential for accomplishing these tasks.

This chapter is divided into five sections. An overview of the engine test setup
is given in the first section. The second and third sections describe the dilution
tunnels and the dilution air system. The particulate sampling system and weighing
chamber are presented in the fourth section. Finally, the fifth section describes the

data acquisition system used to record the experimental data.

4.1 Engine Test Setup

The engine used in this study was a John Deere Model 4276 T four-cylinder, four
stroke, turbocharged diesel engine. The combustion system was a bowl-in-piston,
direct-injection, medium swirl type. The basic engine specifications are presented in

Table 4.1. Although the normal idle speed for this engine was 800 rpm, the idle speed
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Table 4.1: John Deere 4276T four cylinder engine specifications

Bore 106.5 mm
Stroke 127.0 mm
C'onnecting Rod Length 202.9 mm
Displacement 4525.2 em?
C'ompression Ratio 16.8 : 1

Valve Timing

[ntake opens at 2° bTDC, closes at 30° aBDC
Exhaust opens at 56° bBDC, closes at 29° aTDC
Maximum Power 58.1 kW @ 2100 rpm
Peak Torque 305.0 Nm @ 1300 rpm
Engine Inertia 1.405 kg-m?‘

Turbocharger Inertia 1.0575 x 10~% kg-m?'

for this study was redefined as 1200 rpm. This was due to a torsional resonance in
the engine and dynamometer system at about 1050 rpm.

The engine was connected to a 150 HP General Electric direct current dy-
namometer. The engine and dynamometer were controlled by a Z-386 computer
through an Analog Devices RTI-820 interface board. The computer sends speed sig-
nals to the dynamometer and gives torque commands to a microprocessor which then
sends a signal to a linear actuator attached to the fuel governor lever. This controller
was used to set and maintain the engine’s speed and load during steady-state tests
and to control the engine during transient tests (72, 73|.

The volume flow rate of air into the engine was measured using a Meriam laminar
flow element with a Baratron differential pressure transducer used to measure the

pressure drop. The diesel fuel flow rate was measured using a stop-watch and a

Toledo electronic scale.
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Thermocouples were located at the air inlet to measure the inlet air dry and wet
bulb temperature, at the intake manifold to measure the engine boost temperature
and at a number of locations in the exhaust line for measuring the bulk exhaust
temperatures before and after the turbine. Thermocouples were also used to measure
the engine oil, fuel, and coolant temperatures.

The atmospheric pressure was measured with a cistern barometer. Boost pres-
sure and exhaust back-pressure were measured both with pressure gages and pressure
transducers. The calibration of the pressure transducers is provided in Appendix B.
Also, a pressure gage was installed to measure engine lubricating oil pressure.

~ An important means for validating the engine model developed in this study
was to compare predicted and measured turbocharger speed. Since this is not a rou-
tine engine measurement, a device for measuring turbocharger speed was built. The
device consists of a U'niphase Model 106-1 laser, two fiber-optic light guide tubes, a
light detector, and a frequency-to-voltage converter, The laser is a 20 mW, Class I1Ib
Helium-Neon type. One of the light guide tubes sends the laser beam to a small foil
reflector which is fixed on the end of the turbocharger shaft. Then the reflected laser
beam is conducted through the other fiber-optic tube to a photo-transistor which
is installed inside the light detector. The voltage produced by the photo-transistor
is amplified to a 3-volt output. The circuit of the light detector is presented in Ap-
pendix C. The light detector gives one five volt pulse each time the turbocharger shaft
turns a revolution. Thus, the frequency of the square wave can be used to measure
the turbocharger speed. In order to record the turbocharger speed on the computer,
the frequency was converted to a voltage signal. For this purpose, a frequency-to-

voltage converter was built to allow the computer to record the turbocharger speed



during the test. The turbocharger speed calculation is described in Appendix D.

4.2 Dilution Tunnels

A double dilution particulate measurement system was used in this study. A
primary dilution tunnel was used to dilute the engine exhaust gas with compressed
air. A secondary dilution tunnel was employed to mix a portion of the diluted
exhaust gas with additional compressed air. The purpose of using the dilution tunnels
was to simulate the diesel exhaust-air mixing process after the exhaust is emitted
from the engine tail-pipe. This process is very important due to the adsorption
and condensation of unburned hydrocarbons, which contribute to the soluble organic
fraction of the particulates.

Figure 4.1 shows a diagram of the primary and secondary dilution tunnels. The
primary dilution tunnel is 0.305 meters in diameter [39]. The distance between the
introduction of the engine exhaust and the particulate sample transfer tube to the
secondary dilution tunnel is 3.05 meters which corresponds to 10 tunnel diameters.
Such a length ensured that there was sufficient time for the engine exhaust to mix
with the air. The diameter of the primary dilution tunnel was chosen so that it
would allow turbulent flow and the Reynolds Number inside the tunnel is greater
than 1.0 x 10°, The length of the primary dilution tunnel is sufficient to cause
complete mixing of the exhaust and the dilution air.

The primary tunnel was built in 1989 [39]. It was made of standard galvanized
spiral tubing. This material is not ideal since it does not have a perfectly smooth inte-
rior. Although no problems were observed during the tests conducted for this project,

a rough interior increases the chances of particulate deposition and re-entrainment.
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There is the potential of catching some of the particulates that would otherwise have
been part of the measurement. and further, causing problems with the particulates
being re-entrained into the stream at a later point in time within a test or perhaps
during a different test altogether. The material was originally chosen based on its
availability and low cost.

The exhaust enters the primary tunnel through a 90 elbow of 6 cm exhaust
pipe. The elbow faces downstream and was used to direct the exhaust into the center
of the tunnel cross-sectional area to enhance even mixing of the exhaust with the
dilution air. A 20 cm diameter orifice was placed in the dilution tunnel at the point
of entry of the exhaust. The increase in flow velocity and turbulence produced by the
orifice enhances mixing. The dilution tunnel exits into a high-volume ceiling exhaust
fan. The fan is operated to ventilate the laboratory whenever the dilution tunnel is
in operation.

The secondary dilution tunnel is made of standard aluminum pipe with 11.43 cm
inside diameter. The particulate sample transfer tube to the secondary dilution tun-
nel faces upstream in the primary dilution tunnel. The tube is made from stainless-
steel with 1.905 cm inside diameter. The distance from the inlet plane to t.he exit
plane of the tube is 53 cm. The length between the exit plane of the tube and the
primary particulate sampling filter is 12.70 cm, which provides an average residence
time of 0.30 seconds for the double-diluted sample. The geometric design of the

tunnels meets the EPA dilution method specifications [3].
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4.3 Dilution Air System

The primary dilution air is provided by an Ingersoll-Rand Centac II two-stage
air compressor. The compressor was set to provide an outlet gage pressure of 6.20
bar. The compressor’s controller is able to maintain the pressure within = 0.07 bar
of the set value. A 5 cm diameter pipe line introduces the air to the primary dilution
tunnel. A ball valve was installed in the line, followed by a standard in-line air
filter and a smooth-edged orifice. A static pressure transducer, a Viatran model 141
with a maximum gage pressure of 22.5 bar, and a thermocouple were installed before
the orifice. The pressure transducer was calibrated as described in Appendix B to
provide a means for determining the pressure. The air flow rate depends only on the
measured pressure and temperature because the flow is choked. The smooth-edged
orifice was calibrated and Eq. E.1 given in Appendix E was used to calculate the air
mass flow rate (39.

A considerable amount of noise is created by the uncontrolled expansion of the
dilution air as it enters the dilution tunnel. An air-exhaust muffler was fitted to the
end of the compressed air line and the noise was reduced to a tolerable level.

The dilution air ball valve shown in Figure 4.1 is fully opened during testing.
The primary dilution ratio, defined as the ratio of the diluted-exhaust mass flow rate
(the dilution-air mass flow rate plus the engine exhaust mass flow rate) to the engine
exhaust mass flow rate, varies with the engine speed and load. The maximum dilution
air flow rate achieved in the primary tunnel is approximately 0.72 kg/s. The engine
exhaust flow rate varies from about 0.04 kg/s for the low-speed, light-load condition
to about 0.09 kg/s for the full-speed, full-load condition. Therefore, dilution ratios

can be as large as 18 and as small as 8.
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As mentioned before. the Reynolds number in the primary tunnel can be as high
as 1.0 « 107, The highly turbulent flow enhances the mixing process. C'arbon dioxide
mixing tests were conducted to determine the ability of the primary dilution tunnel
to thoroughly mix the exhaust and air [39]. A stream of ('Oy was introduced at the
tunnel inlet and both horizontal and vertical sampling traverses were made across
the tunnel and uniform concentrations were found.

The velocity of the diluted exhaust in the tunnel ranges from 6.0 m/s to 10.0
m/s. The time for the particulates to interact with the dilution air is less than 0.5
seconds. The secondary dilution tunnel was used to increase the residence time of
the diluted exhaust.

The secondary dilution air comes from the Physical Plant of [owa State Uni-
versity. The compressed air goes through an in-line oil removal filter, followed by
an air pressure regulator and a smooth-edged orifice before entering the tunnel, A
Model 141 Viatran pressure transducer with a maximum gage pressure of 6.90 bar,
and a thermocouple were installed before the orifice to measure the air pressure and
temperature. The air pressure was regulated at 2.10 bar. A pressure gage was also
mounted to monitor the air pressure during the tests. The pressure transducer has
been calibrated with a dead-weight tester. The relationship between the pressure
and the measured voltage is described in Appendix B. A Model 1.5M175 ROOTS
Meter was used to calibrate the orifice and an equation was developed to calculate

the secondary dilution air flow rate as described in Appendix E.
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4.4 Particulate Matter Measurements

This section discusses the particulate sampling system and the particulate weigh-

ing chamber.

4.4.1 Particulate sampling system

A schematic diagram of the particulate sampling system appears in Figure 4.2.
The system consists of a ball valve, a filter holder, a sample pump. an electric by-
pass valve, and a gas meter with a frequency counter. The ball valve was mounted
upstream of the secondary dilution tunnel. The valve is opened at the start of a test
and then closed to prevent the diluted exhaust from entering the secondary dilution
tunnel between two tests. Downstream of the tunnel the filter holder sﬁpports a
primary filter and a backup filter. Two fritted discs were used as the supports for the
filters. The back-up filter is located 8.9 cm downstream of the primary filter. Two
filters are used to achieve high efficiency for collecting the particulate matter.

Accurate measurements require that the sampling system must be leak-proof.
In order to check the leakage of the system, a leak test was conducted before the
experiments. A discussion of the leak test is included in Appendix F.

The sampling pump has a by-pass line with an electrically actuated modulating
valve to regulate the flow. The opening of the valve is automatically controlled by the
computer, which provides a means for adjusting the flow rate through the particulate
filters during the tests. This is necessary since the flow rate will tend to drop as the
filter is gradually loaded with particulate. The system was designed so that the mass
flow rate through the gas meter was constant. The mass flow rate was maintained

at two times the mass flow rate through the orifice in the secondary dilution air line.
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Figure 4.2: Schematic diagram of particulate sampling system
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Figure 4.3: Variations of the secondary dilution air flow rate

The data recorded for the orifice flow appears in Figure 4.3. which shows the variation
of the secondary dilution air flow rate for 35 different steady-state tests. The average
flow rate was 0.1113 Ag/min and the coefficient of variance was 2.62°%. The mass
flow rate through the orifice can be considered constant and the air flow rate used as
a reference value.

There were two thermocouples placed in the system, one in the sample chamber.
between the primary filter and back-up filter and another installed before the gas
meter. The sampling mass flow rate can be calculated using an ideal gas equation
with measured temperature and atmospheric pressure, assuming that the mixture

upstream of the the gas meter has the same molecular weight as air. The volume
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flow rate was converted to a frequency signal by the gas meter and displayed on the
frequency counter. A frequency-to-voltage converter was used so that the actual flow
rate could be monitored by the computer. The relationship between the volume flow
rate and the voltage is developed in Appendix D. If the value does not agree with
the desired setting, the computer sends a voltage signal in the range of 0-5 volts to
a modulating valve so that the system flow rate can be kept constant. Although
the mass flow rate through the gas meter can be kept constant, the sampling mass
flow rate through the filters is not exactly constant since the molecular weight of
the mixture upstream of the filters varies over a transient cycle. Using the secondary
dilution tunnel minimized the variations. As mentioned in Section 4.3, the flow rate in
the primary dilution tunnel was not constant, but the variations were less than 7.0%.
To measure particulate matter emission accurately, the flow rate of the particulate
sampling system must be a constant fraction of the total diluted exhaust flow rate
in the primary dilution tunnel. Due to the nature of the system design, it was not
possible to maintain the constant fraction. However, this does not diminish the
repeatability of the measurements because a consistent particulate sampling method
was employed during the course of the study.

For the collection of particulate, 110 mm Pallflex TX40H120WW filters were
used, which had a 100 mm stain diameter after being placed on the filter holder.
According to the EPA specification, the recommended minimum loading on a 70 mm
primary filter with a 60 mm stain diameter is 5.3 milligrams over a transient cycle
test. To achieve an equivalent loading (mass/stain area), the particulate sampling
flow rate was chosen so that the minimum loading on the primary filter was 15.0

milligrams during the test. The minimum sampling flow rate used for the tests was
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3.3 x 10~3 m3/s through the filters.

4.4.2 Particulate weighing chamber

A weighing chamber was built for storing and weighing the filters. The chamber
measures 915 x 760 x 790 mm. The filters were put in petri dishes on two shelves
placed in the chamber during their conditioning. The filters were weighed in the
chamber using a Mettler Model AE240 analytical balance. The balance has a pre-
cision (standard deviation) of 20 micrograms and a readability of 10 micrograms.
Compressed air is passed through an oil removal filter and diffused into the weighing
chamber. No swirl was created inside the chamber, hence, no air motion affected the
stability of the balance. The purpose of introducing the air into the chamber was to
keep the chamber at a stable temperature and humidity. During all filter conditioning
and weighing, the temperature of the chamber was maintained within = 3 K of 297
K and the relative humidity of the chamber was maintained within = 5 percent of
30 percent. The ambient conditions of the chamber are described in Appendix G. A
60 mm thick foam pad was placed beneath the chamber to isolate the chamber from
external vibration.

Two unused reference filters were always kept in the weighing chamber. They
were the same size and material as the sample filters and were usually weighed at
the same time as the sample filters. The reason for the reference filters was to check
the balance and chamber conditions. If there was an unacceptable change of the
reference filter weight, the weighing would be stopped and the problem corrected.
The reference filters were changed at least once per month, which is specified by the

EPA. Four sets of reference filters, a total of 8 filters, were used for covering four
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months of tests. The weight changes of the reference filters between sample filter
weighings were within = 1.0 percent and these data are presented in Appendix G.

The weighing procedure for the filters is also discussed in Appendix G.

4.5 Data Acquisition System

The Analog Devices RTI-820 board was used with a Zenith 386 computer to
acquire data from the experimental equipment. The data were then stored on the
Zenith computer for analysis. The RTI-820 board sampled the data at the rate of 21
channels per second for a steady-state test and at the rate of 21 channels every 0.2
seconds over a transient test. The data sets were averaged every 9 seconds for the
steady-state test and every one second for the transient test. Only the averaged data
were stored on the computer. Table 4.2 shows the measurements which the computer
recorded.

The next chapter discusses the procedures used to operate the equipment de-

scribed above.



Table 4.2: Computer recorded measurements

Measurements
Engine:

Speed

Torque

Rack Position
Turbocharger Speed

Pressures:

Boost Pressure

Exhaust Back Pressure
Primary Dilution Air Orifice
Secondary Dilution Air Orifice

Temperatures:

Ambient(wet bulb)
Ambient(dry bulb)

Intake Manifold

Fuel

Oil

Exhaust(before turbine)
Exhaust(after turbine)
Primary Dilution Air Orifice
Secondary Dilution Air Orifice
Filter Holder Chamber
ROOTS Meter Entry

Flow Rates:
Air Flow Rate to the Engine
Particulate Sampling Rate




5. EXPERIMENTAL PROCEDURE AND DATA ANALYSIS

This chapter describes the procedures used to collect the experimental data. In
this study, particulate matter was sampled under steady-state conditions. over an
EPA transient cycle, and for discrete segments of various transient cycles. The first
section presents the experimental procedure and the matrix of different operating
conditions for the steady state tests. The EPA transient test procedures are de-
scribed in the second section. The other transient test procedures are discussed in
the third section. The fourth section describes the procedure for soluble hydrocarbon

extraction and the last section discusses data analysis.

5.1 Steady State Test Procedures

The purpose of the steady-state tests was to establish turbocharger performance
maps and to investigate the effects of engine fuel-air ratio and speed on particulate
emission. The maps were used to support the dynamic turbocharger model described
in Section 3.3. The measured particulate emission at different engine fuel-air ratios
and speeds was used to develop polynomial expressions which ultimately would be
integrated to obtain the total particulate emission.

The tests were carried out at six different speeds (1200 rpm, 1300 rpm, 1500 rpm.

1700 rpm, 1900 rpm, and 2100 rpm ) and ten different load conditions (-10%, 0%, 20%,
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40%, 50%. 60%. 70%, 80%. 90%, and 100% of the maximum torque at the selected
speed). The length of test time was varied according to the different engine operating
conditions. The length was chosen so that the particulate filters could accumulate
the maximum amount of sample without overloading the constant mass flow rate
operation of the particulate sampling system.

[t was found that the maximum overall equivalence ratio under steady-state con-
ditions was no more than 0.65 if the turbocharger stayed with the engine. During the
actual transient cycles, however, the overall equivalence ratio definitely exceeds 0.65
and can approach 1.0. This case usually occurs during rapid increases in load. To
get the desired torque, the fuel input to the engine has to be changed quickly. How-
ever, the rapid fueling does not result in instantaneous response of the turbocharger
due to its inertia and the compressibility of the exhaust gas link from the engine.
The resultant lag between the rate of change of air flow and fueling leads to rapid
increases in the overall equivalence ratio in the combustion chamber. To extend the
equivalence ratio to higher values, the turbocharger was removed from the engine so
that the air flow rate could be reduced. To obtain even higher overall equivalence
ratios, beyond 1.0, a restriction was installed upstream of the intake manifold. An
orifice with a diameter of 20 mm was used as the restriction to the air entering the
engine.

The procedure for the steady-state tests started with placing the particulate
filters in the weighing chamber. After 48 hours, the filters were weighed with the
Mettler micro-balance. The weighing procedure is described in Appendix G.

Once the tare weights of the filters were determined. the engine tests could be

conducted. Before starting the engine, the primary dilution air and the secondary
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dilution air were run through the tunnels for at least 5 minutes. The purpose of this
procedure was to keep the tunnel surfaces free of the deposits which could remain from
previous tests. Also, the particulate sampling system was simultaneously operated to
clean out the sample system. It should be noted that the primary dilution air valve
was always fully open during the tests.

After the engine was started, the speed and load were set to the desired values.
When the engine reached the equilibrium operating condition as indicated by stable
coolant, oil, and exhaust temperatures, two filters were placed in the filter holders
shown in Figure 4.2, Then the particulate sample transfer valve and the secondary
dilution air valve were opened and the particulate sampling system was turned on.
About 10 seconds were allowed to pass before starting the control program. The
reason for this was to enable the particulate sampling system to be controlled quickly
and accurately. The sampling flow rate control program needs both the reference and
actual flow rate values. If the actual value is far away from the reference value, it
takes a long time for the system to achieve an accurate control. Before starting the
control program, the system was run at a flow rate which was close to the reference
value. Hence, the difference between the actual flow rate and reference flow rate was
small and the system could quickly enter its accurate control mode.

As soon as the control program started, the data acquisition system automati-
cally recorded the data shown in Table 4.2. Other data were also manually recorded
such as atmospheric pressure, pressure upstream of the compressor, coolant temper-
ature, diesel fuel consumption, and vacuum downstream of the particulate filters. At
the end of the test, the particulate sample pump was turned off, the diluted exhaust

gas and the secondary dilution air were immediately shut off, and the test duration
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was recorded. The used filters were removed from the filter holders shortly after the
test and placed in the weighing chamber for stabilization.

The engine was then brought to another steady-state condition according to the
test schedule. After placing a new pair of particulate filters into the filter holders,
the next data collection was ready. It usually took about 5 minutes for this period.

After 48 hours’ stabilization, the used filters were ready for weighing. They were
handled using steel forceps and weighed in the weighing chamber. The difference in
the final weight and the tare weight was considered to be the mass of the particulate
sample. These data were then combined with the sample flow rate and total tunnel
flow rates to determine the total mass of particulate matter emitted by the engine

during the test period.

5.2 EPA Transient Test Procedures

In 1986 the Environmental Protection Agency (EPA) specified a new test pro-
cedure for heavy-duty diesel engine emissions measurement. The test requires the
engine to be run through a twenty-minute transient operation cycle that simulates
city and highway driving of a truck in both New York and Los Angeles. Figure 5.1
shows how the speed and load for the engine are expected to vary for the cycle. The
test requires that the engine be connected to a dynamometer that can be controlled by
a computer., The computer sends signals to the dynamometer controller to regulate
the engine’s speed. Then, while the speed is changing to follow the transient cycle,
a rack actuator is used to vary the engine's flywheel torque to match the required
torque.

The EPA transient tests conducted for this study followed as closely as possible
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the procedure specified in the Code of Federal Regulations (C'FR) 3. The procedure
specified for the EPA transient test is to cold-soak the engine by shutting it off for a
minimum of 12 hours or until the oil temperature reaches 297 K. In this study. the
cold-soak periods were at least 24 hours in length resulting in an oil temperature of
302 K. Then the engine is started and immediately controlled according to the twenty-
minute schedule of speeds and loads. However, in this work, due to the nature of
the control program. an extra one minute of idle condition(1200rpm, 0% load) was
required between the cold-starting of the engine and the beginning of the transient
control.

As soon as the schedule is completed. the engine is to be shut off. However, in
this case another one minute of idle operation followed the transient control. Then the
engine remained off for twenty minutes. This period is called the hot-soak. Following
this period. the engine was restarted for the hot-start test. The rest of the procedures
were the same as that described for the cold-start test. Upon finishing both the cold-
start and hot start tests, the official EPA transient tests were complete. However,
several hot-start tests were conducted consecutively thereafter. Between each of the
tests a twenty minute hot-soak period was scheduled.

The particulate sampling procedures are the same as described in the above
section. Also, the primary dilution air valve was left fully opened over the duration

of the transient cycle.

5.3 Discrete Transient Cycle Tests

The EPA twenty-minute transient cycle consists of four segments. Each segment

lasts five minutes. The first and the fourth segments are identical. Since it was
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not possible to measure the instantaneous particulate emission from the engine. it
was not possible to make a second-by-second comparison with the predictions of
the computer model. However, in addition to a single comparison for the entire
cycle, the particulate emission was measured for each of the four quarters of the
cycle for comparison with the model predictions. The purpose of the tests were to
investigate the effects of different transient cycles on the particulate emission. The
tests procedures were set up so that the particulate samples for each five minute
transient cycle were collected when the complete EPA transient cycle was performed.

In order to collect the samples for four segments, two identical EPA transient
cycles had to be conducted. The two samples for the first and the third segments
could be taken during one EPA transient cycle. The other two samples could be
collected during another EPA transient cycle. Five minute intervals between the
first and the third segments or between the second and the fourth segments were
allowed to facilitate particulate filter changes and to complete data recording. The
particulate sampling system was operated in the same manner as that presented for

the procedures of the EPA transient cycle.

5.4 Procedure for Soluble Hydrocarbon Extraction

The particulate sample was collected in the secondary dilution tunnel at tem-
peratures below 325 K as specified by the EPA. Hence, the particulates included not
only solid carbon, but sulfate emissions, and adsorbed and condensed hydrocarbons
called the soluble organic fraction (SOF). In this study, soxhlet extraction was con-
ducted to determine the total mass of the SOF. The extraction was performed on the

particulate samples collected during the transient cycles and for a few steady-state
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conditions (-15%, 60%. 90%, and 100% of the rated load at 1200 rpm).

The procedure started with placing a soiled filter in an 80 ~ 25 mm extraction
thimble. After stabilizing for 48 hours in the weighing chamber, the thimble with
the filter was weighed for tare weight. At all times the filters and the thimbles were
handled using steel forceps. Then, the thimble was placed in a Pyrex soxhlet extrac-
tion tube. A 125 ml flask filled with 100 m! of methylene chloride was fitted below
the tube and an Allihn type condenser was attached to the top of the tube. An
Electromantle oven was used to heat the flask and maintain a constant flask temper-
ature. Chilled water was running through the condenser while the methylene chloride
vapor was condensed. When the thimble was filled to the top with condensate, the
soxhlet automatically drained the condensed solvent and the SOF back to the flask,
and the cycle started again. Each cycle took 3 to 3.5 minutes to complete. Twenty
cycles were run on each filter. Because only methylene chloride condensate entered
the extractor, all of the SOF was ultimately transferred to the flask.

After the last cycle was finished, the thimble with the extracted filter were re-
placed into the weighing chamber for 48 hours. At the end of that period, it was
weighed. The difference in the tare weight and the final weight was considered to be

the mass of the SOF.

5.5 Data Analysis

5.5.1 Turbocharger performance

One of the objectives of conducting steady-state tests was to generate the per-
formance maps of the compressor and turbine. When studying turbocharger per-

formance characteristics, it is quite helpful if results from different inlet conditions
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can be directly compared to one another. Turbocharge compressor and turbine per-

formance can be characterized by the following four parameters: the mass flow rate

fiij TU,- Tf'ff-

Pu 'Iprff
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Here, subscripts d, u, h, and | stand for downstream, upstream. higher pressure side,

. pressure rise (%) efficiency (). and speed

and lower pressure side. The mass flow rate and speed are corrected for changes in
the inlet temperature and pressure. The reference temperature Tr-ef and pressure
Pref are chosen to be 298 K and 1.0 bar. Among these four variables, any two of
them can be expressed as a function of the other two variables.

As mentioned in Section 4.5, data related to the turbocharger performance were
collected during the tests. including the inlet and outlet temperatures and pressures of
the compressor and the turbine, pressure rises across the compressor and the turbine,
and the turbocharger speed. After the data analysis, the pressure rise and efficiency
were expressed as a function of the mass flow rate and speed for both the compressor

and the turbine.

5.5.2 Calculation of particulate emission from measurements

According to Code of Federal Regulation (3], the total mass of particulates pro-
duced by the engine in either the hot or cold start test, Pmass, is found from the

following equation:

L ;
PmaSS_l‘m;:*‘sf)(‘__.sf) (3-1)

where
Pmass=the total particulate emitted,

v,

mir=the total diluted exhaust volume through the primary dilution tunnel,
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'.-'Sf:the total volume of sample withdrawn from the primary dilution tunnel.

and

pf:the mass collected on filters.

This equation was developed for PDP-CVS systems. Since the system used in
this study was different from the EPA specified system, Eq. 5.1 was modified. It is

described as follows.

P
Pmuss=(mm,',_-—msfl(mf ) (5.2)
sf

where

Pmass=the total particulate emitted,

M ip=the total diluted exhaust mass through the primary dilution tunnel,

msfzthe total mass of sample withdrawn from the primary dilution tunnel, and

pf=the mass collected on filters.

As discussed in Section 1.2, the purpose of this study was to predict transient
particulate emissions based on steady-state particulate measurements with predicted
engine overall equivalence ratio. Because the primary dilution air flow rate was con-
stant and the ball valve was always kept fully opened, dilution ratios were consistent
for both steady-state and transient tests. Also, the mass flow rate of sample was
kept constant during the tests. So, the mass flows could easily be calculated. Thus,
Eq. 5.2 was employed for the particulate calculation in this study.

Moir was expressed asi

mix pda T Wy N f (5.3)

where

Mpda —the total mass of dilution air through the primary dilution tunnel, which
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was calculated by integrating Eq. E.1. from Appendix E, over a period of time,

m;,=the total air entering the engine, which was measured by a laminar flow
element, and

m g=the total fuel consumed during the test.

[t is noted that the total mass of exhaust gas is the summation of m;,, and m .

mgf Was given as:

Msf = Msmp = Mg, (5.4)

where

msmp=the total mass of sample through the secondary dilution tunnel. and

m ¢ ,=the total mass of dilution air entering the secondary dilution tunnel,
which was calculated by integrating Eq. E.2, from Appendix E. over a period of
time.

Assuming that the pressure drop across the ROOTS gas meter is negligible and
that the sample through the secondary dilution tunnel has the same molecule weight

as air, mgmp was calculated as follows.

rh.smp K Pathrt (5.5)

- RairThrt
where
Patm="the atmospheric pressure,
@,¢=the volumetric flow rate through the ROOTS meter,
R,ir=the gas constant for air, and
Ty, =the temperature before the ROOTS meter.
As mentioned in Section 5.1, steady-state tests were always performed when the

engine was at fully warmed-up conditions. Hence this study emphasized comparisons
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between the experimental measurements and model-predicted values only for the hot
start tests. though some cold start tests were conducted.

It has been shown that diesel particulate emission is mainly dependent on en-
gine load (equivalence ratio) and speed if the same kind of diesel fuel is used T4,
\75). Gagele [76] indicated that the effect of ambient temperature on the particulate
emission was not significant. After completion of the steady-state tests discussed in
Section 5.1, the particulate emission was expressed as a function of the engine overall
equivalence ratio and speed. The emission was on a mass rate basis (grams/min)
rather than on a brake specific basis (g/bkW-hr). The primary reason for this is that
if the emission were in the unit of g/bkW-hr, the emissions at idling or motoring
could not be expressed since the brake work is zero. Brake specific value is easily

obtained if the work performed is known.

5.5.3 Statistical analysis

To provide a quantitative basis for comparing model-predicted values with ex-
perimental measurements, a statistical analysis was performed. The association be-
tween two variables was studied by using the method of least squares and linear
regression [77]. The experimental measurement was chosen as variable x and the

model-predicted value as y. The best fit equation has the form:
y=a-+br (5.6)

where
a=the intercept of the regression line on y,
b=the slope of a regression line,

r=the experimental measurement, and
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y=the model-predicted value.
[f the model-predicted and experimental values agree perfectly, then a will equal zero
and b will equal one,

Intercept a and slope b can be found by the following equations.

n ) n n n
P TR T
=1 =1 il o

a = : (-)I'I
n n =
n Z -I'!z — (Z »1!)
=i i=1
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n n n
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T =1 ‘_:l eélzz (5.8)
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The coeflicient of determination (r2] can be calculated as follows.
2
n
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and

where n=Number of Observations

The relative error between model-predicted and measured values is defined as

follows.

.‘.md{ —=. .\'gr

RE = P 100.0% (5.10)

where
X, 41=the model predicted value. and
Xezp=the experimentally measured value.
These statistical quantities will be used in the following chapter to characterize

the agreement of the predicted and measured values.
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6. RESULTS AND DISCUSSION

In this chapter the predictions of the engine model are compared with the ex-
perimental data. The chapter is composed of four sections. In the first section, the
model-predicted engine performance parameters which affect overall equivalence ra-
tio are compared with experimental measurements, These parameters include boost
pressure and temperature, back pressure and temperature, and turbocharger speed.
The second section presents the model-predicted instantaneous equivalence ratios
over the EPA transient cycle. In addition, the air and fuel flow rates predicted by
the model are compared to the experimental data. In the third section the distri-
butions of equivalence ratio and engine speed over the EPA transient cycle schedule
are statistically analyzed. Finally, the fourth section presents a comparison of the
model-predicted particulate emissions with experimental measurements for different
transient cycles.

All the experimental data for the comparisons discussed in this chapter were
obtained when the engine was run at hot starting conditions. This means the engine
was started after having previously run the engine long enough to bring the engine
oil and coolant to their equilibrium operating temperatures. The reason for this was
that the turbocharger performance maps and the particulate emission calculations

for the engine model were based on hot steady-state measurements. To be consistent,
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all the comparisons are performed for the hot starting cases of the transient cycle.
Data analyses have been performed for the comparison of the model predictions

on with the experimental measurements. The methods and basic equations were

presented in Section 5.5.3. The terminology and the symbols are consistent with

those presented in that section.

6.1 Model’s Capability of Predicting Engine Performance Parameters

The engine model can predict boost pressure and temperature, back pressure
and temperature, and turbocharger speed. This section presents the comparison of
the measured test data for these quantities with the model predictions.

The duration of the EPA transient test is 1,199 seconds. The EPA specifies
discrete engine speed and torque values for each one-second time interval. Following
EPA specified criteria, the validity of the actual speed and torque trajectories was
checked for each completed transient cycle test. The items to be checked are the
maximum standard error S E. intercept a. slope b, and the coefficient of determination
r2 for the experimental measurements on reference values. The calculations of SE,
a, b, and r2 were discussed in Section 5.5.3. The criteria were set for engine speed,
torque, and brake power. It turned out that all 12 EPA transient cycle tests conducted

for this study were valid.

6.1.1 Boost pressure and temperature

The boost pressure was calculated in the computer program by using the com-
pressor map at the current values of the corrected air flow rate and the turbocharger

speed. As discussed in Sections 4.1 and 4.5, the engine boost pressure and temper-
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ature were measured upstream of the intake manifold using a Viatran 141 pressure
transducer and a type K thermocouple. The measured data were recorded on a
Z-386 computer. The experimentally measured and model-predicted quantities are
compared as follows.

The instantaneous pressure ratio of the turbocharger compressor is shown in Fig-
ure 6.1 over the EPA transient cycle. The qualitative agreement between the model-
predicted and the measured boost pressure is very good. In order to make a quanti-
tative comparison, Figure 6.2 shows the correlation between the model-predicted and
the measured boost pressure for one of the transient cycle tests. The boost pressure
was normalized and expressed as the ratio of the boost pressure to the atmospheric
pressure. In Figure 6.2, the horizontal axis presents the measured data and the ver-
tical axis presents the model-predicted values. The intercept of the linear regression
line was -0.079, the slope 1.074, and the coefficient of determination 0.899. The ideal
linear regression is also illustrated in Figure 6.2. The equations used to calculate
these quantities are given in Section 5.5.3. This method of quantifying the compari-
son between the predicted and experimental data was chosen because it is consistent
with the procedure mandated by the EPA for comparing actual engine speed and
torque with their reference values. Several scattered data points far away from the
linear regression line might be due to either the error measurement of the pressure
or the phase offset between the measurement and the prediction. This technique
for comparison may somewhat exaggerate the differences between the two sets of
data since small phase shifts can give the large apparent scatter shown in Figure 6.2.
However, the slope and intercept should still be useful for making comparison.

Agreement between predictions and measured values over the entire transient
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cycle was generally good. It can be seen from Figure 6.2 that the model-predicted
boost pressure ratios were generally lower than those measured for pressure ratios
less than 1.2 and higher for pressure ratios greater than 1.2. To clearly illustrate the
observation, Figure 6.3 shows the instantaneous compressor pressure ratios over the
third segment of the EPA transient cycle for both the experimental measurements and
the model predictions. This is the same data as Figure 6.1 but on an expanded scale.
It can be seen that the model predictions were lower than the measured pressure
ratios for the period between 620 and 670 seconds when the boost pressure is high.
while higher in the period of 680 to 720 seconds when the boost pressure is low.
The source of these discrepancies is probably the compressor performance map.
As discussed in Section 3.3.1, the compressor map was the results of a combination of
the experimental data obtained from this study and data from Garrett's experiments.
The experimental pressure ratios obtained from the study were mostly less than 1.2.
While the data for pressure ratios greater than 1.2 were extracted from Garrett's
compressor performance map, Figure 3.4. The inter-laboratory variability could be
an error source. The offset of the pressure ratios between measured and predicted
at idle condition is due to the minimum compressor efficiency assumed in the model.
The assumed minimum efficiency could be higher than the actual one. However,
choosing a low minimum compressor efficiency caused instability in the turbocharger
speed calculation. Although some discrepancies existed, the effects of changes in the
operating conditions of the engine on the boost pressure are accurately predicted.
Figure 6.4 shows a comparison of the measured and predicted boost temperatures
for the period of 600 to 900 seconds over the EPA transient cycle. It can be seen

that the measured boost temperature contains fairly high amplitude spikes. The



006

21240 JuUIISURIY W JF 241 JO 1uauIFas panyy
21 1940 2inssald js00q painseaun pue pajoipaid-japow jo uosueduio )

puodas ‘JIL

0S4

00L

059

'00g 2Ina1 g

==

~

suonapaasd
{1 b S ———

puabia

-

--.._______'_h,

Vi -

'

0zl

Gel

OE'|

GE'l

or'l

Sl

0S|

OlLYH 3HNSS3Hd HOSS3H4NOD



I‘h

006

1240 ainjeladuia) 1s00q peinseamn pue pajaipaid-fppown jo uosueduio)

pu02as ‘JAIL

24y Juatsuel} Y Jq 24l Jo juswBas paiyl 211}

g 2Indig

058 008 0SL 00L 059 009
L. L T 1 T T T T T T T T | T T T T T T T Dmm
OlE
M.
(i v
TH
R
ia ] 0CE
gy
[ o 1
m "y P
wptly N u -
TS Hh w
o Fi L
. DL ke 48
“ :" “ .q. “ -| 0£E
1 iy 1 I
1 Wy | 1
Wy '
- OrE
L
L]
L]
L}
1 -
I
1
-1 0GE
suo ipaad
BIED MR o i i o .
puabian a

09€

M 3HNLvH3dWN3L LS008



99

amplitude of these spikes was about 5 A and the frequency about 0.2 H=. The
variation of the temperature appears to be due to noise. In spite of the noise spikes the
trend of the measured temperature is clear, The response time of the thermocouple
is obviously too slow to follow the rapidly changing temperature. The diameter of
the thermocouple was not small enough. so the measured boost temperature varies
much slower than expected.

A linear regression analysis indicated that the coefficients of determination be-
tween the predicted and measured boost temperature were generally less than 0.60.
To some large extent, the oscillation of the measured temperature contributes to the
poor correlation. especially for the big spikes at such a low boost temperature range.

A comparison of the predicted boost pressures in Figure 6.3 with the predicted
boost temperatures in Figure 6.4 shows they have the same trends. that is. the model
predicted values of boost temperature follow the predicted boost pressure.

Table 6.1 presents the results from the statistical analysis comparing the model-
predicted and measured boost pressure and temperature over 12 EPA transient cycle
tests. Table 6.1 also indicates that the variations of the experimental boost pres-
sures from one test to the next were not significant, since a, b, and r? were roughly
constant. But the variations of the measured boost temperature were much larger.
This is further indication that the measurements of boost temperature for the engine
were very difficult. The measurements of the pressures for the engine were easy by
comparison.

The primary purpose of the comparison of the model-predicted boost pressure
and temperature with the experimental data is to confirm that the model has the

basic ability to predict the instantaneous equivalence ratio since the equivalence ratio
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Table 6.1: Comparison of model-predicted and measured boost pressures and tem-
peratures

Pressure ratio. py/ p; | Boost temperature. T

(ase | a b e a b e
5
I | -0.079 1.074 0.899 -38.31 1.105 0.361
2 | -0.056 1.056 0.904 41.87 0.869  0.464
3 | -0.073 1.069 0.904  -45.27 1.134  0.561
4 | -0.085 1.080 0.904 -32.63 1.090 0.544
5 | -0.078 1.074 0.396 -12.23 1.026  0.509
6 | -0.049 1.049 0.897 -3.400 1.012 0.519
7 1-0.0637 1.059 0.905 -25.18 1.075  0.532

-0.0679 1.063 0.904 -45.39 1.142  0.569
¢ -0.0572 1.052 0.906 -35.50 1.111 0.538
| -0.054 1.049 0.903 -24.65 1.076  0.528
11 -0.059 1.053 0.900 -36.33 L.114  0.535
12 -0.056 1.050 0.905 -32.29 1.102  0.552

o oo

a — Intercept
b — Slope
r? — ('oefficient of determination
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is strongly affected by the boost pressure and temperature. It should be apparent
from the above discussion that the model can accurately predict the instantaneous
engine boost pressures during the EPA transient cycle, but it is not possible to say
this for boost temperature since the measured data is not reliable. It will be shown
later that the turbocharger performance is predicted well and this provides implicit

validation of the predicted boost temperature.

6.1.2 Back pressure and temperature

The exhaust pressure and temperature before the turbocharger turbine were
measured during the tests. Figure 6.5 shows the trajectory of the back pressure both
measured and predicted over the EPA transient cycle. To more clearly illustrate
the trends of the curves, the second segment of the EPA transient cycle is shown in
Figure 6.6.

Figure 6.7 illustrates the linear regression analysis for the two curves shown
in Figure 6.5. The intercept, slope, and coefficient of determination for the linear
regression line were 0.093, 0.924, and 0.937. It can be seen from Figure 6.5~ 6.6
that the model predictions consistently match the measured back pressures over the
entire transient cycle test, except at very low back pressures. The source of the low
level oscilations is probably noise from the pressure transducer. The difference in the
baseline levels at idle is probably due to slight error in the turbocharger maps.

Good agreement between the simulation results and the measurements lead to
a conclusion that that the model can accurately predict the back pressure. This
also implies that the turbine performance map was properly constructed because the

back pressure is one of the outputs from the turbine performance map. In general,
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the model can predict the back pressure better than the boost pressure. Another
conclusion that can be drawn here is that the model's turbine performance map is
better than the compressor performance map. The compressor performance map
could be improved by generating more data points on a test stand. Of course. the
accurate measurement of the temperature is essential although very difficult.

Figure 6.8 and Figure 6.9 show the simulated and the measured temperatures
upstream and downstream of the turbine. It is noted that the measured temperatures
were considerably lower than those predicted. The turbine inlet temperature was
calculated using the turbine performance map and derived from the corrected mass
flow rate, the turbocharger speed. and the turbine pressure ratio. The turbine outlet
temperature was calculated using Eq. 3.20. so it was determined by the turbine
efficiency in addition to the variables which determine the turbine inlet temperature.

General trends in the turbine inlet and outlet temperatures over the transient
cycle were well predicted by the model. However, the model-predicted temperatures
were greater than those measured in the regions of high power outputs. A statistical
analysis indicated that the intercept, the slope. and the coefficient of determination
of the linear regression line for the turbine inlet temperatures were -134.0 A, 1.342
and 0.809 for the predicted-values on the measured-values. The intercept. the slope.
and the coefficient of determination of the linear regression line for the turbine outlet
temperatures were -264.0. 1.563, and 0.596. As discussed in Section 4.1. the turbine
inlet temperature was measured using one thermocouple installed in the upstream
of the turbine. Due to the unsteady nature of the exhaust process and cylinder to

cylinder variation in exhaust temperature, the exhaust temperature measured by the
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thermocouple only represented a rough mean value of the non-uniform and time-
varying temperature. As the engine exhaust valve starts to open. the gas passes the
valve through a constant enthalpy throttling process characterized by the constant
temperature across the valve, which results in sudden high temperatures in the ex-
haust port. As the exhaust valve opens further, more gas exits from the cylinder
at high speed. The gas density in the cylinder decreases dramatically, which causes
the cylinder temperature to quickly decrease following an isentropic expansion. Clon-
sequently, the temperature in the exhaust port decreases very fast. Eventually, the
gas temperature in the exhaust port will reach a constant value when the exhaust
expansion is complete. Another effect was the non-uniform temperature contributed
by cylinder to cylinder variation. A study showed that the mean temperature of the
gases leaving cylinders one and two were higher than that for cylinders three and
four by 11 to 28 K |78/, while the model only predicts a single temperature for the
exhaust gas. Due to the difficulties in measuring and characterizing the exhaust tem-
perature, the model-predicted turbine inlet temperature could not be quantitatively
compared. As for the boost temperature, the agreement in predicted and measured
turbocharger performance to be shown later implicitly validates the predicted turbine
inlet temperature.

It can be seen that the spikes observed in Figure 6.4 do not appear to be present
in Figure 6.8. However, they do exist. The reason for this is that the large scale
for the vertical axis diminishes the height of the spikes. They become too small in
Figure 6.8 to be identified but they are still present.

[t was expected that the turbine outlet temperature should not be as time-

varying as the turbine inlet temperature, because the exhaust gas is well mixed
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after it passes the turbine. Unfortunately, the results were in conflict with this
expectation. The coefficient of determination for the model-predicted turbine outlet
temperature on the measured values was lower than that for the model-predicted
turbine inlet temperature. The difficulty in measuring the temperature was still the
major contributor to the discrepancy. Also, the assumption of the constant turbine
efficiency could decrease the accuracy of predicting the outlet temperatures. The
capability of the model in predicting the turbine outlet temperature will be discussed
further after presenting the results of the turbocharger speed.

Table 6.2 lists all the statistical results by the linear regression analysis for the
predicted and the measured back pressures and temperatures. It should be mentioned
that the primary reason for the lack of agreement between the predicted and measured

data is the error in the measured data.

6.1.3 Turbocharger speed

The turbocharger speed was measured over a transient cycle using the laser de-
tector described in Section 4.1. The model-predicted and measured turbocharger
speed are compared in Figure 6.10 for one of the transient cycle tests. Figure 6.11
shows the correlation between the model prediction and the measured turbocharger
speeds. The horizontal axis represents the measured speeds and the vertical axis rep-
resents the predicted ones. The intercept, slope, and the coefficient of determination
for the linear regression line were -233.2 rpm, 1.007, and 0.895 respectively.

The turbocharger speed was a particularly difficult quantity to predict since it
was derived from both the compressor and the turbine performance maps as well as

the dynamic turbocharger model. As Eq. 3.23, 3.24, and 3.25 indicated, the turbine
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Table 6.2: Comparison of model-predicted and measured back pressures and turbine
inlet temperatures

Pressure ratio. p3 py | Back temperature, Iy
» 1 4 -)

('ase a b e | a b r<
K
1 0.093 0.924 0.937 -134.0 1.342 0.809
2 0.107 0.908 0.946  -158.7 1.382 0.835
3 0.097 0.920 0.937 | -132.4 1.339 0.824
4 10.092 0.925 0.940 | -130.1 1.339 0.810
5 0.096 0.922 0.938 | -118.5 1.319 0.793
6 0.122 0.898 0.937  -132.0 1.350 0.801
T 0.104 0.912 0.942 | -132.3 1.353 0.804

0.112 0905 0.938 -139.0 1.367 0.799
0.124 0.894 0.940 | -135.1 1.362 0.305
10 0.117 0.899 0.941 -135.6 1.361 0.300
11 | 0.118 0.899 0.939  -133.7 1.362 0.793
12 0.113 0.902 0.940 | -132.8 1.369 0.814

o 0o

a — Intercept
b — Slope
r? — (oefficient of determination
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speed is determined by the gas properties at the inlet and outlet of the turbocharger
compressor and turbine. These properties include the pressure and temperature.
For an ideal gas, the temperature is the most important parameter to determine
the enthalpy. If one of the predicted-temperatures at either the inlet or outlet of the
turbocharger compressor and turbine is not correct, the predicted-turbocharger speed
will behave improperly. Although the prediction of the turbocharger is complicated,
the simulation predicted it with reasonable accuracy. Figure 6.12 shows how well
the predicted values match with the measured turbocharger speeds over the second
segment of the EPA transient cycle.

Figure 6.12 shows that the predicted turbocharger speeds exhibited a small over-
shoot in the regions of high power output. This might be due to the over-estimated
temperatures at the turbine inlet, discussed previously. The high turbine inlet tem-
peratures predicted by the model resulted in more energy (exhaust gas with higher
level of enthalpy) entering the turbine, which contributes to higher speed. Because
the model can accurately predict the turbocharger speed, this indicated that the
boost temperature, the turbocharger turbine inlet temperature, and outlet tempera-
ture are accurately predicted by the model and the primary reason for the difference
between predicted and measured data is experimental error. Based on the accuracy
of the turbocharger speed calculation it was concluded that the model can accurately
predict the engine boost and exhaust temperatures.

Table 6.3 shows the results from a statistical analysis of 12 EPA transient cycle
tests comparing the model-predicted and measured turbocharger speeds. Generally
speaking, good agreement between the model-predicted and measured turbocharger

speed was obtained over the EPA cycle tests.
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Table 6.3: Comparison
of model-predicted and mea-
sured turbocharger speeds

Turbo speed. Vj,.

(‘ase a b r-
rpm
-233.2 1.007 0.895
-241.1 1.008 0.908
714.5 0.972 0.908
320.9 0.986 0.908
170.8 0.994 0.900
79.75 1.028 0.876
1343. 0.943 0.919
1161. 0.948 0.919
1295. 0.942 0.920
10 1245. 0.942 0.917
11 1162. 0.947 0.917
12 1070. 0.945 0.920

-1 O O = N b

o oo

a — Intercept
b — Slope
r? — (oefficient of determination
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6.2 Model’s Capability of Predicting Equivalence Ratio

As mentioned in Section 2.3.3, instantaneous experimental equivalence ratios
are very difficult to measure during a transient cycle. The equipment set up for this
study could not measure the equivalence ratios directly due to a lack of instantaneous
fuel flow rate measurements. To verify the model-predicted equivalence ratios during
the transient cycle, indirect fuel flow rate calculations were conducted by correlating
steady-state fuel low measurements to transient data.

To estimate the instantaneous equivalence ratio, the diesel fuel flow was measured
during a steady-state test. The fuel flow rate at the steady-state only depends on the
engine speed and the position of an actuator that was attached to the governor lever to
control engine torque. A series of steady-state tests were conducted and the fuel flow
rates were measured for different combinations of engine speed and actuator position.
Based on the experimental results, a polynomial equation, Eq. H.1 in Appendix H,
was developed to calculate the diesel fuel flow rate. The independent variables for
the equation were the engine speed and the actuator, or rack, position. Because the
two independent variables were recorded over a transient cycle by the computer, the
instantaneous diesel fuel flow rate could be calculated using Eq. H.1. Since the air
flow rate was measured by a laminar flow element and also recorded by the computer,
the instantaneous fuel-to-air ratio during the transient cycle could be estimated.

Figure 6.13 shows the comparison of the model-predicted and the experimental-
calculated equivalence ratios during an EPA transient cycle. Their correlation is
shown in Figure 6.14. The comparison between the predicted and the experimental-
calculated equivalence ratios shows good agreement.

The regression line was determined by using Eq. 5.6 with the z axis as the
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experimental-calculated equivalence ratios and the y axis as the model-predicted
values. The intercept a, slope b. and the coefficient of determination r= for the line
are 0.020. 0.932, and 0.813.

Figure 6.15 shows the predicted and experimental-calculated equivalence ra-
tios over the portion of the EPA transient cycle from 900 to 1200 seconds. The
experimental-calculated equivalence ratios were slightly higher than those predicted.
A question that should be addressed here is whether the slight discrepancies were due
to the model or the experimental calculation. To answer the question. two variables,
the air and fuel flow rates, were statistically analyzed. Figure 6.16 shows the com-
parison of the predicted air flow rates and the experimental data over the transient
cycle and a detailed comparison is given in Figure 6.17 for the fourth segment of the
EPA transient cycle. The agreement is excellent although the predictions are slightly
higher than the experimental values. The correlation between the model-predicted
and experimental-calculated air flow rates is shown in Figure 6.18. The intercept,
slope, and the coefficient of determination are 0.000, 1.022, and 0.979.

Although the air flow rates at both idle and high power output conditions are
slightly higher than those at other conditions, they followed the engine transient
operating conditions and matched well with experimental data. By referring to Fig-
ure 6.10, it can be seen that the difference in air flow rates in those regions is consistent
with that in turbocharger speed. This is not surprising because the turbocharger at
the higher speed will force more air through the engine.

Figure 6.19 shows the comparison of the model-predicted and experimental-
calculated fuel flow rates. To be consistent with the equivalence ratio and air flow

rate figures, the fuel flow rates are also shown in detail in Figure 6.20 for the period
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of the fourth segment of the EPA transient cycle. It can be seen that the fuel flow
rates predicted by the model almost overlapped those of the experimental calculations
at the idle conditions. This is not surprising since the engine is considered to run
at the steady-state condition during the period of idling. Because the fuel flow
rate calculation is perfectly suitable for the steady-state condition. the experimental
calculation should give the same fuel flow rate. It should be apparent that since the
model can accurately predict the fuel flow rate when engine is run at idle conditions.
this implies that the model has an accurate engine friction sub-model as described in
Section 3.2.3.

Figure 6.21 shows the correlation between the model-predicted and experimental-
measured fuel flow rates. The intercept for the correlation line of fuel flow rates is
0.000. the slope is 1.004. and the coefficient of determination is 0.885. The coefficient
of determination for the air flow rates is considerably better than that for the fuel
flow rates. This is probably due to a phase difference between the actuator and fuel
flow caused by the governor dynamics. Another example of this problem is that the
peak points of the experimental-calculated fuel flow rates are consistently higher than
those predicted, as shown in Figure 6.20. One reason for this was that the algorithm
used for calculating the experimental fuel flow rates during the transient cycle was
based on steady-state measurements. To apply this equation to predict fuel low rates
during transient cycles. a dyvnamic model for the response of the fuel flow to a sudden
movement of the actuator position should be added. Unfortunately, such a model was
not available for this study due to unknown governor dynamics, which include the
total effective mass referred to the rack, the viscous friction coefficient of the moving

parts, the spring stiffness, and the load force due to the fuel rack and linkage friction.
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If the dynamics had been known. the instantaneous rack position of the governor
could have been determined by solving a second order differential equation 79'. Then
engine speed and the corrected actuator position calculated for the dynamic governor
model could be used with Eq. H.1 to calculate the instantaneous fuel flow rates. The
accuracy of the calculated fuel flow rates would probably be improved and so would
the correlation.

During the course of the study, a comparison was made for the total fuel con-
sumption measured during the transient cycle and that calculated by integrating the
path of the model-predicted instantaneous fuel flow rates. The relative error was de-
termined by using Eq. 5.10 to be less than 3.0%. At least one conclusion that could
be drawn here is that the total fuel consumption given by the model agrees with the
measured value. At this point. it can be said that the engine model did provide a
good estimate of engine instantaneous equivalence ratios over the transient cycle.

Table 6.4 shows the results from statistical analyses of the correlations of the
model-predicted values and the experimentally calculated values of air flow rate, fuel

flow rate, and equivalence ratio over the EPA transient cycle for 12 tests.

6.3 Impact of EPA Transient Cycle Schedule on Particulate Emissions

This section provides a discussion of the instantaneous equivalence ratios and
particulate emissions at steady-state and over the EPA transient cycle. First, the
distributions of the engine speed and the predicted equivalence ratios are given for
the cycle. Then a discussion is provided on the effect of the distributions on the
particulate emissions. This section demonstrates how the model can be used to

investigate a particular engine's response to the EPA transient cycle and how it can



Table 6.4: Comparison of model-predicted and measured air and fuel flow rates and
experimental-calculated equivalence ratios

Air flow rate Fuel flow rate Equivalence ratio
(Case a b l"?' a b r‘2 a b !"2
kg sec kg/sec
1 0.000 1.022 0.979 0.000 1.004 0.885 0.020 0.932 0.313
2 0.000 1.013 0.977  0.000 1.008 0.881 0.020 0.950 0.310
3 0.000 1.020 0.979 | 0.000 0.995 0.872 0.024 0.925 0.303
4 0.000 1.025 0.979 ' 0.000 1.012 0.808 0.022 0.930 0.808
5 0.000 1.025 0.978 0.000 1.018 0.877 0.020 0.945 0.799
6 0.000 1.025 0.977  0.000 1.008 0.873 0.023 0.938 0.797
T 0.000 1.023 0.973 | 0.000 0.987 0.876 0.026 0.913 0.306
3 0.000 1.023 0.978 ' 0.000 1.021 0.884 0.019 0.945 0.808
4 0.000 1.021 0.978  0.000 1.009 0.889 0.020 0.930 0.814

10 0.000 1.020 0.977 0.000 1.003 0.885 0.021 0.927 0.811
11 0.000 1.022 0.978 0.000 1.004 0.880  0.021 0.929 0.805
12 0.000 1.023 0.977 0.000 1.003 0.8391  0.017 0.931 0.326

a — Intercept
b — Slope
r? — Coefficient of determination
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Table 6.5: Distributions of speed and equivalence ratio over an EPA transient cycle

Distribution Frequency. 7

= 1200 41.54

1200-1300 3.00

Speed | 1300-1500 6.17
1500-1700 4.59

rpm 1700-1900 12.01
1900-2100 28.02

>2100 4.67

<0.25 59.88

Equiva- = 0.25-0.35 | 11.01
lence 0.35-0.45 10.01
ratio 0.45-0.55 11.84
@ 0.55-0.65 6.42
~0.65 0.83

lead to a better understanding of the engine.

6.3.1 Distributions of engine speed and equivalence ratio over an EPA

transient cycle schedule

To better understand the EPA transient cycle, the distributions of engine speed
and equivalence ratio over the EPA transient cycle were investigated, The equivalence
ratio was predicted by the engine model at each of the 1,199 data points of the
EPA transient cycle. The purpose of investigating the distributions was to provide
information for studying the distribution of the particulate emission over the transient
cycle. Table 6.5 shows the distributions of speed and equivalence ratio over the EPA
transient cycle. ¢ in the table denotes the equivalence ratio.

Table 6.5 shows that about 42% of the data points the engine was run at idle or

below idle speed. It is obvious that the behavior of the engine at idle speed is very
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important for the particulate emission. Also. for about 28% of the total time the
engine was run at high speeds between 1900 and 2100 rpm. Hence. the level of the
particulate matter produced by the engine running at high speed is also important
for the total particulate emission over the transient cycle. The distribution of the
predicted equivalence ratios shows that about 60% of the 1,199 equivalence ratios were
less than or equal to 0.25. This implies that the particulate emission at light loads
would make a large contribution to the total particulate emitted from the engine,
if the level of the particulate emissions at the low load was high. The discussion
here provides information that engine manufacturers could use in identifying the
engine operating conditions that contribute most to emissions. In other words. in
order to meet the EPA specified particulate emission, the manufacturers must reduce
the emissions at those specific engine operating conditions during the EPA transient
cycle.

It is also interesting to know that the minimum equivalence ratio was found to be
0.072 and the maximum equivalence ratio was 0.997. The minimum equivalence ratio
is due to the very low load condition at which the engine is operated. The maximum
equivalence ratio is due to the sudden acceleration of the engine during the EPA
transient cycle. To correctly predict the particulate emission at high equivalence
ratio conditions. it is essential for the computer model to have the information about
the particulate emission data at these conditions. This explains why the turbocharger
was removed from the engine to reduce the air flow rate and to extend the equivalence
ratio to high values.

The EPA transient cycle consists of four segments, each lasting 300 seconds. The

first and the fourth segments of the cycle are identical, and simulate New York non-



Table 6.6: Distributions of speed and equivalence ratio over three different segments
of an EPA transient cycle

Distribution Frequency. %

[tem Range | 1st or 4th Segment  2nd Segment 3rd Segment
<1200 | 63.33 37.67 2.00

1200-1300 3.67 3.67 1.00

Speed  1300-1500 9.33 1.00 2.33
1500-1700 5.67 5.33 | 1.33

rpm | 1700-1900 6.33 18.00 17.33
1900-2100 10.67 26.33 | 64.33

~2100 1.00 5.00 | 11.67

<0.25 73.67 67.67 25.00

0.25-0.35 8.67 8.67 17.67

& 0.35-0.45 7.00 5.67 | 20.33
0.45-0.55 6.33 9.33 25.67
0.55-0.65 3.67 6.67 11.33

~0.65 0.67 2.00 | 0.00

freeway driving conditions. The second and the third segments of the cycle simulate
Los Angeles non-freeway and Los Angeles freeway driving conditions. The complete
EPA transient cycle was broken down into these four segments for statistical analyses.

Table 6.6 show the distributions of speed and equivalence ratio over the three
different segments of the EPA transient cycle. Table 6.6 shows that low speed and
load dominate the first and fourth segments of the transient cycle. While low load
dominates the second segment of the transient cycle, the engine is run at both low
and high speeds. The third segment demonstrates the pattern of highway driving.
The engine is run mostly at high speed, while the load is fairly even distributed in the
range of equivalence ratios between 0.25 to 0.55. It appears that more acceleration
happens in the second segment of the transient cycle than in the others. The reason

for this is that during the second segment the engine is run at an equivalence ratio
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greater than 0.65 for 6 seconds, while it is greater than 0.65 for only 2 seconds during
the first or the fourth segment and no time during the third segment. [t should be
pointed out that the only possibility for the engine to reach the equivalence ratio
greater than 0.65 is that the engine experiences rapid acceleration.

It is clear from this analysis of the distribution of the equivalence ratio and its
possible effect on the particulate emission that the model. based on engine charac-
teristics close to the emission-producing combustion process, provides a high degree

of flexibility in identifying the important facts affecting particulate emission.

6.3.2 Discussion of trends of particulate emission

Figure 6.22 shows the experimental steady-state particulate emission data and
the polynomial curves which were fit to the data for six different engine speeds. To
clearly illustrate the trends of the curves, Figure 6.22 is separated into two figures.
One is shown in Figure 6.23 with the equivalence ratio ranging from 0.0 to 0.60, and
the other is shown in Figure 6.24 with the equivalence ratio from 0.60 to 1.10.

[t was found that the rate of particulate emission is a minimum for an equivalence
ratio of about 0.50. The reason for this is that at this point the engine experienced a
complete combustion with very low hydrocarbon emission, which contributes to the
soluble organic fraction (SOF) of particulates. This was accompanied by more soot
oxidation in the cylinder, which resulted in less soot production.

When the engine was run either lean or rich of this minimum point, more par-
ticulates were emitted from the engine. At lean conditions, more unburned fuel and
lubricant oil contributed to SOF which in turn increased total particulate emission.

At lean conditions, the temperature may be too low to completely burn these un-
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Table 6.7: Soluble hydrocarbon extraction analysis

Filter No. | Rated engine load Total Particulate = Mass extracted | SOF

07 o7

¢ gm qgm 0
MO2 15 0.00748 0.00379 | 50.67
M14 0 0.00569 0.00318 55.89
MO5 60 0.00667 0.00233 34.93
M11 90 0.00944 0.00312 | 33.05
M12 | 100 0.01069 0.00171 | 16.00

burned species. Table 6.7 lists the results from the analysis of soluble hydrocarbon
extraction for five particulate filters corresponding to five different loads at 1200 rpm.
It is observed that the SOF generally decreased with increasing load. This supports
the observation that higher SO F is the reason for the increase in particulates at light
loads.

However, when the engine was run at higher equivalence ratios, greater than
0.60, the particulate emission increased dramatically. This was due to more soot
emitted from the engine at very rich conditions.

These observations agree with the results of Shimode et al. [80]. They stated
that total particulate was lowest when an engine was run at medium load. A great
contribution to the total particulate was made by SOF at light load and soot at high
load.

As listed in Table 6.5, the fraction of time that the equivalence ratio is greater
than 0.65 is less than 1.0%. Although the percentage is low, the portion of the
particulate emission at this range of equivalence ratio should not be neglected. Since
the fraction of time the equivalence ratio is less than 0.20 is almost 60% if the EPA
transient cycle and the particulate emission level is fairly high at this condition,

the contribution of at lower equivalence ratios to the total particulate emission was
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significant.

Generally speaking, the effect of engine speed on particulate emission was not as
strong as the effect of equivalence ratio. But it did appear that there was a significant
effect of engine speed on the particulate emission for equivalence ratios less than 0.40.
At higher speeds, the engine produced higher levels of particulate emission on a rate
basis for the same equivalence ratio. This is not surprising because the frequency of
the engine combustion event is higher when the engine is run at higher speed and
the time for soot oxidation is less. To further investigate whether or not the engine
speed affects the particulate emission, the particulate emission was expressed on a
per cycle basis, that is, in the units of mg/cycle. Figure 6.25 shows the particulate
emission on a cycle basis versus the equivalence ratio in the range of 0.00-0.60.

It can be seen from Figure 6.25 that the engine speed does have an impact on
the particulate emission. The engine produced higher levels of particulate emission
at higher speeds for low equivalence ratio except for the speed of 1700 rpm. However,
the trends were reversed shortly after the equivalence ratio was greater than 0.40.
This meant that the engine produced lower levels of particulate emission at higher
speed for equivalence ratios greater than 0.40.

The trends of the particulate emission during the EPA transient cycle will be

discussed in the nest section.

6.4 Model’s Capability of Predicting Transient Particulate Emission

This section describes the particulate emission data obtained from transient cycle

tests and corresponding model predictions.
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Table 6.8: Predicted and measured particulate emissions during EPA transient cy-

cles

Case | Work. kW — Hr | Pmass.gm | BSP, gm/bkW — Hr
Model 1.07 3.57178 | 0.87752
Test 1 1.04 T 1.13976 1.02469
Test 2 3.97 3.23771 0.81554
Test 3 4,04 | 3.67524 0.90971
Test 4 | 1.02 3.96658 | 0.98671
Test 5 | 3.98 3.53740 ().88879
Test 6 2.07 3.36285 | 0.84707
Test 7 | 1.00 | 3.92081 | 0.98020
Test 8 1.01 1.00905 | 0.99976
Test 9 | 3.95 | 3.03824 | 0.76918
Test 10 1.00 - 3.99906 0.99977
Test 11 | 3.97 | 3.54654 | 0.89334
Test 12 | 3.95 3.55969 | 0.90119
Mean | 3.99 3.66607 | 0.91800
STDv 0.03 C0.34640 0.081

cv | 0.75 | 945 | 3.82
RE, % | +2.01 [ =257 | —4.41

6.4.1 Comparison of model prediction and measured transient particu-

late emissions during the EPA transient cycle

As previously mentioned, the engine was run over 12 EPA transient cycles. The
particulate matter was measured during these tests. The total particulate emission
was calculated using the method discussed in Section 5.5.1. Correspondingly, the to-
tal particulate emission was predicted by the engine model, as discussed in Section 3.5.
Table 6.8 lists the total particulate emissions calculated from the experimental data
and the particulate emission predicted by the model. The mean, sample standard
deviation ST D, and relative error RE of the experimental data were provided in the

table. RE was determined by using Eq. 5.10.
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The model-predicted particulate emission was compared with the averaged par-
ticulate emission from the 12 tests. It is apparent that the transient particulate
emission was well predicted by the model with the relative error of 2.57% for the
total particulate mass and of 4.41% for the specific particulate emission.

For the purpose of evaluating the variation in the experimental data, the coef-
ficients of variation (('V's) were calculated for the total work. particulate emission,
and specific particulate emission. ("1 is defined as the ratio of the standard deviation
to the mean. It expresses the dispersion of the experimental data on a percentage
basis, that is, relative rather than absolute. Table 6.8 shows that the variation in
total work output from the engine from one test to the next is small. This means the
the engine was well controlled and followed the EPA transient test procedure. The
coefficients of variation for both the total particulate emission and specific emission
are lower than 10%. The value is considerably better than 15% value reported by
Stein et al. [81],

Table 6.9 shows the distribution of the particulate emission over the 6 different
ranges of the equivalence ratios. The third column shows the percentage of the total
particulates emitted from the engine for the different ranges of the equivalence ratios.
[t can be seen that 66.06% of the total particulates was emitted when the engine was
run at low load conditions. The amount of the particulate produced in the engine was
fairly evenly distributed for the equivalence ratios between 0.25 and 0.55. Although
only 0.83% of the total time the engine was run at equivalence ratios greater than 0.25,
2.66% of the total particulates were emitted for these loads. Table 6.9 implies that
to reduce the particulate emission during the EPA transient cycle, the key problem

to solve is the high level of particulate emissions at low load. Once again. the model
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Table 6.9: Distribution of the particulate emission over the predicted equivalence
ratios

Equivalence Ratio = Frequency, % 7 of Total Particulate

<0.25 59.88 66.06
0.25-0.35 11.01 9.32
0.35-0.45 10.01 7.10
0.45-0.55 11.84 10.50
0.55-0.65 6.42 4+.36

~0.65 0.83 | 2.66

provides directional information about where the manufacturers should work on the

engine to reduce the particulate emission.

6.4.2 Comparison of model predictions and measured particulate emis-

sions during four segments of the EPA transient cycle

The particulates were also collected separately over the four segments of the
EPA transient cycles. The calculated experimental data for three independent tests
were compared with the model predictions and the results are listed in Table 6.10.

[t can be seen that the model predicted specific particulate emissions were
within 7% of the averaged experimental data for all the segments. The experimental
data showed that the averaged specific particulate emission during the fourth segment
was 9.4% less than that during the first segment. The reason for this might be
due to the temperature difference of the cylinder between two the two segments.
Although the engine was started at hot-start conditions, the cylinder temperature
for the fourth segment would be higher than that for the first segment. The reason
for this is that the fourth segment follows the third segment that is a high power

output period, while the first segment starts after the 20-minute “hot-soak™ period
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Table 6.10: Predicted and measured particulate emissions over four segments of
EPA transient cycles

Segment | Case | Work. AW — Hr | Pmass, gm | BSP, gm/bkW — Hr
Model | 0.57 0.806 | 1.414
Test 1 | 0.56 0.795 1.419
First Test 2 | 0.55 0.848 | 1.542
Segment | Test 3 | 0.56 0.844 1.507
Mean | 0.56 0.829 1.439
RE, % | +1.75 -2.77 | —5.03
“Model 0.81 1.020 | 1.265
Test 1 0.77 1.057 | 1.373
Second | Test 2 | 0.80 0.940 1.175
Segment | Test 3 ‘ 0.78 1.196 ! 1.533
Mean 0.78 1.064 1.360
RE, % e +3.85 —il‘l -6.99
Model | 213 1.002 0.470
Test 1 2.10 0.991 0.472
Third | Test 2 2.10 1.144 0.545
Segment | Test 3 2.11 0.964 0.457
Mean 2.10 1.033 0.491
RE, % +1.43 —3.@ —4.28
Model 0.57 0.806 1.422
Test 1 0.55 0.777 1.416
Fourth | Test 2 0.56 0.731 1.312
Segment | Test 3 0.53 0.697 1.319
Mean 0.55 0.735 1.349
RE, % +3.64 +9.66 +5.41




144

specified by the EPA. The engine is expected to produce more particulates at the
lower test temperature than at a higher test temperature /82, This is due primarily
to adsorption of uncombusted diesel fuel and lubrication oil. The same trends were
reported from Detroit Diesel. Navistar, and Cummins 83]. Results from these three
engine manufacturers show that the specific particulate emissions during the fourth
segment are consistently lower than those during the first segment with the amount
of 2%, 6%. and 24% respectively. It can be concluded that the particulate emission
data from the discrete transient tests were consistent with this findings.

Table 6.10 also shows that the model-predicted total amount of the particulate
was within 2-4% less than the averaged experimental data for the first, second and
third segments, while about 10% higher than the averaged experimental data for the
fourth segment.

Because the model applied the same method to calculate the particulate emis-
sion for the fourth segment as for the first segment. the model over-estimated the
particulate emission for the fourth segment by 9.66% for the total amount of the
particulate emission and 5.41% for the specific particulate emission.

To summarize the above discussion, the model is able to predict the specific
particulate emission for each segment of the transient cycle with an accuracy of
7% of the experimental measurements. This conclusion is based on the number of
the tests available. More experimental data is needed to give more accurate reference
values. It is more difficult to measure the particulate for the segments of the transient
cycle than for the entire EPA transient cycle. There are two primary reasons for
this. One is that the length of time for sampling the particulate emission for each

segment is not long enough, only 5 minutes. Less particulate would be collected on



145

the particulate filter, which creates problems for the filter weighing. Another reason
is that the technique used to collect the individual particulate samples is not precise
enough. As discussed in Section 5.3, two particulate samples were collected during
a completed EPA transient cycle, either for the first and third segments or for the
second and fourth segments. The timing for starting the particulate sampling system
was controlled manually. Ideally the system should be turned on at the precise
starting point of that segment. Due to the nature of the sampling system discussed
in Section 5.1, the system had to be started before the segment begins in order
to achieve accurate control. At the end of the segment, the system was manually
turned off. It is possible that the variation of the test length was =2 seconds. It
is known for the EPA test procedure that the engine is operated at idle conditions
between any two segments. The equivalence ratio at this condition is about 0.1 and
by using Eq. 3.31, there would be 4 ug of particulate emitted in one second. The
variation of the testing length could contribute to an error of about 2% of the total
particulate emission in that segment. The error in the measurements could increase
the percentage error between predicted and experimental particulates. One thing
that might be done without modifying the system is to run more tests to generate
more particulate emission data. In this way, the averaged data will be more accurate
than those given in Table 6.10.

To make the model accurately predict the particulate emission for different start-
ing conditions of the engine, some kind of correlation should be investigated. For
instance, the correlation between the changes in the particulate emission and the

engine test temperature. This correlation surely will depend on experimental data.
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7. CONCLUSIONS

The objectives of this research were to develop a model to predict the instan-
taneous engine equivalence ratios over a transient cycle, to predict the particulate
emission during transient cycles, and to compare the model predictions with experi-
mental data to validate the model. The purpose of this chapter is to summarize the
model results as they related to the objectives and then to propose recommendations

for future research.

7.1 Summary

C'omparison of the model-predicted data with experimental measurements were
carried out under hot-start EPA transient cycle tests. The parameters discussed
included engine intake manifold pressure and temperature, turbocharger turbine inlet
pressure and temperature and turbine outlet temperature, turbocharger speed, air
flow rate, fuel flow rate, equivalence ratio, and particulate emission. A discussion was
provided on the impact of the distributions of the engine speed and equivalence ratio
over the EPA transient cycle on the particulate emission. The results are summarized

below:

1. Good agreement was obtained between the model-predicted turbocharger

compressor and turbine pressure ratios and the experimental data. The
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coefficient of determination was generally about 0.90 and the slope was

about =7% of unity.

. Although good agreement was not established between the model-predicted

boost temperature and turbocharger turbine inlet and outlet tempera-
tures and the experimental measurements, the model did correctly predict

trends in the temperature with changes in the engine operation conditions.

The model accurately predicted the turbocharger speed. The slope, and
coefficient of determination from the regression analysis were generally
greater than 0.90 for the predicted turbocharger speed on the experimental

data.

The model accurately predicted the instantaneous air flow rates with a
slope of 1.02 and the coefficient of determination of 0.98, compared with

the experimental measurements.

The model provided good predictions of the instantaneous fuel flow rates
with a slope of 1.00 and a coefficient of determination of 0.87, compared
with the experimental calculations based on the steady-state fuel flow rate

model,

The model provided a good estimation of instantaneous equivalence ratios
over the transient cycle. A linear regression analysis showed that the slope
and coefficient of determination for the instantaneous equivalence ratios
were 0.93 and 0.81. Part of the difference between the model-predicted
and the measured equivalence ratios is believed to be due to imposing the

steady-state fuel flow rate on the actual transient fuel flow rate.
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. The steady-state particulate emission data indicated that both the equiv-

alence ratio and the engine speed affected the particulate emission. The
particulate emission produced by the engine was higher at both low and
high equivalence ratios than at medium equivalence ratio. The particu-
late emission increased with the increasing of the engine speed at lower
ranges of the equivalence ratio, while decreased at higher ranges of the

equivalence ratio.

. The model provided a way to analyze the instantaneous particulate emis-

sion during the transient cycle. This is greatly superior to the experimental
measurement by dilution method, because the experimental measurement

can only give final total particulate emission.

. The model accurately predicted the diesel particulate emission during the

EPA transient cycle and the four individual segments of the EPA transient
cycle. The relative error between the model-predicted particulate emission
and the average measurement was 2.6% for the total particulate emission
and 4.4% for the specific brake specific particulate emission over the EPA
transient cycle. For the four segments of the transient cycle, the model
generally predicted the particulate emission in the same accuracy as for
the EPA transient cycle. The model was validated by the experimental

measurements,

The distribution of the particulate emission over the transient cycle pro-

vided useful information for reducing transient particulate emission.
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7.2 Recommendations for Future Work

Several changes to the model are suggested in thissection. These suggestions are

based on the experience gained during the development and verification of the model.

The changes suggested here are expected to improve the capability of the model to

better predict equivalence ratio and particulate emissions. Potential new applications

of the model will also be provided in the section. Some suggestions related to the

experimental work are also discussed.

l.

The compressor map needs to be improved. The compressor map used
for this study was based on both the laboratory measurements and the
turbocharger manufacturer’s data. The inter-laboratory variability could
contribute to errors in the compressor performance map. The compressor
could be removed from the engine and placed on a test stand so that a
completed compressor map could be constructed. Animproved compressor

map could also reduce the computer time.

In order to predict the particulate emission for different starting condi-
tions, the model should include a correlation between the particulate emis-
sion and the engine test temperature. The correlation could be developed

from experiments.

. The model could be applied to predict NO;, emission during transient

cycles. The reason for this is that the NOz emission is also primarily

dependent on the equivalence ratio.

. The temperature measurements on the engine need to be improved. The

work needing to be done includes relocating some of the thermocouples
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and changing all the thermocouples on the engine to fast response versions.

The correlation on fuel flow rates did provide a way to compare the model-
predicted and measured fuel flow rate. The another way suggested here is
to measure the instantaneous concentrations of ('O in the engine exhaust
gas, which could provide a second estimation of the engine equivalence

ratio,

. The time constant for controlling the particulate sampling flow rate could

be reduced. The present time constant is one second. If it is too fast, the
modulating valve cannot respond. Using the secondary dilution tunnel, the
rate of deposition of the particulate on the filter is lowered, the sampling
flow rate is not going to change significantly in one second. Five seconds

would be a reasonable value for a period of control.

. Automatic solenoid control valves could be installed in the particulate

sampling system to achieve good timing control and improve the accuracy

of the particulate measurements.
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APPENDIX A. DIFFERENTIAL EQUATIONS OF COMBUSTION
MODEL

Six differential equations were derived from the energy and mass balances dis-
cussed in Section 3.2.1. The thermodynamic quasi-steady-state engine combustion
model is basically constructed by these equations. The six equations are presented
as follows.

The mass balance gives the following expression:

dm

-d—g* (A.1)

e 1
AL LT S LT
The apparent fuel mass burning rate was based on the model proposed by Watson

et al. [65]. It is used to calculate the rate of energy input to the engine.
/ - v - y
mf=mf'l(1PR(9)+(l—(1)D.f(9); (A.2)

The Annand correlation [62] is used to determine the rate of heat transfer be-

tween the combustion gas and the cylinder walls.

A k .
o = (ﬁ) [0.49§(Re 1T =T ) o BT — Tw*)l (A.3)

Based on the mass balance and the definition of the equivalence ratio, the rate

of change in the equivalence ratio is defined as follows.
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From the first law of thermodynamics. the rate of change in the cylinder gas

pressure was solved to be:
dp EE+FFi°
@4 DD (A.5)
The rate of the change in the cylinder gas temperature is derived from the ideal

gas law equation and expressed as follows.

GG+ (V-mroRof) %
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T T OR ‘
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The Five intermediate terms in the differential equations A.5 and A.6 are given
as follows.
du
CC = :
 pdR
R+T 57

DD = (CC)V —m [(cC)TGER - 5

EE=Q' - (CC + l}p‘% - m: hin + m'fhf = mfgughout + [RT(CC') — uf(f—ﬁ

FF =ml(cC)T9R — 9y

GG = pdl — mTo/GR — m/RT
Other variables have been defined in Section 3.2.

These six equations plus the sub-models for simulating the engine intake and
exhaust processes described in Section 3.2.2, are integrated simultaneously by using
the differential equation solver LSODE [68]. The integrated results will identify the
thermal properties of the cylinder gas and determine the work output from the engine.

In this way, the thermodynamic quasi-steady-state engine model can interact with

the models for the other system components.
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APPENDIX B. CALIBRATION OF PRESSURE TRANSDUCERS

Four pressure transducers were calibrated. Three of them were Viatran Model
141 pressure transducers, which were calibrated with a dead-weight tester. The
other was a differential pressure transducer, which was calibrated with regulated
compressed air and a mercury manometer. The output signals from the Viatran
Model 141 pressure transducers are in the millivolt range. and are connected to the
low-level voltage panel of the Z-386 RTI-820 board. The high-level voltage panel of
the Z-386 RTI-820 board receives the voltage signal from the differential pressure
transducer. The calibration procedures and the validity of the calibration curves are
discussed in this appendix.

The three Viatran Model 141 pressure transducers were individually installed
upstream of the orifice in the primary dilution-air line, upstream of the orifice in the
secondary dilution-air line, and upstream of the turbine inlet.

Before mounting the transducers, they were calibrated on a dead-weight tester.
Calibration data were obtained by loading and unloading the weights on the tester.
The voltage was recorded for each pressure setting. After taking the measurements,
a linear regression analysis was carried out to fit a straight line to the experimental
data.

The differential pressure transducer was installed after the engine compressor to



Table B.1: Data for pressure transducers

Type Range ["sage ag ay r2

Via. 141 | 0.0-21.0 bar Ist Dilution | 0.5486 bar  0.7469 bar/m\~  1.000
Via. 141 0.0-6.9 bar 2nd Dilution -0.0339 bar 0.1488 bar/mV" 0.9992
Via. 141 0.0-2.1 bar Back Pressure = 0.0047 bar  0.0888 bar/mV  1.000

Dift. 2.17-90.46 kPa Boost Pressure | -0.1366 kPa 20.847 kPa; V" 1.000

measure the intake manifold pressure. For calibration, air pressure was applied to
the pressure transducer and a mercury manometer was used to measure the pressure.
After the calibration. a linear regression analysis was also performed to check the
validity of the linear equation.

Table B.1 shows the pressure ranges, the coefficients of the linear equations, and
the coefficients of determination for these four pressure transducers. The general

form for calculating the pressure is described as follows.
P=ag+a1V (B.1)

where
P=pressure applied to the transducer
V =voltage output from the transducer, and

ap and a) —coefficients.
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APPENDIX C. CIRCUIT FOR THE LIGHT DETECTOR

Figure (.1 shows the circuit for the light detector which was designed for mea-

suring the turbocharger speed as discussed in Section 4.1.
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APPENDIX D. FREQUENCY-TO-VOLTAGE CONVERTER
CALIBRATION

A calibration was conducted for two frequency-to-voltage converters, one used
in the particulate sampling system and the other used in the turbocharger speed
measurement. The frequency-to-voltage converters(FV('s) convert square waves in a
TTL form to an;&log voltage. They accept a wide variety of periodic waveforms and
produce an analog output proportional to frequency. The calibration procedures and

curves are presented in this appendix.

D.1 60 Hz Frequency-to-Voltage Converter Calibration

This converter was used to convert the frequency signal from the ROOTS meter
discussed in Section 4.4.1, which was used to measure the particulate sampling flow
rate, to an analog voltage signal so that the computer could record the flow rate. The
converter can be operated linearly at a frequency of up to 60 Hz which corresponds
to 5 Vdc output. Sixteen measurements were taken and a linear expression was fit to
the data to generate the calibration line shown in Figure D.1. The following equation
was developed to show the relationship between the frequency input and the voltage

output.

V = 2.4472 x 102 +8.4737 x 10~ f (D.1)
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Figure D.1: Calibration line for the 60Hz frequency-to-voltage converter

where

f=the frequency input from a function generator in Hz and

1"=the voltage output in volts.
The coefficient of determination for the equation is 0.9996.

The calibration data to relate the voltage produced by the frequency-to-voltage
converter to the actual air low rate were obtained by adjusting the particulate sam-
pling ball valve, which is shown in Figure 4.2, to nine different flow rates. At each
setting, the sampling volume flow rate and the voltage were recorded. The former
was displayed on the KEPTROL R/T counter and the latter was read from the volt-
age meter which was connected to the output of the converter. The calibration line

is shown in Figure D.2.
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A linear regression gave the following equation to calculate the flow rate from

the voltage with a coefficient of determination of 0.9997.
Q¢ = 0.1623 + 3.66101" (D.2)

where
Qp¢=the volume flow rate through the ROOTS meter in m3/h, and
"=the voltage output in volts.
[t can be calculated that the frequency-to-voltage converter is able to measure
the sampling flow rate up to 18.5 m3/h which corresponds to an input of 60 Hz to

the converter and an output of 5 V from the converter.
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D.2 1300 Hz Frequency-to-Voltage Converter Calibration

A frequency-to-voltage converter was used to convert the frequency signal gen-
erated from the turbocharger speed sensor to an analog voltage signal so that the
computer could record the turbocharger speed as discussed in Section 4.1. The con-
verter could be linearly operated at a frequency up to 1300 Hz which corresponded
to a 5 Vdc output. Thirteen measurements were taken with a function generator
and a voltage meter. The minimum and maximum frequency input to the converter
were 102 Hz and 1300 Hz which correspond to minimum and maximum turbocharger
speeds of 6,120 rpm and 78.000 rpm. The calibration line was generated by fitting
the measured data to a straight line expression as indicated by Figure D.3.

Eq. D.3 can be used to calculate the turbocharger speed with the measured



169
output voltage of the converter.

Nieo = —234.75 + 15635.51V (D.3)

C

where
N¢o.=the turbocharger speed in rpm and
V' =the voltage output of the converter in volts.

The coefficient of determination for the equation is 1.0000.
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APPENDIX E. CALIBRATION OF THE DILUTION AIR SYSTEMS

This appendix discusses the calibration procedures for the primary and secondary

dilution air systems and the validity of the calibration curves.

E.1 Primary Dilution Air System Calibration

The primary dilution air flow rate was controlled by a 3.68 ¢m diameter smooth-
edged orifice, whose location is shown in Figure 4.1. The calibration had been per-
formed before the author started the project. The following equation was extracted

from Bennett Murray's M.S. Thesis [39].

P, P ¢
Mo gq = —0.195 + 0.0705 [ —£2 ) — 8.806 x 10-4(—,&) (E.1)
P -\'K Tpor . \ Tpor
where
rhpda:the mass flow rate of primary dilution air in kg/s,

Ppor=the absolute static pressure upstream of the orifice in kPa, and

Tpor=the temperature upstream of the orifice in K.

E.2 Secondary Dilution System Calibration

The location of the smooth-edged orifice in the secondary dilution tunnel is

shown in Figure 4.1. The diameter of the orifice is 2.0 mm. Ten different pressure



171

settings were obtained by changing the setting of the pressure regulator that was
located upstream of the orifice. The pressures were large enough to achieve choked
flows. There was a ROOTS meter attached to the pipe downstream of the orifice
to measure the air flow rate. The calibration set-up also included a vacuum pump
which was installed between the orifice and the ROOTS meter. The pump was
in operation during the calibration, which simulated the actual operation of the
particulate sampling system. The data recorded during the calibration were the
atmospheric pressure, the pressure and temperature upstream of the orifice, and the
air temperature before the ROOTS meter.

The following equation was developed for determining the mass flow rate in
the secondary dilution tunnel. The coefficient of determination, r2. for the linear

regression line is 0.9998.

vV Ls0m

P
g g = 4-2608 x 1074 4 0.64435( 2 ) (E.2)

The units of m4,. Psor, and Tsor are kg/min, bar, and K, respectively. Figure E.1

shows the calibration curve for the secondary dilution air flow.
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APPENDIX F. SAMPLING SYSTEM LEAK TEST

The particulate sampling system should be adequately sealed otherwise the leak-
age of atmospheric air into the system reduces the amount of diluted exhaust that
passes through the particulate filters. If the amount of the leakage remains constant,
the measured particulate emission will have a systematic error. But if the leakage
rate is intermittent in nature the measured particulate emission will possess a more
random error. In both cases the errors always shift the data in one direction. The
purpose of the leak test was to determine if the system was adequately sealed. The
procedure for conducting the leak tests is outlined in this appendix.

To conduct a leak test, the particulate sampling system was loose wrapped with
plastic bags. The space between the system and the plastic was filled with 99.99%
pure ('Oy gas. The system was operated as usual with two filters placed on the filter

holder. The volume flow rate was maintained at 12.1 m3

/h and the system kept at
a vacuum of 50.8 kPa between the sample pump and the filter holder, which were
the normal operating conditions for the particulate sampling system. If the system
has a leak, some ("O9 should appear at the exit of the system. A Beckman Model
864 non-dispersive infrared radiation analyzer was used to make the carbon dioxide

measurements. The concentration of the sample gas downstream of the ROOTS

meter was measured to be only 0.16%. The concentration was so low that the leakage
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of atmospheric air into the system was considered to be negligible. Most of the leakage
was believed to be associated with the shaft seals on the sampling pump. Since the
flow was negligible relative to the total sample flow. no action was taken to reduce
this leakage flow.

A system vacuum test was also performed to characterize the system leakage.
The valve in the secondary dilution air line, the valve on the particulate sample
transfer tube, and the valve between the sample pump and the ROOTS meter. as
shown in Figure 4.2, were all shut. The vacuum valve was opened and the vacuum
pump used to draw the system down to a vacuum of 71.1 kPa. A stopwatch was used
with the system’s vacuum gage to monitor the leak-down of the system. The vacuum
valve was closed during the leak-down so that the vacuum pump and connecting hose
would not be a part of the leak test.

Figure F.1 shows a normal leak-down curve. The normal leak-down rate is
acceptable as mentioned above because the rate of leakage is less than 0.16% of the
mass flow rate of the particulate sample as long as the vacuum in the system is
less than 50.8 kPa. During the actual particulate sampling process, the vacuum of
the system was usually in the range of 27.1 to 61.0 kPa depending on the particulate
loading of the filter. Throughout the experiments the system was periodically checked
for leakage using the vacuum pump. It was concluded that the system was adequately

sealed for the test program.



Vacuum, kPa

100 200

Figure F.1:

300 400

Time, second

Normal leak test results

600



176

APPENDIX G. FILTER WEIGHING PROCEDURE

The procedure for weighing the particulate sampling filters is described in this
appendix. A Mettler AE240 dual range balance was located in an environmentally
controlled weighing chamber. The inside of the weighing chamber was free of dust
and oil-free air was continuously diffused into the chamber to keep the temperature
and relative humidity constant. The temperature and the humidity in the chamber
were recorded over the period of the tests. Figure G.1 and Figure G.2 show both
the temperature and the humidity profiles for the 112 days during which testing
was conducted. The average temperature was about 297 K and the variations of
temperature were within = 3 K. The average relative humidity was about 30" and
the variations of the humidity were within = 5%. The environmental conditions of

the weighing chamber met the weighing chamber specifications set by the EPA 3.

The weighing range of the balance was selected to be 40 grams. The balance
was calibrated after the selection of the range and after the power supply had been
left on for more than 60 minutes. Both the integration time (measuring cycle) and
the stability detector were selected at normal settings. The balance gave the best
performance in terms of measuring accuracy and precision for these selections. The

power supply for the balance was usually left on if the balance was frequently used.
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Table GG.1: Statistical data of reference filters

Ref. Filter Weighing Average Min. Wt. Max. Wt. STD? (1?

Number Times (gram) (gram) (gram) gram) (%)
1 16 0.51680 0.51669 0.51704 0.00011 0.022
2 16 0.51121 0.51109 0.51148 0.00011 0.022
3 10 0.49527 0.49515 0.49537 0.00006 0.012
4 10 0.50424 0.50414 0.50432 0.00006 0.011
5 12 0.50755 0.50745 0.50765 0.00007 0.013
6 12 0.51674 0.51665 0.51682 0.00006 0.011
7 6 0.48947 0.48940 0.48955 0.00005 0.011
X 6 0.51327 0.51321 0.51335 0.00005 0.010

“Standard Deviation
b('oefﬁcient of Variation

After having stabilized for at least 48 hours in the weighing chamber, the filters
were ready to be weighed. Before weighing the used filters, two reference filters were
weighed first to make sure the balance and weighing chamber were working properly.
The weights of the reference filters were recorded so they could be used as reference
values later. The EPA regulation requires that the reference filter be changed at
least once a month. Eight filters were used over the period of the tests. Two of
them were in the weighing chamber at any given time. After the last used filter
had been weighed, the reference filters were re-weighed to check the validity of the
recorded filter weight data. The statistical data of the reference filter weights are
shown in Table G.1. The coefficients of variation of these filters were so small that
the variations could be neglected.

As discussed in Section 4.4.1, the nominal filter loading was 15.0 milligrams for
the filters used in the tests. From Table G.1, it can be calculated that the weight

change for any reference filter is less than +3.0% of 15.0 milligrams, which is below
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the EPA tolerance of =5'7.

The weighing process is described as follows. First, the display of the balance
was set to zero by pressing the control bar briefly. Then. the sliding glass door of
the balance was opened slowly. The used filter was removed from a petri dish and
placed on the center of the weighing pan using steel forceps. The glass door was
slowly closed for the purpose of reading the weight accurately. When the green dot
in the display went out, which meant that stability was achieved, the filter weight was
recorded. Finally, the filter was removed from the weighing pan and replaced in the
petri dish. Usually, the display returned to zero in a short period of time. If it was
zero, the balance was ready to measure another filter. For the purpose of checking
the reproducibility of the balance, the filter was usually weighed three times. The
final weight was the average value of the three readings.

The weighed sample filters were usually kept in the weighing chamber until the
entire data analysis was completed. If there were any doubts about the weight record
for a particular filter, the filter could be re-weighed. Though such a situation rarely
happened, it was a good way to handle the filters. After weighing was complete, the

filters were either discarded or kept for soluble hydrocarbon extraction.
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APPENDIX H. DIESEL FUEL FLOW RATE EQUATION AT
STEADY-STATE CONDITIONS

To compare the engine equivalence ratio predicted by the computer model with
the experimental value, both the instantaneous air and fuel flow rate to the engine
must be known during a transient test. The air flow rate could be measured by using
the laminar ﬂowl element, which was discussed in Section 4.1. Unfortunately, it was
not possible to measure the instantaneous fuel flow rate during a transient cycle test
by using the equipment available. Instead of measuring the actual fuel flow rate over
a transient cycle, an equation was developed to predict the rate based on steady-state
tests.

The quantity of diesel fuel consumed during a steady-state test was measured
with a Toledo balance and a stopwatch. The diesel fuel flow rate depends only on
the engine speed and the rack position of the fuel pump. The rack position was
controlled by an actuator, which was discussed in Section 4.1, and was measured
using the voltage output from a potentiometer mounted on the actuator. Both the
engine speed and the actuator position were recorded by the computer during the
steady-state test. The engine speed was varied from 1200 rpm to 2100 rpm and the
actuator position was changed so that ten different engine loads were obtained. A

two-variable polynomial equation, Eq. H.1, was developed to calculate the diesel fuel
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flow rate from the speed and actuator position.

lhf =ag + d[-\.ud (H.1)

where
X, ct=the actuator position in volts,
rhfzthe fuel flow rate in kg/min. and

ag and a) =the polynomial coefficients which are the function of the engine speed.

ag and aj are expressed as follows:

ag = T.8776 — 1.2270 x 102 Ve + 7.2926 x 10~ 0 ¥.2 — 1.4114 x 107%N.3 (H.2)

ay = —2.3623 +3.5961 x 103N — 2.0249 x 106 V.2 + 3.3478 x 10~ 10w, 3 (H.3)

where Ne is the engine speed in rpm,
Figure H.l shows the experimental data and the fit curve. The coefficient of
determination, r2, is 0.9979 from a linear regression analysis. This polynomial ex-

perimental equation could be used to estimate the experimental fuel flow rate during

the transient cycle using recorded values of engine speed and actuator position.
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